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This issue's cover: A soil sample following crushing by a 6 cm diameter piston at 222 kN. This sample and
its pristine counterpart were spiked with explosives and the explosives concentrations were monitored over
time. The crushed soil particles were associated with enhanced explosives transformation compared to the
pristine soils. See Douglas et al., “Investigating the Fate of Nitroaromatic (TNT) and Nitramine (RDX and
HMX) Explosives in Fractured and Pristine Soils,” p. 2285-2294. Image by Thomas A. Douglas.




Investigating the Fate of Nitroaromatic (TNT) and Nitramine (RDX and HMX)

Explosives in Fractured and Pristine Soils

Thomas A. Douglas* and Marianne E. Walsh Cold Regions Research and Engineering Laboratory

Christian J. McGrath Environmental Laboratory
Charles A. Weiss, Jr. Geotechnical and Structures Laboratory

Explosives compounds, known toxins, are loaded to soils
on military training ranges predominantly during explosives
detonation events that likely fracture soil particles. This study
was conducted to investigate the fate of explosives compounds in
aqueous slurries containing fractured and pristine soil particles.
Three soils were crushed with a piston to emulate detonation-
induced fracturing. X-ray diffraction, energy-dispersive X-ray
spectrometry, gas adsorption surface area measurements, and
scanning electron microscopy were used to quantify and image
pristineand fractured soil particles. Aqueous batches were prepared
by spiking soils with solutions containing 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and
2,4-dinitrotoluene (2,4-DNT). Samples were collected over
92 d and the concentrations of the spiked explosives compounds
and TNT transformation products 2-amino-4,6-dinitrotoluene
(2ADNT) and 4-amino-2,6-dinitrotoluene (4ADNT) were
measured. Our results suggest soil mineralogical and geochemical
compositions were not changed during piston-induced fracturing
but morphological differences were evident with fractured soils
exhibiting more angular surfaces, more fine grained particles, and
some microfracturing that is not visible in the pristine samples.
TNT, 2,4-DNT, RDX, and HMX exhibited greater analyte loss
over time in batch solutions containing fractured soil particles
compared to their pristine counterparts. 2ADNT and 4ADNT
exhibited greater concentrations in slurries containing pristine
soils than in slurries containing fractured soils. Explosives
compound transformation is greater in the presence of fractured
soil particles than in the presence of pristine soil particles. Our
results imply fractured soil particles promote explosive compound
transformation and/or explosives compounds have a greater
affinity for adsorption to fractured soil particle surfaces.
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RAINING with artillery, mortars, and hand grenades is common

at defense installations worldwide. These munitions contain
nitroaromatic compounds  2,4,6-trinitrotoluene  (TNT) and
2,4-dinitrotoluene (2,4-DNT) and nitramines 1,3,5-hexahydro-
1,3,5-trinitrotriazine  (RDX) and  1,3,5,7-tetrahydro-1,3,5,7-
tetranitrotetrazocine (HMX) that interact with the training range
soils onto which they are deposited. The fate of nitroaromatic
compounds (NACs) in the natural environment is of considerable
interest because of their known toxicity (Rickert, 1985; Wellington
and Mitchell, 1991; Weissmahr et al., 1997). NACs like TNT have
been shown to readily sorb to clays (Haderlein etal., 1996; Weissmahr
et al., 1997; Roberts et al., 2006). However, adsorption to mixed
soils is substantially lower (Pennington and Patrick, 1990; Xue et
al., 1995; Comfort et al., 1995). Nitramines like RDX and HMX
are generally considered far less sorbtive to soils than NACs (Selim
etal., 1995; Singh et al., 1998; Yamamoto et al., 2004; Dontsova et
al., 2006). The off-site migration of explosives compounds or their
transformation products either adsorbed to sediments or eluted from
sediments provides a risk to training range activities.

The transformation of explosives compounds is controlled by
specific conditions of the aqueous phase and the geochemical in-
teractions between mineral surfaces and contaminants (Hofstetter
et al., 2006). Reactions on mineral and organic particle surfaces
likely influence nitramine and nitroaromatic compound adsorp-
tion and transformation. Previous investigations of the fate of ex-
plosives in soils and sediments have used weathered clays, silts,
and sands in a series of column and incubation studies (e.g., Price
et al., 1997). These samples provided a weathered substrate that
was different from fresh, newly created mineral surfaces generated
by explosives detonation induced fracturing.

Soils underlying munitions impact sites and training or demoli-
tion areas are commonly fractured from explosives detonations. Ex-
plosives compounds are optimized for their brisance, their ability
to shatter target materials (Kuznetsov et al., 1979; Eremenko and
Nesterenko, 1989; Pepekin and Gubin, 2007), which include train-
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ing range soil particles. All other features being similar, fresh min-
eral surfaces (and newly created microparticles of them) are more
geochemically reactive than weathered surfaces (Stallard and
Edmond, 1983; Anbeek, 1992). Organic compounds exhibit a
greater affinity for fresh reactive surfaces than for weathered ones
(Braida et al., 2002). A comparative investigation of the fate of
nitramine and nitroaromatic explosives compounds in fractured
and pristine soil surfaces could determine whether explosive com-
pounds behave differently in the presence of fractured soils pres-
ent on impact ranges. The objective of this study was to compare
explosives transformation in freshly fractured and unmodified
soil particles through a set of laboratory experiments.

Experimental Methods

Sample Preparation

Roughly 15 kg of soil was collected from three different loca-
tions representing soils we have found to be relatively common
on impact ranges. “Church” is poorly graded glaciofluvial sand
from Norwich, Vermont (43.737°N, 72.261°W). “Delta” is
well-graded sand with silt collected near Delta Junction, Alaska
(63.854°N, 145.732°W). “BBTS” is fluvial silty sand collected
near Bovina, Mississippi (32.273°N, 90.719°W). Soil samples
were heated to 100°C for 24 h. to drive off soil moisture. We did
not want to change the organic material or clay mineralogical
characteristics of the soils so we did not heat the soils to a higher
temperature. A 2-kg subset of each sample was sieved into seven
fractions between 10 and 200 mesh to characterize the soils fol-
lowing protocols of the U.S. Department of Defense (1964).

A 5-kg subset of each of the three soil samples was fractured
using a piston crusher at 146,000 kg cm™ (222 kN) following
American Society for Testing and Materials (ASTM) Method
D1557-02 “Standard Test Methods for Laboratory Compac-
tion Characteristics of Soil Using Modified Effort.” Roughly
300 g of each soil was placed in a 6-cm diam. steel tray and the
downward force on the sample tray with the piston exerted a
resistance load of 9100 kg. Force was applied to the samples at
a rate of one pulse per second for 60 s.

The fractured soil samples were visibly lighter in color and
of slightly smaller particle sizes than their pristine counterparts.
Both the pristine and fractured soil samples were sieved into sev-
en size fractions. A 500-g subset of each sample was reconstitut-
ed and sieved three times and sieve size fractions were repeatable
within 10% by mass for each size fraction. The pristine samples
were then reassembled by size fraction so they represented the
identical size fractions, by mass, as the fractured samples. From
here on we will only discuss measurements made on the recon-
stituted samples. The unfractured reconstituted samples will be
referred to as “pristine” while the fractured (crushed) reconsti-
tuted samples will be referred to as “fractured.”

Due to our sample reconstitution, each of the three soil types
contained similar size fractions in both the pristine and fractured
sample sets. This means we compared the fate of explosive com-
pounds in the presence of different surface types rather than in
the presence of different size fractions. It is likely that detona-
tion-induced fracturing on an impact range shifts the soils to
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a smaller size fraction (with a commensurately smaller surface
area). However, the goal of this work was to determine if there
were significant differences in the long-term fate of explosives
compounds in the presence of the two different surface types.

Surface Area Measurements

We used Brunauer—Emmett—Teller (BET) theory to quan-
tify the specific surface area of the soils to which gas molecules
can adsorb (Brunauer et al., 1938). Unit surface areas were de-
termined for the reconstituted pristine soils to assess whether
they provided a surface area comparable to the fractured soils.
If the BET specific surface area values were similar for the two
soil types then differences in the fate of explosives exposed to
the soils would be attributable to changes in surface geochemical
properties. Multipoint surface area analyses were conducted from
duplicate sample splits of approximately 2 g of each soil sample.
Soils were held under vacuum (0 torr) overnight at 105°C before
surface area analysis with nitrogen gas (N) in a liquid nitrogen
atmosphere -194.8°C. Results from six relative pressure points
were reduced to surface area values applying BET theory.

Mineralogy and Surface Imaging of Samples

The mineralogy of the three soils was determined by X-ray dif-
fraction (XRD). We used a Philips PW1800 Automated Powder
Diffractometer system (Philips International, Amsterdam, The
Netherlands). Operating conditions included CuKo radiation
and step scanning from 2 to 65°20 with 0.05°26 steps. Collec-
tions lasted for 3 to 4 s per step. Diffraction patterns were col-
lected using Datascan (Materials Data Incorporated, Livermore,
CA) and analyzed using Jade (Materials Data Incorporated, Liv-
ermore, CA).

The crystal morphology and the distribution of materials
were assessed using small scale (250 to 1000x magnification)
scanning electron microprobe (SEM) images of the pristine
and fractured soil particle surfaces. We used an Electroscan
Environmental SEM Model 2020 (Electroscan Corporation,
Wilmington, MA) with a cerium hexaboride (CeB) electron
source and a gaseous secondary electron detector. Imaging con-
ditions employed an accelerating voltage of 20 to 30 KeV and
1.81 mA, and approximately 666 Pa of water vapor pressure
in the sample chamber. The imaging gas was vaporized with
deionized water supplied via a digitally controlled needle valve
assembly contained in a sealed Erlenmeyer flask located outside
the sample chamber. Sample images were collected over 30 s.

'The chemical composition, by mass, of major elements in the
three different soil sample types was quantified using an energy-
dispersive X-ray spectrometer (EDS; Quantax system, Bruker
AXS, Ewing, NJ) on random powders or oriented samples us-
ing standard techniques for phase identification. Based on nu-
merous analyses of laboratory standards the EDS system yields
a precision of + 0.5% by mass. Previous work has shown that
the presence of metallic iron (Zilberberg et al., 2002), iron in
solution (Monteil-Rivera et al., 2005), or iron-rich minerals like
nontronite (Hofstetter et al., 2003; Jaisi et al., 2007) increases
the transformation rate of NACs and nitramines. We made EDS
measurements to quantify the chemical composition of our soils
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Table 1. A summary of the size fractions following reconstitution of the three samples investigated in this study for the pristine and fractured samples.

Pristine Pristine Fractured Pristine

Delta Fractured Delta Church Church BBTS Fractured BBTS

Mesh # Mesh opening  massretained massretained massretained massretained massretained  mass retained
mm g

>10 2.06 1855 1345 387 383 35 32
>20 0.853 1832 1444 641 600 265 75
> 40 0.422 1199 1163 815 752 334 168
> 60 0.251 501 573 755 704 235 252
>100 0.152 297 408 430 403 583 1014
> 200 0.076 207 403 320 338 485 863
<200 <0.076 297 649 641 801 1282 3012

and to determine whether the piston crushing added iron to our
samples that could enhance explosives compound transforma-
tion. Triplicate analyses of each sample were performed and we
present mean values and the standard deviation of each value.

Batch Experiment Aqueous Samples

All sample slurries were prepared in triplicate so an average
and standard deviation of each analysis could be calculated. We
placed 6 + 0.002 g of each sample in a 50-mL glass centri-
fuge tube. A 20 mL spike solution containing 4.1 mg/L TNT,
4.4 mg/L 2,4-DNT, 0.49 mg/L HMX, and 2.3 mg/L RDX in
18 MQ water was added to the centrifuge tubes to initiate the
batches. The aqueous spiking solution was made from Standard
Analytical Reference Materials from the U.S. Army Environ-
mental Center, Aberdeen Proving Ground, Maryland.

Centrifuge tubes were capped and placed on a platform
shaker and shaken continuously at 200 rpm (relative centrifu-
gal force of 54 times gravity) in the dark for 3 mo. Ten 1-mL
samples of the batch slurry solution were collected from the
batches at the following elapsed times: 30, 90, and 300 min and
1, 3,6, 10, 17, 24, and 92 d. To collect a sample the centrifuge
tubes were placed in a rotary centrifuge with an 8-cm radius at
3000 rpm (relative centrifugal force of 805 times gravity) for
10 min. A pipette was used to collect I mL of each sample su-
pernatant. The sample was dispensed into a 7-mL amber glass
vial with a PTFE (Teflon) lid. Two mL of 18 M-Q water and
1 mL of HPLC-grade acetonitrile were added to each sample to
bring the total volume to 4 mL. Samples were stored at -20°C
until they were analyzed for explosives compounds.

Concentrations of TNT, 2,4-DNT, HMX, RDX, 2ADNT,
and 4ADNT were determined in aqueous solutions follow-
ing SW846 Method 8330B: Nitroaromatics, Nitramines and
Nitrate Esters by High Performance Liquid Chromatography
(USEPA, 2006). Samples were filtered through a Millex-FH
PTFE (Teflon) 0.45-pum filter unit before analysis.

Explosives compound concentrations in aqueous solutions
were determined on a modular Finnigan Spectra- SYSTEM
Model P4000 (Thermo Electron Corporation, Waltham, MA)
composed of a pump and a Finnigan SpectraSYSTEM UV2000
dual wavelength UV/VS absorbance detector set at 254 nm (cell
path 1 cm). Samples were introduced with a 100-pL sample
loop. Separations were achieved on a 15 cm x 3.9 mm (4 pm)
NovaPak C8 column at 28°C and eluted with 1.4 mL/min of
15:85 isopropanol/water (v/v).

Douglas et al.: Fate of Explosives in Fractured & Pristine Soils

Calibration standards were prepared from analytical refer-
ence materials obtained from Restek Corporation (Bellefonte,
PA). The analytical reference material was 8095 Calibration
Mix A at 10 mg/mL in acetonitrile of HMX, RDX, TNT, 2,4-
DNT, 2ADNT, and 4ADNT. Based on numerous analyses
of the laboratory spike solution the percent relative standard
deviation of the explosives compound measurements was less
than 2% for the compounds we measured.

Batch Experiment Soil Samples

Following the 92 d batch experiment the 6-g soil samples were
placed in a rotary centrifuge with an 8-cm radius at 3000 rpm (rel-
ative centrifugal force of 805 times gravity) for 10 min. As much
liquid as possible was removed with a pipette and the remaining
wetted soil material was air dried at 20°C for 24 h to remove all
remaining water. A 10-mL aliquot of HPLC grade acetonitrile
was added to the soil to extract energetic residues from the soil
(Sunahara et al., 1999; USEPA, 2000; Walsh, 2001). Samples
were placed on a platform shaker for 18 h at 200 rpm (relative
centrifugal force of 54 times gravity). One mL of the acetonitrile
extract was mixed with 3 mL of 18 M(Q) water and the mixture
was filtered through a Millex-FH PTFE (Teflon) 0.45-um filter
unit. Concentrations of TNT, 2,4-DNT, HMX, RDX, 2ADNT,
and 4ADNT from the soil extract solutions were determined fol-
lowing the procedures outlined above for aqueous samples.

Results and Discussion
Sample Preparation and Characterization

To compare the reactivity of explosives compounds with frac-
tured and pristine soils, their particle size and surface area needed
to be the same. The results of sieving analysis indicated that the
particle size fractions represented by the pristine and fractured
samples of each soil type were similar (Table 1). Table 2 includes
results from biogeochemical measurements for fractured and
pristine samples from each of the three soil types.

The BET measurements (Fig. 1) show that for each soil type the
fractured and pristine samples exhibit a statistically similar surface
area (analysis of variance with o = 0.05). The three soils had statis-
tically different surface areas from one another (analysis of variance
with o = 0.05), with BBTS having the highest values and Delta
having the lowest values. It is important to note that BET surface
area measurements represent the surface areas of the samples but
do not indicate the geochemical reactivity of a given surface.
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Table 2. A summary characterization of the soil samples investigated in this study.

Specific surface area Viable Cation
Specific No. of Specific Organic Viable microbial microbial exchange Soluble

Soil type surface area measurements surface area matterf biomass§ biomass pHt capacity+ salts#

m2g %RSDt gkg? nmolPLFAgTdry  %RSD cmol kg™’ dSm™
Delta pristine 1.80 3 8.9 2 14.5 239 7.2 4.5 0.1
Delta fractured 1.15 2 9.7 3 57 171 7.6 6.3 0.2
Church pristine 242 2 7.0 4 224 6.8 5.1 8.1 24
Church fractured 2.37 5 2.2 31 19.7 2.6 5.4 7.3 2
BBTS pristine 5.26 3 1.9 4 47.6 5.2 6.6 23 0.1
BBTS fractured 5.50 4 3.7 7 67.7 5.2 6.8 2.5 0.1

T %RSD is the percent relative standard deviation.

# From a soil analysis done by Midwest Laboratories (Omaha, Nebraska). Organic matter percent was measured by chromic acid/oxidation/colorimetric
methods; pH and soluble salts were measured in a 1:1 soil/water mixture by a combination electrode; cation exchange capacity was measured by the
summation of cations and ammonium acetate saturation/displacement with NaCl distillation and titration.

§ Mean of triplicate analyses of phospholipid fatty acids (PLFA).
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Fig. 1. The specific surface areas of our samples (open circles) measured
using Brunauer, Emmitt, and Teller theory. Horizontal bars
represent the mean and vertical lines represent the standard
deviation of the values.

Results from the X-ray diffraction analyses show the pris-
tine and fractured soil sample pairs yielded similar mineralo-
gies. This is not surprising as the crushing was not expected
to change the mineralogical or chemical composition of the
soils. The Delta soil contained quartz, chlorite, Ca- and Na-
feldspars, and illite clay. The Church soil contained the same
mineralogy as the Delta. The BBTS soil contained quartz, Na-
and K- feldspars, and illite clay. All of the soils contained il-
lite, a phyllosilicate mineral. Chlorite, which was present in the
Delta sample, is also a phyllosilicate. Phyllosilicates, especially
clays like illite, have been shown to form strong electron-do-
nor complexes with nitroaromatic compounds (Haderlein and
Schwarzenbach, 1993; Haderlein et al., 1996; Weissmahr et
al., 1998). However, illite is weakly expandable and does not
provide the same adsorption capacity for NACs as the more
expandable smectite clay minerals (such as montmorillonite)
or iron-rich clays such as nontronite (Haderlein et al., 1996).
Chlinochlore, a chlorite present in the Delta sample, contains
oxidized iron (Deer et al., 1978) and therefore it cannot serve
as an electron donor. Based on the soil mineralogies present in
our samples we would not expect the soil mineralogical par-
ticles to promote explosives adsorption or transformation.
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Scanning electron microprobe (SEM) images provide a mi-
crometer scale view of the surfaces of our samples in their pris-
tine and fractured states (Fig. 2). Though SEM imagery is a
qualitative assessment of the mineral surfaces present in our soils,
some distinct descriptive differences are evident. The pristine
soil particles have a weathered sheen, predominantly rounded
particle surfaces, rounded edges, and few visible microparticles
on the mineral surfaces. In contrast, the fractured soil particles
exhibit less of a weathered surface sheen, have predominantly
more angular surfaces, show signs of conchoidal fracturing on
some particle surfaces, display microfractures along many crys-
tal faces, and have numerous small angular particles.

Results from triplicate EDS analyses confirm that the chemistry
of the samples was not altered by the crushing process (Table 3). The
elemental composition of each of the fractured samples was similar
to that of the pristine samples. The minor variations observed are
attributed to variations in chemistry of the particular cluster of par-
ticles analyzed. A comparison of fractured and pristine soils shows
that there is no excess iron in the fractured samples. The presence of
metallic iron (Zilberberg et al., 2002) or iron in solution (Monteil-
Rivera et al., 2005) has been shown to increase the transformation
rate of NACs and nitramines. Since the fractured and pristine soil
sets have reasonably similar iron concentrations we can assume that
the crushing process (using a metallic plate and piston) did not add
excess iron to any of the fractured samples.

Surficial iron is known to cause reductive transformation of
TNT in soils (Weissmahr et al., 1998; Zilberberg et al., 2002;
Monteil-Rivera et al., 2005; Hofstetter et al., 2000). It is likely
that the iron present on the surfaces of the pristine minerals
is in a more oxidized state due to its longer exposure time to
aerobic conditions and oxidative meteoric waters. The lower
availability of this higher oxidation state iron in the fractured
soils could lead to a greater affinity for reductive transforma-
tion on the surfaces of the fractured soils.

Batch Experiments Aqueous Phase Samples

Over time, TNT exhibited dramatic losses from the batch
solutions with concentrations eventually dropping below detec-
tion in all samples (Fig. 3A). This was expected as TNT has
been shown to undergo sorption to soils (Pennington and Pat-
rick, 1990; Hundal et al., 1997; Brannon et al., 2002; Larson et
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al., 2008), soil organic matter (Weissmahr et al., 1998; Eriksson
et al., 2004), and clays (Weissmahr et al., 1997). Furthermore,
TNT has been shown to undergo reductive transformation in
a variety of soil types (Charles et al., 2006; Larson et al., 2008).
All samples demonstrated an early phase of rapid TNT loss with
TNT measurements 30 min following spiking of -2 to 3 mg/L
in all samples. In all three soil types the solutions collected from
batches containing fractured soil particles yielded lower TNT
concentrations than their pristine counterparts. The TNT con-
centration for both the fractured and pristine BBTS samples
decreased below detection (0.01 mg/L) within 3 d.

The rate of TNT loss from batch solutions was related to
the sample particle size with the smallest particle size samples
(BBTS) exhibiting the greatest TNT loss and the largest par-
ticle size samples (Delta) exhibiting the lowest rate of TNT
transformation. This supports the results of a recent study
showing sorption of aqueous TNT and RDX was greatest in
samples with the smallest grain sizes (Larson et al., 2008).

We also measured two TNT transformation products in our
batch solutions: 2-amino-4,6-dinitrotoluene (2ADNT) and
4-amino-2,6-dinitrotoluene (4ADNT). These two monoamines
were not present in our initial spike solution but they began to
appear in the batch samples within a few hours (4ADNT) or a
few days (2ADNT) following spiking with TNT (Fig. 3B). The
2ADNT and 4ADNT are likely present in the samples due to the
reductive transformation of TNT (Thorn and Kennedy, 2002;
Jenkins et al., 2006). The reduction could be attributable to biotic
and/or abiotic activity on the surfaces of the soil particles.

Concentrations of 4ADNT were greater than 2ADNT for
the three different soil types and 4ADNT appeared in the sam-
ples before 2ADNT. In all cases both amines appeared in the
fractured samples before they were detected in the pristine sam-
ples. 4ADNT appeared in all three fractured soil types within
hours while in the Church and Delta soils it did not appear for
the first 4 d. For the BBTS samples the 4ADNT appeared with-
in 6 h in the fractured soil slurries and 23 h in the pristine slur-
ries. These two compounds appeared first in the BBTS samples
likely because amino DNTs are not persistent and they readily
bind to organic matter. The high viable microbial biomass (as
represented through total lipid fatty acid analysis) of the BBTS
samples (Table 2) likely contributed to the loss of the amino-
DNTs (Thorn and Kennedy, 2002) and thus their relatively
higher concentrations in the Delta and Church samples. The
2ADNT concentrations remained low throughout the batch
experiment (-0.2 mg/L for the greatest value). The 4ADNT
concentrations reached as high as 0.9 mg/L (Delta pristine),
equal to almost 25% of the initial TNT concentration.

For the most part the concentrations of 2ADNT and 4ADNT
were greater in the batches of pristine samples compared to frac-
tured samples. 2ADNT and 4ADNT undergo transformation to
other products (Kaplan and Kaplan, 1982) and it is possible these
compounds transformed in the batch solutions following their
being converted from TNT. This is supported by the fact that
2ADNT and 4ADNT concentrations were generally lowest in the
fractured soils. In addition, these two monoamines appeared first
(and in greater initial concentrations) in the soil that contained the

Douglas et al.: Fate of Explosives in Fractured & Pristine Soils

More fractured surfaces
and more microparticles

More of a weathered sheen
and more rounded surfaces

Fig. 2. Scanning electron microprobe images of the pristine and
fractured soils investigated in this study. The pristine soil
particles have a weathered sheen, predominantly rounded
particle surfaces, rounded edges, and few visible microparticles
on the mineral surfaces. In contrast, the fractured soil particles
exhibit less of a weathered surface sheen, have predominantly
more angular surfaces, exhibit conchoidal fracturing on some
particle surfaces, display microfractures along many crystal
faces and have numerous small angular particles.

finest particles (BBTS). It is well established that organic material
including soil humic acid (Thorn and Kennedy, 2002), soil or-
ganic matter (Eriksson et al., 2004; Crocker et al., 2005), and mi-
crobes (Hawari et al., 2000) promote the transformation of NACs
so it could be a combination of the finer particle size and/or the
higher viable microbial biomass (Table 2) that causes the BBTS
soils to yield the greatest NAC transformation rates. We did not
measure concentrations of the 2ADNT and 4ADNT transforma-
tion products in our batch solutions or final soil samples so we can
only speculate that these species are also transforming based on
their concentration patterns during the 92-d batch tests.

The patterns of 2,4-DNT measurements in the batch sam-
ples (Fig. 3C) are similar to what we measured for TNT: the
fractured sample solutions have lower concentrations than the
pristine soil solutions, the finer grain samples (BBTS) have the
greatest rate of transformation, and transformation is evident
for all sample types within the first 24 h. It has been established

that 2,4-DNT undergoes a reductive transformation process
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Table 3. Results from energy-dispersive X-ray spectrometry analyses of the soil samples investigated in this study. Three separate samples were
analyzed individually and the mean and standard deviation values are presented here. Nickel and Copper were not detected in any samples.

Mass in g kg™’
Soil type (o) Na Mg Al Si K Cat Ti Mnt Fe
Delta pristine Mean 415 8 12 65 206 17 8 7 ND 42
Standard deviation 13 7 8 24 23 7 3 ND 3
Delta fractured  Mean 445 12 12 62 208 14 12 5 ND 33
Standard deviation 55 9 4 16 41 3 4 2 ND 7
Church pristine  Mean 394 19 21 78 208 15 10 5 4 50
Standard deviation 10 4 5 6 2 1 1 5
Church fractured Mean 411 17 9 58 234 13 12 3 4 45
Standard deviation 7 8 4 15 27 3 1 1 3
BBTS pristine Mean 437 15 10 48 269 13 15 4 1 20
Standard deviation 5 4 2 8 45 2 2 1 1
BBTS fractured  Mean 447 5 4 38 267 18 8 5 1 19
Standard deviation 9 4 1 4 28 7 ND 3 ND 2
1 ND- not detected. The detection limit for Mn, Ni, and Cu in these samples is estimated to be 0.5 g kg™".
similar to TNT (Leungsakul et al., 2005), however, there have The results from our batch experiments with RDX (Fig. 3D)
been far more investigations of the fate of TNT in soils. suggest the pristine soils exhibit barely detectable transformation,
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Fig. 3. Explosives compound concentrations in waters from the batch spiking measurements. Symbols represent the mean values for triplicate
batch measurements and error bars represent + 1 standard deviation of the triplicate measurements. A 20 mL spike solution containing
4.1 mg/LTNT, 4.4 mg/L 2,4-DNT, 0.49 mg/L HMX, and 2.3 mg/L RDX was added to 6 g of each soil sample at time 0. 2ADNT and 4ADNT were
not added to the samples during spiking.
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Fig. 4. Explosives compound concentrations in the soils following the 92 d batch measurements. The error bars denote * one standard deviation

of the triplicate measurements.

with the concentrations remaining close to the initial 2.3 mg/L
spike solution for the entire 92 d in all three soil types. However,
for the BBTS and Delta fractured soils there is a marked decrease
in the RDX concentration over time to roughly half of the ini-
tial spike concentration. The results for HMX (not shown) are
identical to RDX—a decrease in the fractured BBTS and Delta
aqueous solution values to almost half of the initial spike solu-
tion concentration but minimal change from the initial spike
concentration in the Church samples. The batch results suggest
nitramines RDX and HMX, generally thought to behave con-
servatively in soils, may undergo adsorption to mineral surfaces
and/or transformation in the presence of fractured soil surfaces.

Batch Experiments Solid (Soil) Phase Samples

Following the 92-d batch mixing experiments we centrifuged
the soil-water slurries, decanted the residual water, and air dried
the soils. We then quantified the residual acetonitrile-extractable
explosives compounds in the soils following established methods
(Sunahara et al., 1999; Walsh, 2001). The results are presented
in Fig. 4. If we assume all of the TNT is adsorbed by the soil
particles, then we would expect a maximum possible TNT con-
centration of 82 pg based on 20-mL spike solution at a concen-
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tration of 4.1 mg/L mixed into a 6-g sample. Though complete
adsorption of TNT by the soils is unlikely it is apparent that
litcle of the TNT present in the spike solution was extracted
by acetonitrile following the 92-d exposure (Fig. 4A). The soils
with the largest fine grained fraction (BBTS) yield the highest
acetonitrile-extractable TNT concentrations. The Delta samples
yield low TNT concentrations (less than 0.04 pg/g) while the
Church samples yield no detectable TNT. This suggests that in
the BBTS (and to some extent, Church) samples adsorption and
transformation of TNT is occurring while in the Delta soils the
TNT primarily undergoes transformation. Unlike the aqueous
solutions there is no statistical difference in TNT values for the
soil extracts between fractured and pristine samples.

Lictle TNT was recovered from the aqueous solutions or
from acetonitrile extraction of the soils following the 92-d
batch. This is not a surprise as TNT is known to transform
rapidly to 2ADNT and 4ADNT (Thorn and Kennedy, 2002;
Jenkins et al., 2006). The rate of TNT transformation is great-
est in the soils with the smallest particle size fractions (Fig. 3).

TNT not only transforms to 2ADNT and 4ADNT (amino-
dinitrotoluenes) but also to 2,4-DANT and 2,6DANT (diamin-
odinitrotoluenes), which in turn transform to phenolic deriva-
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Table 4. Results from HMX and RDX concentration measurements in the soils following the 92-d batch measurements. Values are reported as
micrograms of analyte per gram of soil. Soil masses ranged from 6.002 to 6.007 g. The HMX/RDX ratio in the spike solution was 0.21.

HMXt RDX# TNTS

Standard Standard Standard
Soil type No. of samples Mean deviation Mean deviation HMX/RDX Ratio Mean deviation
Delta pristine 2 0.29 0.04 1.27 0.23 0.23 0.02 0.01
Delta fractured 3 0.16 0.04 0.65 0.20 0.25 0.01 0.00
Church pristine 3 0.25 0.04 134 0.16 0.18 0.00 0.01
Church fractured 2 0.13 0.01 0.62 0.03 0.20 0.00 0.00
BBTS pristine 3 0.46 0.03 1.29 0.11 0.36 0.07 0.02
BBTS fractured 3 0.35 0.03 0.83 0.12 0.43 0.06 0.02

1t HMX: octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine.
F RDX: hexahydro-1,3,5-trinitro-1,3,5-triazine.
§ TNT: 2,4,6-trinitrotoluene.

tives (Hawari et al., 2000). We did not measure 2,4-DANT or
2,6DANT but we did measure 2ADNT and 4ADNT and these
aminodinitrotoluenes exhibited greater concentrations in the
pristine soil extracts than the fractured ones (Fig. 4B). We did not
measure the phenolic derivatives (TNT tertiary transformation
products) but suspect the 2ADNT and 4ADNT are transform-
ing more rapidly in the fractured soil solutions than in the pres-
ence of pristine soil solutions. If they were being preferentially
adsorbed to the fractured mineral surfaces (leading to their lower
concentrations in the aqueous samples) then the acetonitrile-ex-
tractable concentrations of these species would be higher in the
fractured samples than in the pristine ones. In the Church and
Delta samples the 2ADNT and 4ADNT values were statistically
significantly greater in the pristine samples (analysis of variance
with a = 0.05). For all samples the 4ADNT concentrations are
greater than 2ADNT; which was also the case in the aqueous sam-
ples. There does not appear to be a relationship between the soil
particle size or the total biomass concentration and the 2ADNT
or 4ADNT concentration. Based on the timeline of values from
the batch aqueous samples (Fig. 3B) it appears that the 2ADNT
and 4ADNT concentrations appear and then increase and then
slowly decrease over time. These soil sample extractions represent
the final values at the end of the batch. If 2ADNT and 4ADNT
underwent transformation during the 92-d batch experiments
then their concentrations would decrease in the aqueous samples
(which they do) and also in the final soils.

The results for RDX measurements from the soil extracts
support the results from the aqueous analyses, namely that RDX
is present in roughly twice the concentration in the pristine
samples compared to the fractured ones (Fig. 4D). Based on an
analysis of variance with o = 0.05 the RDX concentrations in
all three of the fractured soil aqueous solutions are statistically
lower than in their pristine counterparts. The Church fractured
samples exhibited no transformation in the aqueous solutions
but in the soil samples the fractured Church samples had less
than half the RDX concentration of the pristine samples.

The results for HMX concentrations measured in soil ex-
tracts are similar to that of RDX (Table 4). Namely, in all three
soil types the fractured samples yielded statistically significantly
lower HMX concentrations than the pristine samples (analysis
of variance with o = 0.05). The HMX to RDX ratio is ~0.2 for
the Delta and Church samples but is roughly two times greater
for the BBTS samples.
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RDX and HMX exhibited loss from solution over time in
two of the fractured soils but not in any of the pristine soils.
This nitramine transformation did not appear to be related to
particle size (the samples representing the smallest and largest
sizes exhibited loss from solution). RDX and HMX are consid-
ered conservative in some biogeochemical conditions (Douglas
etal., 2009; Selim et al., 1995; Singh et al., 1998; Tucker et al.,
2002; Yamamoto et al., 2004; Dontsova et al., 2006) but have
been shown to transform readily under reducing conditions
(Price etal., 2001). Regardless, the marked contrast between the
fate of RDX and HMX in the fractured versus pristine slurries
for the BBTS and Delta soils suggests they may also undergo
transformation in the presence of some soil particle surfaces.

Conclusions

It is clear that fractured soil particles exhibit greater trans-
formation rates for nitroaromatic and nitramine compounds
than pristine (weathered) soil particles. The batch results exhib-
it lower explosives compound concentrations in solutions con-
taining fractured soil particles. This could be caused either by
enhanced adsorption of explosives compounds to the fractured
mineral surfaces (i.e., a loss from solution) or enhanced explo-
sives compound transformation in the presence of the fractured
soil particle surfaces or a combination of both processes. Fol-
lowing the batches the acetonitrile-extractable nitramine and
nitroaromatic compounds are present in higher concentrations
in the pristine soils. Taken in total, our experimental results
suggest that enhanced transformation, rather than adsorption,
leads to the lower explosives compound concentrations in the
presence of the fractured soil particles. This is further support-
ed by the fate of 2ADNT and 4ADNT in the batches and
soils—they appear during the period of rapid TNT loss from
the batch solutions and then decrease over time, likely due to
the transformation of these aminodinitrotoluenes to phenolic
derivatives. The degree of transformation of the aminodinitro-
toluenes is stronger in the presence of fractured soil particles.

There are likely numerous biogeochemical processes at varied
scales governing the enhanced explosives compound transforma-
tion in the presence of fractured soil particles. Weathered mineral
surfaces likely contain sheens containing ferric iron while newly
created mineral particles could present surfaces to which more
reactive ferrous iron is available for electron-donor reductive
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transformation. Fractured mineral surfaces could contain reac-
tive sites where minerals may not be in equilibrium due to lattice
defects. This could strengthen the adsorption affinity for explo-
sives onto these surfaces. Fractured mineral surfaces also present
fresh faces onto which microbiologic or other organic activity
could occur, potentially promoting explosives transformation.
Based on the results of this study we cannot definitively ad-
dress what specific soil biogeochemical or surface geochemical
conditions favor the preservation or transformation of nitroar-
omatic (TNT and 2,4-DNT) or nitramine (RDX and HMX)
compounds. However, our results suggest these explosives com-
pounds are more reactive in the presence of fractured soil par-
ticles than they are in the presence of pristine, weathered soil
particles. If our understanding of the fate of explosives com-
pounds in training range soils is based solely on measurements
made from weathered soil particles, then we may be underesti-
mating the rate at which explosive compounds transform.
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