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1.0 EXECUTIVE SUMMARY
1.1 OBJECTIVES OF THE DEMONSTRATION

Open burn (OB)/open detonation (OD) activities are necessary to destroy unserviceable,
unstable, or unusable munitions and explosives. Munitions must be demilitarized or destroyed
depending on their lifespan and other requirements. There are commercial demilitarization
options available, but most of these cannot sustain the volume and sometimes the specific
requirements for munitions destruction. Therefore, commercial demilitarization can be costly
and inflexible.

The Department of Defense (DoD) operates about a hundred OB/OD areas. These areas are
usually located at fixed locations on installations. These locations may be limited to one type of
operation (i.e., burning of propellants during training activities), or they may be used for multiple
operations (i.e., to destroy many types of explosives, pyrotechnics, and propellants). Due to the
relatively small area that OB/OD areas cover, there is a high probability of explosives
contamination in the soil.

Currently there is no in situ or remote alternative for management of soils on OB/OD areas.
Addressing the problem of OB/OD areas acting as source zones for mobile contaminants using
existing, ex situ remediation technologies will far exceed resources available for facility or range
management and is currently not practiced.

The objective of this demonstration was to evaluate and develop a management technology to
control active OD area contaminant mobility and promote contaminant degradation that is low
cost and minimally resource intensive. The demonstration identified and implemented lime
amendment methods for explosives transformation and metals stabilization. The results from
this study will improve OB/OD area design and operations and may result in sustainable
management practices. The application of the proposed technology could supersede the need for
intensive characterization and result in relatively short-term degradation of explosives
(hexahydro-1,3,5-trinitro-1,3,5-triazine  [RDX], 1,3,5,7-tetranitro-1,3,5,7-tetrazocane [HMX],
2,4,6-trinitrotoluene [TNT], and associated compounds) in the soil, while stabilizing many
munitions associated metals. The technology will reduce munitions constituents (MC) migrating
into the environment by adding lime to the soil for alkaline hydrolysis of explosives and
hydroxide metals stabilization.

1.2 TECHNOLOGY DESCRIPTION

The technology is based on the alkaline hydrolysis reaction of nitroaromatic and nitramine
compounds at high pH (>10.5). The reaction occurs in the soil pore water where the explosive
residues are rapidly degraded into smaller molecular weight compounds or byproducts. These
end products, including formate and nitrite, are readily degraded by indigenous soil bacteria
using both anaerobic and aerobic degradation pathways.

Topical application of hydrated lime, which is mixed into the surface layers of the soil (about
6 inches) has been demonstrated in the confined space of a hand grenade range (HGR)
(Environmental Security Technology Certification Program [ESTCP] project, ER-200216). The



increased pH of the soil destroys energetic compounds even through the continuous loading of
training activities on the range. In addition, the lime amendment provides hydroxides to the soil
that can react with soluble metals and stabilize them within the soil matrix.

The field demonstration was conducted on the Aberdeen Proving Ground (APG) OD site. It
involved adding hydrated lime to the OD area to transform explosive residues and stabilize
metals at the site to prevent off-site migration. Aberdeen Test Center (ATC) tills the OD site
approximately once a year to prevent vegetation growth and brush fires. Lime addition was
coordinated with the discing to manage explosives in the shallow surface soil layer. Lime was
dispersed on the site and mixed with the deeper soils by adding it to the hole dug for the waste
munitions before the detonations. The detonations dispersed the lime along with the crater
ejecta. Effective dispersion was monitored by surface soil sampling after the detonation fallout
had settled. Once surface soil sampling was complete, additional lime was placed in the bottom
of the crater prior to pushing the dispersed soil back into the crater. The mechanical movement
of the soil back into the crater served to further mix the dispersed lime into the soil. The end
result was a reactive zone of elevated pH that spans the depth of the detonation crater. This
dispersion method would be the typical application technique for sites that are dudded (contain
unexploded ordnance [UXOY]) or not regularly tilled as a standard maintenance practice.

13 DEMONSTRATION RESULTS

A laboratory treatability study determined the amount of lime to be added to the initial 9-acre
OD site, the detonation pit, and the backfill operation. A lime loading rate of 0.5% (w:w) to the
APG soil was determined to be optimal to raise the soil pH to the required level of 11.5 for
alkaline hydrolysis. A laboratory column study, also using the APG soil, was performed to study
the depth of pH change that could be expected if the limed soil was overcovered by unlimed soil
(as in ejecta from a detonation) compared to limed soil covering unlimed soil. When the lime
amendment was well-mixed and covered the untreated soil, there was an increase in soil pH of
<1 standard unit (SU) over the untreated control soil (study average). There was an insignificant
change in leachate pH from Day 1 to Day 9 showing that, while the increase was stable, the lime
transport, as indicated by pH change, was minimal.

The objectives of the field study dealing with explosives in soil pore water, groundwater, and
source zone soil were all deemed successful. There was >90% reduction in RDX in soil pore
water compared to the baseline, and the concentration of RDX was <2 parts per billion (ppb).
Additional explosive compounds in the pore water were also reduced below baseline levels (to
non-detect concentrations). The concentrations of all explosives compounds in the groundwater
were also reduced to non-detect values. Soil explosives concentrations were less than baseline
values even though the site experienced continued loading of explosives constituents. The pH
changes in the soil were maintained >10.5 in the source area but decreased to <9.0 outside the
source area. When comparing the metals (total and dissolved concentrations) in groundwater
and soil pore water to baseline values, aluminum (Al) values were generally slightly higher
following the lime treatment. This is hypothesized to be due to the high clay content of the APG
soil and the subsequent high natural concentration of Al in the soil.

The technology had no, or minimal, impact on the range downtime and no health risk for
personnel following standard health and safety guidelines. In an evaluation of the potential



ecological effects of the liming, there was found to be minimal impact. The impact of the
detonations and earth-moving activities were great enough that they masked any potential
contribution from the lime.

14 IMPLEMENTATION ISSUES

This in situ lime technology does not involve the use of any toxic or hazardous chemicals. The
only chemical used as the amendment is hydrated lime [Ca(OH),], which is not regulated for
addition to soil. Potential regulatory concerns associated with the use of the lime amendments
on OD ranges include the potential for runoff with elevated pH. The elevated pH may be
detrimental to biota or surface water quality. However, in neither ESTCP-200912 (HGR) nor
ESTCP-0742 (OD site) was the pH of surface water runoff affected for more than a few feet
downstream of the source zone.

Technology transition efforts planned for the current and next fiscal year (10/11) include
presentation at the Training Support System (TSS) Workshop, Army Science Conference, a
poster at Strategic Environmental Research and Development Program (SERDP)/ESTCP
Conference, publication in an American Society of Civil Engineers (ASCE) Journal, and
publications in trade journals for range managers. The completed, approved reports will also be
forwarded to the Defense Technical Information Center (DTIC).



This page left blank intentionally.



2.0 INTRODUCTION
2.1 BACKGROUND

OB/OD activities are necessary to destroy unserviceable, unstable, or unusable munitions and
explosives. Munitions must be demilitarized or destroyed, depending on their lifespan and other
requirements. There are commercial demilitarization options available, but most of these cannot
sustain the volume and sometimes the specific requirements for munitions destruction.
Therefore, commercial demilitarization can be costly and not very flexible. DoD operates about
a hundred OB/OD areas, which are usually located at fixed locations on installations. These
locations may be limited to one type of operation (i.e., burning of propellants during training
activities), or they may be used for multiple operations (i.e., to destroy many types of explosives,
pyrotechnics, and propellants).

Due to the relatively small area that OB/OD areas cover, there is a high probability of explosives
contamination in the soil. Measurable explosive levels have been observed in OB/OD area soils
at levels in the low parts per billion up to percent levels in soils. Off-site migration of explosives
from OB/OD area soils have occurred through horizontal transport in surface water and vertical
leachate water transport. These pathways provide a means by which limitations to OB/OD
activities could occur through enforcement of state and federal environmental regulations.

Currently there is no in situ or remote alternative for management of soils on OB/OD areas.
Some methods (i.e., phytoremediation, reactive barriers, etc.) exist for treatment after the
explosive constituents have entered the groundwater or surface water. However, no methods
exist to treat the soil from these areas while in use. Addressing the problem of OB/OD areas
acting as source zones for mobile contaminants using existing, ex situ remediation technologies
will far exceed resources available for facility or range management and is currently not
practiced.

This demonstration focused on the control of contaminant migration caused by OD activities and
seeks to develop source control. If successful, results from this study will improve OB/OD area
design and operations and may result in sustainable management practices. The application of
the proposed technology could supersede the need for intensive characterization and result in
relatively short-term degradation of explosives (RDX, HMX, TNT, and associated compounds)
in the soil, while stabilizing many munitions associated metals. The proposed technology will
reduce MCs migrating into the environment by adding lime to the soil for alkaline hydrolysis of
explosives and hydroxide metals stabilization.

The topical application of lime for the destruction of explosives residues in soil and aqueous
media is based on the alkaline hydrolysis chemical reaction. Alkaline hydrolysis of TNT was
established by Janowsky (1891). More recent studies have determined that a variety of explosive
and energetic compounds can be transformed by alkaline hydrolysis. Flask experiments were
conducted on TNT under high pH conditions by Saupe and Wiesman (1996), which resulted in
complete transformation and partial mineralization. Hydrated lime was shown to break down
TNT in soil with an application of 1% Ca(OH)..



Studies on RDX by Hoffsommer et al. (1977) indicated that intermediates formed by ring
cleavage of the nitramine also reacted with the hydroxide ions under aqueous alkaline conditions.
Additional studies have shown that the application of calcium (Ca) hydroxide to solution and
soils containing TNT and RDX result in breakdown products such as nitrate and nitrite
(Emmrich, 1999 and 2001). Heilman (1996) found that subjecting RDX and HMX to pH ranges
of 10 to 12 could be an effective remediation technology. Balakrishnan et al. (2003) examined
the degradation intermediates and end products produced by alkaline hydrolysis of RDX and
HMX in solution at a pH greater than or equal to 10. They determined that the initial step in
alkaline hydrolysis is denitration of the ring, which causes ring cleavage, followed by
spontaneous decomposition. The nontoxic degradation break down products of RDX, HMX, and
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) were nitrite (NO;), nitrous oxides (N,O),
nitrogen (N2), ammonia (NHs;), formaldehyde (HCHO), formic acid (HCOOH) and carbon
dioxide (CO,).

Balakrishnan et al. (2003) showed that the degradation rate of HMX is slower than RDX, but the
rate increases as the pH is raised. The rate of base hydrolysis explosives transformation in a
specific soil is dependent on temperature, pH of soil pore water, soil moisture content, and
contaminant type. Using the rate of explosives transformation and the hydraulic permeability of
the amended soil, the thickness of the in situ management area required for transforming
explosives deposited on the OD area can be determined. Transport of the hydroxide ion is also
affected by soil geochemical parameters, such as pH, cation exchange capacity (CEC), and the
base saturation. Results from the SERDP project suggest that topical application of alkaline
material for remediation of RDX at depth and in soil with a high CEC and clay or metals content
may not be effective.

Lime application is a proven technology in treating organics such as TNT and RDX. SERDP
project ER-1230, completed in FYO03, investigated the general base hydrolysis of explosives in
soils (Brooks et al., 2003; Davis et al., 2006, 2007a). With the addition of lime into a system, the
pH is elevated and alkaline hydrolysis of the TNT and RDX rapidly degrades the compound into
smaller molecular weight compounds or by-products. For instance, in bench-scale tests, after
alkaline hydrolysis, the by-products of RDX ring cleavage include formate (HCOQO") and nitrite
(NOy) (Davis et al. 2007b). In addition, these by-products can be readily degraded biologically
(aerobically and anaerobically) by native soils following alkaline hydrolysis (Figure 1) (Felt et
al., 2007). Degradation of RDX base induced transformation products continues via both
anaerobic and aerobic degradation: a) greater than 75% aerobic mineralization following alkaline
hydrolysis obtained in 14-C labeled study after a few weeks and b) less than 2% mineralization
for RDX without alkaline hydrolysis (Felt et al. 2007). For the OD field demonstration site, the
Ca(OH), was topically applied to the surface of the soil and disced into the soil to a depth of
6 inches. Normal earth moving activities related to OD area operational preparation activities
served to further mix this hydrated lime with the soil. Once the management area was
established, Ca(OH), additions were incorporated into existing earth movement practices or OD
activities to maintain the amended soil’s pH in the desired range.



RDX without alkaline hydrolysis
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RDX following alkaline hydrolysis

Figure 1. Degradation of RDX by alkaline hydrolysis,
demonstrating increase in mineralization.

ESTCP project, ER-200216, completed field demonstration at the Fort Jackson, SC, HGR in
FYO07. The ESTCP research explored the use of the base hydrolysis reaction to manage impact
areas for HGRs where the contaminant deposition and alkaline hydrolysis occurs primarily
within the top 6 inches of the soil. The addition of lime provides hydroxides to the soil that can
react with soluble metals and stabilize them within the soil matrix, as has been observed in
ESTCP Project ER-200216. Erosion control measures have been shown to reduce the amount of
total suspended solids released in surface water transport. Suspended solids can have high
concentrations of metals and other contaminants associated with them. Therefore, the reduction
of suspended solids in surface water runoff can be critical to reducing migration of MCs off
range.

In collaboration with the U.S./German Data Exchange Agreement, information was exchanged
on a recently reconstructed German ordnance detonation site. Erosion control measures, a
retention basin, and a wetland area were constructed to control the MCs released from the range
as storm water runoff. Molasses and wetlands were used to create reducing conditions for the
RDX in the runoff waters and have achieved RDX levels below 20 ppb in water released from
the basin/wetlands system. The German system does not treat the soil, but rather treats the
runoff from the soil associated with their detonation area. The proposed technology for the OD
area will combine the aspects of these existing technologies to set the conditions for alkaline
hydrolysis in the range soil to reduce migration of the MCs from the range.



A laboratory study was conducted with soil collected from two active HGRs (Larson et al.,
2007). The soil was treated with Ca(OH), and was placed in large laboratory lysimeters.
Rainfall was simulated over the lysimeters with a sprinkler system and runoff water and leachate
samples were collected. RDX concentrations in surface water and leachate samples were
reduced by more than 90% in the treated soil.

Lime application as a range management technology was demonstrated at an active hand grenade
training range (Larson et al., 2008). The field demonstration results indicated that, for an active
range used on a regular basis, a quarterly application of lime would be sufficient as a range
management tool to significantly reduce the migration of MCs. Lime dosage batch tests were
performed on the APG OD range soil to determine the optimal lime dosage. It was determined
that 0.5% of Ca(OH),, would be required to raise the pH of the top 6 inches of soil to get the soil
pH in the range of 11 to 11.5.

The sequence of events that occurred during the field demonstration was:

Baseline characterization

Soil treatability study and determination of the site-specific lime loading rate
Topical application of lime to 9 acres, mixed to a depth of 6-inches

Lime addition to the detonation pit

Detonation

Post-detonation sampling

Backfill crater with lime and soil

Repeat using a different method to fill detonation pit
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Particulate matter 10 (PM10) air sampling throughout the demonstration
(conducted by personnel from Center for Health Promotion and Preventive
Medicine [CHPPM]).

2.2 OBJECTIVES OF THE DEMONSTRATION

The objective of this demonstration was to develop and evaluate a management technology to
control active OD area MC mobility and promote the degradation of energetic materials that is
low cost and minimally resource intensive. The demonstration was used to identify and
implement lime amendment methods for explosives transformation and metals stabilization.

2.3 REGULATORY DRIVERS

The U.S. Environmental Protection Agency (USEPA) Office of Water Lifetime Health Advisory
for RDX is 2 micrograms per liter (ug/L). In the future, this advisory level may become a
USEPA regulation for aqueous media.

A Resource Conservation and Recovery Act (RCRA) permit is required for continued operation
of the APG and Anniston Army Depot OB/OD ranges. Active OB/OD ranges used for disposal



of waste munitions in the United States will also be required to have an RCRA permit in the near
future.

The OB/OD area management technology addresses the following Army Environmental
Requirements and Technology Assessments (AERTA):

. (2.5.e) for Sustainable Army Live-Fire Range Design and Maintenance. This is a
high priority user need for the Army (ranked sixth in the compliance pillar).

. (1.2.a) for Enhanced Alternative and In-situ Treatment Technologies for
Explosives and Organics in Groundwater (ranked second in restoration pillar).

. (1.6.f) for Remediation of Distributed Source Unexploded Ordnance-Related
Contamination (UXOIC]) on Army Ranges (ranked fourth in restoration pillar).
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3.0 TECHNOLOGY
3.1 TECHNOLOGY DESCRIPTION

The transformation of TNT in basic solutions was established by Janowsky (1891). More recent
studies have determined that a variety of explosive and energetic compounds can be transformed
by alkaline hydrolysis. Flask experiments were conducted on TNT under high pH conditions by
Saupe and Wiesman (1996), which resulted in complete transformation and partial
mineralization. Hydrated lime was shown to break down TNT in soil with an application of 1%
Ca(OH),.

Studies on RDX by Hoffsommer et al. (1977) indicated that intermediates formed by ring
cleavage of the nitramine also reacted with the hydroxide ions under aqueous alkaline conditions.
Additional studies have shown that the application of Ca hydroxide to solution and soils
containing TNT and RDX result in breakdown products such as nitrate and NO, (Emmrich, 1999
and 2001). Heilman (1996) found that subjecting RDX and HMX to pH ranges of 10 to 12 could
be an effective remediation technology. Balakrishnan et al. (2003) examined the degradation
intermediates and end products produced by alkaline hydrolysis of RDX and HMX in solution at
a pH greater than or equal to 10. They determined that the initial step in alkaline hydrolysis is
denitration of the ring, which causes ring cleavage, followed by spontaneous decomposition.
The nontoxic degradation breakdown products of RDX, HMX, and MNX were NO;, N,O