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ABSTRACT: The potential for generation of environmental contamination in the form of residual muni-
tions constituents during live-fire training activities on military ranges is a significant concern. The objec-
tives of this project were to determine the nature and distribution of the potential contamination and to
define transport properties of the constituents. Surface soils associated with impact craters, targets areas,
and firing points on U.S. and Canadian ranges were investigated. Residues from high-order, low-order,
unconfined charge, and blow-in-place detonations were characterized. Analyses of these residues defined
concentrations and spatial distributions of munitions constituents under various firing activities for spe-
cific munitions. Special emphasis was placed on developing representative sampling strategies. Residues
from low-order detonations were assayed to develop a source term for use in fate and transport models
and risk assessment models. Pertinent data from the Massachusetts Military Reservation was reviewed
and compared to the database for other ranges. Results demonstrate that a systematic composite sampling
protocol developed for artillery ranges improved reproducibility over random composite or discrete sam-
pling protocols. Results of low-order detonation studies confirmed an inverse relationship between energy
of detonation and residue generated. While directionality was unpredictable, the residue was dominated
by larger particles, which resulted in conservation of the pre-detonation composition of the munition. Sev-
eral heavy metals were of significant concern at antitank target areas, hand- and rifle-grenade ranges, and
small arms ranges. Explosives detected were specific to range activity. Results of sympathetic detonation
tests demonstrated that cracking was initiated by flying shrapnel rather than by the shock wave of the first
detonation. High-order detonations generate by blow-in-place detonations resulted in low-milligram
quantities of explosives residue. The results of this project define the relationship between various train-
ing activities and residues of energetic materials, which provides a basis for sound management strategies
supporting training range sustainment without conflicting with objectives of environmental stewardship.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.
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Chapter 1

1 Introduction

Background

The readiness of the Armed Forces of the United States and Canada is predi-
cated on well-trained troops and continuous enhancements of our munitions
arsenal. Sustained use of live-fire training ranges is especially critical to U.S.
missions abroad, which currently demand rapid and effective mobilization. Con-
cern that training activities potentially generate environmental contamination in
the form of residual munitions constituents has threatened range sustainment. The
state of knowledge concerning the nature, extent, and fate of residual munitions
constituents is inadequate to ensure environmental stewardship on testing and
training ranges. These issues must be addressed if we are to continue range use
while maintaining environmental protection. Project CP1155 was designed to
characterize the distribution and fate of energetic residuals from various uses of
live-fire munitions testing and soldier training ranges.

Scope of Project CP1155

This project was designed to develop techniques for assessing the potential
for environmental contamination from energetic materials on testing and training
ranges. Techniques are being developed to define the physical and chemical
properties, concentration, and distribution of energetics and residues of energet-
ics in soils, and the potential for transport of these materials to groundwater.
Other issues, such as off-site transport in surface runoff, or as a component of
airborne dust, are also important, but are beyond the scope of the project.

Surface soils associated with impact craters, targets areas, and firing points
have been characterized on U. S. and Canadian ranges (Figure 1-1). Residues
from high-order, low-order, unconfined charge, and blow-in-place detonations
have been collected on witness plates, snow, and/or tarps. Analyses of these resi-
dues define concentrations and spatial distributions of munitions constituents
under various firing activities for specific munitions. Special emphasis has been
placed on developing sampling strategies for constituent residues. Transport
parameters (desorption kinetics, partitioning coefficients, and transformation
and/or degradation rates) for munitions constituents were determined using field
soils from the sites as well as laboratory-spiked soils. The site-specific parame-
ters were related to soil properties and compared to values at other sites. Trans-
port parameters of contaminants of potential concern for which data are lacking
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were determined by leveraging SERDP funds with other funding sources. Long-
term fate and transport of explosives from cracked shells resulting from sympa-
thetic detonations were investigated using large-scale lysimeters.

Ranges Studied

CFB Valcartier, Quebec
CFB Shilo, Manitoba

Cold Lake Air CFB Gagetown,
Weapons Range, Alberta New Brunswick

Chillwack, BC |
WATC-Wainwright, Alberta Camp Ethan Allen, VT

Fort Wainwright, AK

Fort Richardson, AK

Fort Lewis, WA

Camp Bonneville, WA

Massachusetts Military
3 = Reservation, MA
Yakima Training Center, WA o

29 Palms, CA

Camp Guernsey, WY Jefferson

Camp Carson, CO Fort Bliss, NM Proving Ground, IN

ﬁQaU_T Scholfield Barracks, HI Fort Hood, TX

=]

2 Fort L d Wood, MO
Pohakuloa Military Fort Polk, LA

Reservation, HI Camp Shelby, MS

Eglin AFB, FL

Figure 1-1. Installations where characterization testing has been conducted.

Tests were conducted to reliably generate low-order detonations. Residues
from such blasts were assayed to develop a source term for use in fate and trans-
port models and risk assessment models. The source term details the mass of
explosive residue and, when appropriate, its areal and particle size distribution.

As additional sites are characterized, the database is expanded to determine
whether certain munitions consistently contribute more contamination than
others. Pertinent data from the Massachusetts Military Reservation (MMR) is
reviewed and compared to the database annually to determine whether MMR
residues are typical of other installations.

Objectives

The primary objective of the study is to provide the DoD with techniques to
assess the potential for groundwater contamination from residues of energetic
compounds (TNT, PETN, RDX, NG, 2,4-DNT, and HMX) at testing and training
ranges. The results of the project will facilitate informed decision-making, help
to minimize environmental impacts of testing and training, and contribute to
continued operation of ranges.

Specific objectives include the following:
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e To develop a protocol that can be used to determine the nature and extent
of surface soil contamination around impact areas and firing points. The
protocol will include sampling strategies and analytical methods best
suited to this application.

e To provide source-term estimates of post-blast residues based on the
extent of surface soil contamination, dissolution rates, and fate and trans-
port process descriptors.

e To provide data describing the relevant environmental processes control-
ling the fate and transport of residues of energetic compounds on ranges.

Related Ongoing and Leveraged Studies

To meet the challenge of sustained training while protecting groundwater and
other environmentally sensitive receptors, the U.S. Department of Defense (DoD)
is funding a broad spectrum of research and development efforts. These efforts
are funded under multiple programs and through many installations and address
various aspects of range sustainability. Examples of programs funding research
and development efforts related to range sustainment and environmental steward-
ship are the following. Our collaboration and leveraging of these projects is indi-
cated where appropriate.

Strategic Environmental Research and Development Program (SERDP)
identifies, develops, and transitions environmental technologies that relate
directly to defense mission accomplishment. SERDP is the DoD’s corporate
environmental research and development program, planned and executed in full
partnership with the Department of Energy (DOE) and the Environmental Pro-
tection Agency (EPA), with participation by numerous other Federal and non-
Federal organizations. The DoD’s environmental concerns may be viewed in
terms of operational and/or cost impacts to its primary mission of maintaining
military readiness for national defense. SERDP strives to minimize or remove
major negative environmental impacts on DoD’s ability to conduct this mission.
SERDP has supported an extensive program of research related to range sustain-
ment. SERDP projects with which we have collaborated and/or coordinated are
described below.

a. Compliance Project (CP) 1197, “A Field Program to Identify Toxic
Release Inventory Chemicals and Determine Emission Factors from DoD Muni-
tions Activities” (Chet Spicer, Battelle Columbus). The objective of the project is
to demonstrate a methodology for measuring emissions of toxic release inventory
(TRI) chemicals from DoD munitions activities and to apply the method to
determine emission factors from munitions activities at DoD facilities. Results of
tests to date in large chambers revealed the presence of nitroglycerin and dini-
trotoluenes as well as dinitrobenzenes and dinitrophenols.

b. CP1305, “Impacts of Fire Ecology Range Management (FERM) on the
Fate and Transport of Energetic Materials on Testing and Training Ranges” (Eric
Foote, Battelle Columbus). When this project was granted access to an Eglin
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AFB range, we were invited to conduct the initial soil characterization and share
the data with both projects. Therefore, we used protocols developed in CP1155 to
sample surface soils on the range that is currently being used to determine the
impacts of prescribed burning on residual energetics.

c. CP1330, “On-Range Treatment of Ordnance Debris and Bulk Energetics
Resulting from Low-Order Detonations” (Phil Thorne, Applied Research Associ-
ates, Inc.). The objective of this project is to develop a low-cost, fieldable process
for the rapid decontamination of energetic material from range scrap. We have
provided debris from low-order detonation tests at Blossom Point, MD, to facili-
tate trials of the techniques under development.

d. CPI1159, “A Predictive Capability for the Source Terms of Residual
Energetic Materials from Burning and/or Detonation Activities” (Charles Kolb,
Aerodyne). The objectives of this project are to define and model gaseous and
particulate species formed by detonations. We have followed the progress of this
project since it is directly relevant to the ultimate development of the potential
source term of energetic residues on ranges. Results reported at the 2004 SERDP
Symposium indicated that propellant residues and their combustion products pre-
dominate in the particulate emissions and that ablated metal alloys from the
munition casing were also detected.

Defence Research and Development Canada — Valcartier (DRDC-
Valcartier). The Director Land Environment (DLE) from the Canadian Head
Quarters has tasked DRDC-Valcartier scientists to perform research characteri-
zation of their main army training areas to assess the impacts of live-fire training.
Part of the work conducted within CP1155 is strongly linked with this objective.
CP1155 includes partial funding for CFB Shilo and Gagetown and for Cold Lake
Air Weapons Range for surface characterization, while the hydrogeological por-
tion of these studies is supported by DLE. Moreover, the DLE mandate includes
the analysis of other types of range contaminants, such as heavy metals, petro-
leum products, and radioactive compounds when appropriate. Just as data gener-
ated on U.S. ranges under CP1155 are shared with DRDC-Valcartier, so also are
all of the data generated for Canadian studies of these other analytes shared with
the U.S. The DLE mandate included other training areas, such as the one located
at CFB Valcartier, and results obtained at this training area will be added to the
CP1155 database. Future work at other Canadian training areas, such as Petaw-
awa or Suffield, will still be supported partly by DLE. In FY2003, Canadian
studies leveraged with SERDP funds also included “Explosives Residues
Resulting from the Detonation of Unconfined Explosives Charges,” and “Study
of the Environmental Impacts of the Blow-in-Place Procedure of Various Explo-
sives, Munitions and Charges.” On a yearly basis, approximately 30 percent of
the fund is contributed by the SERDP project. Finally, another directorate,
Directorate General Environment (DGE), sponsors DRDC-Valcartier for a small-
scale UXO corrosion study. The scientific leader of this study has met with the
Principal Investigator of SERDP CP1226 to discuss the data that will be acquired
and link the studies. DGE also sponsors work on the ecotoxicological properties
of explosives, work that is closely linked with CP1155.

Army Environmental Quality Technology Program Focus Area on
Characterization, Evaluation, and Remediation of Distributed Sources
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(UXO-C) on Army Ranges. This program, initiated in FY2003 contains 25-30
work units, several of which are related to project CP1155. The following work
units are specifically relevant:

a. Large-scale characterization of major contamination sources on military
training ranges (Tom Jenkins, ERDC-CRREL). The objective of this work unit
is to develop methods at the landscape scale for determining the types, numbers,
physical dimensions, and distributions of large point sources of energetic com-
pounds at various types of ranges.

b. Minimization of explosive residues in blow-in-place procedures (Judy
Pennington, ERDC-EL). The objective of this work unit is to optimize blow-in-
place procedures while minimizing constituent contamination without compro-
mising effectiveness and implementation ease. This project, conducted in
coordination with the CE Huntsville and conducted at Redstone Arsenal, is
heavily leveraged with CP1155.

¢. Range and landscape level characterization methodology (Rose Kress,
ERDC-EL). The objective of this work unit is to develop geospatial methods for
predicting patterns of contaminant distribution at the landscape level.

d. Surface runoff of distributed source contaminants from soils: A labora-
tory simulation study (Cynthia Price, ERDC-EL). The objectives of this work
unit are to describe movement of residues into the overland flow plane during
rainfall/runoff events, to define stream routing relationships in surface runoff,
and to develop soil infiltration and runoff extraction coefficients for modeling
mass loading to surface water and groundwater.

e. Development of a distributed source contaminant transport model for the
Army Risk Assessment Model (ARAMS, Billy Johnson, ERDC-CHL). The objec-
tive of this work unit is to develop a model to simulate transport in the water-
sheds, rivers, streams, and groundwater linking a GIS interface and best man-
agement plans to ARAMS.

f- Transport of explosives residues through the vadose zone (Judy Penning-
ton, ERDC-EL). The objective of this work unit is to describe transport of RDX
from solid explosives compositions on the soil surface through dissolution, deg-
radation, and transport by developing process descriptors suitable for use in
groundwater and transport models.

U.S. Army Alaska Directorate of Public Works. The U.S. Army Engineer
Research and Development Center (ERDC) Cold Regions Research and Engi-
neering Laboratory (CRREL) is working for the U.S. Army Alaska Directorate of
Public Works at Ft. Richardson and the Donnelly Training Area (formerly
Ft. Greely). This work is an outcome of the environmental impact statement
(EIS) in support of the renewal of the lease of land from the public domain under
the Military Lands Withdrawal Act (Public Law 106-65). As a portion of this EIS
the Army has pledged to implement a program to identify possible munitions
contamination and evaluate the potential for surface water and groundwater
contamination. In FY2003, sampling experiments were conducted at firing points
within the Donnelly Training Area to evaluate various options for collecting
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representative samples in areas where 105-mm howitzers were fired using single-
based propellants. These samples were also utilized to compare various subsam-
pling methods to maintain representativeness through the subsampling step of the
analysis.

U.S. Army Environmental Center (AEC) Range Sustainment Program.
The Army Environmental Center (John Buck), with the Center for Health Pro-
tection and Preventive Medicine (CHPPM, Barrett Borry), is also conducting a
“Range Sustainment Program” to proactively ensure sustained training on ranges
and to protect drinking water sources on active ranges. Project CP1155 is coordi-
nated with this project and has shared site access with this project whenever pos-
sible to benefit both efforts. In FY2004, AEC extended joint access to us at
Jefferson Proving Ground, IN, and Fort Polk, LA.

UXO in marine environments. The Naval Facilities Engineering Service
Center, Port Hueneme, CA, and the Space and Naval Warfare Systems Center,
San Diego, CA, are conducting a study in conjunction with the ERDC Environ-
mental Laboratory to determine toxicological and geochemical interactions of
ordnance and explosives in marine environments. Geochemical studies will
determine dissolution, adsorption, and transformation rates of explosives in
saline systems. Process descriptors determined in fresh water will be compared
with those determined in salt water to determine what descriptors are affected by
salinity. The toxicology studies will focus on toxicity, bioaccumulation, trophic
transfer, and tissue concentrations of explosives in marine organisms, and the
toxic effects of mixtures of explosives.

Summary of Results Through 2003

Since its inception in 2000, the study has developed an extensive database of
energetic compounds in surface soils on training ranges. Strides have been made
in documenting explosive and propellant residues on live-fire training ranges for
various types of munitions. Identifying areas most likely to form distributed point
sources of contamination and focusing sampling approaches on areas associated
with specific aspects of training have been significant accomplishments. Envi-
ronmental fate and transport process descriptors for specific explosive and pro-
pellant residues that are suitable for use in groundwater transport and risk
assessment models have also been generated.

In FY2003 emphasis was placed on optimizing sampling protocols and
defining residues by conducting controlled detonation experiments, including
high-order, low-order and blow-in-place detonations. Results confirmed that the
potential for constituent residues in surface soils is munitions specific and related
to weapon system performance (i.e., incidence of low-order detonations and
UXO generation) and site-specific conditions (i.e., local weather and hydrogeol-
ogy). Specific findings in FY2003 were the following:

Massachusetts Military Reservation. Among the several thousand soil and

groundwater samples collected at MMR (Camp Edwards) in 2003, no new explo-
sive compounds have been detected. The most frequently detected propellants,
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explosives, and pyrotechnics in soils were (in decreasing order of frequency)
TNT and the ADNTs followed by “Other” (di-n-butyl phthalate, N-nitrosodi-
phenylamine, white phosphorus), perchlorate, DNTs, and RDX. Perchlorate pre-
dominated in groundwater, followed by RDX, HMX, and ADNTs in decreasing
order of frequency. As perchlorate emerged as a contaminant of concern, previ-
ously identified perchlorate plumes were mapped, and two new perchlorate
plumes, for which the sources are uncertain, were identified.

U.S. Range Characterization. The collection and analysis of numerous
composite surface samples from different military training ranges established the
presence of TNT, RDX, HMX, NG, 2ADNT, 4ADNT, and 2,4DNT, either at the
firing position or on the impact area. The measured concentrations can be used to
estimate the mass available for dermal exposure, ingestion, and migration into
surface and subsurface water systems. To overcome the compositional and distri-
butional heterogeneity common to dispersed explosives particles, the use of
composite sampling strategies is recommended. Processing of soil samples
through a # 30 (0.6-mm) sieve as currently recommended in Method 8330 is not
recommended because sieving to <2 mm prior to mechanical grinding removes
compounds of interest and results in underestimation of concentrations.

Canadian Range Characterization: Gagetown. Sampling of surface soils
at Gagetown artillery, anti-armor, antitank, grenade, and small arms ranges iden-
tified specific energetic materials related to the various activities. Artillery impact
areas exhibited RDX, TNT, and amino-DNTs, while firing points exhibited rela-
tively high levels of NG and low levels of 2,4DNT from propellants. Firing posi-
tions for anti-armor and antitank weapons yielded up to percent levels of NG and
2,ADNT from single- and double-based propellants. Impact points for these
ranges had low concentrations of TNT and RDX. Firings of Octol-based M72
shoulder-launched antitank rockets generated residues of HMX in surface soils
and HMX and TNT at several inches of soil depth. At grenade ranges, TNT, TNT
derivatives, and RDX predominated. Detections of 2,4DNT and NG on the gre-
nade ranges may be the result of unknown past use of the area or of burning of
unused propellants. In general, explosive residues were detected at lower con-
centrations on artillery ranges than on anti-armor or antitank rocket ranges.
Detection of explosives on these Gagetown ranges was typical of similar ranges
investigated in Canada.

Surface soils were also sampled for heavy metals on Gagetown ranges. The
results revealed concentrations of concern for cadmium, copper, lead, and zinc,
especially at anti-armor and antitank ranges. Grenade ranges exhibited high con-
centrations of zinc, while small arms ranges exhibited high concentrations of
copper and lead (lead up to 0.4 percent by weight). Concentrations of molybde-
num, antimony, strontium, and chromium also exceeded background concentra-
tions. Vegetation also exhibited significant concentrations of cadmium, lead, and
zinc. Bioaccumulation of these metals is problematic because high concentrations
of the salts of sodium, calcium, and potassium exist concurrently with the heavy
metals. Grazing animals are then specifically attracted to the high salt content and
preferentially feed on the contaminated vegetation. Typically, concentrations of
heavy metals in the vegetation correlated with concentrations observed in the
soils. Contamination by a mixture of explosives and heavy metals was observed
on grenade and antitank ranges.
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Canadian Range Characterization: Cold Lake. Results of explosives
analyses of surface soil samples on the Cold Lake ranges illustrate the difference
between residues from artillery ranges and those from air-to-ground ranges. Of
the four ranges sampled, only one, Shaver Range, is used for training with HE-
containing munitions. This range exhibited high concentrations of explosives
residue, predominantly TNT (up to 400 ppm). Other ranges exhibited low con-
centrations of TNT, RDX, and HMX. Concentrations tended to be localized
around targets. One range, Jimmy Lake, had significant concentrations of pro-
pellants, especially NG. Detections of heavy metals on the four ranges were also
limited. Notable detections included Cd, Cu, and Zn. The low metals concentra-
tions were attributed to range maintenance practices by which metals are
removed on a regular basis. Concentrations of metals in the vegetation were usu-
ally higher than in the soil. Since cadmium was a significant detection in vegeta-
tion, additional sampling was conducted in FY2004 (see Chapter 5 in this report).
No explosives, propellants, and metals were detected in the surface water of the
lakes.

Snow Tests for Residues from High-Order Detonations. Results of residue
collection on snow following detonations of artillery projectiles, mortars, and
hand grenades demonstrated that high-order detonations consume an average of
99.997 percent of the high explosive. The unconsumed residue is assumed to
occur as fine particles, which would result in very low concentrations over a
relatively large area. These results are consistent with results obtained by sam-
pling ranges where these weapons have been fired repeatedly. The contribution
of explosives residues from high-order detonations during live-fire training is
concluded to be insignificant. Low-order detonations and blow-in-place demoli-
tion are the more likely sources of significant residues of high explosives.

Residues from Detonations of Unconfined Explosives. Detonation of
unconfined charges represents a worst-case scenario by generating greater resi-
dues than would result when charges are confined by a metal case. When explo-
sives are unconfined, detonation pressure is greatly reduced, detonation is conse-
quently less efficient, and a greater quantity of residues is anticipated. This was
demonstrated by detonation of explosives of various sizes and shapes. The results
indicated that a relatively low percentage of explosives remained after detona-
tion. Larger charges yielded smaller residues. Cylinders dispersed more TNT
residue than other configurations of TNT; however, when the cylinder data were
excluded, the overall maximum dispersion of TNT was only 0.2 percent. Disper-
sion of residual RDX tended to exceed residues of the other explosives, espe-
cially when the RDX source was C4 blocks. Two insensitive munitions, a plastic-
bonded explosive (PBX) and XRT, yielded relatively high dispersion. The results
of these studies demonstrate that, even without the pressure of confinement,
explosives residues from high-order detonations are minimal.

Residues from Blow-in-Place Demolition. The results of blow-in-place
detonations of various munitions demonstrated that the main charge was not
always efficiently consumed. For low-order detonations, more residues (up to a
few percent) were recovered independently of the configuration tested. High-
order detonations were characterized by less residue than low-order detonations;
the maximum values found were 1.0, 0.6, and 0.5 percent for TNT, RDX, and
HMX, respectively. Such relatively high recoveries of residues compared to
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those observed when the munitions are actually fired (see paragraph e above)
illustrate a difference in performance between impact detonations after firing and
blow-in-place detonations by an external donor charge. Typical levels from the
high-order blow-in-place detonations were less than 0.1 percent for TNT, RDX,
and HMX, which still exceeds residues observed from fired munitions. To ensure
high-order detonations of 60- and 81-mm mortars, 150 g of C4 on the side of the
casing is recommended. FIXOR and the commercial shaped charges of 16.5 and
36 g could also be used. All of the configurations of hand grenade detonations
produced high-order detonations. For the landmine (PMA-1A), 4-30 gof C4 in a
lateral hole or the use of FIXOR led to high-order detonations.

Environmental Fate and Transport Process Descriptors. To understand
and anticipate the environmental fate and transport of energetic compounds, such
as explosives and propellants, fundamental parameters such as solubility, disso-
lution rate, adsorption, transformation, and irreversible soil binding must be
determined. For many of the energetic compounds encountered on ranges, these
parameters were unknown. Therefore, emphasis was placed on filling such defi-
ciencies with data based on laboratory determinations. In FY2003, fate and
transport process parameters were determined for nitrobenzene, perchlorate,
nitroguanidine, diphenylamine, N-nitrosodiphenylamine, and ethyl centralite.
Nitrobenzene is an impurity in TNT and a potential photodegradation product.
Perchlorate, nitroguanidine, diphenylamine, N-nitrosodiphenylamine, and ethyl
centralite are propellant components that have been detected on firing ranges.

The solubilities of diphenylamine, N-nitrosodiphenylamine, and ethyl cen-
tralite were limited, ranging from approximately 10 to 50 mg L' over a range in
temperatures from 10 to 30 °C. Adsorption coefficients of all five compounds
were typically less than 20 L kg', suggesting limited attenuation by sorption
mechanisms in the soil. However, nitrobenzene and diphenylamine were
degraded in surface soils, although not in aquifer soils, while N-nitrosodiphenyl-
amine was degraded in the aquifer and one of the surface soils. These compounds
are, therefore, subject to degradation in the environment. Nitroguanidine and
ethyl centralite were not degraded in any of the tested soils and, consequently,
are expected to persist in the environment. Perchlorate, which was tested under a
wide range of pH and redox conditions, was recalcitrant to degradation under all
conditions, even when fresh soil inoculum was added to the tests.

General Conclusions. The following are the pertinent conclusion of the
various investigations conducted through 2003.

a. Munitions constituents emerging as the principal concern on impact areas
of heavy artillery ranges include RDX, TNT, and HMX.

b. Significant contamination has been observed at heavily used artillery fir-
ing points, where the principal constituents observed were NG and 2,4DNT. Per-
chlorate is a potential concern at firing points.

c. Energetic material residues at both impact and firing points tend to exist
as solid particles having the composition present in the munitions prior to firing.
Therefore, the potential source contamination is heterogeneously distributed,
highly heterogeneous in particle size, and often complex in chemical
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composition. Characterization of such residues requires careful consideration of
these properties of the source and careful consideration of sample representative-
ness during collection and during processing and analysis.

d. Although various constituents present different characteristics, the most
important fate and transport processes governing these residues tend to be disso-
lution and transformation rather than degradation or adsorption to soils. With the
exception of TNT, which is often easily attenuated in the surface soils after trans-
formation, explosives residues are relatively slow to dissolve but readily mobi-
lized once in solution. Therefore, they present a concern for leaching to ground-
water slowly over time.

e. Range management practices designed to minimize low-order detona-
tions and UXO generation, remove large observable masses of residues and
UXOs, and minimize contamination in blow-in-place disposal will promote con-
trol of contamination while maintaining active range use.

The results of this study provide a technical basis for developing range-
specific soil characterization approaches and process descriptors for fate and
transport of constituent residues and for assessing the exposure component of
environmental risk assessments. The relationships emerging between various
training activities and residues of energetics can form the basis for sound
management of training ranges while maintaining environmental stewardship.

FY2004 Execution

The chapters in this report are extended abstracts that summarize the work
conducted in FY2004. Some chapters stand alone, but for others a more compre-
hensive report containing the data is being published under separate cover by the
agencies conducting the work. In those cases a reference to the annotated publi-
cation can be found at the beginning of the specific chapter.

Characterization of residues was conducted at the following ranges in
FY2004: Jefferson Proving Ground, IN; Eglin Air Force Base, FL; Fort Polk,
LA; Ft. Carson, CO; Ft. Hood, TX; 29 Palms, CA; CFB Gagetown, New Bruns-
wick; and Cold Lake Air Weapon Range, Alberta. CFB Gagetown and Cold Lake
Air Weapon Range were sampled in previous years of this study. CFB Gagetown
was sampled again in FY2004 (Phase III) to delineate more precisely the extent
of contamination by munition-related contaminants on specific ranges. For
example, new patterns of sampling were studied that will allow a better statistical
analysis of the dispersion of explosive in an antitank range. Cold Lake (Phase 1)
was revisited to confirm the results obtained in the first phase and delineate more
precisely the extent of soil contamination. A third phase was also sponsored by
Canadian DND to execute a groundwater monitoring program. Sample and data
analyses for all of these sites are ongoing. This report includes data from
Ft. Polk, LA; Gagetown Phase III; and Cold Lake Phase II. The results of more
extensive sampling for metals on Canadian ranges are included in the Gagetown
and Cold Lake chapters. The results of tests to determine residues from low-order
detonations, sympathetic detonations, and blow-in-place procedures are also
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reported here. An update of explosives-related sampling at the Massachusetts
Military Reservation is also included.

Accomplishments to date of SERDP Project CP1155 include the following:

a. Data acquisition for estimating firing range source terms for various
munitions and range usages including high-order detonations, low-order detona-
tions, and munitions firing points.

b. Protocol for characterizing soil contamination on various types of ranges
having high spatial and concentration variability, e.g., heavy artillery, antitank,
hand grenade, and air fighter training.

¢. Definition of the residues generated by various UXO demolition proce-
dures (blow-in-place).

d. Process descriptors for range-specific energetic residues, including
dissolution rates, partition coefficients, and transformation rates.

A bibliography of technical reports and presentations generated during exe-
cution of project CP1155 is included (Appendix A). Web sites where reports may
be available include the following:

o CP1155 (http:/rwww.wes.army.mil/el/serdp/index.html)

e ERDC EL (http.//www.wes.army.mil/el/t2info.html)

e ERDC CRREL (http://www.crrel.usace.army.mil/products/products.
html)

e Défense R & D Canada-Valcartier (http.//www.valcartier.drdc-rddc.gc.
ca)

e MMR Impact Area Groundwater Study (http.//www.
groundwaterprogram.org/index.html and http.//www.mmr-edms.net).

Format of this Report

The chapters in this report represent expanded abstracts of the research con-
ducted in FY2004 on each topic. Chapters 2, 4, and 5 are abstracted from gov-
ernment reports already published as cited at the beginning of each of these
chapters. Other chapters represent progress in FY2004 that may be developed
into other reports or articles in technical journals once FY2005 data from this
and/or other ongoing projects are added.

Appendix A: Bibliography of CP1155 Publications

Refereed Journal Articles:

Jenkins, T. F., Walsh, M. E., Miyares, P. H., Hewitt, A. D., Collins, N. H., and
Ranney, T. A. (2002), “Evaluation of the use of snow-covered ranges to
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2 Sampling Strategies Near a
Low-Order Detonation and
a Target at an Artillery
Impact Area

The information appearing in this chapter is also published in the following
government technical report:

Jenkins, T. F., Hewitt, A. D., Ranney, T. A., Ramsey, C. A., Lambert, D. J.,
Bjella, K. L., and Perron, N. M. (2004). “Sampling strategies near a low-order
detonation and a target at an artillery impact area,” ERDC/CRREL TR-04-14,
U.S. Army Engineer Research and Development Center, Cold Regions Research
and Engineering Laboratory, Hanover, NH.

Introduction

Several recent papers have reported on the difficulty in collecting soil sam-
ples representative of the mean analyte concentrations on military training ranges
in areas where energetic residues accumulate (Ampleman et al. 2003a, b; Jenkins
et al. 1996, 1997, 1999, 2001, 2004; Pennington et al. 2001, 2002, 2003;
Thiboutot et al. 1998, 2003; Walsh et al. 2001, 2004). This difficulty is because
energetic residues generally are distributed heterogeneously as particles on the
surface. Because such particulate residues serve as the major source of potential
off-site migration of these compounds, it can be important to estimate the mass of
energetic materials in areas where they are present. Establishing the mass of
energetic residues within a decision unit is a practical way of dealing with areas
that contain both particles and chunks of neat material. To achieve more reliable
estimates of the mean residue concentration for calculating the mass, multi-
increment sampling strategies and larger surface soil sample masses than have
traditionally been collected for environmental investigations are being evaluated.

Objectives

Sampling experiments were conducted in an active mortar and artillery
impact range to determine the best sampling strategy for collecting representative
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surface soil samples to estimate mean concentrations of residues of high explo-
sives. In addition, sampling was performed to determine the pattern of energetic
residues around a target receiving indirect fire. Two types of potential accumula-
tion zones for energetic residues were sampled: (1) the area around a partial
detonation of an 81-mm mortar and (2) the area around an artillery/mortar target.
Discrete and multi-increment composite soil samples were collected in the vicin-
ity of the low-order detonation to assess the surface mass loading of energetic
residues and investigate the spatial distribution of surface soil concentrations
within the impacted area. Multi-increment samples were collected around the
artillery target to enable estimation of the mass loading in this area and to deter-
mine if there was a concentration gradient near the target, as has been found at
antitank rocket range targets (Jenkins et al. 1997, 1998, 2004).

Field Site

This study was conducted on an impact range at Fort Polk, Louisiana, from
25 to 29 June 2003. One location was chosen after finding what appeared to be
chunks of explosives residue on the soil surface (Figure 2-1). Upon analysis,
these chunks were found to be composed of TNT and RDX (Composition B:
39 percent TNT, 60 percent RDX). The presence of a fin and a casing fragment
indicated that the explosives residues originated from an 81-mm mortar that had
undergone a low-order detonation. The second location selected for sampling
was a heavily impacted artillery target approximately 30 m uphill from where the
small chunks of explosives residues were found.

Figure 2-1. Chunks of Composition B from the partial detonation of an 81-mm
mortar round found in the artillery impact area at Fort Polk,
Louisiana.
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Methods

A 10- x 10-m sampling area, further subdivided into 100 1-m” grids, was
positioned to encompass the visible chunks of energetic residue. Around this
sampling area, 10-m linear transects were also established parallel to all four
sides at distances of 2, 5, and 10 m (Figure 2-2, Area A). The area around the
target, uphill from the 10- x 10-m area, was divided into twelve sampling grids.
The grid boundary extended 2 and 5 m from the edge of the target (Figure 2-2,
Area B).

Prior to collecting discrete and multi-increment composite samples within the
10- x 10-m grid surrounding the low-order 81-mm mortar, we marked and
recorded the location and weight of each chunk of energetic residue visible on
the surface. A single discrete sample (50-100 g) was then obtained from each of
the 100 1-m” grids. Subsequently, for twenty randomly chosen 1-m” grids, a
second co-located discrete sample was collected along with a 10-increment com-
posite sample (800 g). When a chunk of explosive was present within a 1-m* grid
(if more than one, the largest chunk), the discrete sample was collected adjacent
to the position where it was found. In addition, ten replicate, 25-increment com-
posite samples (2 kg) were collected within the 10- x 10-m area using a random
sampling strategy. Along the linear transects and within the grids located around
the target, 10-increment composite samples were collected. All of the composite
samples, with the exception of 10-increment composites collected along linear
transects, were collected using a random sampling strategy. All discrete samples
and composite sample increments were obtained with a coring device (4.8 cm in
diameter, 2.5 cm deep) (Walsh 2004).

Soil samples were returned to CRREL and air-dried at room temperature.
Discrete and composite samples were weighed and passed through a #10 (2-mm)
sieve to remove oversized material (pebbles, sticks, etc.). The sieved portions
were weighed and returned to their respective containers. A volume of acetoni-
trile, approximately double the mass of the sample, was added to the discrete
samples. The samples were placed on a rotary tabletop shaker overnight
(18 hours) for extraction. Because the multi-increment samples were much larger
than the discrete samples, these samples were subsampled as follows. All of the
material in each of the multi-increment composite samples that passed through
the sieve was ground in a LabTech Essa LM2 (LabTech Essa Pty. Ltd., Bassen-
dean, WA, Australia) puck mill for 60 seconds. After grinding, each composite
sample was mixed thoroughly and subsampled. A mass of 10 g was extracted
with 20 mL of acetonitrile in an ultrasonic bath overnight at room temperature.
Walsh et al. (in prep) has determined that the shaker table and sonic bath extrac-
tion are equivalent for most soils.

The extracts from the discrete and composite samples were analyzed using
the general procedures outlined in SW846 Method 8330 (EPA 1994). For low-
concentration samples, a second analysis was conducted by GC-ECD following
the general procedure outlined in SW846 Method 8095 (EPA 1999).
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Figure 2-2. Sampling grids around a tank target in the artillery impact area at
Fort Polk, Louisiana.
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Results

Samples Collected near Chunks of Energetic Residues

RDX, HMX, TNT, 2ADNT, and 4ADNT were detected in nearly all of the
discrete surface soil samples for the 100 1-m” grids. RDX was present at the
highest concentrations, with surface soil concentrations ranging over almost five
orders of magnitude (0.037 to 2,390 mg/kg) (Table 2-1). The median RDX con-
centration was 1.79 mg/kg, but the presence of several very high concentrations
elevated the mean concentration to 70.9 mg/kg, indicating a non-normal distribu-
tion. HMX concentrations in these 1-m” grid samples ranged from less than our
detection limits (0.01 mg/kg) to 253 mg/kg. The ratio of the HMX mean concen-
tration to the RDX mean concentration was 0.195, which is slightly higher than
expected based on the analysis of the chunk residue from this site, where the
HMX/RDX ratio was 0.11 (HMX is an impurity in the manufacturing of RDX).
This ratio suggests that weathering has resulted in the preferential dissolution of
the more-soluble RDX.

Table 2-1
Summary of Results for Discrete Samples from 100 1-m? Grids

(mg/kg)

HMX RDX TNT 4ADNT 2ADNT
Max 253 2390 1560 16.3 15.3
Min 0.005 0.037 0.001 0.008 0.008
Median 0.395 1.79 0.044 0.120 0.169
Mean 7.89 70.9 29.7 0.626 0.669

TNT concentrations in these samples were always lower than RDX and
ranged from less than 0.002 mg/kg to 1,560 mg/kg (Table 2-1). The ratio of the
TNT mean concentration to the RDX mean concentration was 0.107. For non-
weathered Composition B, the ratio should be about 0.65, indicating that the
TNT present in these samples has been subject to preferential dissolution and
environmental transformation. The two most common environmental transfor-
mation products of TNT—2ADNT and 4ADNT—were detected in all 100 1-m’
grid samples, even in samples where the TNT concentration was below the
detection limits. The median ratio of 2ADNT to 4ADNT was 1.18; this ratio is
typical for these compounds in surface soil samples (Jenkins et al. 2001).

The distribution of RDX in the 100 discrete 1-m* grid samples was non-
Gaussian (Figure 2-3). A plot of the RDX concentrations in surface soil versus
position within the 10- x 10-m area indicated that two locations had much higher
concentrations, indicating potential hot spots within this decision unit. One was
centered near the lower edge, and another smaller one was near the left edge
(Figure 2-4). We define hot spots to be areas where the soil concentrations were
greater than 100 mg/kg. These apparent hot spots correspond closely to the mass
of chunks of Composition B recovered from the individual 1-m? grids
(Figure 2-4).
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The results for the duplicate discrete samples from the 20 randomly selected
1-m? grids show that agreement between replicates is analyte dependent. For
example, while the difference between the RDX, TNT, and HMX concentrations
for the field duplicates was often greater than an order of magnitude, the discrep-
ancy between 4ADNT and 2ADNT was often less than a factor of three. This
anomaly can be explained by the physical state of these analytes. RDX, TNT, and
HMX are present as crystalline particulates, whereas 4ADNT and 2ADNT are
formed only following dissolution and subsequent transformation. Therefore, one
group of energetic materials exists predominantly as discrete particles, while the
other exists on the surfaces of soil grains after adsorption from the pore water.
The results for the 10-increment composite samples collected within the same
randomly selected mini-grids where duplicate discrete samples were collected
exhibit the same trends as for the field duplicate discrete samples.
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Figure 2-3. Distribution of RDX concentrations from 100 discrete soil samples.
Note: “more” is used to denote discrete samples with concentrations
greater than 25 mg/kg.

The ten random 25-increment composite samples collected within the entire
10- x 10-m area showed minimum and maximum concentrations for RDX of
4.62 and 294 mg/kg, respectively. Recent results from sampling at Canadian
Force Base—Gagetown (Thiboutot et al. 2004) showed that systematically col-
lected multi-increment composite samples could provide more reproducible
results within a confined area of concern than composite samples collected using
a random sampling strategy. We evaluated this theory by creating four mathe-
matically systematic composite samples (n = 25) by combining every fourth dis-
crete sample from the 100 discrete 1-m” grids. A comparison of the results for the
100 discrete samples, the ten randomly collected 25-increment composites, and

the four systematic mathematical 25-increment composites is shown in Table 2-2.

The range of RDX values is much reduced, from a factor of about 10 for the
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discrete samples to factors of 64 and 3, respectively, for the randomly and sys-
tematically collected composites.

Table 2-2

Comparison of Concentration Estimates for Target Analytes using
Various Collection Strategies in a 10- x 10-m Grid near a Low-Order
Detonation

Increments per | Number of Analytes (mg/kg)

Collection Strategy Sample Replicates RDX HMX TNT
Discrete samples 1 100

Max 2390 253 1560

Min 0.037 0.005 0.001

Mean 70.9 7.89 29.7

Median 1.79 0.395 0.044

% RSD* 444% 415% 529%
Composite (random) 25 10

Max 294 32 106

Min 4.62 0.594 0.752

Mean 54.6 5.99 17.7

Median 245 2.93 5.17

% RSD* 159% 157% 179%
Composite (systematic) 25 4

Max 99.8 10.8 63.2

Min 33.1 3.81 10.3

Mean 70.91 7.89t 29.71

Median 75.3 8.46 22.7

% RSD 43.3% 40.0% 77.8%

* When the RSD is greater than 100 percent the data are not normally distributed and it is not
possible to compute useful limits of uncertainty.
1 Values are the same as the 100 discrete samples since the same data set was used.

Comparing the median value obtained from the 100 discrete samples with
those from the ten 25-increment random and the four 25-increment systematic
composite samples is interesting, because half of the samples collected will have
concentrations below these median values for this decision unit. The median of
the discrete samples for RDX was 1.79 mg/kg, the median for the ten composite
samples was 24.5 mg/kg, and the median for the four systematic samples was
75.3 mg/kg. Thus, rather than diluting out the high concentrations, the multi-
increment composite samples are more likely to capture the high concentrations
that would generally be missed if only a limited number of discrete samples were
collected. The mass of energetic residues within this 10- x 10-m decision unit
would therefore be grossly underestimated in most cases if they were based on
the concentration estimated for a single or several discrete samples. The concen-
tration of RDX with this area based on the weighted average of the 100 1-m” dis-
crete samples and the 10 25-increment samples is 59 mg/kg. The medians for the
two modes of collecting multi-increment samples are within a factor of two of
this concentration, whereas more than half of the time a single discrete sample
would at least an order of magnitude lower. Based on the weighted average
concentration, a sampling depth of 2.5 ¢m, and a soil density of 1.7 g/cm’, the
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estimated mass of RDX in the soil in this decision unit is 250 g. This is about
twice the mass of RDX established for the chunks of Composition B found on the

surface.

Mass of Composition B (g) Collected in Grid RDX Concentration in Surface Soil (mg/kg)
17.1 | 1.27 |0.829|0.908 | 10.9 | 4.44 |0.437|0.354 | 1.52 | 0.067
0.805| 24.1 | 7.73 | 0.539|0.260 | 0.233 | 0.366 | 1.93 | 0.731|0.138
30.8 | 1.40 | 125 |0.342|0.074 | 1.11 | 0.18 [0.076| 7.11 |0.187
11 | 09 | 45 | 1.2 | 01 12.7 | 138 | 53.7 | 3.85 | 4.94 | 1.22 | 463 |0.470| 2.41 | 1.06
0.2 16.3 331 | 9.70 | 3.96 | 1.44 | 3.67 |0.243 | 3.21 |0.254| 1.03 [0.073
0.1 | 0.1 7.52 | 565 | 1.97 [0.571| 4.84 | 19.9 0.825|0.122| 1.46 |0.070
0.4 1.65 | 1.56 | 8.51 | 10.6 | 2.24 | 25.2 | 7.15 | 0.248 | 0.175 | 0.037
14 | 02 3.0 | 482|131 | 1.0 | 04 48.3 | 13.3 | 3.36 | 6.93 | 889 | 21.8 | 3.75 |0.618|0.193|0.081
261 | 78 | 55 | 179 | 03 1.18 | 1.03 | 64.3 | 557 | 1790 | 2390 | 11.3 | 1.65 |0.335|0.263
01 | 502 | 0.1 | 0.1 0.3 8.86 | 3.50 | 5.02 | 42.7 | 385 | 24.9 | 3.64 | 0.96 |0.526|0.161
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Fort Polk, Louisiana
Sampling Grid (10 m x 10 m)

Figure 2-4. Weights of Composition B chunks and soil RDX concentrations relative to position in the

sampling grid. Areas shaded either contained more than 1.0 g of Composition B or had an

RDX soil concentration greater than 100 mg/kg.

Samples collected near a mortar/artillery target

The 10-increment composite surface soil samples that we collected near an
artillery target showed concentrations of RDX that varied from 0.106 to
15.9 mg/kg. However, unlike HMX concentrations near an antitank target
(Jenkins et al. 1997, 1998, 2004), no concentration gradient relative to distance
from the target was observed. TNT concentrations in these samples varied from
0.076 to 18.8 mg/kg, and the ratios of TNT to RDX were often higher than the
0.65 ratio expected from the deposition of fresh Composition B. Most 155-mm
artillery rounds are filled with TNT rather than Composition B. Judging from the
ratio of TNT to RDX, a portion of the explosives residues detected near this tar-
get was from TNT-filled rounds. The ratio of HMX to RDX in these samples was
also often higher than found in and near the 10- x 10-m area located downhill
and to the right of this target. This implies that the Composition B residues near
this target are somewhat older (i.e., more weathered) than those near the low-
order 81-mm mortar round.
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Summary and Conclusions

Surface soil samples from an artillery/mortar impact area located at
Fort Polk, Louisiana, were collected and analyzed for explosives residues. Two
distinct areas were selected for sampling. The first was around a low-order deto-
nation event, and the second was around a tank target.

The first sampling area was selected because numerous pieces of Composi-
tion B residue were lying on the soil surface, providing an opportunity to evalu-
ate sampling strategies for a decision unit that included a potential “hot spot.” A
10- x 10-m sampling area that encompassed the residue chunks of Composition
B was further subdivided into 100 1-m” grids. Among the 1-m” grid discrete
samples RDX ranged in concentration over approximately five orders of magni-
tude. Likewise, TNT concentrations ranged from below the detection limit
(0.002 mg/kg) to 1560 mg/kg, or more than six orders of magnitude. Field dupli-
cate discrete samples were collected from 20 randomly chosen 1-m” grids. The
differences between these field duplicates varied by up to three orders of magni-
tude, indicating that single samples cannot represent areas as small as one 1-m’
grid for energetic materials that exist as particulates.

Ten composite samples of 25 randomly chosen increments each were taken
over the entire 10- x 10-m area. The median RDX concentration for the ten
25-increment composite samples was fourteen times higher than the median of
the 100 discrete samples. Also, RDX concentrations for these composite samples
varied by as much as a factor of 60 as a result of the number of times the hot spot
was sampled. Therefore, under these conditions, an unacceptable level of uncer-
tainty remains among composite samples composed of 25 randomly collected
increments, even though there was a large improvement over discrete sampling.

Mathematically generated systematic samples were created by “compositing”
from the 100 discrete samples data, using every fourth 1-m” grid value. This was
performed four times, thereby using all of the 1-m” grid samples. The median
value for RDX was three times greater than the 10 random composites median
and 42 times the median for the discrete samples. The RDX concentration range
for the results of these four systematic mathematical composites was 33 to
100 mg/kg, whereas the range was 5 to 294 mg/kg, and 0.04 to 2,390 mg/kg for
the ten 25-increment randomly collected composites and the 100 discrete
samples, respectively. Therefore, the systematic approach is more likely to
consistently capture hot spots of the sizes encountered in this study.

Overall, it is important to understand the nature of the distribution of ener-
getic residues when designing a sampling strategy to establish an average con-
centration for a decision unit. The presence of a hot spot within the decision unit
is a worst-case scenario that confounds sampling uncertainty. Both types of com-
posite sampling strategies generated estimates of the mean concentration for mass
loading calculations for this type of area that are more reproducible and more
accurate than a discrete sample. Additional studies are planned to compare the
results obtained for systematically versus randomly collected multi-increment for
different areas where energetic residues accumulate on firing ranges.
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At the second area chosen for sampling, a sampling design and strategy was
used to delineate if there was a gradient of energetic residue concentrations
around the target receiving indirect fire. RDX concentrations varied from 0.1 to
16 mg/kg within the chosen sampling areas, with no apparent pattern to the dis-
tribution of RDX. Therefore, targets receiving indirect fire do not appear to have
a concentration gradient moving out from the target, such as those found around
targets at antitank ranges, where line-of-sight training is performed.
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3 Explosive Residues from
Low-Order Detonations of
Artillery Munitions

Introduction

Background

Residues from low-order detonations, i.e., munitions that explode incom-
pletely leaving scattered high-explosive compositions on the soil surface, are a
potentially significant point source of environmental contamination on training
ranges (Pennington et al. 2001, 2002, 2003, 2004). Currently, no means has been
developed for estimating the mass of residual explosive resulting from low-order
detonations. Therefore, these studies were conducted to characterize the nature
and quantity of residues from low-order detonations of selected artillery
munitions.

The intentional creation of low-order detonations has special application in
the explosive ordnance disposal (EOD) community when neutralizing ordnance.
Neutralizing munitions requires consideration for the safety of personnel and the
integrity of nearby assets. To maximize safety and reduce hazards, a method to
neutralize the munitions without releasing their maximum energy is desired.
During a previous NAVEODTECHDIV effort, the main charge disrupter (MCD)
was developed as a technique for producing low-order detonations to reduce the
hazard of removing such munitions. Testing was performed with MCD tool can-
didates against projectile munitions in June 1997 (Baker et al. 1997). During
1998 and 1999, Developmental Testing, Phase IIA involved testing the selected
MCD tool candidate against MK 80 series and penetrator bombs (Blankenbiller
1999). Additional testing was performed in November 1999 with the MCD tool
against additional MK 80 series bombs. In May 2000, the MCD tool was tested
against a variety of unexploded ordnance (UXO) at Nellis Air Force Base and
Fallon Naval Air Station. The explosive fills of the UXO included Tritonal,
PBXN-109, Composition H-6, and Composition B. Various yields were achieved
with the MCD by varying its placement and explosive loading. Hence, the MCD
was chosen for the low-order chemical release (LOCR) series of testing to pro-
vide controlled yields for low-order detonations.

The following are typical situations in which low-order detonations occur:
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e The explosive train (fuze, booster, or main charge) of a fired round can
malfunction.

o A piece of UXO can be low-ordered (a secondary detonation) as a result
of a fragment impact from a high-order detonation (primary detonation).

e EOD personnel can create a low-order detonation intentionally for the
express purpose of neutralization (the purpose for the development of the MCD
tool).

In a low-order detonation, consumption of the explosive filler is less than
100 percent. A low-order detonation is typically characterized by increased burn
time, increased light intensity, reduced blast pressure, reduced impulse, and the
presence of unreacted residual explosive (i.e., explosive that was not consumed
during the detonation nor burned afterwards in the fireball). Explosive that has
reacted or was consumed later during the low-order process (i.e., not during the
detonation) is usually consumed through combustion. Any unreacted explosive
may or may not be ejected from the round (Figure 3-1). Unreacted explosive can
also be melted and released to the surrounding environment as a result of the heat
from the reaction. The amount of unreacted residual explosive is likely to be a
function of the energy yield of the detonation, the overall size of the detonation,
and the intensity and burn time of the fireball.

Figure 3-1.
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Explosive Residues from Low-Order Detonations of Artillery Munitions

Typical low-order detonations. a. Casing and residual Composition B ejected from a 60-mm
mortar, b. Casing and residual Composition B retained in a 60-mm mortar, ¢. Casing and
residual TNT ejected from a 105-mm projectile, d. Casing and residual TNT retained in a
105-mm projectile

Objectives

Specific objectives were (1) to determine the relationship between the mass
of residues and the distance from the detonation center; (2) to determine the par-
ticle size distribution of residues, (3) to relate the residue mass to overpressure, a
measurable characteristic of the blast, and (4) to determine whether detonations
have a directional component related to the placement of the secondary charge or
detonation tool.
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Materials and Methods

Detonations

Low-order detonations of artillery munitions were achieved using the fol-
lowing two EOD tools: the MK 2 MOD 1 shaped charge, and the main charge
disrupter (MCD). Munitions tested (Nomenclature, type, and quantity of fill)
included the following: 60-mm mortars (M720, Composition B, 190 g), 105-mm
projectiles (M1, Composition B, 2.3 kg), and 155-mm projectiles (M107, TNT,
6.6 kg). The MK 2 MOD 1 shaped charge consists of a 32-mm (length) by
25-mm (diameter) sheet metal tube with a 90° conical metal plate attached to one
end. The tool was loaded with 15-17 g of C-4 explosives to produce a high-
velocity jet (approximately 13,800 feet per second, or 15,139 km per hour) when
initiated. The MCD consists of an aluminum cylinder 13 cm long by 4.62 cm in
diameter containing a convex, copper liner in one end (Figure 3-2). The velocity
of the MCD is altered by varying the explosive load (typically 57-170 g of C-4)
and the number of nylon attenuators placed behind the copper liner. The typical
MCD projectile velocity is approximately 6,000 feet per second. An RP-83
exploding bridge wire detonator (Reynolds Industries Systems Incorporated, San
Ramon, CA) was used to initiate all of the EOD tools.

Foam Detonator Holder—,

rylon Attenuator(s)—,

Copper Lingr—, ay l \

AMuminum Casing—.

Figure 3-2. Components of the main charge disrupter (MCD).

Both EOD tools produce projectiles that can initiate an energetic reaction
within the explosive filler upon impact or penetration. The selection of the tool
was based on the size of the munition to be detonated. The standoff distance, the
angle of the tool relative to the munition, and the impact point on the casing can
be varied to achieve specific over-pressure levels, or energy yields, from the
detonations. Several configurations of steel stands were used to support the posi-
tion of the tool relative to the munition, which was positioned with the fuze end
pointing upward.
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The tests were conducted on a square raised table (approximately 1.52 m®) of
3.81-cm steel (Figure 3-3). The table was supported by stacked 6- x 6-inch (15- %
15-cm) timbers to create a square perimeter 200.67 cm on each side. The overall
elevation of the tests was 76.2 cm. Four solid steel cylindrical columns, 15.24 cm
in diameter and approximately 1 m tall, were supported by angled braces welded
to the table at the center of each side. These columns were used to protect pres-
sure gauges from fragments created during the detonations. For the smaller
munitions an additional set of four 3.81-cm-diameter steel poles were threaded
into a welded flange near the corners of the table. These were used when the
pressure gauges were moved closer to the table. The detonation table was placed
in the center of a 30.5- x 30.5-m (approximately 930 m>, 100 x 100 ft) tarp made
of 18-ounce (509-g) flame resistant white vinyl. The tarp was used to facilitate
recovery of residues.

Secondary Removable
Fragment Stripping Poles

Lifting Rings

Primary Fragment
Stripping Poles

Armor Plate

Steel
Tabletop

‘Wood Base

Figure 3-3. Table on which detonations were initiated.

Detonation properties

Blast pressure was measured by four PCB Piezotronics Free Field Blast
Probe pressure gauges (PCB Piezotronics, Depew, NY) oriented in horizontal
alignment 3 m from the center of the table and directly behind the protective col-
umns. An additional gauge was placed 4.5 m from the table center on the side
closest to the EOD tool. This gauge confirmed the asymmetric pressure data pro-
duced when the EOD tool was tested and provided data to allow the contribution
of the EOD tool in each attempted low-order test to be separated from the ord-
nance response data.
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Detonations were recorded by three high-speed cameras positioned at
approximately 58, 78, and 240 m. Cameras recorded at approximately 10,000
frames per second and were protected in large portable steel bomb-proof shelters
equipped with Lexan windows.

Specific wavelengths of light—600, 694, and 830 nm—were recorded with a
three-channel radiometer developed by Applied Research Associates (ARA),
Denver, CO. Ratios of low-order detonation bandwidths to those of high-order
detonations were used to estimate the temperature of the blast. High-order deto-
nations typically produced approximately 4000 K. The duration of the detonation
was estimated by two techniques: the difference between pre- and post-
detonation broadband light spectra collected with a total light radiometer, and the
difference between pre- and post-detonation infrared spectra collected with an
infrared unit.

The velocity of the penetrating jet was estimated from fiber optic cables
attached to both the munition at the “aim” point and the low-order tool. Optical
pulses created by breakage of the respective exposed glass fibers were converted
to electrical signals by fiber optic receivers. Constant current, amplification, and
data acquisition were assured by a signal conditioner. Detonation was initiated by
a 30,000-V pulse from a fire-set device connected to the exploding bridge wire.
An electronic sequencer was used to trigger all of the various instruments and
initiated the fire set.

Detonation configurations

The test objective was to achieve at least four detonations at 75 percent
energy yield and at least four at 50 percent energy yield for the 105-mm projec-
tiles (Table 3-1). The 75 percent yield had been the most challenging energy
yield to achieve in previous tests. Therefore, previous residue data from this
energy level were limited. A decision tree was consulted to make systematic
modifications to the test configuration as results of each configuration were
received.

Typically, the first detonation for each type of munitions was a 25-g ball of
C4 for verification of equipment performance. No residue data were collected
from this detonation. The second detonation was a wax- or sand-filled inert
munition. This detonation provided the pressure/energy yield contributed by the
MK2 MOD 1 or the MCD without the explosive in the munition. The third deto-
nation was initiated by 25 g of C4 packed into the fuze well of the munition.
Although so-called “high-order” detonations are likely to generate a range of
energy yields around 100 percent rather than a perfect maximum of 100 percent
every time, this detonation was designed to represent the highest possible yield.
Instrument responses for this detonation were taken to represent 100 percent
pressure/energy yield calibration. Theoretically, this detonation consumed
100 percent of the explosive in the munition.
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Table 3-1
Test Configurations*
Shot number | Desired yield (%) | C4 (g9) | Standoff (cm) | Attenuators
60-mm’
1 C4 alone** 100 NA NA NA
2 Inert (wax) 100 20 20.3 NA
3100% 100 25Tt NA NA
4 75 20 1.4 NA
5 75 15 15.2 NA
6 75 15 17.8 NA
7 75 15 15.2 NA
8 75 15 16.5 NA
105-mm"
10 C4 100 113.2 1.4 0
11 100 256 NA NA
12 75 113.2 8.9 0
13 50 56.6 8.9 0
14 50 113.2 8.9 3
15 50 113.2 10.2 2
16 50 113.2 14 2
17 50 113.2 8.9 1
27 75 113.2 8.9 0
28 75 113.2 8.9 1
29 75 113.2 8.9 1
30 75 113.2 8.9 2
31 100 254 NA NA
155-mm
18 inert (sand) 100 113.2 1.4 0
19 100 256 NA NA
20 75 113.2 10.2 1
21 75 169.8 8.9 2
22 75 169.8 10.2 0
23 75 113.2 8.9 0
24 75 113.2 15.2 0
25 75 56.6 15.2 0
26 75 56.6 15.2 2
* Angle of MCD was 90°.
"The MK2 MOD 1 tool was used to initiate the 60-mm mortars.
** Shot consisted of a 226.8-g sphere of C4 detonated alone.
f Since no MCD was used, the C4 was packed into the fuze well.
*** The MCD tool was used to initiate the 105-mm and 155-mm projectiles.

All tests were conducted with unfuzed munitions to ensure the safety of EOD
personnel. Previous experimentation with 155-mm artillery munitions had estab-
lished that fuzed rounds detonated using an M42 shaped charge to penetrate
through the side of the casing caused a full yield detonation (Blankenbiller and
Lukens 1998).
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Residue Recovery

60-mm mortars (shots 1-8). For the 60-mm mortars, aluminum pans (66 X
46 cm) were used to capture energetic material resulting from low-order detona-
tions. Pans were placed in pairs at 305 (B), 610 (C), and 1524 (D) cm (10, 20,
and 50 ft, respectively) from the table along four perpendicular transects
(Figure 3-4). Four additional single pans (E) were place at 1143 cm (37.5 ft)
between transects. Four pans (F) were also place on the corners of the tarp
(2,155 cm, or 70.7 ft). Residues recovered from the surface of the table were
designated A. Any chunk explosive retrieved from areas off the tarp were
designated X collectively. After each detonation, residual material was removed
from the pans and weighed. These values were used to estimate mass with
distance. After removal of the pans, the tarp was swept in quadrants and the
residue was weighed. These values were used to determine whether residue
distribution was directionally related to placement of the tool. Residues from
pans and the tarp were combined and sieved using brass standard soil sieves to
the following sizes: >12.5, 4-12.5, 2—4, and 0.25-2.0 mm. The <0.25-mm size
fraction was captured in the bottom pan of the sieve set. Each size fraction was
weighed, and a small subsample, generally about 10 g, was reserved for chemical
analyses.

Debris was manually removed from the >12.5-mm fraction, and the explo-
sive residue remaining was weighed and assumed to be Composition B on the
basis of visual inspection. Five-gram subsamples of the each of the remaining
size fractions were extracted three times with 50-mL of acetone. Preliminary tests
indicated that three extractions were sufficient to dissolve the explosive residue.
Any unextracted residue, generally consisting of soil, gravel, metal fragments,
grass, and bits of tarp, was weighed and considered nonexplosive. The extracts
were combined, further diluted, and analyzed by Method 8330 for explosives and
transformation products (EPA 1994).

105-mm (shots 10-17, 27-31) and 155-mm (shots 18-26) artillery projec-
tiles. Since the direction in which residues were distributed proved unpredictable,
the sampling approach was refocused on refining the estimation of distance from
the detonation point with samples larger than those provided by the pans. Con-
centric circles were drawn on the surface of the tarp (Figure 3-5). The table (A),
these donut-shaped areas (B—F), the remaining corners of the tarp (G), and the
access tarp (H) were swept separately and the residues weighed. For these larger
projectiles a concerted effort was made to retrieve visible residues landing
beyond the tarp (X). All residues from a single detonation were combined and
sieved, and a subsample of each size fraction (except chunks >12.5 mm, which
were handled as previously described) was collected for extraction and chemical
analysis by the methods described above.

Microscopic analysis of particles. Particles were collected on trays during
detonations of five of the 60-mm mortars and three of the 105-mm artillery pro-
jectiles to obtain information on the number and appearance of high-explosive
particles as a function of distance from detonation. Eight trays were located at
2-m intervals along one diagonal of the tarp starting 3 m from the detonation
point. After the detonation, the material on each tray was weighed and sieved
into <0.25-, 0.25- to 2.0-, and >2.00mm size fractions. The explosive particles
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larger than 0.25 mm were separated from other debris under a light microscope.
These Composition B particles were digitally photographed through the
microscope; the pictures were loaded into a computer and digitally processed
using a National Institutes of Health Image Program (a public domain program at
http://rsb.info.nih.gov/nih-image) to obtain the number of particles and length of
major and minor axes (Taylor et al. 2004). These axes measurements were used
to calculate an average diameter of each particle.
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The notch removed
y /— 12.5 x 12.5 Feet

Figure 3-4. Schematic of table and pan locations on the tarp
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Figure 3-5. Configuration for sweeping residue from the tarp

Results
Energy Yields

The 60-mm mortars yielded either high or extremely low energy (Table 3-2).
To achieve low-order detonations, a balance must be achieved between forces
that sustain the detonation reactions and those that quench them. Use of the MK
2 MOD 1 shaped charge as a penetrator creates a vent hole in the casing of the
mortar to aid in quenching a reaction that occurs in the warhead. The venting can
allow for quick release of the confined pressure, which normally sustains or
accelerates the reaction up to a transition into a detonation, or until all of the
explosive is consumed. When the vent is so large as to allow pressure to dissipate
too quickly, very low performance is observed, e.g., 2 percent energy yields
(Shots 6 and 8). When the vent is insufficient, the pressure propagates until all, or
nearly all, of the energetic material is consumed, e.g., >90 percent energy yields
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(Shot 7). The small size of the mortar may permit the pressure to rise quickly in
the limited volume and detonate all or most of the energetic material. Additional
experimentation will be required to control the energy yield from these small
munitions.

After the first set (Shots 13—17), more predictable results were achieved with
the 105-mm projectiles (Shots 28—31) than with the 60-mm mortars (Table 3-3).
The 105-mm projectiles have a thicker casing than the 60-mm mortars, and the
MCD has a lower impact speed than the MK 2 MOD 1, which should reduce the
amount and rate of pressure increase and result in greater control of energy
yields. Fine adjustment in the use of the MCD, e.g., speed of the penetrator,
quantity of C4, and addition of attenuators, provided greater flexibility in con-

trolling variables important to detonation properties (Shots 17, 28-31, Table 3-3).

Anticipating energy yields with 105-mm projectiles will be improved in future
tests as a result of these tests.

The desired energy yields were not achieved with the 155-mm projectiles
(Shots 19-26, Table 3-3). The assumption that targeting the thinnest area of the
casing would result in the highest energy yields proved unreliable. Yields tended
to increase when the impact point was moved from midway up the ordnance item
to an area near the base where the casing was thickest. Controlling energy yields
for these rounds pose a challenge for further testing.

Table 3-2

Mass (g) of Explosive Retrieved from Four Quadrants of the Tarp after Low-order
Detonations of 60-mm and 105-mm Rounds*

Energy Quadrant

Shot number yield (%)" 4 [2 [3 [4 Total mass

60-mm**
6 2.1 4.93 5.83 122,70 |4.93 138.39
7 96 2.83 2.85 3.05 1.59 10.32
8 24 7.46 198.29 4.97 7.81 218.5"
Mean 5.073 68.99 43.57 4.78
Standard Deviation 2.32 111.99 68.53 3.1

105-mm
12 65 59.98 | 79.40 38.56 36.41 214.35
13 10 75.33 | 414.87*** [ 160.08 65.91 716.19
14 22 52.23 [ 70.89 903.10*** | 18.68 1044.87
15 14 56.34 | 80.48 144.86 | 120.72 402.40""
16 9 61.36 | 89.27 513.90*** | 33.04 697.97
17 78 36.05 | 61.79 97.84 319.27 514.95
Mean 56.88 | 132.78 309.72 99.0050
Standard Deviation 12.85 | 138.51 335.20 113.85

error.

*** Values are inflated by the presence of large chunks of explosive residue.
A large portion of the round (648 g) remaining on the table was not included in this weight.

* Data do not include residues from the access apron, large chunks remaining on the table, or residues recovered beyond the tarp;
calibration shots (C4 alone, 100% energy yields, and inert shots) are also excluded from the table.
T Values are average of peak pressure, incident impulse, and incident impulse at 500 ps.

** Data from shots 4 and 5 were lost.

T Although this value exceeds the quantity of explosive typically placed into mortars, 190-200 g, the value is within experimental

Chapter 3

Explosive Residues from Low-Order Detonations of Artillery Munitions

43



44

Relationship between energy yield and mass recovered

The quantity of Composition B in 60-mm mortars varies from 190 to 200 g
(approximately 0.42 1b). As anticipated, the mass of explosive for the two
2 percent energy yield detonations (Shots 6 and 8) was larger than for the deto-
nation exhibiting 96 percent energy yield (Shot 7, Tables 3-2 and 3-3); however,
because of the small sample size, no significant correlations were found between
energy yield and total mass recovered (Pearson Product Moment Correlation
analysis and Spearman Correlation analysis on ranks). Energy yields for the
105-mm projectiles were negatively correlated with residues of Composition B
recovered according to the Pearson Product Moment Correlation Analysis,
correlation coefficient = —0.81, P = 0.004. Spearman Rank Order Correlation
Analysis did not show this relationship (correlation coefficient = —-0.576, P =
0.07). A negative correlation of mass and energy yield was demonstrated for the
155-mm projectiles (Pearson Product Moment correlation coefficient = —0.785,
P =0.0365; Spearman Rank Order Correlation Analysis, correlation coefficient =
—0.881, P =0.000). When mass expected on the basis of energy yields for all
rounds is regressed against actual recovery, the slope of the regression is 2.65 (1*
= 0.63, Figure 3-6). Therefore, energy yields tend to overestimate mass
recovered. In the 105-mm munitions the average difference between mass
expected on the basis of energy yield (650 g of the initial mass of 2,408 g) and
mass recovered (174 g) was about 73 percent. For the 155-mm munitions (initial
mass of 6,622 g) the average difference was about 79 percent. Some of the
difference between mass based on energy yields and mass recovered from the
tarp may be attributable to unrecovered mass falling beyond the tarp. Differences
attributable to the measurement techniques (pressure sensors for energy yields
and mass recovered by sweeping the tarp) and those attributable to loss beyond
the tarp cannot be resolved.

Relationship between mass recovered and areal distribution

Because of the high variability occasioned by the presence of chunk material,
and the limited sample size, no significant differences among the four quadrants
were observed for the 60-mm mortars (P = 0.585) nor for the 105-mm projectiles
(shots 12—17, P =0.139, Table 3-2). Therefore, directionality of residue deposi-
tion relative to the position of the MCD remains uncertain. For the remaining
105-mm detonations (shots 27-30) and for the 155-mm detonations (shots 19—
26), data acquisition by quadrant was abandoned in favor of data by distance in
concentric circles around the detonation center (Figure 3-5). Pans captured a
relatively small fraction of the residues and were not always located optimally for
capturing a representative mass of the residue as a function of distance from the
detonation. Therefore, pans were also abandoned in favor of sweeping the tarp.

Recovered mass for both the 105- and 155-mm projectiles increased with
distance from the detonation center (Figures 3-7 and 3-8). This result suggests
that significant mass may have fallen beyond the tarp. Differences between mass
expected on the basis of measure energy yield and total mass recovered from the
tarp (see “Relationship between energy yield and mass recovered” above) also
suggest a loss of mass beyond the tarp for these rounds. The mass from 155-mm
projectiles at higher energies (>18 percent) declined, or at least leveled off,
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toward the edge of the tarp (beyond 40 ft). Although visual observation of resi-
dues on the tarp indicated a lack of uniform symmetry in the distribution of
residuals around the center of the detonation (the table), mass with distance
results suggest that mass peaks at some distance from the detonation center and
then decreases with additional distance. The peak distance may be related to the
energy yield. However, when the mass is averaged for all energy yields, the mass
increases with distance from the detonations for both the 105- and 155-mm
rounds (Figure 3-9).

7000

Expected Mass, g

0 -* T T T
0 500 1000 1500 2000 2500

Actual Mass, g

Figure 3-6. Mass of explosive residue based on the energy yield measured by
the pressure gauges (expected mass) versus the mass actually
recovered from the tarp (actual mass). Slope = 2.65, y-axis intercept
=563, and R* = 0.63.

When an ANOVA was performed on the data for mass by distance from the
detonation of 105-mm projectiles (Shots 27-30), differences were detected (P =
0.048); however, a test for normality failed. Results of the Holm-Sidak Method
of Multiple Comparisons (an all pair-wise multiple comparison procedure) indi-
cated significantly greater mass in the two outer rings (between 30 and 50 ft) than
on the table or within 10 ft of the detonation center (Table 3-4, Figure 3-7).
Similar results were observed in the 155-mm data, although results of an
ANOVA indicated no significant differences (P = 0.341) because of the high
variability (Table 3-4, Figure 3-8). The elevated values for Shots 21 and 22 rep-
resent a single large portion of the round that remained on the table after
detonation.
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Table 3-4
Mass (g) of Explosive Residues Retrieved from the Seven Rings of the Tarp after Low-
order Detonations of 105- and 155-mm Mortars

Energy yield Distance from Detonation (ft)
Shot number (%)* Table |10 [20 [30 [40 [ 50 [Corners | Total
105-mm
27 78 0.22 417 5.14 12.25 25.85 25.85 59.70 133.18
28 73 0.53 5.52 8.59 15.38 31.050 56.13 43.74 160.94
29 67 0.78 8.13 9.48 12.66 62.17 56.13 36.9 186.25
30 52 1.79 15.89 37.70 72.71 90.030 62.46 40.54 321.12
31 100 0.080 0.36 0.69 1.95 4.92 7.52 10.88 26.40
Mean 74 0.68 6.81 12.32 22.98 42.800 41.62 38.350 165.58
Standard 18 0.68 5.80 14.025 28.26 33.41 23.81 17.65 106.14
Deviation
155-mm’
19 100 0.06 0.12 0.27 3.95 3.71 3.28 1.92 13.32
20 15 37.27 50.010 84.18 321.070 552.94 692.53 315.47 2053.47
22 18 851.95 57.58 126.33 179.54 219.65 339.16 203.28 1997.49
23 27 2.080 2.70 73.52 455.60 297.18 178.51 118.25 1127.83
24 26 14.85 69.68 146.57 209.19 235.29 184.40 137.44 997 .43
25 34 1.050 17.060 29.00 56.32 102.17 76.72 98.72 381.040
26 46 0.91 17.67 21.76 51.89 109.52 109.52 252.91 564.18
Mean 38 129.74 30.69 68.80 182.51 217.21 226.30 161.14 1019.25
Standard 29.2 318.75 27.96 54.94 162.98 177.88 230.90 104.61 781.58
Deviation

* Based on average of peak pressure, incident impulse, and incident impulse at 500 ps.
T One sample from shot 21 was lost; therefore, remaining data from that shot are excluded.
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Figure 3-7. Mass recovered with distance for each energy level
achieved with the 105-mm artillery projectiles
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Figure 3-8. Mass recovered with distance for each energy level
achieved with the 155-mm artillery projectiles. The graph
does not reflect the large chunk at 0 distance (on the table)
and 18 percent energy yield
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Figure 3-9. Average residue mass recovered over all energy yields with
distance from detonation center
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a. 155-mm

1 =025 mm
0.23-2mm
2-4mm

B 4 -125mm
== =125 mm

Figure 3-10. Mass recovered by particle size distribution. a. 155-mm artillery
projectile particle size values are means from eight shots having a
mean energy Yyield of 35.6 + 27.9 percent. b. 60-mm mortar particle
size values are means from three shots having energy yields of 2.1,
96, and 2.4 percent. c. 105-mm artillery projectile particle size values
are means from 10 shots having a mean energy vyield of 46 +
29.3 percent (including a 100 percent energy yield)

Particle size distribution

Sieve analyses. The mass in the >12.5-mm size fraction of residues from
60-mm mortars at 2 percent energy yields was substantial relative to the mass of
other size fractions (Shots 6 and 8, Table 3-3, Figure 3-11). At the higher energy
yield (Shot 7) all of the residue was in the smaller size fractions (<4 mm,

Table 3-3). For the 105-mm projectiles the mass by size fraction data were not
normally distributed; however, results of an ANOVA indicated that differences
among means were greater than would be expected by chance (P = 0.031)

(Table 3-3). When the Holm—Sidak Procedure was applied, the mass of the
>12.5-mm size fraction was significantly greater than the mass of the 2—4 and the
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<0.25-mm size fractions. This is likely a result of the chunk material in the larger
size fraction and heterogeneous distribution in other particle size fractions. For
the 155-mm projectiles, the particle size distribution data failed the test for
normality (P = 0.003); the variability in the data was too high to detect any
significant differences in mass by particle size distribution. However, large
chunks not traveling very far from the detonation center are reflected in the data
for the >12.5- and 4- to 12.5-mm fractions (Table 3-3).
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Figure 3-11. Average number of explosive particles in the >0.25-mm size fraction
as a function of distance from the detonation. Data include 60-
(diamonds) and 105-mm (squares) detonations.

Appearance and number of HE particles on pans. Microscopic observa-
tions show that the residues contained rounded and lumpy particles of Composi-
tion B, melted metal spheres, aluminum, other metal fragments, large pieces of
wood from the tool stand, and soil (Figure 3-11). Close to the detonation the
explosive particles from the sampled rounds were similar in size and range between
0.40 and 0.80 mm. With distance from the detonation the particle size increased
and then decreased, with the peak in particle size occurring at ~7 m (23 ft) and
13 m (43 ft), respectively (Figure 3-12). The average number of particles in the
>(.25-mm fraction also decreased with time except for a spike at about 7 m for the
60-mm mortars (Figure 3-12).
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Figure 3-12. Photomicrograph of particulate residue from low-order detonation.
The round and sub-round particles are Composition B (for example,
see arrow)

Chemical composition of residues

The ratio of TNT to RDX in residues from the 60-mm mortars was variable
(Table 3-5). In the two low-energy detonations, Shots 6 and 8, the ratios were 1
to 0.88 and 1 to 1.49, respectively. In the higher-energy shot, Shot 7, the ratio
was 1 to 2.05. The ratio in undetonated Composition B is typically 1 to 1.5 Small
amounts of HMX (an average of 3.52 + 2.97 percent of the total mass) and TNB
(an average of 0.09 £ 0.07 percent of the total mass) were also detected. These
probably occurred as impurities in the Composition B. The TNB, however, may
have formed after detonation because of exposure of residues to sunlight.

The ratio of TNT to RDX in residues from the 105-mm projectiles was rela-
tively consistent and very near the assumed ratio before detonation (1 to 1.5).
The mean ratio of TNT to RDX was 1 to 1.47 £ 0.15. Other detections were
HMX and TNB, with means of 3.58 £ 1.11 percent and 0.02 + 0.03 percent of the
total mass, respectively. DNB was detected in four of the detonation, but quanti-
ties were less than 0.01 g (<0.001 percent).

Chapter 3  Explosive Residues from Low-Order Detonations of Artillery Munitions



Table 3-3
Mass (g) of Residue in each Particle Size Fraction from 60-, 105-, and 155-mm Rounds*

Size (mm)

Shot number Energy yield (%)’ >12.5 [4125 [2-4  Jo252 [<0.25 |[Total

60-mm**
6 2.1 936 2.9 3.3 [244 2.8 136.8
7 96 0 0 05 [741 2.7 10.3
8 24 183.07F 27 3.1 19.9 9.8 2185/
Mean 334 92.2 1.9 2.3 17.1 8.5 121.9
Standard Deviation 54.1 91.5 1.6 1.6 9.0 5.2 104.9

105-mm
12 65 0.2 37 275 169.2 13.8 214.4
13 10 274.1 160.2 1434 [130.1 37.3 745.2
14 22 6718 131.9 735 150.0 17.9 1045.08
15 14 648.0'7 79.2 101.0 [ 208.4 14.6 1051.0
16 9 498.7"1 2205 85.8 130.5 35.2 970.2
17 78 19.9 258.9 45.0 199.4 11.6 534.9
27 76 0 4.0 22.9 124.7 9.4 161.0
28 73 0 23.7 353 120.6 6.7 186.3
29 67 21.9 55.8 56.1 191.3 18.0 343.0
30 52 0 34 48 9.5 5.8 234
Mean 46.6 2135 94.1 59.5 143.4 17.03 | 5274
Standard Deviation 29.3 286.8 94.4 41.9 57.3 11.0 397.5

155-mm
19 100 0 0 1.8 7.1 4.4 13.3
20 15 738.0 1310.9  [149.9 [499.5 16.9 2715.2
21 19 126407 [11386 [278.8 |ND** 54.3 2735.7
22 18 1022.07  [297.4 1414 [ 591.8 83.7 2136.4
23 27 62.9 127.4 126.9 | 422.7 4372 [ 11772
24 26 99.5 151.0 175.6 | 584.9 64.7 1075.7
25 34 35.4 78.9 375 291.9 216 465.2
26 46 55.6 147.7 27.3 359.6 207 611.0
Mean 35.6 409.7 406.5 174 [393.9 87.93 [1366.2
Standard Deviation 27.9 515.8 513.9 91.8 203.6 143.2 [10434

* Data presented are the sum of all explosives in each fraction from the table, the tarp, the access apron and off the tarp.
" Values are average of peak pressure, incident impulse, and incident impulse at 500 psec.

** Data from shots 4 and 5 were lost.

' Represents a single chunk of explosives.

*** No visible explosive in residue; however, HPLC analysis resulted in detection of explosives.

1t Although this value exceeds the quantity of explosive in the mortar, 199 g, the value is within experimental error.

The 155-mm artillery projectiles were TNT-filled. Therefore, residues were
predominantly TNT. However, an average of 0.05 percent of the total residue
recovered was RDX; HMX was detected in the residue from one detonation
(8 percent); and TNB was detected in residues from six of the eight detonations
(averaging 0.01 + 0.008 percent of total mass). These compounds may have been
present in the TNT as impurities or may have been present on the tarp from prior
detonations of Composition B rounds. The single high-HMX detection is difficult
to understand and may represent an anomaly in that specific round. The TNB
may have formed by photolysis on the surface of the TNT particles between the
time the detonations were completed and the samples were collected. Red col-
oration of the tarp, and occasionally red coloration of residue particles, was
observed.
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Table 3-5
Chemical Composition of Residues (g)

Energy yield Ratio of TNT:RDX
Shot number | (%) (1:x) TNT RDX HMX TNB
60-mm
6 2.1 0.88 71.40 63.02 3.92 0.05
7 96 2.05 3.15 6.45 0.70 0.18
8 24 1.49 86.72 129.61 2.09 0.11
105-mm
12 65 1.68 75.50 127.06 11.58 0.20
13 10 1.49 290.15 432.34 2216 |0.28
14 22 1.49 428.99 640.14 2352 ]0.29
15 14 1.46 419.72 614.14 26.10 |0.16
16 9 1.65 359.11 590.91 21.61 0.073
17 78 1.51 207.30 312.87 14.68 |0.042
27 76 1.27 56.27 71.24 5.66 <d.l.
28 73 1.41 63.66 89.71 7.55 0.024
29 67 1.49 71.47 106.83 7.96 <d.l.
30 52 1.51 131.26 197.78 13.88 <d.l.
31 100 1.16 11.71 13.58 1.1 <d.l.
155-mm
19 100 2.28* 3.72 8.47 1.12 <d.l.
20 15 1.7 e-3 2710.43 4.72 <d.l. 0.32
21 19 7.8 e-5 2735.47 0.21 <d.l. <d.l.
22 18 1.8 e-4 2135.87 0.382 <d.l. 0.44
23 27 4.8e-4 1176.48 0.57 <d.l. 0.14
24 26 3.5e-4 1075.16 0.38 <d.l. <d.l.
25 34 4.1e-4 416.18 0.17 <d.l. 0.053
26 46 45e-4 619.51 0.28 <d.l. 0.014

* The detection of a relative high mass of RDX in these first two shots suggests the presence of
carry-over residue from previous shots. The 155-mm projectiles contained TNT only.

Conclusions

Achieving predictable energy yields was challenging, especially for the
60-mm mortars. The small size of the 60-mm data set further limited the
determination of relationships between energy and residues. However, energy
yield was inversely related to residual mass in detonations of 105- and 155-mm
projectiles. Therefore, the measured over-pressure is related to the amount of
explosive residue likely to be generated by low-order detonations of these
munitions. Directionality in the distribution of residues was inconsistent.
However, the mass from 105-mm projectiles was significantly greater at 50 and
70 ft than on the table and at 10 ft. These results did not hold for the residues of
155-mm projectiles, for which no significant differences in distribution by
distance were measured. However, the 155-mm data do reflect the presence of
large chucks of explosive that did not travel far from the detonation point, e.g.,
remnants of the base of the item remained on the table or on the ground near the
table.
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Although the >12.5-mm size fraction contained the greatest mass and the
< (0.25-mm fraction contained the smallest mass for each munition, the
relationship between particle size and mass was not linear. The size fraction of
2-4 mm was inexplicably poorly represented. The preponderance of large chunks
versus fines suggests relatively slow release potential of the explosives from the
solid to the solution phase over time. Most of the residual mass from the 60-mm
mortars was deposited within 7 m of the detonation. This result suggests that
most of the residue from this round was captured by the tarp.

The ratio of TNT to RDX in pre-detonation Composition B was generally
reflected in the post-detonation composition. The small amounts of HMX resi-
dues were likely present as impurities in the pre-detonation Composition B.
Detectable levels of TNB were either present pre-detonation as impurities or may
have formed post-detonation because of exposure of the residue to sunlight.

Results indicate an inverse relationship between the over-pressure of the
blast and the mass of explosives residual. Furthermore, low-order detonations
contribute predominantly large particles of solid Composition B to the source
term for ranges. Therefore, the ratio of TNT to RDX in these particles is con-
served. Transport will depend heavily on dissolution rates of TNT and RDX from
the solid-phase compositions and subsequent interactions between dissolved con-
stituents and the soil.
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4 Environmental Conditions
of Surface Soils, CFB
Gagetown Training Area:
Delineation of the Presence
of Munitions-Related
Residues (Phase lll)

This chapter is an abstract of the following published technical report:

Thiboutot, S., Ampleman, G., Marois, A., Gagnon, A., Bouchard, M.,
Hewitt, A., Jenkins, T., Walsh, M., Bjella, K., Ramsey, C., and Ranney, T. A.
(2004). “Environmental conditions of surface soils, CFB Gagetown Training
Area: Delineation of the presence of munitions related residues (Phase III, Final
Report),” DRDC-Valcartier TR-2004-205, Defence Research and Development
Canada-Valcartier, Quebec.

Introduction

Troop readiness requires intensive training in Canada. Moreover, many other
countries use Canadian training ranges under international agreements. Testing
and training ranges are key elements in maintaining the capability, readiness, and
interoperability of the Armed Forces. The potential for environmental impacts of
live-fire training mandates that our organizations demonstrate responsible man-
agement of these facilities in order to continue testing and training. The most
extensive study achieved up to now was conducted at Dundurn open detonation
range, where the impact of the open detonation of Canadian obsolete munitions
was extensively studied (Ampleman et al. 1998). The first training range visited
was the CFB Shilo training area, where research demonstrated the environmental
impacts of many types of live-fire training (Thiboutot et al. 2001, Ampleman
et al. 2003. Antitank firing ranges across Canada were also the topic of other
studies (Thiboutot et al. 1998b, Arel et al. 2002, Marois et al. 2004). Moreover,
many papers were written in recent years concerning the fate and analysis of
explosives at various types of sites (Jenkins and Walsh 1987, Checkai et al. 1993,
EPA 1993, Jenkins et al. 1997a, 1997b, 1998, 1999, 2001, 2003, Thiboutot et al.
1997, 1998, 2000, 2002, 2003a, 2003b, Walsh and Ranney 1998, 1999,
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Ampleman et al. 2000, Miyares and Jenkins 2000, Walsh et al. 2002, 2004,
Pennington et al. 2002, 2003, Hewitt and Walsh 2003, Stamfli et al. 2003, Hewitt
et al. 2004).

Military training exercises have been conducted on CFB Gagetown since
1954. Currently, this base serves as one of the major training facilities for the
Canadian Forces and is also used by troops from the United States, United King-
dom, and Australia. It is the main training area for eastern Canada where most of
the long-range, high-caliber, live firing is conducted. The base is located 20 km
southeast of Fredericton, New Brunswick, and covers an area of about 1100 km?
(Figure 4-1).
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Figure 4-1. Gagetown Area Map

Approximately half of this territory serves as Static Range Impact Areas
(SRIA) for infantry, artillery, air defense, engineer, and armored vehicle live-fire
training, while the southern portion of the area is used as a general maneuver
area. Recently, awareness has increased that the energetic residues and heavy
metals associated with munitions can be released to the environment during
training activities and over time potentially contaminate the underlying ground-
water. For instance, munitions training and testing exercises were suspended at
the Massachusetts Military Reservation following the discovery of low concen-
trations of RDX in the groundwater beneath the main training area (EPA Order
Number 2). On military training ranges, munitions-related pollutants can be
released to the environment from breaches in the casings of unexploded ordnance
(UXO) or partially exploded ordnance; from poor disposal practices, such as
unconfined burn operations; from blow-in-place operations; and from live-fire
operations. The Strategic Environmental Research and Development Program
(SERDP) funded several studies directed at assessing thef source strengths and
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pathways of munitions residues on military training facilities. Moreover, Director
Land Environment (DLE) tasked DRDC-Valcartier to initiate a research program
for the environmental characterization of their main training areas. The work
carried out at CFB Gagetown was co-sponsored by both programs.

This chapter presents the results of the third characterization (Phase III)
carried out at CFB Gagetown training area. The first phase was conducted in the
fall of 2001 and was dedicated to the drilling of wells on the northern half of the
base to collect groundwater samples and to perform the hydrogeological charac-
terization of the site (Thiboutot et al. 2003a). Phase II consisted of both surface
and subsurface characterization, where more wells were drilled and sampled in
the southern half of the base and surface soils and biomass samples were col-
lected (Thiboutot et al. 2003b). The results of Phase II indicated a need to resam-
ple the five following areas: background, antitank range, grenade ranges, propel-
lant burn pads, and small arms ranges. The objectives of the sampling effort in
2003 were to define the spatial distribution and fate of metals and energetic resi-
dues. Fieldwork was conducted in the fall of 2003, and data treatment was done
in the winter and spring of 2004. A more extensive report on the same topic was
published as a DRDC report (Thiboutot et al. 2004).

Experimental
Field Investigation

Fieldwork was conducted between October 20 and October 25, 2003, at CFB
Gagetown, in the training area and around base limits for background sample
collection. Surface sampling was concentrated in the live-fire impact areas
located in the northern portion of the base. Sampling strategies were designed on
site, depending on the landscape, visual observations of the area, information
gathered from the Explosive Ordnance Disposal (EOD) unit personnel, and
experience gained in the previous Gagetown study (Thiboutot et al. 2003b).

Chemical Parameters and Analytical Methods

Energetic materials were analyzed by using high-pressure liquid chromatog-
raphy (HPLC) and gas chromatography (GC-ECD) following EPA Methods
8330 and 8095 (EPA 1994, 2000). Metals were analyzed by inductively coupled
plasma mass spectrometry (ICP/MS) by RPC Laboratory (Fredericton, NB,
Canada). All parameters available by this method were included. For some spe-
cific samples, soil leachate tests were done (TCLP procedure) (EPA 1992, 1996).

Sample Handling and Treatment

The samples collected in this study were of the top 2 cm of the surface soil.
In addition, sediment, surface water, and three soil profile samples at multiple
discrete intervals were collected. Composite samples were stored in polyethylene
bags, while the sediment, soil profile, and water samples were stored in amber
glass bottles with Teflon-lined caps. The water samples were stored in 500-mL
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amber bottles, and the discrete soil and sediment samples were stored in 120-mL
bottles. The samples were refrigerated with ice and sent to CRREL for processing
and analysis. For metals analysis, samples were either sent directly to RPC labo-
ratory or sent back from CRREL to RPC after homogenization of the main bulk
samples. Results for metals were analyzed by Dr. Thiboutot at DRDC Valcartier.

At CRREL all of the soil and sediment samples were air-dried, then passed
through a 2-mm sieve. Following sieving, subsamples were removed from all of
the samples for the metal analysis with the exception of the background and burn
pad samples. Both the background and burn pad samples were equally divided in
the field, and sample splits were shipped to both CRREL and a contract labora-
tory. All of the samples were ground in a ring mill (Labtech Essal.M2) for 60 s,
then a 10-g subsample was removed by randomly obtaining 30 or more incre-
ments and transferring them into 40-mL glass vials with Teflon-lined septum
caps. Acetonitrile was added directly to the soil and sediment samples (120-mL
glass bottles). The volume of solvent was twice the weight of the air-dried
(<2 mm) soil. After the addition of acetonitrile, the sample jars were shaken on a
platform shaker at 200 rpm for 18 hours. To assess the sample processing proto-
col (grinding and subsampling), triplicate subsamples were removed for extrac-
tion and analysis for one out of every ten composite samples. After the addition
of 20 mL of acetonitrile to each vial, the subsamples were extracted in a
temperature-controlled sonic bath for 18 hours. Following extraction by either
shaker table or sonic bath, an aliquot of the solvent extract was filtered through a
0.45-um, 25-mm Millex FH filter. The water samples were first pre-concentrated
through a solid-phase extraction (SPE) cartridge (Jenkins et al. 1997b). This
technique retains the energetic residues on a Porapak RDX cartridge (Sep-Pak,
6-cm’, 500 mg), which was subsequently eluted with 5.00 mL of acetonitrile.

Sample analysis

For energetic materials, samples were analyzed by either GC-ECD (EPA
2000) or HPLC (EPA 1994), or both. The GC was an HP6890 equipped with a
micro-cell Ni63 ECD, and the analysis protocol followed the EPA SW-846
Method 8095 guidelines (Walsh and Ranney 1998, 1999). Primary and secondary
GC-ECD analyses were performed using a 7-m x 0.53-mm ID fused silica col-
umn, with a 0.5-um coating of 5 percent-(phenyl)-methylsiloxane (RTX-5MS
from Restek, Bellefonte, PA) and a 6-m % 0.53-mm ID fused silica column with a
1.0-um coating of a proprietary phase (RDX-TNT-2 also from Restek), respec-
tively. Reverse-phase (RP) HPLC analyses were performed on a modular system
(Thermo Separation Products Inc., San Jose, CA) consisting of a P1000 isocratic
pump, a UV2000 dual wavelength absorbance detector set at 210 and 254 nm,
and an AS3000 auto sampler. Analyte separations were performed using the
15-cm x 3.9-mm (4-mm) NovaPack C-8 column (Waters Chromatography
Division, Milford, MA) eluted with 15:85 isopropanol/water (v/v) at 1.4 mL/min.
Samples with energetic residue concentrations greater than 200 ug/L were
analyzed by RP-HPLC.

Metals were analyzed by RPC Laboratory by ICP/MS and total metal con-
centrations were obtained by using EPA Method 3050 (EPA 1996) involving a
nitric acid/hydrogen peroxide digestion. Leachate testing used EPA Method
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1311, which entails buffered acetic acid leaching at a 20:1 liquid to solid ratio
(EPA 1992).

Range Description and Sampling Strategy

The surface sampling team collected 189 soil samples in the following areas:
background samples outside the live-fire training area (14 samples), New Castle
Rifle and Hand Grenade Ranges (7 and 18 samples, respectively), Wellington
Antitank Range (115 samples), Vimy Small Arms Range (11 samples), propel-
lants burn pads/locations (10 samples), and sets of samples before and after a
500-1b bomb and two heat rounds were blown in place (14 samples). In general,
the main goal was to delineate more precisely the presence of munitions-related
contaminants in the antitank and small arms ranges, to validate the presence or
absence of TNT in background samples, and to evaluate the evolution with time
of the contaminant concentrations in the grenade ranges. Seven water samples
were also collected in ponds and craters in the antitank range. Many sampling
patterns were used in the present study, based on our combined previous experi-
ences, visual inspection, the presence or absence of targets, and the general set-
tings of the ranges. Mostly surface soils (from 0 to 2 cm deep) were collected;
however, some core samples were collected in specific areas of interest. The
cores were collected with a manual corer designed by the CRREL team
(Thiboutot et al. 2004). The surface sampling design used most frequently for
this investigation involved collecting multiple increments within a designate area,
while systematically moving from one end to the other. Along with this sampling
protocol, samples were collected along linear transects to replicate the protocol
used in 2002. Pits were also dug to allow subsurface sampling in the antitank
range, both in the impact area and at the firing position (FP).

Background samples

In the 2002 study, TNT was detected in most of the sixteen background sam-
ples that were collected outside of the training area. It was imperative to resample
the same locations in 2003 to verify if TNT cross-contamination was generated
either in transport or during laboratory treatment. In 2003, fourteen samples were
collected, including two field duplicates. During this investigation, all of these
samples were kept in a separate cooler and never exposed to the other samples in
order to avoid any risk of cross-contamination. The sampling locations were
chosen as near as possible to the sampling location from last year’s study.

Wellington Antitank Range

The Wellington Antitank Range (WAT) was covered with shrapnel and pro-
pellant residues. The range is located north of the Argus and Greenfield Impact
Area and is approximately 5 km®. Six tanks on the range at various distances
from the firing position serve as targets for training with 66-mm M72 LAW
M72ES rockets and 84-mm rounds. Soil, sediment, and water samples were col-
lected. Samples were collected in the target zone (impact zone), in front of and
behind the firing position, and within an ordnance disposal bunker before and
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immediately following the blow-in-place of two UXOs. Targets one to five were,
respectively, the nearest and the farthest from the firing position, while target six
was located on the other side of a small road within the range. Areas in front of
and behind the targets had been strafed. Depressions in these strafed areas were
filled with water, creating small pools where sediment and water samples were
collected.

New Castle Hand Grenade Range

This is a relatively new range that has been in use for two years. Range con-
trol personnel were able to provide us with the exact number of hand grenades
used (2459) since the range opened by consulting their logbook. The impact area
in front of the cement throwing bunkers was 55 m wide and was covered with
medium-grit sand and pebbles. Surface composite samples (0—2 cm) were col-
lected along linear transects and in designated areas that were parallel to the
throwing bunker, using similar sampling strategy as used at the firing point.
Single and duplicate 30-increment composite samples were collected on the right
and left sides of the impact range. These 11 samples were collected to assess
whether munitions-related residues could be found on each side of the range and
at a farther distance behind the range.

40-mm New Castle Rifle Grenade Range

This training range for 40-mm rifle grenades also had only been operational
for a little more than one year. Range control was able to provide us with the
number of rifle grenades fired on the range since its opening (1206). In a zone
100-130 m downrange from the firing line, three 30-increment composite sam-
ples were collected, one for each third of the range going left to right. This same
sampling pattern was repeated in a zone 170-200 m downrange behind a second
pair of targets. One duplicate composite sample was collected on this impact
range, behind the left 160-m target.

Blow-in-Place Location of 500-lb Bomb

Surface samples and a single water sample were collected on Hersey Impact
Range where an Mk82 500-1b bomb (82 kg tritonal, 80 percent TNT, 20 percent
aluminum) had landed and was blown-in-place. Prior to detonation with the use
of three blocks of C4, surface soil samples were collected around the bomb using
a stainless steel coring tool in a circle approximately 5 m in diameter. Cores were
split into two sections (0—3 cm top, 3—6 cm bottom). Ten-increment composites
were collected around the UXO before and after the detonation. The detonation
formed a crater approximately 2.5 m deep and 8 m in diameter. The soil from the
crater covered most of the surface that had been sampled prior to detonation.
Triplicate composite surface (0-2 cm) soil samples comprising more than 63
increments were collected within the crater by systematically taking increments
at 1-m’ intervals. Likewise, triplicate, randomly located 55-increment composite
samples were collected while systemically moving around the crater covering an
area 0—10 m from the rim. Between 10 and 20 m from the rim, duplicate 25-
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increment composite samples were collected using this same strategy; however,
the coring tool was used to obtain the top 2 cm of the crater.

Burning Pads

A recent decision was made at the Gagetown training area to bring excess
artillery propellant to two centralized locations for burning, as opposed to burn-
ing in the field wherever the artillery guns happened to be firing. Therefore, two
concrete burn pads approximately 2 m x 2 m X 20 cm thick were installed at each
burn location in order to prevent the residues from contaminating the soil. The
surroundings of the eight burning pads were sampled to verify the localized
impact of this activity in both 2002 (only two locations, four samples) and in
2003 (four locations, eight samples). At all locations, despite the presence of the
concrete pad, large amounts of propellant had obviously been burned on the
adjacent ground. The soil in rain run-off channels and in burn marks immediately
beside the pads was sampled. The samples were composites of at least 25 incre-
ments. In general, the sampling area was between 0 and 1 m outside of the con-
crete pad limit.

Vimy Small Arms Range

In 2002 three small arms ranges were sampled to verify their potential con-
tamination by heavy metals. In 2003 the Vimy Small Arms Range was resampled
to verify the evolution of the contamination with time, to include the firing lines
in the sampling study, and to run leachate tests (TCLP) on the soil samples to
verify the bioavailability of the metal analytes. Eleven composite soil samples
were collected in front of three groups of targets. Composite samples (25 discrete
each) were collected at 100-, 200-, and 300-m firing lines.

Results and Discussion
Summary of 2002 Results (Phase Il)

General conclusions from the Phase II study are that the Anti-Armour Range
and Wellington Antitank Rocket Range are impacted by various heavy metals
and explosive residues, both at levels of concern. The most contaminated areas
were found near targets and to the front and rear of firing positions. Artillery
ranges were mainly impacted by Cd, Cr, Zn, and Pb but in localized target areas.
Metals were also detected in high concentrations at target areas or in craters in
artillery impact areas. The contaminants of concern in the artillery ranges are Cd,
Cu, and Zn. Argus Range presented the highest concentrations of metals, fol-
lowed by Lawfield, Hersey, and Greenfield Impact Areas. Explosive residues
were detected at lower concentrations on artillery ranges than on the Anti-
Armour Range and Wellington Antitank Rocket Range. Grenade ranges also
presented mixed contamination by both metals and energetic materials, with the
oldest range being the most highly impacted area. The burning area had high con-
centrations of Pb, Sr, and 2,4-DNT. Finally, small arms ranges (SAR) were
heavily impacted by Pb and other heavy metals. In general, trends that were
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identified for soil accumulation were correlated with vegetation results for the
2002 study. Results of the 2002 study led to the following objectives for 2003: to
further develop our understanding of the spatial distribution of metals and explo-
sives on five live-fire ranges, to assess vertical migration of metals and explo-
sives, and to verify the presence or absence of explosives residues in background
samples.

Energetic materials

Background Samples. Two of the background samples showed NG con-
centrations of about 3.6 mg/kg. The previous investigation found TNT to be pre-
sent in all of the background samples (Thiboutot et al. 2003b). The explanation
provided for the presence of TNT in the background samples collected during the
initial investigation was that they had become contaminated during shipping,
handling, or sample processing (Thiboutot et al. 2003b). Handling samples with
high concentrations of TNT in the same general area as those from background
locations requires special precautions. This potential problem and the lack of
TNT in the second set of background samples collected at the same locations
support the cross-contamination theory. The highest concentrations of NG estab-
lished by both investigations were for samples collected at the same background
location. This sampling location was on the edge of the woods adjacent to the
firing point on the WAT at a distance of approximately 75 m. This energetic
residue was distributed at this location as a result of firing rockets that have either
double- or tripled-based propellants.

Wellington Antitank Rocket Range. To characterize energetic residues in
the impact zone, different sampling strategies were used for each of the investi-
gations. During this investigation the area that appeared to have received the
most live fire was treated as a single sampling location. This strategy included
the non-vegetated areas around tanks 1 through 4, including the road and the
strafed areas in front of and behind the tanks. During the initial investigation of
this range, we collected composite samples within 1 and 2 m around each of the
five tanks positioned along the access road. In both investigations, sampling was
performed from the top 2 cm with stainless steel scoops. Consistent with the
findings of the Phase II study, HMX concentrations were higher than any of the
other energetic residues on this impact range. Moreover, both investigations
established the same order of energetic residue concentrations: HMX > NG >
TNT > RDX > 2-ADNT and 4-ADNT. As found previously at this site and on
other antitank ranges, concentrations of TNT were generally two orders of mag-
nitude lower than HMX (Jenkins et al. 1997, 1999, Thiboutot et al. 1998, Arel
et al. 2002). The much lower concentrations of TNT than what would be
anticipated based on the composition of Octol were attributed to fate and
transport properties of TNT being different from properties of HMX (Jenkins et
al. 1997b). NG was also present, showing a median concentration of 26 mg/kg
(mean and standard deviation: 34+21 mg/kg) for the eight replicates of the
samples around tanks 1 through 4. NG is present in the propellant for the M72
LAW rockets and the 84-mm rounds. NG that is not consumed during flight is
dispersed upon detonation.
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Both investigations obtained a profile sample in front of tank 2. The profile
sample collected during the initial investigation went to a depth of only 10 cm
and was collected about 1 m from the tank. In 2002 at this location the concen-
trations of HMX, TNT, and NG were greater at the 5- to 10-cm depth than in the
top 2 cm, and the report recommended that a deeper profile sample be collected
to further investigate this trend. The profile concentrations of HMX, TNT, and
NG all showed a decreasing trend with depth. For HMX, more than a three-
order-of-magnitude decrease in concentration was observed from the surface to a
depth of 28 cm. HMX was not detected in the deepest interval sample
(28-31 cm). TNT (and its breakdown products, 2-ADNT and 4-ADNT) and NG
were detected to depths of 19 and 14 cm, respectively. HMX is the least soluble
and the most recalcitrant of these three energetic compounds to degradation
(Thiboutot et al. 1998a, Miyares and Jenkins 2000). Therefore, at this location
the resistance to biological degradation seems to play a more important role than
solubility with regard to fate and transport.

The sediment and water samples taken from the pools of water in front of
these four tanks contained detectable levels of HMX and NG; however, TNT was
consistently detected in the sediment samples only. The concentration of HMX in
the sediments ranged from 9.0 to 640 mg/kg and in the water from 0.016 to
0.57 mg/L. Likewise, the NG concentrations in the sediments ranged from 8.0 to
110 mg/kg and in the water from 0.002 to 1.8 mg/L. These shallow pools of
water contained several deeper pockets of water. Poor circulation between these
pockets may account for the wide range of aqueous HMX and NG
concentrations.

At the firing point on this range, samples were collected in front of and
behind the firing line. Both investigations determined that the samples collected
behind the firing line generally had the highest NG concentrations. During the
initial investigation a single composite sample with an NG concentration of
11,000 mg/kg was collected between 0 and 2 m behind the firing line (Thiboutot
et al. 2003b). For this investigation several samples were collected in this same
general area. Three separate composite samples collected immediately behind
each of the concrete firing pads had NG concentrations that ranged from 28 to
610 mg/kg. Duplicate composite samples taken from 1 to 2 m behind the firing
line contained 4,200 and 6,600 mg/kg. Taking into consideration the different
areas sampled, the findings are consistent between the two investigations. Over-
all, the NG decreased with distance behind the firing line, ranging from concen-
trations in the thousands of mg/kg near the firing line to tens of mg/kg at 50 m.
This trend is consistent with other studies of firing points at antitank ranges
(Pennington et al. 2002, Hewitt et al. 2004). Both investigations established the
same concentrations of NG in front of the firing line. In addition, similar to
behind the firing line, the concentrations decreased with distance. For example,
surface samples collected along linear transects of 10, 20, and 50 m showed NG
concentrations of 420, 65, and 14 mg/kg for the samples collected in 2002 and
were 290 (mean of replicates), 77, and 20 mg/kg in the 2003 samples. The
agreement between these two sets of sample results suggests that NG has not
increased on the surface over the past year.

Profile samples were collected 10 m in front of and behind the middle of the
firing line. In both cases NG was detected in the samples collected at the deepest
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interval (63 cm). In front of the firing line, NG was still present at a depth of

57 cm below the surface; behind the firing line it was present at a depth of 63 cm.
In both locations a mean concentration of 15+5 mg/kg was established for the
surface profile discrete samples. Based on the average surface concentration in
both of these areas, the NG concentrations had decreased by approximately four
orders of magnitude from the surface to the deepest profile sample. Even though
this is a large decrease in concentration, the presence of NG at these depths sug-
gests that migration is rapid and/or that microbiological activity is limited. Labo-
ratory studies have reported the half-live of NG to be less than a day (Jenkins

et al. 2003).

New Castle Hand Grenade Range. This is a new range that has been in use
for almost two years. Range control stated that 2459 M67 hand grenades were
detonated on this range since its opening, meaning approximately 1200 grenades
were fired per year. The M67 hand grenade contains 183 g of Composition B
(60 percent RDX and 40 percent TNT). We can then extrapolate that 270 kg of
RDX and 180 kg of TNT were detonated in the past two years. There were a few
trace-level concentrations of TNT (<0.005 mg/kg) detected in the samples col-
lected during this investigation, and a single trace-level (0.010 mg/kg) detection
of RDX in the samples collected during the previous investigation. This confirms
that when hand grenades are fired under a high-order detonation process, very
little contamination occurs. Much higher concentrations of these two energetic
residues would be present if even a single hand grenade had undergone a low-
order, or partial, detonation during a training exercise or blow-in-place operation
(Jenkins et al. 2001, Hewitt and Walsh 2003).

40-mm New Castle Rifle Grenade Range. Composite samples were col-
lected in rectangular areas (approximately 30 x 25 m) near two sets of targets that
were positioned at two distances from the firing point. Near the first set of three
targets, between 100 and 130 m from the firing point, RDX, NG, and 2,4-DNT
were detected at low concentrations (<0.2 mg/kg). The previous investigation
also established the presence of NG and 2,4-DNT at or below 0.2 mg/kg in this
general area. Since this range is next to the New Castle Hand Grenade range and
was constructed at the same time, the presence of NG and 2,4-DNT was attrib-
uted to a pre-existing range condition (Thiboutot et al. 2003b)since this area
could have been used for both grenade and artillery firing. Farther downrange at
a distance between 170 and 200 m from the firing point, HMX, RDX, and NG
were detected. Near the target on the left side of the range at this distance, the
concentration of RDX was 0.5 mg/kg. The detection of RDX on this range is
consistent with the main charge in 40-mm rifle grenades, which is Composition
B. Moreover, since RDX had not been detected previously, this energetic residue
may have just started to build up on the surface over the past year.

Blow-in-place of two 84-mm antitank rounds. Prior to the demolition
operation, the surface samples from within the ordnance disposal bunker showed
that HMX, NG, TNT, and two of its breakdown products, 2-ADNT and 4-
ADNT, were present. In these pre-demolition samples the HMX concentrations
did not exceed 0.6 mg/kg, TNT was less than 0.08 mg/kg, and NG did not exceed
20 mg/kg. The blow-in-place of the two 84-mm rounds formed two small black-
ened craters (70 cm in diameter, 20 cm deep). HMX, TNT, and NG were detected
in every post-detonation sample. In addition, RDX was present in the crater

Chapter 4  Environmental Conditions of Surface Soils, CFB Gagetown Training Area



samples and in one of the duplicates collected within the 1-m-diameter circle.
Overall, HMX ranged from 30 to 120 mg/kg (median: 82 mg/kg), TNT ranged
from 1.8 to 34 mg/kg (median: 6.1 mg/kg), and NG ranged from 9.7 to

110 mg/kg (median: 38 mg/kg) in the post-detonation samples. The two-orders-
of -magnitude increase in the concentrations of HMX and TNT can be attributed
to the Octol in the rounds. Since similar levels of energetic residues were found
in both craters, both rounds probably contributed to the build-up of energetic
residues. The much smaller increases seen for NG indicate that this energetic
compound was efficiently consumed. Residues of RDX can be attributed to the
blocks of C4 used for this demolition operation.

Blow-in-place of 500-1b bomb. The samples that were collected prior to the
detonation of the 500-1b bomb showed the presence of trace quantities
(<0.05 mg/kg) of RDX, TNT, and TNB. Previously collected samples in a
different part of this range showed the presence of trace quantities of RDX and
2,4-DNT (Thiboutot et al. 2003b). Following the blow-in-place of this bomb with
three blocks of C4, NG was detected in every surface sample and trace quantities
of RDX and TNT were sporadically detected. These findings show that the ener-
getic compounds in the main charge in the bomb and the demolition blocks of C4
were efficiently consumed in the detonation. NG, which ranged from 0.014 to
3.4 mg/kg in the post-blast samples, presumably came from the fuze or booster of
this bomb.

Burning Pads. In 2002, two burning locations were sampled and showed
residues of 2,4-DNT in all samples in concentrations up to 32 mg/kg. Other tar-
get analytes, 2,6-DNT, TNT, RDX, and tetryl, were also detected. No NG was
detected, indicating that only single-based propellant was burned in the two
locations. The sampling conducted in 2003 encompassed four burning locations.
For Locations 1 and 2, we can see a clear trend for 2,4-DNT, which goes from 17
to 491 mg/kg around Pad 1A and from 32 to 57.7 mg/kg around Pad 1B. Loca-
tion 2B presented lower concentrations in 2003 for 2,4-DNT. In general Location
3 presented low levels of contamination, while Location 4B presented 60 mg/kg
of 2,4 DNT and small concentrations of NG; therefore, double- or triple-based
propellant might have been burned on this specific location. The highest concen-
tration detected was at Pad 1A with 491 mg/kg, then Pad 4B at 60.4 and Pad 1B
at 57.7 mg/kg of 2,4-DNT.

Metals

The concentration and distribution of heavy metals were not clearly deline-
ated in the 2002 study. We wanted to learn more about metals mobility and fate
in the environment and about their evolution in concentrations with time, one
year later. To learn more about metals mobility and leachability, depth profiles
were collected at two locations in the antitank range, and leaching tests (EPA
1996) were conducted (EPA 1311) on heavily contaminated samples.

Background Samples. Metals were analyzed in all background samples
collected in 2003 in order to obtain a higher number of representative back-
ground sample and extrapolate a better mean background value (MBG) than
achieved in 2002. Mean background values were calculated by adding the
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average value obtained for all samples to twice the standard deviation attached to
the mean value. We are aware that this method is not a valid approach from a
purely statistical point of view. However, it is a simple means to measure trends
in the firing range and highlight the analytes that will have to be monitored in the
long term in the live-fire area where metals are accumulating. Results were also
compared to the Industrial Soil Quality Guideline (ISQG) published by the
Canadian Council of Ministry of the Environment (CCME), criteria selected for
comparison as more applicable to the context of training areas (www.ccme.ca).

Wellington Antitank Range Samples. In Phase II, Cu, Ni, and Zn exceeded
the ISQG in all samples in the target area. The following analytes exceeded the
MBG: Ag, Ba, Bi, Ca, Cd, Cr, Mo, Pb, Sb, Sr, and W. In the FP, no analytes
exceeded the ISQG, while only a few exceeded the mean background value, usu-
ally behind the FP (Cd, Cu, Mo, Ni, Pb, Sn, and Sr). In 2003, 107 samples were
collected in the antitank range. In the target area, many soil replicates were col-
lected to assess the variation between field replicates using multi-increment com-
posites in the large sampling area. By com