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Abstract

Residue of energetic formulations, which is deposited on military training grounds
following incomplete detonation, poses biotic hazards. This residue can be trans-
ported off-site, adsorb to soil clays and organic matter, transform or degrade,
or taken up by plants and animals. Its harmful effects can be mitigated by
localizing the energetics at the site of initial deposition using soil amendments
and allowing them to bio- and photodegrade in situ. Small plots with coarse
loamy soil were used to study the effect of gypsum (CaSO,-2H,0) on transport
and redistribution under simulated rainfall of various sizes of insensitive muni-
tion explosive (IMX)-104 particles, which consist of 3-nitro-1,2,4-triazol-5-one
(NTO), 2.4-dinitroanisole (DNAN), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
and octahydro-1,3,5,7-tertranitro-1,3,5,7-tetrazocine (HMX). The addition of gyp-
sum more than doubled infiltration and decreased sediment loss by 16% compared to
the control. The post-rainfall mass balance of IMX-104 in the order from greater to
smaller pools was as follows: (1) soil surface retention, (2) off-site loss to overland
flow, and (3) sub-surface infiltration. Overall, the application of gypsum significantly
decreased concentration and the total mass loss of dissolved DNAN, RDX, and HMX
in surface runoff. In addition, gypsum significantly decreased (for NTO, DNAN, and
HMX) or delayed (for NTO, DNAN, RDX, and HMX) the peak discharge of <2 mm
particulate energetics. The infiltration of NTO in the gypsum treatment was fivefold
greater than in the control. Moreover, DNAN and RDX were also present in infil-
tration, while in the gypsum-free control none were found. Gypsum shifted the total
mass balance of energetics toward subsurface flow. This study indicates that gypsum
may decrease off-site transport of energetic constituents in the soils that are subject

to surface sealing.

Abbreviations: DNAN, 2,4-dinitroanisole; HMX, octahydro-1,3,5,7- tertranitro-1,3,5,7-tetrazocine; HPLC, high precision liquid chromatography; IMX,
insensitive munition explosive; NTO, 3-nitro-1,2,4-triazol-5-one; RDX, hexahydro-1,3,5-trinitro-1,3,5-triazine; RO, reverse osmosis; WGRS, Walnut Gulch

Rainfall Simulator; XS, extra small.
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1 | INTRODUCTION

Military grounds used for training activities experience a
wide range of environmental stresses, including contamina-
tion by energetic formulations contained in munitions. Among
these is insensitive munition explosive (IMX)-104, com-
posed of 2.4-dinitroanisole (DNAN), 3-nitro-1,2,4-triazol-
5-one (NTO), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
and HMX (octahydro-1,3,5,7- tertranitro-1,3,5,7-tetrazocine)
(Singh et al, 2010). When munitions malfunction and
fail to fully detonate, IMX-104 residue is scattered and
deposited on the soil surface (Bigl et al., 2021; Walsh
etal., 2014).

This residue poses environmental risk due to low to moder-
ate toxicity of its constituents, particularly DNAN and RDX,
for aquatic species and mammals (Gust et al., 2018; Lent,
2019; Lotufo et al., 2018). The effects include but are not lim-
ited to tissue damage, impaired metabolism, and inflamma-
tory processes. After the deposition, energetic compounds can
follow different transport pathways and experience transfor-
mation under environmental impacts or artificial treatments
(Brooks et al., 2003). The particles can further mechanically
breakup, dissolve (Fuller et al., 2012; Taylor et al., 2015),
components can reversibly adsorb to soil clays and organic
matter (Arthur et al., 2017; Dontsova et al., 2009; Hawari
et al., 2015), bio- and photodegrade (Dontsova et al., 2020,
2023; Qin et al., 2021), or be taken up by plants (Price et al.,
2011).

Table 1 shows the structures and relevant properties of
the studied compounds. DNAN is a nitroaromatic compound,
while RDX and HMX are nitramines. DNAN, RDX, and
HMX are polar but non-ionic, while NTO is anionic at envi-
ronmental pH range with pKa of 3.76 (Nandi et al., 2013).
NTO has the highest water solubility and low adsorption
potential in soils, while DNAN, RDX, and HMX (in decreas-
ing order) have lower solubilities and higher affinity for
soils.

Rainfall stands out as one of the key drivers of energet-
ics mobilization and redistribution on the landscape. Taylor
et al. (2009) studied simulated rainfall-driven dissolution of

and land management.

Plain Language Summary

This study investigates gypsum soil amendment as a method to diminish off-site
contamination by munition energetics. These energetics, originating from residues
of low-order detonations on military training grounds, are hazardous for the envi-
ronment. This research examined mitigating effects of gypsum on rainfall-driven
transport of IMX-104 components (NTO, DNAN, RDX, and HMX) including in
runoff, infiltration, and sediment. The results have implications for risk assessment

energetics as a function of particle size, particle composition,
and rainfall rate. They described dissolution interaction and
controls between components with different solubility (RDX,
TNT, HMX, and others). Raindrops can break up coarser
energetic particles, facilitating their mechanical transport and
dissolution (Fuller et al., 2015). Price et al. (2011) studying
the effect of vegetation on transport of energetics under rain-
fall described how soil chemical and physical properties, plant
uptake, and seasonal variations control movement of RDX,
HMX, and TNT in surface runoff. Polyakov et al. (2023) and
Karls et al. (2023) studied transport of IMX-104 on plots
under simulated rainfall and in eroding rills. The authors pro-
vided complete mass balance of energetics and identified their
major transport pathways: loss to runoff in dissolved and par-
ticulate form, infiltration, and retention in situ. They described
relationships between the loss of energetics and their particle
size, and the rates of runoff, rainfall, and erosion. Particularly,
Polyakov et al. (2023) demonstrated that runoff and sediment
yield positively correlated with loss of IMX-104 constituents
in overland flow.

Several methods have been used to decrease soil erosion
and sediment movement subject to rainfall. Among them
are soil amendments, particularly gypsum (CaSO,-2H,O0),
which is a well-established practice in agriculture (Norton
& Dontsova, 1998; Shainberg et al., 1989; Zoca & Penn,
2017). Gypsum has relatively high solubility (0.0153 mol
L~1) (Charola et al., 2007) and dissolves in soil increasing
ionic strength of the pore water and supplying exchangeable
Ca to clay exchange complex (Dontsova & Norton, 2002;
Favaretto et al., 2006) thus reducing soil dispersion. This in
turn increases infiltration (Miller, 1987), lessens surface seal-
ing and crusting, and decreases soil loss (Peterson et al., 2002;
Truman et al., 2010; Wallace et al., 2001). Application of gyp-
sum has been shown to abate transport of phosphorus (Torbert
& Watts, 2014; Zhu & Alva, 1994), nitrogen (Favaretto et al.,
2006), and other nutrients (Kumar & Saha, 2011). At the
same time, solution of gypsum in equilibrium with pure water
has circumneutral pH (6.7) and is not likely to have a direct
effect on other chemical properties of the soil or on studied
compounds.
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Therefore, this study examined an approach to decrease
transport in overland flow that would allow mitigating neg-
ative off-site effects of energetic formulations by containing
them in the place of initial deposition and allowing them
to bio- and photodegrade in situ. The specific goals of this
research were to: (a) evaluate the effectiveness of a common
soil amendment (gypsum) in reducing the loss of IMX-104
from the soil surface and (b) quantify the effect of gypsum
on redistribution of IMX-104 components among different
transport pathways.

2 | METHODS

2.1 | Instrumentation and materials

The materials and procedure in this experiment were similar
to that described in Polyakov et al. (2023). The soil was col-
lected on the grounds of the Arizona National Guard Florence
Military Reservation from 0.15 top layer. The soil is classified
as Laveen loam, coarse-loamy, mixed, superactive, hyperther-
mic Typic Haplocalcids and contains 29% clay, 14.2% silt,
and 56.8% sand. Its organic carbon content was 0.3%, cation
exchange capacity (CEC) 13.7 cmol, kg~!, specific surface
area 33.0 m? g~!, electrical conductivity (EC) of 1:1 suspen-
sion was 252 uS cm~!, and pH 8.3 Prior to the experiment,
the soil was air dried and sieved to 5 mm.

The energetic formulation used in the experiment, IMX-
104, is a melt cast mixture of NTO, RDX, and HMX in DNAN
(Table 1). Samples of IMX-104 particles were collected at the
site of low-order detonation tests on frozen surfaces at Joint
Base Elmendorf-Richardson and at Donnelly Training Area
in Alaska as a part of the Environmental Security Technology
Certification Program project ER18-5105. The methodology
adapted from Walsh et al. (2017) was as follows: mortar
rounds containing IMX-104 were initiated using a reduced
mass fuze booster (composition C-4) over a cleared ice sur-
face, and distributed particles were collected from the ice
surface at distances between 0 and 20 m around the detonation
center. After freeze drying, samples were initially dry sieved
to 2 mm, and then the larger fraction refined through sieving
at 9.51, 4.75, and 2.83 mm. The energetic purity of the study
materials was ensured visually for the >2 mm size fractions
and by high-performance liquid chromatography (HPLC) for
the <2 mm size fraction (96.6% for the study sample; Beal and
Bigl (2022). These four energetic particle fractions (9.51-4.75
or large [L], 4.75-2.83 or medium [M], 2.83—2 mm or small
[S], and <2 mm, or extra small [ XS]) were used in this rainfall
simulation study. Gypsum powder (CaSO,-2H,0) with >98%
purity (Thermo Scientific Chemicals, catalog # 315255000)
was used as a soil amendment treatment.

The experimental plots consisted of four stainless steel
boxes (0.45 m long, 0.32 m wide, and 0.20 m deep) equipped
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Core Ideas

* The study quantifies the effect of surface applied
gypsum on transport of insensitive munition explo-
sive (IMX)-104 under artificial rainfall.

* The mobility of IMX-104 energetics components
is controlled by their solubility and particle size.

* Application of gypsum decreased concentration
and the total mass of dissolved energetics in the
surface runoff.

* Gypsum facilitated redistribution of mobilized
energetics into the subsurface flow.

with a spillway, drainage holes, and 0.2-m tall splash screens
along the perimeter (Bradford et al., 1987). The boxes were
mounted on stands that allowed slope adjustment. The water
table in the boxes was controlled via height-adjustable com-
municating vessel connected to drainage openings (Figure 1).
The artificial rainfall was generated using a Walnut Gulch
Rainfall Simulator (WGRS) (Paige et al., 2004). This simula-
tor is equipped with variable-speed oscillating spray nozzles,
which allow uniform rainfall coverage over 12 m? area. The
WGRS can deliver precipitation rates from 12 to 180 mm
h~! with 204 kJ ha~! mm™! kinetic energy and from 0.29
to 7.2 mm drop size. This closely mimics the characteristics
of natural rainfall, making the WGRS well suited for a wide
variety of water erosion and transport experiments (Polyakov
et al., 2018; Zhang et al., 1998a).

2.2 | Experimental procedure

Prior to the experiment the WGRS was calibrated using
a set of rain gauges arranged in a grid pattern. This
insured that each plot received the same amount of rainfall.
The amount of rain falling on the spillway was measured,
accounted for as dilution, and excluded from further calcu-
lations. Four plots were used simultaneously during a single
simulation.

The boxes were filled with layers of gravel (13 cm), sand
(3 cm), and soil (4 cm) each separated by nylon mesh. The
sand was Ottawa F-75 whole grain silica with >99% purity
(U.S. Silica Company). To ensure uniform density and repli-
cability, all materials were added in small increments and
compacted in between. The weight of soil in the box was
recorded. Approximately 1 h before the rainfall, the soil was
saturated with reverse osmosis (RO)-treated water through the
drainage tubes from below, then the plots were tilted to 5%
slope with water table set 5 cm below the surface at the center
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FIGURE 1
the experimental plot (C).

of the plot. Four rain gauges were attached on the outside of
each plot as a check.

All the treatments (control and gypsum) received 1.00 g of
IMX-104 from one of the four size fractions. It was evenly
spread across the soil surface. The size fraction allocation to
each plot was assigned randomly. The gypsum treatment con-
sisted of surface application of 72 g of CaSO,-2H,O per plot,
an equivalent of field application of 5 Mg ha~! (Lee et al.,
2010; Miller, 1987). Both IMX-104 and gypsum were applied
immediately before the rainfall. Each treatment was replicated
three times resulting in 24 simulation plots in total.

Rainfall was applied for 60 min at 52 mm h~! intensity
using RO water. The entire runoff from the plots was col-
lected into 1-L glass jars replaced every 5 min (12 samples per
plot). Infiltration samples were collected as overflow from the
vessels controlling the water table. Infiltration samples were
obtained synchronously with the runoff, weighed individu-
ally, and combined into a composite sample (one per plot) for
further analysis.

After the simulation, the soil remaining in the boxes was
collected in three discrete layers: 0—1 cm, 1-2 cm, and 2-4 cm.
Soil splash from spillway and screens was collected and added
to the 0- to 1-cm layer sample. After that, the boxes were
drained overnight and the drainage collected. The sand from
the bottom of the box was discarded, and gravel and mesh
were washed and reused in the next simulation.

2.3 | Laboratory procedures and data
analysis

Runoff samples were weighed and a 30 mL subsample was
centrifuged in 30-mL Kimble clear borosilicate glass vials
(Vineland, New Jersey) at 3400 g (4500 rpm) for 20 min.
Then 2 mL of the supernatant was filtered through 0.45 um

" Drainage openings

Insensitive munition explosive (IMX)-104 material in 2.83—4.75 mm size (A), rainfall simulation setup (B), and cross section of

polyvinyl difluoride syringe filter and analyzed using HPLC
to determine concentrations of energetics. The rest of super-
natant from the Kimble vials was discarded and the sediment
pellet retained. Next day, after settling overnight, the remain-
ing supernatant from 1-L jars was transferred into 750-mL
Teflon bottles and centrifuged at the same settings, while bulk
of sediment that settled in 1-L jars was combined with sed-
iment from the previous day in the same 30-mL vials. The
pellet from Teflon bottle was also transferred to the same 30-
mL vials. Then the vials were centrifuged again in order to
separate and discard any remaining rainwater supernatant.

The sediment samples were extracted in a two-step method
by Crouch et al. (2020). First, methanol was added to the sed-
iment at 5:1 weight ratio, equilibrated on a shaker for 24 h,
and centrifuged as described previously. Then the supernatant
was subsampled (2 mL) and its excess decanted. After that
methanol:water mixture (1:1 by volume) was added to the
remaining sediments and equilibration, centrifugation, and
subsampling (2 mL) repeated. The extracts were analyzed by
HPLC. The sediment in the vials was then dried at 110°C and
weighed to determine sediment yield from the plots.

The top (0—1 cm) soil layer from the plots potentially con-
tained IMX-104 particles. In order to homogenize it, the soil
was air dried and milled following Environmental Protec-
tion Agency method 8330B (USEPA, 2006). The two lower
layers (1-2 cm and 2—4 cm) were thoroughly mixed with-
out grinding, assuming they could only contain dissolved
energetic components. The three layers were subsampled in
triplicate (5 g each) and then extracted and analyzed same as
the sediment.

The extracts and runoff were analyzed using Dionex Ulti-
mate 3000 HPLC by Thermo Fisher Scientific Inc. NTO
concentration was measured with Hypercarb column, 75:25
acetonitrile:water mobile phase with 0.1% trifluoroacetic acid
(TFA) at 1 mL min~! isocratic for 3 min at 32°C, and detected
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TABLE 1
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Chemical characteristics of insensitive munition explosive (IMX)-104 constituents. The values are molecular weight (MW),

solubility at 25°C, octanol-water partitioning coefficient (log K, ), soil organic carbon-water partitioning coefficient (log K), and measured or

estimated adsorption coefficient (K) for Florence soil used in this study.

Compound Formula Structure
NTO C,H,N, 0O, H /j)
3-nitro-1,2,4-triazol-5- 0NN N
one ﬁ/ 7/ o-
N—N
"
DNAN C,HgN,O5 0%,;/0'
2,4-dinitroanisole
P
W’
0 -
RDX C,H N0 0
hexahydro-1,3,5- |
trinitro-1,3,5-triazine N W
o-, N N_, O
SN SNF
Pl
HMX C,HgNgOg o
octahydro-1,3,5,7- OQN\ o
tertranitro-1,3,5,7- N— N! .
tetrazocine ( NNy
0‘\ . N
N
J \ -
f=o
)

2Mark et al. (2016)
bSokkalingam et al. (2008)
¢Boddu et al. (2008)
dArthur et al. (2017)
¢Monteil-Rivera et al. (2004)
"Yoon et al. (2005)
£Brannon and Pennington (2002)
hTucker et al. (2002)
TATSDR (1997)

JATSDR (2012)

KYoon et al. (2002)

at 2.5 min and 315 nm (Le Campion et al., 1999). DNAN
and its transformation products, as well as RDX, and HMX
were measured with Acclaim reverse phase C18 column, 5 pm
particle size, 43:57 methanol:water mobile phase with 1 mL
min~! flow rate for 30 min. DNAN was detected at 21 min and
300 nm, RDX at 8 min and 254 nm, and HMX at 5 min and
254 nm. All samples were refrigerated before HPLC analysis.

The experiment utilized a randomized complete block
design. Analysis of variance and t-test (where appropriate)
were used to compare runoff, soil erosion, and loss of ener-
getic compounds across treatments and energetic particle
sizes. Data processing and statistical analyses were performed
using MS Excel and SAS statistical software (SAS Institute).
Statistical significance is reported at p = 0.05.

MW Solubility LogK,, LogkK, K;@Lkg™)
130.01 16,642° 0.37- 0.6-1.79*  0.06
1.03°
198.03 276.2° 1.61° 1.93— 1.90¢

2.63¢,
3.11¢
222.03 56.35¢ 0.81- 0.88-2.4¢  0.82"
0.87"
296.05 4.46°, 5' 0.06/, 2.8¢, 1.03#
0.19%, 0.541
0.26

3 | RESULTS AND DISCUSSION

3.1 | Runoff, infiltration, and sediment yield

During the course of the simulations only sheet flow was
observed on the soil surface and no rill development or
scour occurred. The infiltration and runoff were nearly steady
throughout the duration of the rain, except for the first 10 min,
during which the surface was being saturated and ponding
was developing (Figure 2). The total infiltration in the gypsum
treatment (4.3 mm) was 55% greater than in control (2.8 mm)
and the difference was statistically significant. A small 4.5%
increase in runoff was also observed in the gypsum treatment
(55.1 mm) compared to the control (52.8 mm). However, this
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FIGURE 2 Runoff, infiltration, and soil loss from the plots with

gypsum treatment and control (standard error bars, n = 12).

difference was attributed to the variability of rainfall input,
which lies within the range of simulator precision (Paige et al.,
2004), and is unlikely to appreciably affect infiltration rate or
flow transport capacity.

The soil loss varied greatly through the duration of rain-
fall. On control plots it peaked at 156 g h~! 10 min after start
of experiment and then declined steadily to 118 g h™!. This
was likely due to progressive loss of fine and loose particles
and continuous soil compaction by raindrops. This trend is
consistent with sediment dynamics observed on larger field
plots and slopes, particularly those with poorly aggregated
soil (Li et al., 2020; Parsons et al., 1991). In the gypsum treat-
ment the initial soil loss rate was similar to control (147 g
h~!). However, it quickly declined and after 25 min of sim-
ulation approached approximately steady rate of 100-107 g
h~!, a 32% decrease. For comparison, on the control the
steady rate was 117-121 g h™!, a decrease of 20%. The
average total sediment yield from control plots was 135.3
versus 113.8 g from the gypsum treatment (an equivalent of
9.4 and 7.9 t ha™!, respectively). Although this was a 16%
decline for the treated plots, the difference was not statistically
significant.

Our observations were consistent with a similar plot study
(Favaretto et al., 2006) where gypsum amendment increased
infiltration by 145%—157%, while the decrease of sediment
yield was moderate and not statistically significant (21%—
34%), particularly at high 60 mm h~! rainfall rates. Raindrop
detachment and sheet flow are the key drivers for inter-rill sed-
iment delivery (Abrahams & Parsons, 1994; Bradford et al.,
1987; Zhang et al., 1998b). By inhibiting soil dispersion

gypsum acts to redistribute water toward infiltration thus hin-
dering overland sediment transport (Shainberg et al., 1989).
In our experiment the relative weight of infiltration (<7%) in
the water balance was too small to significantly affect over-
land flow, although the initial drop in sediment yield in the
gypsum treatment was well pronounced (Figure 2).

3.2 | Effect of gypsum on surface transport
dynamics of NTO, DNAN, and RDX

The concentrations of all energetics dissolved in runoff dur-
ing the simulation event showed a declining temporal trend
on both treatments (Figure 3). The concentrations for all com-
pounds and particle fractions peaked at 5—10 min of rainfall
and later approached steady-state values.

The greatest initial concentrations were observed on plots
with XS particles. Namely, in the control treatment, NTO,
DNAN, and RDX concentrations were 335, 26, and 5 mg
L~!, respectively, which reflects the individual solubility of
the compounds (Table 1). These values were fivefold to 20-
fold greater than those from plots with S, M, and L particles.
Runoff from XS particles have also shown a more rapid con-
centration decline over time than from other fractions. This
pattern was attributed to two processes occurring simultane-
ously. First, the dissolution rate of smaller IMX-104 particles
is greater because it is directly proportional to the surface area
(Dontsova et al., 2023). Second, finer particles are more read-
ily transported off site, and thus cease being an in situ source
of solute. On the other hand, larger particles, while dissolv-
ing slower, are less mobile and can release energetics into the
flow over a longer period.

The dissolved transport dynamic was similar for both treat-
ments (Figure 3). However, runoff from the gypsum treatment
with XS particles had significantly lower initial concentra-
tions for all energetics compounds (NTO, DNAN, RDX, and
HMX) compared to the control (Figure 3). While presence of
inorganic salts in solution can inhibit dissolution of organic
compounds in water, “salting-out effect” (Schwarzenbach
et al., 2003) when present at solubility limit, gypsum would
not be expected to decrease solubility of studied organics by
more than 1% (Boddu et al., 2008). Although the concentra-
tion of energetics in bulk samples were below their solubility
limits (Table 1), it is likely that local concentrations in runoff
in the vicinity of source particles were higher. However, the
decrease in solution transport in the gypsum treatment is most
likely related to the decrease in movement of XS particles
with erosion. As a result, in the gypsum treatment, particu-
larly on XS plots, it took longer for concentrations to reach
a steady state (Figure 3). For example, on the control treat-
ment NTO concentration (XS) was below detection limit by
45 min, while in gypsum it was statistically above detection
limit during the entire event.
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FIGURE 3 Concentrations of 3-nitro-1,2,4-triazol-5-one (NTO), 2,4-dinitroanisole (DNAN), and hexahydro-1,3,5-trinitro-1,3,5-triazine

(RDX) dissolved in runoff as a function of time on the control and gypsum treated plots with particles of insensitive munition explosive (IMX)-104
of four different 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). Error bars equal

standard error, n = 3.

Application of gypsum also significantly decreased the
total (cumulative) loss to runoff of dissolved DNAN, RDX,
and HMX for M and L particles. No significant differences

between the treatments were observed among these same

compounds for S and XS particles or NTO for all particle

sizes.

It should be noted that particles <2 mm in size presented
the majority of deposited material during low-order detona-
tion for 61 mm mortar rounds and about half for 81 mm

rounds (Bigl et al., 2021). Therefore, their behavior is likely
to dominate the overall fate of energetics following low-order
detonation.

The movement of solid energetics on the plots was highly
variable (Figure 4). Such behavior is attributed to the dis-

crete nature of particulate matter subject to entrainment,

transport, and deposition cycle when in shallow overland
flow (Lisle et al., 1998). It was particularly noticeable in
case of S- and M-sized IMX-104 particles which alternate
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FIGURE 4 Concentrations of 3-nitro-1,2,4-triazol-5-one (NTO), 2,4-dinitroanisole (DNAN), and hexahydro-1,3,5-trinitro-1,3,5-triazine

(RDX) in sediment as a function of time on the control and gypsum treated plots with particles of insensitive munition explosive (IMX)-104 of four
different 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). Error bars equal

standard error, n = 3.

between rest and motion resulting in stochastic nature of the
transport.

The transport of XS particles exhibited early peak followed
by a steady decline as their storage on the plot was being
depleted. In contrast, L particles lacked mobility (Farenhorst
& Bryan, 1995) and their measured yield from the plots could
be attributed to breakup and flaking (Fuller et al., 2015; Wang
et al., 2012). This was confirmed by comparing soil surface

photographs before and after the event (Figure S1). Namely,
after the rainfall L particles primarily remained in place, M
were partially lost or moved, while S and XS were no longer
found on the surface.

Gypsum affected the transport dynamic of XS energetic
particles by decreasing and delaying their peak discharge
(Figure 4). During the initial 5 min of simulation the yield of
particulate NTO from XS gypsum plots (1.4 mg) was nearly
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14-fold smaller than that from the control treatment (18.5 mg).
The yield of particulate DNAN during the same time was also
significantly smaller in gypsum (14.2 mg) than in the control
(54.1 mg). In addition, gypsum caused the peak yield to shift
from 5 to 15 min into the simulation for both NTO and DNAN.
A similar time shift was observed for RDX, but without sig-
nificant change in discharge rate. The impact of gypsum on
larger particles was not significant. Delay in the peak of move-
ment for energetic particles can have a significant impact on
total transport. The rainfall in this study continued for 1 h, but
under natural conditions shorter rains are more common and
may never reach peak transport conditions.

In addition to the transport of explosives as particles, they
can also be moved by runoff when adsorbed to the sediment.
Transport of energetics adsorbed to the sediment was cal-
culated before to be a minor contributor to overall fate of
energetics during rainfall (Polyakov et al., 2023) due to low
organic carbon content of Florence soil and relatively low sed-
iment to water ratio in runoff (Table 1). It is expected that
addition of gypsum would not affect adsorption coefficients
for any of the constituents of IMX-104 in either bulk soil or
suspended sediment. NTO adsorption is sensitive to soil pH
(Mark et al., 2016b) as NTO gains negative charge at higher
pH values (Nandi et al., 2013). However, pH of both soil (8.3)
and gypsum solution (6.7) would result in negatively charged
NTO, which is poorly adsorbed by negatively charged soils, as
can be seen from low K values reported in Table 1. Adsorp-
tion of neutral compounds, such as DNAN, RDX, and HMX
(Table 1), is not significantly affected by pH or ionic strength
of the solution. Calculations showed that on gypsum treatment
the amount of constituents transported adsorbed to sediment
was 30% (NTO) to 50% (DNAN) less than on control (Table
S1). This was due to both a decrease in solution concentration
and lower sediment yield on plots with gypsum.

3.3 | Total IMX-104 mass balance

The total recovery rate of IMX-104 varied from 75% to 95%
in the control and from 54% to 78% in the gypsum treat-
ments. These rates were slightly lower but comparable to
those reported by Crouch et al. (2020) for spiked aqueous and
soil samples in laboratory conditions. There was no signifi-
cant difference in recovery between the treatments except for
L particles where it was lower on gypsum plots. There was
also no relationship between recovery rate and particle size
on either treatment.

The overall post rainfall mass balance of IMX-104 in the
order from greater to smaller was as follows: (1) soil surface
retention, (2) off-site loss to overland flow, and (3) sub-surface
infiltration (Figure 5). Within the overland flow, the more sol-
uble energetic NTO (Table 1) was primarily transported in
dissolved form, while the less soluble compounds (DNAN,
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RDX, and HMX) were transported in particulate form. In
addition, the ratio of dissolved to particulate mass depended
on the energetic initial particle size and this ratio decreased
from XS to L fraction.

The application of gypsum significantly decreased the total
(cumulative) loss to runoff of dissolved DNAN, RDX, and
HMX for M and L particles by 58%—79%. No significant dif-
ferences between the treatments were observed among these
same compounds for S and XS particles or NTO for any par-
ticle sizes (Figure 5). The infiltration pathway for NTO in
gypsum was significantly greater than in the control. In addi-
tion, in gypsum less soluble DNAN and RDX (Table 1) were
also present in infiltration, while in the control none were
found. It appears that the effect of gypsum was to redirect
mobilized energetics into the subsurface flow. However, when
in soil, NTO has been shown to undergo biotransformation
(Mark et al., 2016b, 2017) and complete biomineralization
(Rios-Valenciana et al., 2023), which may offset potential
negative groundwater effects.

The response of IMX-104 to rainfall impact was complex,
due to the fact that munition residue is a distribution of var-
ious particle sizes (Bigl et al., 2020), while each particle is
a physical mixture of components with different properties.
In this mixture more soluble NTO is imbedded into the less
soluble matrix of DNAN (Taylor et al., 2013). Once NTO
starts to dissolve, the particle is more likely to break up, and
that in turn triggers further rapid dissolution (Dontsova et al.,
2023; Taylor et al., 2013). As a result, the effectiveness of
gypsum amendment in mitigating IMX-104 redistribution and
loss was dependent on the energetic compound, the initial
particle size, and the transport pathway.

4 | CONCLUSIONS

The purpose of the study was to investigate the effect of
gypsum amendment on redistribution of IMX-104 under the
impact of rainfall. Addition of gypsum more than doubled
the infiltration, although the effect on surface flow was not
significant. The total sediment loss under gypsum decreased
by 16% comparing to the control, while the overall dynam-
ics of sediment transport also changed. A lower steady state
sediment discharge was achieved quicker than in the control.
These observations were consistent with previous research,
indicating that the primary effect of gypsum is to inhibit
soil dispersion caused by rain water and improve infiltration,
impeding sediment loss.

The initial concentration in runoff of all energetic com-
pounds (NTO, DNAN, RDX, and HMX) from XS particles
was significantly lower (40%-77%) in the gypsum treat-
ment than in the control. Presumably this happened due to
a decrease in movement and dissolution of the smallest parti-
cles. As a result, in the gypsum treatment, it took longer for
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concentrations in runoff to reach a steady state. Also, appli-
cation of gypsum significantly decreased (NTO, DNAN, and
HMX) and delayed (NTO, DNAN, RDX, and HMX) peak dis-
charge of XS particulate energetics, while transport of S, M,
and L particulates remained unaffected by the amendment.

After 50 mm of rainfall, which is equivalent to 5- to 10-
years return frequency for Midwestern (Hershfield, 1961) and
Southwestern (Polyakov et al., 2010) United States, of the
total amount of IMX-104 placed on the plots most remained
on the soil surface, with smaller amounts lost off-site in over-
land flow and transported with sub-surface infiltration. More
soluble NTO (Table 1) tended to move off the plot in dissolved
form, while the less soluble DNAN, DRX, and HMX moved
in particulate form. The application of gypsum significantly
decreased the total loss to runoff of dissolved DNAN, RDX,
and HMX for M and L particles. Movement of NTO with infil-
tration in the gypsum treatment was fivefold greater than in
the control. Moreover, DNAN and RDX were also present in
infiltration, while in the control none were found. The effect
of gypsum on the total balance was to redistribute more of the
mobilized energetics into the subsurface flow.

The benefit of the gypsum treatment of IMX-104 contami-
nated soil needs further investigation since the energetics may
follow different degradation processes depending on their
transport pathway and terminal location.
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