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Abstract: Insensitive High-Explosive (IHE) typically comprise up to five constituents including 2 4-dinitroanisle (DNAN), 3-nitro-1,2 4-triazol-5-
one (NTO) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), which are mixed in various ratios to achieve desired performance and increase
insensitivity. Insensitive munitions, which are designated to detonate on command and not accidentally, are currently in use in military
operations and in training areas around the world. However, there is minimal literature available on the physiochemical behavior of these
materials in the environment, therefore the actual consequence of residues being deposited post detonation is still an unexplored area of
research. Three 155 mm artillery shells filled with an IHE mixture of 53% NTO, 54% DNAN and 13% RDX were detonated in an inert sand
arena to collect and quantify residues. Post detonation, approximately 0.02% NTO and 0.07% DNAN are deposited in the environment which
may rapidly accumulate dependent on the number of rounds fired. This is of concem due to the toxicity of DNAN and its degradation products,
and the potential for increased acidity of soil and discoloration of watercourses from NTO contamination.

Keywords: 3-nitro-1,2 4-triazol-5-one (NTO), 2,4-dinitroanilisole (DNAN), 3, 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX), Explosive residue, Multi-Increment sampling

1 Introduction

Energetic compounds are regularly deposited on
military ranges following live-fire training activities [1].
The use of traditional explosives in various training
areas has led to the contamination of soil and
groundwater with recalcitrant and persistent hazardous
chemicals which can render the sites unusable,
therefore adversely affecting military readiness due to
accumulation over time [2-5]. New generation
Insensitive High Explosive (IHE) formulations consisting

of 3-nitro-1,2,4-triazol-5-one (NTO) (55%), 24-
dinitroanilisole (DNAN) (32%) and 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX) (13%), are

increasingly being introduced into military service due
to their improved safety profile [6]. For example, the
United States (US) Department of Defence have
investigated the use of 61 mm and 80 mm mortars filled
with PAX-21 (RDX, DNAN and Ammonium Perchlorate)
and Insensitive Munitions Explosive (IMX)-104 (DNAN,
NTO, RDX) to replace legacy explosive fills [5,7].
However, IHE's contain chemical compounds and
formulations not previously used in munitions e.g. NTO,
and therefore their environmental consequences are
not fully understood.

There have been limited studies into the deposition
of explosives residues from munitions due to the
challenges in efficiently sampling an area post-
detonation. However, quantification of explosive
residue deposition has been achieved using the Multi
Increment Sampling (MIS) method on snow covered
ranges [8]. MIS has been proven to be reproduceable

and representative, particularly for a non-homogeneous
contamination [8,9]. This method has been used to
investigate residue deposition from munitions
containing traditional explosive fills such as mortars,
artillery rounds and grenades containing Composition
B, and has shown that very small quantities of explosive
residues are deposited from firstorder detonations
(~0.00003% RDX from Comp B filled 61 mm mortar).
While the most significant source of contamination is
likely to be from blow-in-place disposals or partial
detonations [3,10,11], residue from first order
detonations may accumulate over time depending on
the number of rounds fired [3,12]. For some live-fire
ranges this may be tens of thousands of rounds per year
resulting in significant accumulation of explosive
residue, and the potential for soil and water
contamination. However, research suggests that IHE
filled munitions may deposit more explosive residue
compared to conventional munitions. For example,
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RDX/HMX residues from IMX-104 filled 60 and 81 mm
mortars may be as high as 0.006% and 0.001%
respectively [13]. This equates to tens of milligrams per
round. The percentage of DNAN residue deposited from
the two IMX-104 filled rounds is comparable to the
percentage of RDX (0.005% and 0.001% respectively),
though this equates to a higher mass of DNAN per
round due to the higher DNAN percentage in the
formulation [13]. However, it is the percentage of NTO
deposition that is most cause for concern (1.2% and
0.4% respectively), resulting in thousands of milligrams
deposited per round. The tested rounds have relatively
small explosive load (360 g and 831 g) compared to the
155 mm artillery shell which has a Net Explosive
Quantity (NEQ) of 11.2 kg and therefore may deposit
significant quantites of DNAN and NTO if used
frequently at military training ranges [13].

The deposition of increased quantities of explosive
residue from IHE filled munitions may increase
accumulation rates, and therefore increase the
likelihood of environmental consequences. RDX
contamination has previously been of concern, however
in many locations effective environmental management
procedures have been implemented [14]. In addition,
due to the low quantity of RDX in the IMX-104
formulation (13%) RDX is not the main contaminant of
concern. Conversely, DNAN and NTO have not been
used in significant quantities in munitions to date and
environments where they are in use may require
additional environmental monitoring and management
in the future. NTO is of particular concern due to the
potentially large quantities that may be deposited, as
well as its acidity (pKa 3.76) and solubility (16.6 g L' at
25°C) [15,16], which means it may rapidly dissolve and
transport into soil and ultimately to ground or surface
waters where it may cause discoloration [17-19]. The
behavior of NTO in the environment has not been fully
investigated with uncertainty surrounding the chemical
and toxicological properties of degradation products
such as 5-amino-1,2,4-triazol-3-one (ATO) [20-23].
However, early indications suggest that ATO may be
more toxic than NTO toward specific organisms [24].
While NTO has particularly low toxicity (LDsp 5 g kg™ in
rats), and sublethal toxicity (oligospermia), the
uncertainty of its environmental behavior and the
potential for deposition of significant quantities make it
a particular concern [25, 26].

Understanding of the environmental fate of DNAN is
more comprehensive than that of NTO. While DNAN is
a nitrobenzene similar in structure to TNT, it is slightly
more soluble (198.1 mg L") and more toxic (LDso 199
mg kg') and therefore may present a comparatively
greater risk to the environment [27-31]. In addition,
several of the ammino degradation products, such as 2-
amino-4-nitroanisole (2-ANAN), have similar toxicity
and may also present a risk to groundwater and local
human and animal receptors [26,32,33]. The chemico-
physical properties of DNAN, NTO, RDX and TNT are
summarized in Table 1.
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Table 1: Summary of the physicochemical and
environmentally relevant properties of RDX, NTO and
DNAN compared to TNT.

Name Formula® Solubility®* Log K.&° pKa Toxicity
mg L™ LDsg

mg kg-'

TNT  CeH:CH: 100 1.10¢ NA  607-76T
RDX CiHeNsOs 60 0.88-2.4 NA 119°
NTO CH,N.Os 16642 _ 2! 376 5000°

2izlNats : 060179
1.79-1.92
DNAN C/HN.Os 276 162 NA 199
1.58

2 Akhavan J. The Chemistry of Explosives. Third Edit.
Norfolk: Biddles Ltd., Kings Lynn, Norfolk; 2011; °
Taylor S., Ringelberg DB., Dontsova K., Daghlian CP.,
Walsh ME., Walsh MR. Chemosphere. 2013; 93(9):
1782—-1788; € Arthur JD., Mark NW., Taylor S., Simtnek
J., Brusseau ML., Dontsova KM. Science of The Total
Environment. 2018; 624: 758-768;9 Amaral
HIF., Clau Dia Gama, A., Gong¢alves, Claudia.,
Fernandes J., Jodo Batista M., Abreu M. Environmental
Earth  Science. 2016;" Nandi AK., Singh
SK., Kunjir GM., Singh J., Mandal AK., Pandey RK.
Central European Journal of Energetic Materials. 2013;
10(1): 113—122.7 Arthur JD., Mark NW., Taylor S,
Siminek J., Brusseau ML., Dontsova KM. 2018; 624:
758-768; 9Reddy G., Chandra SAM., Lish JW., Qualls
CW. International Journal of Toxicology. 2000; 19(3):
169-177.

The fate of explosive compounds is highly
dependent on the local environment, however, to inform
environmental assessment it is essential to understand
the potential for accumulation of explosive residues
from commonly used munitions such as the 155 mm
artillery shell. In addition, understanding the potential for
contamination may enable a more proactive approach
to environmental management ensuring that live-fire
training with new generation munitions does not result
in significant contamination incidents as has already
occurred with legacy explosives [2,34,35]. Therefore,
the aim of this work was to quantify the percentage of
DNAN, NTO and RDX residue remaining on the soil
surface after detonation of an IMX-104 filled 155 mm
artillery shell to determine the potential accumulation
rate at military training areas.

2 Experimental Section

2.1 Explosive residue collection
2.1.1 Preparation of sampling arena

A sampling arena was created by levelling 11,900 Kg of
inert fine particle sand to a depth of 5 cm in a semi-
circular area (radius 10 m) on top of an impermeable
plastic groundsheet. The arena was contained with
flexible wooden edging panels around the external
circumference (62 m). A 155 mm IMX-104 filled artillery
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shell was placed at the centre of the arena, at a hight of
1 m, and detonated by a simulation fuze that closely
approximated the live-firing initiation mechanism. A total
of three detonations were carried out, two with the
artillery shell in horizontal orientation and one with the
artillery shell in a vertical orientation to comprehensively
assess the residue distribution. Following each
detonation, the sand was cleared away and fresh sand
(11,900 kg) was levelled on top of new clean
groundsheets.

2.1.2 Explosive residue sampling

Residue was collected post detonation using the Multi-
Increment Sampling (MIS) method. In brief,
approximately 100 increments of sand (100 x 10 g)
were collected in triplicate from discrete Decision Units
(DU) within the sampling arena using a metal scoop [8].
Two different DU layouts were used for the two
horizontal orientation detonations, an arc layout and a
radial layout (Figure 1a-b). For the vertical orientation
detonation, the arc pattern was repeated (Figure 1a).
All collected samples were double bagged and stored in
a freezer at (-18°C) until analysis (~3 months). In
addition, the entire arena was sampled after each
detonation as one DU to ensure comprehensive
coverage.

Figure 1: Decision Units (DU) for each detonation a) Detonation 1
and 3: arc DU’s; b) detonation 2: radial DU’s. Black arrows with
white outline denotes orientation of the 155 mm shell for horizonal
detonations (arrow point = nose). An example of how increments
were collected is shown by the location of crosses on a sampling
route, repeated three times on different routes for each DU.

2.1.3 Field controls

Control samples of the inert sand were taken prior to
preparing the sampling area to ensure the sand used
during the experimental phase was free from explosive
contamination. Control samples were also taken from
the soil underneath the groundsheet to baseline for
cross-contamination and random samples within the
DU’s were collected as positive controls (PC) to validate
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the sampling method and reproducibility of the results
(Supplementary data). Additional controls samples
were collected from outside the immediate sampling
area prior to and post-detonation to ensure no DNAN,
NTO or RDX residues were missed during analysis and
to detect any potential cross-contamination from outside
of the sampling area. This area was extended by 6 m
from the boundary of the sampling area. All control
samples were collected by using MIS in triplicate, with
sand samples collected using a metal scoop and soil
collected using a coring tool.

2.2 Laboratory Sample analysis

2.2.1 Sample processing

Collected samples were defrosted and air dried over 5-
7 days before being passed through a 2.00 mm sieve to
remove any foliage or large fragments. Samples
were mechanically mixed and sub-sampled in triplicate
by taking increments (~0.5 g) from a 5 by 5 grid to a
mass of ~20 g.

2.2.2 Sample extraction

Sub-samples were extracted with acetonitrile/water
(1:1) (40 mL) by shaking for 18 hours at 180 rpm in
amber glass vials [36]. Samples were left to stand for 30
minutes before filtration through a 0.2 um PES filter and
analysed by HPLC. To confirm very low levels of NTO,
DNAN and RDX residue the bulk liquid (5 mL) from a
sub-selection of extractions was concentrated 5 times
by evaporation at 35°C and quantified by HPLC.
Resulting concentrations were used to determine the
mass deposited.

2.3 HPLC analysis

Samples were analysed by High Pressure Liquid
Chromatography (HPLC) using a 150 x 4.6 mm Agilent
Zorbax Eclipse Plus C18 column in a Waters Alliance
2695 with a Waters 996 photodiode array detector [37].
The mobile phase was a 40:60 acetonitrile/water mix at
a flow rate of 1.5 mL min-1 and a constant temperature
of 300C. Residue concentration (NTO, DNAN, RDX and
common degradation products ATO, DNP, 2-ANAN, 4-
ANAN and 2,4-ANAN) was determined by calibration to
an IMX-104 standard calibration curve.

2.5 Quality controls

Play sand was artificially spiked with NTO, DNAN and
RDX (12.5 ppm) and extracted after 24h, 48h and 6
days with 100% efficiency. Previous work has shown
that in sand at ambient temperature (18 °C) NTO,
DNAN and RDX remain stable for up to four months in
the absence of light, and no degradation was detected
in samples stored in the freezer for 3 months.
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3 Results and Discussion

3.1 Determination of mass of explosive
residue from detonation of 155 mm
artillery shell

To quantify the explosive residues from detonation of
the 155 mm artillery shells the detonation area was
sampled using the MIS method. The published
protocols for MIS were followed, with the exception of
mechanical grinding of the samples due to the potential
for initiation caused by friction between the sand and
explosive residue [8]. Therefore, the sand was manually
mixed prior to analysis to maximise homogeneity. As it
has been shown that improved mixing (grinding)
increases representativeness of samples, an increased
error was accepted [9]. Analysis of control samples
taken prior to the detonations confirmed that the
groundsheet and 5 cm sand layer was sufficient to
prevent cross-contamination from the surrounding and
underlying soil.

There was concern that the detonation may
significantly disrupt the sand and render it impossible to
sample, however after the first detonation it was clear
that only the centre of the arena was disrupted
(Supplementary data). Therefore, the entire arena was
sampled after each detonation by MIS. No explosive
residues were detected in the entire arena samples for
either detonation in the horizontal plane, nor for the
detonation in the vertical plane. Samples concentrated
by a factor of five also resulted in non-detect of any
NTO, DNAN or RDX, suggesting that as expected the
total residue deposition from a single 155 mm artillery
shell was below the limit of detection (0.5 yl mI™") due to

the mass of sand diluting the explosive residue.
However, quantifiable concentrations of DNAN were
detected in several of the smaller DU's for all
detonations (Table 2). The errors reported reflect the
heterogeneity of results wherein some samples had
significantly higher concentration of DNAN, and in other
samples no DNAN was detected. Therefore, the results
have been used as a broad estimate of potential residue
deposition.

NTO was only detected in quantifiable
concentrations in detonation 2, DU2, although
characteristic NTO peaks were observed in samples
from all DU’s from all three detonations, suggesting that
NTO was concentrations were below the limit of
quantification of NTO (1.4 mg L")[17]. This was
confirmed by concentrating select sample extracts i.e.
in one of the replicates for detonation 3, decision unit 3
0.002 mg kg™' NTO was detected. Evaporating samples
was considered to be too time consuming to achieve for
all samples, and therefore unquantifiable
concentrations of NTO have been reported as ‘trace’
(Table 2).

RDX was detected in the ‘area control’ sample
i.e. the soil directly beneath the sampling area, but was
not detected in the sampling area, including in the
concentrated samples. Previous work in the literature
suggests it is likely that RDX is deposited, but the
concentrations were too low to be detected by the
methods used (Table 2). This was expected due to the
low percentage of RDX in the IMX-104 composition
(13%), other compositions have much higher
concentrations of RDX (> 60%) making deposition of
detectable concentrations much more likely [38].

Table 2: Summary of results from IMX-104 filled 155 mm artillery shell detonations. Standard deviation reported.

Decision UniIJ Horizontal orientation- DU Arcs Horizontal orientation- DU Radial Vertical orientation- DU Arcs
NTO DNAN RDX NTO DNAN RDX NTO DNAN RDX

mg kg™ mg kg mgkg' | mgkg! mg kg mgkg' | mgkg” mg kg mg kg™
Blank (sand) 0 0 0 0 0 0 0 0 0

Area control 0 0 Detect 0 0 Detect 0 0 Detect
DU1 Trace 0.24+0.39 0 Trace 0 0 Trace 0 0
DuU2 Trace 0.0009 + 0.002 0 Trace 0.055+ 0.1 0 Trace  0.0008 +0.002 0
DU3 Trace 0.11+0.2 0 Trace 0 0 Trace® 0 0
DU4 Trace 0 0 Trace 0 0 0 0 0
DU5 Trace 0.24 +0.42 0 0.16 +0.27 0 0 0 0.16 +0.27 0
PC1 Trace 0.002 = 0.001 0 Trace 017 +£0.31 0 Trace 0 0
PC2 Trace 0 0 Trace 0 0 0 0 0
PC3 Trace 0.0008 + 0.003 0 Trace 0 0 Trace 0 0
Whole area 0 0 0 0 0 0 0 0 0

a8 Upon concentrating replicate 2, concentration of NTO was quantified as 0.002 mg kg-1.

3.1.1 Mass of DNAN residue deposition

Concentrations of DNAN were detected in four of the
five DU’s for detonation 1 (arcs), confirmed by trace

detection of DNAN in the positive controls in DU 1 (PC3)
and DU 5 (PC1), and the non-detect in the positive
control within DU4 (PC2). Conversely, in the second
detonation DNAN was only detected in DU2 (radial),
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confirmed by detection of DNAN in the random positive
control. It is interesting to note that DNAN was only
detected in the second radial DU in detonation 2 (South-
Easterly) and it is likely that DNAN identified in
detonation 1 was concentrated in a North-Easterly
direction corresponding to DU2 in detonation 2, and the
rear of the 155 mm shell (Figure 1). To ensure all
explosive residues were accounted for, samples were
also analysed for DNAN degradation products 2-ANAN,
4-ANAN, 2,4-ANAN and DNP, but these were not
detected in any samples.

From the resulis of the horizontal detonations, it was
expected that DNAN deposition from the third
detonation would be similar, but possibly more uniformly
distributed due to the vertical orientation. This is
because in the vertical position, the shell was positioned
nose-up meaning any increased DNAN deposition at
the rear-end of the shell would be evenly distributed in
the sampling area. While DNAN was detected in DU5
(furthest from the detonation centre), and very low
levels detected in DU2, DNAN was not detected in any
other DU’s. In the vertical position, it is possible that
residues were deposited beyond the sampling area,
although no DNAN was detected in these control
samples, very low concentrations may have been
masked in the HPLC trace by the noise from soil organic
matter.

The constructed sampling arena was semi-circular
as it was assumed that the deposition would be
symmetrical about the long axis of the projectile (nose
to tail) and estimates of mass of residue deposited could
be doubled to account for both halves. In reality,
doubling the mass is unlikely to give a perfect estimate
as deposition could be affected by slight variations in
weather conditions and slight misalignments of the 155
mm artillery shell. A number of other assumptions were
also made to enable estimation of the deposited mass
of DNAN per kilogram of soil. For example, the mass of
soil was determined by assuming DNAN would be
deposited on the soil surface and no deeper than the
sampling depth of 5 cm, and that the density of sail is
similar to that of sand. As the concentration of DNAN
recovered from the three detonations was significantly
different, the mass of DNAN deposited was calculated
from a) the combined concentrations from all DU’s in
detonation 1; b) DU5 in detonation 2; and c¢) DUS5 in
detonation 3 to provide upper and lower estimates. The
total estimated mass of DNAN from each detonation
was calculated by multiplying the concentration (mg kg-
1) by double the mass of sand in the DU’s where DNAN
was found (Equation 1).

Estimated mass of DNAN in DU = C,

residus X

Msand Eq' 1

Where C is the concentration in soil (mg kg™') and M is the mass of
sand in the decision unit.

From the data obtained from Equation 1, the total
estimated mass of DNAN from the three detonations
accounted for between 0.006% and 0.07% of the total
DNAN content in the 155 mm shell (Table 3). The upper
estimate is slightly higher than previously published
literature on the residue from 60 mm and 81 mm IMX-
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104 shells which found 0.006% and 0.001% DNAN
deposited respectively [13]. An increase in deposited
residue may be due to the significant increase in the Net
Explosive Quantity between the three shell sizes
(approximately 11 kg (155 mm) vs 339 g (61 mm) and
807 g (81 mm)).

Table 3: Mass DNAN deposited from detonation of 155
mm artillery shell.

Detonation Concentration Total Mass % Mass
mg kg g
1 0.22 +0.0009 + 0.11 263 0.07
+0.24
2 0.049 023 0.006
3 0.16 1.23 0.03

As expected from previously published literature, the
mass of DNAN deposited from detonation of an IMX-
104 filled 155 mm artillery shell is higher than for
commensurate legacy munitions, such as TNT from
Comp B filled 155 mm shells [13,39,40]. This is of note,
as DNAN is a nitrobenzene with similar properties to
TNT, although it is slightly more toxic (199 mg kg-1 vs
607-767 mg kg-1). DNAN’s environmental behaviour
may therefore be similar to TNT i.e. mineralisation by
photo and bio-degradation before significant exposure
to environmental receptors. However, this may not be
true of all environments as it is highly dependent on soil
type and weather conditions, and it may be possible for
residues to accumulate to potentially hazardous levels.
This is unlikely to be a problem for operational use as
the incident rate is low, and in localised areas i.e. DNAN
is likely to be diluted through environmental action such
as infiltration with rainwater, surface run off and
degradation. Therefore, in the absence of additional
incident DNAN the concentration of this compound in
the environment will rapidly decrease. However, the
accumulation of DNAN may need to be considered for
training with IMX-104 filled 155 mm artillery shells.

3.1.2 Mass of NTO deposition

One sample from the detonation 2, DU5, contained
detectable quantities of NTO (0.16 + 0.17 mg kg™'). and
detection of NTO was consistent in all DU samples,
suggesting that during the detonation NTO was evenly
distributed across the arena. Using Equation 1 and
assuming a) the highest level of deposition (0.16 mg kg-
1) in detonation 2, DU5S and b) assuming an average
deposition of 0.03 mg kg™ across the entire area, the
mass deposited from a single detonation was between
71 mg and 762 mg (Table 4). This equates to between
0.001% and 0.01% of the mass of NTO in the 155 mm
shell. This is significantly lower than the estimated
deposition mass in the published literature from the
detonation of 60 mm and 81 mm munitions on snow (0.4
- 1.2 %), suggesting that the mass of NTO deposited is
lower for the 155 mm artillery shell [5].

Whilst NTO is significantly less toxic than DNAN
(5000 mg kg' vs 199 mg kg'), there is limited research
into its wider environmental impact. One potential issue
is that NTO may be acidic when solubilised i.e. after
rainfall, which may increase leaching of nutrients and
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metals from the existing contamination in soil [18]. For
example, many explosive test and impact areas are
contaminated with lead, which is known to leach more
rapidly in soils with pH lower than 4 [39]. In addition,
NTO discolours water at low concentrations (10 ppm),
which would be considered pollution under multiple UK
and European regulations, even if there were no
associated toxicity [42].

Table 4: Mass NTO deposited from detonation of 155
mm artillery shell.

Detonation Concentration Total Mass % Mass
mg kg g
2 0.16 762 0.01
1&3 0.003 71 0.001

3.2 Potential environmental impact of IMX-
104 155 mm artillery shells

As RDX was not detected in appreciable concentrations
the accumulation rate of hazardous concentrations of
IMX-104 residues in the environment was based on the
deposition of DNAN and NTO. Therefore, assuming the
masses of DNAN and NTO residue per detonation as
calculated above (Table 3 and Table 4) the estimated
rate of accumulation during training was calculated
using the Circular Error Probable (CEP) i.e. the radius
of the area in which 50% of the rounds are likely to land.
For the 155 mm artillery shell the CEP is 94 m - 267 m
depending on the distance fired (15-30 km). The
calculation takes into account that only 50% of rounds
are likely to land within the CEP, with the remaining 50%
distributed in an even larger area of diminishing soil
concentration. The area increases with increasing
distance. Using this calculation, after 1000 detonations
the concentration of DNAN on the surface soil could be
as high as 2.37 mg kg' (assuming lower CEP and
higher mass deposited) but is more likely to fall between
0.21 and 2.37 mg kg'. Table 5 outlines the potential
maximum concentration of DNAN and NTO in soil at
CEP 94 m and CEP 267 m for detonation of 1000 and
10,000 IMX-104 filled 155 mm shells in the absence of
other environmental processes such as adsorption,
degradation and surface run off.

Table 5: The potential accumulation of DNAN and NTO
in soil for 1000 and 10,000 firings for CEP 94 m and 267
m.

Explosive residue
deposited from

Estimated soil
concentration 10,000

Estimated soil
concentration 1000

155 mm shell detonations (mg kg') detonations (mg kg')
CEP94m CEP267m_ CEP94 m CEP 267 m
DNAN 0.006% 0.21 0.03 210 0.26
DNAN 0.02% 0.72 0.09 7.24 0.90
DNAN 0.07% 237 0.29 2368 293
NTO 0.001% 0.06 0.00 0.64 0.08
NTO 0.01% 0.69 0.09 6.86 0.85

Unfortunately, there are no current legal Soil
Screening Level (SSL) for DNAN or NTO in sail
although health-based environmental screening levels
are in development [43]. However for the US EPA has
given a residential and industrial SSL of 19 and 79 mg
kg™ respectively for TNT, which has similar properties
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to DNAN (United States Environmental Protection
Agency, 2014). Although it is unlikely that the SSL for
DNAN would be the same as for TNT, as DNAN is more
toxic, it does give a guideline figure for concentrations
of concern which are potentially exceeded at localised
areas of soil on training ranges within as few as 10,000
firings. In addition, this figure does not consider the
number of partially detonated or non-functioning
ordnance which may be disposed by blow-in-place or
left in the environment. Both methods known to deposit
significant concentrations of explosives in the
environment therefore contributing to the accumulation
of residues [13,43].

The results in Table 5 suggest that the concentration
of DNAN in soil could increase rapidly at training areas
where 155 mm shells are in use. However, this
calculation assumes that there is no transport beyond
the first 5 cm of soil and that the training targets do not
change. In reality, training is likely to take place over a
much larger area further reducing the accumulation
rate, and over a significant period of time. For example,
if 10,000 155 mm shells are fired within a year, it is likely
that a significant quantity of deposited DNAN will be
dissolved by incident rainfall and transported into soil
where it may to be rapidly degraded, especially in high
organic content soils (50% within 3 months) [17]. While
some degradation products are equally as toxic as
DNAN, these are also likely to be further degraded to
mineralised products such as nitrates and nitrites before
exposure to a receptor. Therefore, while the
contamination of soil is a concern, it may be managed
by rotating training areas and avoiding areas with
sensitive groundwater resources.

Accumulation of NTO is also of concern as the
behaviour of NTO in the environment is still under
investigation. For example, whilst some NTO
degradation products have been speculated, such as
ATO, they have not yet been identified in
environmentally representative samples such as soil
studies [45]. In addition, there are limited toxicity studies
on NTO and its degradation/decomposition products
making it difficult to assess its environmental impact.
From the findings in this work, and previous work
indicating the rapid degradation of NTO in the
environment, it is likely that NTO will be deposited in the
environment from the use of IMX-104 filled 155 mm
artillery shells, therefore, further investigation into the
degradation products and their toxicity is required
[17,46].

4 Conclusion

It is clear that DNAN and NTO residues were deposited
from the detonation of an IMX-104 filled 155 mm artillery
shell in slightly higher concentrations than has been
recorded for legacy (RDX/TNT) filled munitions. While
the deposited concentrations may not be of immediate
concern after a single detonation, care must be taken if
large quantities of IMX-104 filled munitions are to be
used for training to manage accumulation and minimise
environmental impact. The training environment is
particularly relevant as the accumulation of DNAN and
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NTO will be highly dependent on rate of infiltration into
soil with rainfall, and the rate of degradation and
therefore environmental management techniques must
be chosen for their suitability to the local environment.
Finally, it must be noted that this residue deposition
investigation was relatively small scale, with only three
detonations for comparison. To increase confidence in
results, additional studies should be undertaken such as
an accumulation study wherein samples are collected
after 5 to 10 detonations.
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Supplementary data

e Random DUs were selected to validate the sampling method and reproducibility of the
results. Each random area was selected using a random generator number.

Figure 1. Random areas from Detonation 1.

Figure 2. Random areas from Detonation 2.



Figure 3. Random areas from Detonation 3.

® Picture were taken before and after the detonation occured.

Figure 4. Aerial picture before detonation 1.



Figure 5. Picture after detonation 1

.

Figure 6. Aerial picture after detonation 1.
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