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Inan X0) is mili itions that have been prepared
for action, fired, dropped, or buried, and remains undetonated, posing a hazard to
operations, personnel, or material. The 1997 UXO Clearance Report to Congress
estimates that millions of acres throughout the United States, including 1900
Formerly Used Defense Sites (FUDS) and 130 Base Realignment and Closure
(BRAC) installations, potentially contain UXO. Implementation of the “Range
Rule,” which will identify the process for evaluating appropriate response actions
on Closed, Transferred, and Transferring Military Ranges, will potentially add

millions of additional acres to the UXO cleanup liability for the Army.

A relatively large body of information exists on explosives concentrations at
sites impacted by manufacturing operations (Waish et ai. 1993), but iittie
L
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lar to those associated with explosives contamination
from other sources (Brannon and Myers 1997; Townsend and Myers 1996,
McGrath 1995). The primary difference in fate and transport of UXO explosives
compared to contamination associated with loading, assembling, or packing
facilities is the integrity of the delivery system, the transport of explosives from
the munition, and the environment (aquatic, terrestrial, wetland, etc.) in which
the delivery system comes to rest.

The objective of this report is to present a conceptual model developed for the
fate and transport of UXO explosives, identify the most important processes
affecting fate and transport of explosives from UXO, and summarize process
descriptor formuiations applicable to UXO. Research resuits on adsorption of

HMX and photodegradation of TNT in aquatic systems are integrated into this
report.

Introduction
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Conceptual models were developed for different environments where UXO
could come to rest after firing. These environments included surface soil, the
deep unsaturated (vadose) zone, the saturated zone, surficial sediment, deep
sediment, and surface water. Common to all of the models presented is the
dissolution process, which, in conjunction with the surface area of exposed
explosive and the moisture regime to which the UXO is subjected, governs the
movement of explosives from the UXO and into the surrounding environment.
The most important process descriptors relevant to the fate and transport of
explosive compounds from UXO are those that describe the movement of
explosives from the munition to the environment. Explosives contained within
UXO are usualily in solid form which remains relatively immobiie untii
dissolution occurs.

MTha ~neencinm and mintiea salanoa smanhamigmo Acnembinad grath tha vrasiano
L11IC U 1UDI1IVILLI allu 1 Plulc IC1I0AdU 11iCL11allidll LU111ULIICU 1l UIC vaiivud
tunac nf TTYN) that mav ha ancointarad in the fiald naca nnicanma davalanmant
t] WO UL U A ulal lll“] UV VIIVUULILVA VUL 1L UV Lavia HUD\/ u‘.u\iu\/ u\/v\/luylll\llll
considerations for the desion of a model to simulate the fate and transnort of
ons Ior the gesign of a mogae: (o simuiate e 1ate and transport of
UXO within the environment. The Framework for Risk Analysis and
Management of Environmental Systems (FRAMES) (Gene Whelan, personal

communication)' modeling environment/interface developed by Pacific
Northwest National Laboratory operated by Battelle for the Department of Energy
will be used as the framework to build the screening level models based on the
conceptual models presented here. FRAMES is a modeling environment that
allows visualization of the conceptual model and selection of appropriate models
to achieve the desired predictive capability. FRAMES allows various modules to
be linked together in an object oriented manner. FRAMES contains modules for
risk assessment which allow for a complete site assessment and risk exposure

analysis.

Many of the processes affecting the fate and transport of explosives in the
environment after the explosives are in soil or sediment have previously been

1 /M 1 1 XX 11 1NN R A Y . 1TANnE M 1 1am

reported (Pheian and Webb 1997; McGrath 1995; Townsend and Myers 1996,
R, | 2

) » PR B N SR e Y o Ter AY Lg I U [N R R R R, S S,
Drannon and vyers 1¥y/). 1Nne acveiopment Ol process aescriptors to

! Personal communication, 23 May 1998, Gene Whelan, Pacific Northwest National Laboratory,
Richland, WA.
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characterize the movement of explosives from UXO into the environment are
under development and are discussed in more detail in Chapter 4.

Conceptual models for the various environments where UXO can become
lodged are very similar in the processes that will affect the fate and transport of
UXO explosives. For some conceptual models, a greater number of processes are
operative than for others. However, the source term differs in each of the soil and
aquatic environments and is discussed as a function of munition type, integrity,
composition, and environment. Chapter 3 includes a more detailed discussion of
the soil and aquatic environments.

Fate and Transport Processes

The fate and transport processes that act upon UXO depend upon the
environment in which the UXO exists and the manner in which it has breached
its delivery containment system. The fate and transport processes believed most
applicable to explosives from UXO are shown in Figure 1. This figure groups the
fate and transport processes by the environment in which the UXO may come to
rest.

The processes referred to in Figure 1 are defined by McGrath (1995). The
mathematical formulations for these processes can be found in McGrath (1995)
and Deliman and Gerald (in publication). The following are short descriptions of
the processes referred to in Figure 1.

Advection The passive movement of a solute with flowing water.

Dispersion The general term applied to the observed spreading of
a solute plume and generally attributed to
hydrodynamic dispersion and molecular diffusion.

Adsorption/desorption The dynamic process by which dissolved, chemical
species accumulate (adsorption) at an interface or are
released from the interface (desorption) into solution.

Diffusion The net migration of solute molecules from regions of
higher concentration to regions of lower
concentration.

Biotic transformation =~ The modification of a chemical substance in the
environment by a biological mechanism.

Oxidation/Reduction Reactions in which electron(s) are transferred between
reactants. The reactant losing an electron(s) is
oxidized, while the reactant gaining an electron(s) is
reduced.

Covalent binding The formation of chemical bonds with specific
functional groups in soil organic solids.

Chapter 2 Conceptual Models
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Photolysis The chemical aiteration of a compound due to the
direct or indirect effects of light energy.

Infiltration The process by which water enters the soil at the
ground surface and moves into deeper horizons.
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‘onceptual models are presented for the fate and transport of explosives from

0one, ana ne saturatea zone. The

Explosives from corroded, leaking, or ruptured UXO munitions in surface soil
will be affected by the processes indicated in the conceptual model (Figure 3).
The primary source of explosives is the UXO itself, which may have been acted
upon by some primary release mechanism (corrosion, leaking, or rupture of the
containment system). Once the UXO containment system has been breached,
then dissolution of the explosive occurs. In the case of rupture of certain UXO
types, the explosive may exist as free product in the soil due to spillage or may be
partially contained within the delivery system. After dissolution of the explosive
has begun, fate and transport processes interact with the dissolved contaminant.
These fate and transport processes include advection, dispersion,
adsorption/desorption, diffusion, biotic transformation, oxidation/reduction,
covalent binding, polymerization, photolysis, infiitration, evapotranspiration, and
plant root uptake.

Chapter 2 Conceptual Models



The conceptual model for fate and transport of explosives from UXO in the
deep unsaturated and saturated zones are similar to the model for the surface soil
(Figure 3). Fate and transport processes are fewer for the deep unsaturated soil
zone than for the surface soil (Figure 1), with photolysis and evapotranspiration
processes inactive in the deeper soil zone. The conceptual model for the
saturated soil zone is similar to the deep unsaturated zone model with the
exception that plant root uptake is assumed to be nonexistent (Figure 1).

The conceptual models for the various soil zones, from the surface soils to the
saturated zone, are very similar. The biggest difference among the conceptual
models is that the processes affecting fate and transport of explosives decrease as
the UXO comes to reside deeper in the soil zones. UXO at a site p

~F tll..-. i1 2mena cismrilénes amaao Te; AnmnmAdies 1100 s "o d
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aetle ~F
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UXO within the surficial sediment environment may be released through
corrosion (e.g., pinholes), rupture (e.g., cracks in the delivery system), or leaking
through screw threads linking the fuse assembly to the main charge (Darrach,
Chutfian, and Plett 1998). If the delivery system containment has been ruptured,
then explosive compounds may be spilled over the area (free product in the
sediment), and/or explosives may reside partially contained within the delivery
system. This release scenario primarily depends on the type of UXO. Once the
explosive has been released, dissolution occurs and the explosive is readily
available to be acted upon by the fate and transport processes of advection,
dispersion, adsorption/desorption, diffusion, biotic transformation, and

Jh RS S = Y2 ______ 1)\
oxigauon/reaucuon (rigure 1).

2
=
17
(=2
[
«
»n
&

W

. -
Tv-

Chapter 2 Conceptual Models



lPQ](‘f\ﬂ ; ; "IP {‘l\l‘\l‘pf\hlﬁl mndp] nr cr\“
l\/ul\llls NS LN Ll “.lluvltl L2 AAdA Y A0 K11 uiaw \l\lll\/\/rllu“l ALIVAWL AV DOULL
shown in Figure 3. The primary release mechanisms for the explosives in the
UXOQO are from corrosion, ruptures, and leaking. Depending unon the tyvpe of

) of b4 (=4 r o Y J
UXO and its design, explosives may have been released directly to the surface

water upon impact and/or may reside partially contained within the remains of the
delivery system. Once the explosive compounds have breached the delivery
system, the process of dissolution allows the explosives to be acted upon by the
fate and transport processes of advection, dispersion, adsorption/desorption,
diffusion, biotic transformation, photolysis, sedimentation, oxidation/reduction,
and evapotranspiration (Figure 1).

Chapter 2 Conceptual Models
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Accurate estimation of the source term is one of the most difficult problems to
overcome in describing the fate and transport of explosives from UXO. The
movement of explosives from UXO and the subseauent transport and fate of the
explosives depends to a great extent upon the type and physical integrity of the
munitions following impact on the firing range. The environment in which the
UXO comes to rest will also strongly affect the fate and transport of explosives
because of the pronounced impact that such conditions have on explosives (Price,
Brannon, and Hayes 1997; Price, Brannon, and Yost 1998). Much more data on
explosives are available for soils than for sediments. Even in the absence of
UXO, explosives exhibit large short-range spatial heterogeneity in surface soils
(Jenkins et al. 1997). Over a distance of 61 cm, the concentration of TNT varied
by over 26 orders of magnitude (Jenkins et al. 1997). The presence of UXO and
the various means oy which exp10s1ves from UXO are added to the environment

an be expectied to add to the heterogeneity.

—

UXO can exist on firing ranges in a number of physical states that greatly
affect the fate and transport of explosives contained in the UXO. Intact delivery
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encased in the remains of the delivery system. This results in a comple
term that is not amenable to simple evaluation. Rather than the soil and water
concentration being the source as in manufacturing and Dackmq operations, the
source term is a function of the flux of explosives from the exposed surface area
of free product in addition to the mobilization of soil explosives. The explosives
mass flux is, in turn, affected by the exposure to moisture and the dissolution rate

of the exposed explosive.
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Corrosion is a complex process whose rate varies as a function of the presence
and activities of microorganisms (McNeil and Odom 1992), which is in turn
influenced by environmental conditions. Transport of explosives from corroded
UXO is a more complex process than flux of explosive from the main charge
through pinhole perforations in the munitions casing. Corrosion of steel casings
will produce a complex local environment comprising intact steel and iron
oxidation and reduction products through which the explosives must pass to exit
the munition and enter the environment. Recent studies have shown that zero
valent iron (McGrath, personal communication, ' Singh, Comfort, and Shea 1998)

explosives fate and transport will be investigated to determine the rate and extent
of these processes on the explosives source term.

The physical integrity of UXO in the aquatic environment affects sediment
explosives concentrations. Sampling and analysis of sediment obtained around
UXO at Halifax Harbor, Canada, were conducted 50 years after a series of

level signatures of TNT and 2,4-dinitrotoluene (2,4-DNT), the only two
explosives compounds tested, whiie UXO that had been cracked open during the
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nd Hayes 1997).

explosives from UXO in such a scenario should be controlled primarily by

diffusion.

=

Central to either screening level or more comprehensive modeling of the fate
and transport of explosives from UXO are methods for gauging the integrity of
UXO at various types of firing ranges. This information is imperative for
estimating the amount of mobile explosives from UXO that exists at a site. To
provide tools for evaluating the integrity of UXO for the source term, field
information on the integrity of UXO from antitank rockets, mortars, and artillery

! Personal Communication, 11 September 1998, Chris McGrath, Research Physical Scientist.
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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are being gathered in this study. This information will be used to develop
statistical indices for estimating the surface area of exposed explosives and the
soil concentration in the vicinity of a point target, which are common for both
direct and indirect fire missions. This information, in conjunction with the
rainfall regime, dissolution rate of explosives, soil concentrations, and explosives
distribution will be used in the source term codes to give planning level estimates
of explosives fate and transport from UXO.

Munitions Type

The types of munitions used at a firing range affect the fate and transport of
explosives. For example, unexploded antitank rockets at firing ranges were in
many cases sheared open through contact with the target. This resulted in
spreading of explosives over the soil surface and a residue of explosives in the
remaining rocket casing (Jenkins et al. 1997; 1998). The source of explosives
from antitank rocket sites are, therefore, primarily on the soil surface, comprising
free product in the rocket casings and explosives in the soil. Measured soil HMX
concentrations at an antitank rocket range were highest near the target and

2 1 1N T AnoN

decreased as distance from the target increased (Jenkins et ai. 1997; 1998),

At the antitank site, the concentration ratio of HMX:TNT in the soil differed
by orders of magnitude from the 70 percent HMX:30 percent TNT in the octol
formulation contained in the antitank rocket. Concentrations of TNT in the soil
were very low, probably due to photodegradation of the parent compound and/or
transformation or immobilization. TNT transformation products were found in
the soil at levels consistent with concentrations expected from the TNT in the
octol explosive (Jenkins et al. 1997; 1998). This indicates that the composition
of the explosive can change from that contained in the munition before significant
transport from the source can occur and wiil greatly affect the formulation of the

2 Vatd ST~

source term. Changes are much more probable for TNT than for HMX or RDX.
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) r indirect fire sunno;
..... or indirect fire support
instead of di ; hich affects the angle at which the

munitions strike the target or the soil, greatly affecting their soil penetration.

Unexploded mortar and artillery munitions should have more of the explosives

Chapter 3 Source Term
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10

below the soil surface, which precludes photodegradation that affects TNT from
antitank rockets.

Environmental Conditions

Army firing ranges are most often located in upland or partially flooded areas.
This results in various redox and moisture conditions and different availability of
the explosive to the surrounding environment. These phenomena are site specific
and will be addressed in the section on process descriptor formulations.

Chapter 3 Source Term
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solubilization (Jenkins et al. 1997). Such limitations have led to the continued
presence of free product in soil surface layers decades after contamination
occurred. Preliminary studies in completely stirred aqueous systems examining
the rate of dissolution of TNT, RDX, and HMX show pronounced differences in

water soluble concentrations over time (Jenkins and Miyares, personal
communication).! Explosives mass change in water was normalized to a first
approximation of surface area to obtain flux rates. Surface area was
approximated by assuming that the mass of explosive added to the completely
stirred systems, 5.81 mg HMX, 5.72 mg RDX, and 5.45 mg TNT, existed as a
single cubic crystal of the explosive. The flux of TNT from the solid phase to the
liquid phase was much more rapid than that observed for HMX and RDX. Flux

rates obtained by linear regression were 4,164 pg cm2hr! for TNT, 454 pg cm™?
hr! for HMX, and 360 ug cm? hr! for RDX (Table 1). Dissolution flux aiso
aepenas upon the contact time with water, which can vary with different

environments ranging from rainfall events in upland soiis to constant con
€Xposea to uOv‘vii‘lg

Adsorption of explosives by soils and sediments can slow the transport of
explosives contaminants from UXO. This is especiaily important for RDX and

rra s

HMX compounds that do not under, g0 sequestrauon to any great extent in soiis

Personai Communication, 3 December 1997, Th Jenkins and Paul Miyares, Research
Chamicte TT Armv FEnoinaar (Cald Racinne Racaarch £ Fnoinaerina I aharatary Hanavar NH
Chemists, U.S. Army Engineer Cold Regions Research & Engineering Laboratory, Hanover, NH.
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(Price, Brannon, and Yost 1998). Sequestration of TNT and its transformation
products will be most pronounced in soils and sediment high in organic carbon
(Price, Brannon, and Hayes 1997; Pennington et al. 1995 ).

TNT

TNT distribution coefficients ranging from 0.04 to 11 L/kg have been
observed in soils with widely different characteristics (Table 2). Pennington and
Patrick (1990) showed good correlation between TNT K, values and soil Fe,

170 vla Y n 1 a2

cation exchange capacity (CEC), and percent clay content. Evaluation of an
v A A L €T LT A b T el s TATT Y oo e T T e ]
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This relationship will overestimate the TNT K, observed in aquifer soils such
as those from Louisiana Army Ammunition Plant (LAAP) (Table 2). The
y intercept of 1.26 is much higher than the K for the LAAP aquifer soils
(Table 2). Attempts to separate the data into high and low organic carbon
regimes did not improve the regression coefficient (r?) or the predictive equation.
Equation 1 should be most useful in surface soils where TNT K ; values are
generally higher than 1.26 L/kg (Pennington and Patrick 1990). Estimating K ,
for aquifer materials with low CEC and TOC is more problematic and may
invoive assumption of a very iow value (<1 L/kg) for initiai evaiuations.

line. RDX K, can be estimated for both surface and aquifer soils using the
following equation:

RDX K, = 0.056 CEC + 0.15 @

HMX

HMX distribution coefficients determined in this study (Appendix A) and
other studies ranged from 0.089 to 17.7 L/kg for a wide range of soil

characteristics (Tabie 4). None of the soii characteristics were good predictors of

Chapter 4 Process Descriptor Formulations



HMX K, either singly or in combination. In the absence of tools for estimating
HMX K, from soil properties, the LAAP K, can be used to approximate K, for

aquifer soils. For surface soil, an average value for initial approximations is
5.76 L/kg.

Disappearance Coefficients

Processes that remove explosives contaminants from solution can be
approximated with first-order kinetics which take the form

dcldt = —kc 3)
where
¢ = chemical concentration of the reacting substance milograms/liter

k = first order reaction constant, hr

i= €, nr
irot_nrdar Finatinc radinca tn tha amatinn
A HOLTULULVE DIIIVUIVD 1VUULVL LU UiV \Aiuauuu
In (~ I~ = L+ (4)
i \Lyly ne
where

¢, = concentration of the reacting substance at time 0

Once a value of k is obtained, the half-life period of the reacting substance, t,,,
can be calculated using the equation.

t, = 0.693/k &)

2

Equation 4 has generaily provided a good fit to the experimentai data (Brannon

n preparation) and can be used to describe the
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TNT

First-order rate coefficients derived from batch tests for the disappearance of
TNT and TNT transformation products from aerobic and anaerobic surface soil
are presented by Brannon and Myers (1997). First-order disappearance rate
coefficents for TNT in LAAP aquifer soils, which ranged from 0.0006 to
0.0014 hr'! (Pennington et al. in preparation), are substantially lower than the
value of 0.062 hr' measured in an anaerobic surface soil (Brannon and Myers

[=]1n)'4
nNuAa

FRirct_nrder rate cnafficiante far the dicannearance nf RN raom cnrface enil
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which were derived from batch tests under a wide variety of redox potential and
pH conditions, have shown that disappearance of RDX is greatest under highly
reducing conditions (Table 6). Under most pH conditions at oxidized (+500 mV)

t

for RDX could not be differentiated from zero. This indicates that under all but
the most highly reducing conditions, RDX will be relatively stable in soils or
sediments. Disappearance rates of RDX in LAAP aquifer soils were lower than
disappearance rates in surface soils under aerobic and mildly reducing conditions
(Table 6).

—
7
3 S
R E
=
)
- QN
L
[
=
[¢]
EI“
]
a4 w»

[enf =)
8
&
£
<
[ 7]
-+
(4]
=
<
=
[«
=
&
£
e
B
(@]
Q
=
E

-
Q

@
-
[ey)
=
]

o
e

=
&

3
[N

3

3

§

3
(=W
8
&
]

%]
e

D

n

i~
@
=

Y

subject to rapid biotic and abiotic transformations under a wide range of
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environmental conditions (Price, Brannon, and Hayes 1997; Brannon, Price, and
Hayes 1998). Research (Appendix A) has shown that TNT disappearance and
transformation in water/soil exposures (water overlying settled soil and
suspended soil) were affected by the type of soil exposure but were not
appreciably affected by dark and light exposures. These results indicate that
processes such as adsorption, sequestration, and biotic and abiotic transformation
of TNT rather than photodegradation are the dominant processes in aquatic
conditions and will be the major factors affecting disappearance rate and
transformation.

Chapter 4 Process Descriptor Formulations
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wironments. The state of development for explosives release
mechanisms and process descriptor formulations for fate and transport of
explosives from UXO were investigated, and important data gaps were identified.
The most extensive data gaps are associated with the source term, which
encompasses the movement of explosives from UXO into the environment. The
source term is strongly affected by UXO integrity, munition type, and the
environment in which the munition resides. For a cracked or corroded munition,
dissolution rate of the explosive in the munition is one of the more important
parameters affecting the fate and transport of the explosive into the environment.
Recent research has shown that zero-valent iron greatly reduces explosives
concentrations in water, a process that should be active when explosives exit

11 YT £ e T 1 TITNYS 1 -1

d enter the environment. Adsorption of TNT and RDX by soils
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the disappearance of TNT.
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Figure 1. UXO fate and transport processes active in the applicable environments



Surface Soil, Deep Unsaturated
Zone , and Saturated Zone

.|H__|__

100 cm
Surface Soil

L, Water Table Decp Unsaturated Zone 4

T~

( ]

1

Figure 2. Diagram of the various soil zones



U I
d ~~—4—1 >~_
"I n’DlssoluV
| Aree Produch | V
I—( within Delivery

\System /

L
Quirfara QAn1l CAncrantital NMMAdal
wulLldv e VUl \_/U.ll\./\/y tudl i1viuuul
E’ﬁmary l_"riAmary Secondary Fate & Transport
Source Release Source Processes
Mechainism
— > Advection
NN
I \ 7 Dispersion
Corrosion -> iDissol‘Jﬁ@>_'_’ Adsorption/Desorption
g —> Diffusion
—> Biotic Transformation
Leakage )
> Photolysis
Free Product

> Polymerization
> Covalent Binding
> Infiltration

—> Evapotransoiration

N~

—> Plant Root Uptake

Figure 3. Surface soil conceptual model




Deep Sediment Layer

P

Surficia: Seaiment

Layer

Figure 4. Diagram of surficial and deep sediment layers



Table 1
Dissolution Rate of TNT, HMX, and RDX in a Completely Mixed

Aqueous System Derived from Aqueous Concentration Changes
| over Time'

Compound Rate, g cm? hr' r

TNT 4,164 0.986
HMX 702 0.964
RDX 361 0.993

! Jenkins and Miyares, unpublished data.




TTable 2 ]
i! Summary of Literature Data ..e!a.i..i!(éf TNT to Soil Properties !j
Ii Soil K, Vkg CEC', mmolg TOC?, % Clay, % Reference ||
II LAAP® ML 0.04 35 0.015 5 Pennington et al. (in preparation) Il
Il LAAP SP-SM 0.09 3.6 0.015 5 Pennington et al. (in preparation) ||
!I LAAP CL 0.27 8.1 0.162 15 Pennington et al. {(in preparation) E
ii LAAP SM 0.17 55 0.02 7.5 Pennington etal. (in preparation) ii
|| Norbome C 1.24 9.14 023 13 Ainsworth et al. (1993) |
Il Cloudland C 0.81 56 0.05 30 Ainsworth et al. (1993) “
g! Westmoreiand B1 0.58 6.9 0.98 136 Ainsworth et al. (1993) H
|| Ocala C4 43 335 0.08 33 Ainsworth et al. (1993) “
{| Burbank ap 1.04 55 05 4 Ainsworth et al. (1993) |
“ Sand 0.47 1.73 0.36 25 Brannon et al. (1992)
H Siit 2.23 73 0.96 6.3 Brannon et al. (1592) H
Il Kolin Soil 2.66 16.3 0.18 10.6 Xue, Iskandar, and Selim (1995) H
!I Norwood Soil 3.64 41 0.32 3 Xue, Iskandar, and Selim (1995) "
n Comhuskers 41 35.3 0.83 20 Pennington and Patrick (1990) II
Crane 37 31.2 2.8 20.6 Pennington and Patrick (1990) H
Holston A 44 28.8 27 18.1 Pennington and Patrick (1990) ||
Holston B 3.0 35.2 1.2 438 Pennington and Patrick (1990) “
lowa 5.2 47 14 20 Pennington and Patrick (1990) "
Joliet 6.8 102 3.6 23.8 Pennington and Patrick (1990) H
Kansas 57 130.4 26 26.3 Pennington and Patrick (1990) f
Lonestar 2.5 15.5 0.56 10 Pennington and Patrick (1990) II
Longhom 3.7 20.9 0.56 15 Pennington and Patrick (1990) !!
Louisiana 25 16.3 0.37 10.6 Pennington and Patrick (1990) ii
Newport 2.3 13.4 35 56 Pennington and Patrick (1990) i
Radford 3.2 215 141 25 Pennington and Patrick (1990) ll
Savanna 25 13.2 1.3 5 Pennington and Patrick (1990) H
Volunteer 4.05 46.4 1.7 5 Pennington and Patrick (1990)
Clay 1 124.9 24 544 Pennington and Patrick (1990) II
| Silt 2.8 17.2 0.57 17.5 Pennington and Patrick (1990) !I
" ! Catiion Exchiange Capacity. II
“ 2 Total Organic Carbon. ||

3 Louisiana Army Ammunition Plant.

|




ation Exchange Capacity.

|| )

2 Wbl Phemnin Noden
" 10l vryganiv vaivoil.
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Louisiana Army Ammunition Plant.

Soil CEC ', mmol/g Reference

LAAP 3 ML 35 Pennington et al. (In preparation)

LAAP SP-SM 36 Pennington et al. (In preparation)

LAAP CL 8.1 i5 Pennington et al. (in preparation)

LAAP SM 55 7.5 Pennington et al. (In preparation)

Elk-B1 6.92 16.5 Ainsworth et al. (1993)

Cloudland C 5.6 30 Ainsworth et al. (1993)

Cecii AP 4.88 62 Ainsworth et ai. (1993)

Cecil BT 2.92 Ainsworth et al. (1993)

Burbank Ab ) .16 5.5 74 Ainsworth et al. (1993)

Kenoma BC 0.93 314 05 Ainsworth et al. (1993)
if Kenoma Bii 1.21 26 1.43 Ainsworih et ai. {1993)
|| Ocala C4 237 335 0.08 Ainsworth et al. (1993)
Il Watson 2Bxg 1.45 10.3 0.4 Ainsworth et al. (1993)
i Waestmoreland A1 1.65 6.91 2.03 Ainsworth et al. (1993)
ii Sand 0.29 1.73 0.36 Brannon et ai. (1952)
ll Sift 1.20 73 0.96 Brannon et al. (1992)
u Rathbun (Extracted) 8.4 114 0.92 Brannon et al. (1992)
II Kolin Soil 1.59 16.3 0.18 Xue, Iskandar, Selim (1995)
H Norwood Soil 1.57 41 0.32 Xue, Iskandar, Selim (1935) ii
“ Yokena Clay 38.9 24 Brannon, unpublished data “
“ West End 45.7 0.18 Brannon, unpublished data H
!! Yuma 54 0.04 Brannon, unpublished data "
ﬁ D Street 1.8 0.17 0.0 Brannon, unpublished data !!
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|

|! Summary of Literatur X to Soil Properties

Ii Soil K!, Ilkg CEC ', mmol/g Reference

" LAAP * ML 0.086 Pennington et al. (in preparation)

H LAAP SP-SM 0.20 5 Pennington et al. (in preparation)

H LAAP CL 0.37 8. 0.162 i5 Pennington et ai. (in preparation)

ii LAAP SM 0.20 5.5 0.02 75 Pennington et al. (in preparation)

" Browns Lake 7.42 153 0.38 10.0 This study (Appendix A, Table A1)

" Montmorillonite 4.99 13.2 0.19 3 This study (Appendix A, Table A1)

HLYakéﬁa Ciay 2.1 38.9 2.40 48.8 This study {Appendix A, Tabie A1) H

|l st. Mary Parish, LA 7.7 14.2 0.19 This study (Appendix A, Table A1) II
Picatinny B 4.25 9.8 0.6 5 This study (Appendix A, Table A1) II
Socorro S 3.25 34.0 0.08 35 This study (Appendix A, Table A1) II

!}S(‘x‘:ﬁﬁc‘) P 1.7 273 0.12 275 This study {(Appendix A, Tabie A1) H

|| Grange Hall Silt 0.12 16.7 0.29 10 This study (Appendix A, Table A1) ||

“ Yuma 1B 5.02 8.6 0.03 5 This study (Appendix A, Table A1) ||

n China Lake 1.65 3.5 0.02 5 This study (Appendix A, Table A1) ﬁ

|

2 Total Organic Carbon.

II 3 Louisiana Army Ammunition Plant.
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Table 6 |
First-Order Disappearance Rate Coefficients (K™, hr') for RDX and HMX E
Soil Type and Conditions Explosive Compound K, hr' Source ﬁ
Surface soil, oxidizing conditions RDX 0-0.007 Price, Brannon, and Hayes (1997)
Surface soil, mildly reducing conditions RDX 0 -0.008 Price, Brannon, and Hayes (1997)
Surface soil, highly reducing conditions RDX 0.16-0.24 Price, Brannon, and Hayes (1997)
Aquifer soils RDX 0 -0.0003 Pennington et al. (1997)

Surface soil, oxidizing conditions HMX 0 Price, Brannon, and Hayes (1997)
Surface soil, mildly reducing conditions HMX 0 Price, Brannon, and Hayes (1997)
Surface soil, highly reducing conditions HMX 0-0.06 Price, Brannon, and Hayes (1997)
Aquifer soils HMX 0 - 0.0004 Pennington et al. (1997)




Development of equations for prediction of HMX K from soil properties
requires empirical measurements of K, on well characterized soiis. Such
measurements were unavailabie. Therefore, one objective of the study was to
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The fate of cxp]gsives in the aq auatic environment will be affected by sorption

transformation, and photodegrada t on. However, the relative significance of

dhannhaly vt~ e E AR I~

sorption and transformation processes compared to photodegradation is unknown
for the two most common aquatic situations, water and suspended soil, and water

overlying settled soil. This is important for modeling the fate and transport of
explosives in the aquatic environment because more data are available on
sorption and transformation in soil/water systems than is available for

photodegradation. Therefore, the second objective of the study was to determine

if photodegradation or sorption and transformation processes mediated by
suspended and settled soils are the dominant processes for TNT in aquatic
systems.

Materials and Methods
HMX adsorption

Batch adsorption isotherm tests were conducted at 20 °C on 10 soils
possessing a wide range of physicochemical characteristics such as cation
exchange capacity (3.5 to 38.9 meq/100g) and total organic carbon (0.02 to
2.4 percent) (Table Al). To triplicate 250-ml glass centrifuge tubes, 4 gm oven
dry weight of each of the soils and 16 ml of distilled-deionized water were

Appendix A HMX Adsomption and TNT Photodegradation
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loaded. The samples were then spiked with radiolabeled HMX at five different
concentrations (0.1, 0.3, 0.5, 0.8 and 1 ug/g soil dry weight). After spiking, the
tubes were shaken for 24 hr on a reciprocating shaker, centrifuged for 1 hr at
7,400 relative centrifugal force, and sampled by removing 1 ml. The sample was
counted in a Packard TriCarb 2500 Liquid Scintillation Analyzer (Packard
Instruments Inc., Meriden, CT).

TNT photodegradation

Soil colliection. Yokena clay (49 percent clay), an agricuitural surface soil
rom the Mississippi River fioodpiain, was used. The soii was ciassified as very

fine, montmorillonite, nonacid, thermic Vertic Haplaquept (Natural Resources
bl nn Qaccring ~lacaifinats ~e A Aot it Woloo o Aloace Mhs ol ceono
LOIDBCIvVauovll DCIVILC bldbblllbdllull) 14 UCSIE 11 U I OKCIla Cldy. 111C dO1l Wdd
ate_Adriad oeanrnd and ciavad thennah a D_mm N NQ 20 ) cinga Tha ginuad
all-urivu, ¥l 1U, aliu DICVOU Ul UUEll a L~ \U.UO-iil. ) DITVYUL. 111U divyvylu
am wara tharanohlv mivad trancfarrad ta nnalvathalana cantainare caalad
slll 11I1AVU, Lallsiviivu W PUI Viiviviiv VULILALLIVLI Dy DVAIVAL,

Water only. To measure photodegradation without the effects of soil, water-
only treatments were conducted in 3-1 Griffin beakers containing 2 1 of distilled
water maintained at room temperature (25 °C). The beakers were positioned at
random directly under the light sources to eliminate container interference or in
the dark and stirred with a magnetic stirrer. Light sources consisted of full-
spectrum fluorescent lights (20 u Einsteins (€) /m%sec intensity) (low-light
intensity) or Lumalux high-pressure sodium lamps and Metalarc metal halide
lamps (General Electric Company, Fairfield, CT) with a combined intensity of
367 peimzisec (high-light intensity). For the dark control, the beakers were
wrapped in aluminum foil and a felt curtam was placea over the expenmental

I DA My L . 1 PR B R

apparatus to block out any light. The dark- and lo

Suspended soil. To determine the effects of suspended soil on
photodegradation, suspended soil treatments were conducted in the same manner
as the water-only treatment except that Yokena Clay was added to each beaker to
produce a slurry concentration of 500 mg suspended soil/liter of water. The soil

1 LINAVY i 13mifncenlder wimem Tahalad /7T 147 ITAAVY MTars: Eralawd Niralane Dacan el DAz nda
TUVIA Wad 11ULN Ul1E 14UCICU [{U- U ) TLVIA] N Liglaiuu l‘ul-lcd.l l\i;bcdlbu rouucw,
Boston, Massachusetts) having a specific activity of 8.2 mCi/mmol with a radiochemical purity of

97 percent.
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was kept in suspension by magnetic stirrers. Each test was spiked with a final
solution concentration of 15 mg TNT/liter of suspension. Twenty-ml samples
were withdrawn from each test at intervals of 5, 15, 30 min, 1, 4, 24, 72, and 168
hr. Sampling quantity and intervals were the same as for the water-only treatment
except that the samples were centrifuged at 7,400 RCF for 20 min in 25-ml glass
centrifuge tubes to separate the aqueous and solid phases. The aqueous phase
was frozen until analyzed.

Overlying water. To determine the effects of settled soil on
photodegradation, settled soil experiments (overlying water treatments) were

conducted. Distilled-deionized water (Z,500 ml) was poured over //5 g Yokena

ciay and allowed to incubate for 2 weeks to (lCVClOp anaerobic conditions in the

s L [s o T . N s <<y R

41 . | sy _ A At - < _ o ~ _
S€uiea soil DeIore SUung. ine ovi T ylng water was remove(l an(l replaceﬂ Wlm
AV AF Frncls AlatiTlad At X e 1 et 1 el sl A oo L0
4 1 01 110511 UISLHIICU-UCIVIIZCU Walll dallu SUITCU gOIIUY USlIIE AIIUOW-0UUU
Avarhand gtirrare Danh tagt urag anilad t4 o finmal gnlittinm Annanmteatinm AF 18 o
v L1ICau JSUULLUTLD. L il LOOL Wad LACU LU a 11lldl dSU1iULIVUILI Luldiveliuauvll vl 10 111
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Radioassay. To determine the effects of treatments on extractability of TNT,
water-only, suspended soil, and overlvmg water treatments were conducted as
previously described except that tests were spiked with '“C labeled TNT." The
spike consisted of 99 parts unlabeled TNT and 1 part radiolabeled TNT.
Aqueous phase samples were counted in a Packard TriCarb 2500 Liquid

Scintillation Analyzer (Packard Instruments, Inc., Meriden, CT).

Chemical analyses

Aqueous phase concentrations of TNT and the transformation products 1,3,5-
),

trinitrobenzene (TNB), 1,3-dinitrobenzene (DNB) 6-dinitrotoluene (2,6DNT
A A At a1 /Y ATYATTNY A 4 a1 _____ /A TYATT™Y A Py Py
Z,4-UHINUOWIUCIIC (L,41IIN 1), ‘l d.IIlll'lO 2 O’Ulll trotoluene \41‘\ LJIN 1), L= dIIllIlU-
AL divtantndizama MA TMATTY 2 £ Aicitonnmalias MATAY D £ Iiancnins
“4,U-ULHUVWILUCIIC \LA-DJIN T ), JDyJ-UlllluvalldalillC (LJINA ), 4,0 Uld.llullU—"l"
nitrataliianal A MANTY and D A_diamina A nitratalhiiana () A _DANT wara
HIUVIWWIULLIIA L, UTL/MNILIN L ), AU L,T7ULAdLLUITIVTUTIIU VWWILIULLIV \ 4,70/ ALY L ) WU L
analyzed by HPLC using a Supelco LC-18 reverse phase column, a Supelco LC-
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analyzed by HPLC using the same methods as for the other exploswes except that
a 54-percent acetonitrile:46-percent reagent grade water mobile phase was used.

!'TNT was uniformly ring labeled [U-"C] (Chemsyn Science Laboratories, Lenexa, Kansas) having
a specif'ic activity of 21.58 mCi/mmol, a chemical purity >98 percent as determined by high

WllUluld.lle uql.hu bluUllldlU5ldplly \ﬂrl.:b) a.uu a ldl.llU Lucuu\.‘u puuty )70 pcu.cnt as ucu:luuucu

by radio-HPLC.
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ncentrations of TNT in

TNT disappearance. In the water-only treatment, con
the light and dark treatments did not dlffer significantly (Figure A1) and no
significant decrease in TNT concentrations was observed. This agrees with the
findings of Kocharny and Bolton (1992), who reported that light alone is not
sufficient to significantly affect TNT concentrations in water. However,
decreases in TNT concentrations were observed in the overlying water and
suspended soil treatments even though differences between light and dark
exposures were minimal (Figure Al). The rate of TNT disappearance was more
rapid in the overlying water treatment than in the suspended sediment treatment.
The limited sensitivity to light should not be due to the lack of appropriate
quantized energies in the fluorescent light source. Treatments with higher-
intensity, fuii—spectrum lights (367 peimzisec) that simuiate sunlight (Lumaiux

mgn pressure sodium 1amps and Metalarc metai halide xamps ) gave results

similar to the lower-intensity (20 pe/m%sec) fluorescent light source.

O
=]

A1iv 1AVA Ul 11V 1 VULIVLVIIU QUIVIE UillVIVIIVLYD UL YYLALILL 11110 Al ualn UAPUDUIUB
within a treatment indicatec that factore cuch ac hindeoradation ceanectration
within a treatment indicates that factors such as biodegradation, sequestration,
and/or adsorption affect TNT concentrations to a much greater extent than
photolysis. Adsorption of TNT and 1t§ degradation p oducts was oc urrmg as

testing showed that adsorption was hxgher in the overlymg water treatment, but
that recoveries of radioactivity within a treatment were roughly comparable.

TNT transformation products. Formation of TNT transformation products
in the water-only treatment was limited to TNB (Figure A3). Concentrations of
TNB (although small) in the water-only treatment increased with light intensity.
This is probably because formation of TNB is due to an oxidation mechanism,
which is more light-dependent than the reduction mechanism responsible for the
formation of the other aromatic nitroamines. TNB was also produced in the
suspended soil treatment and in the overlying water treatment for a short time
(<72 hr). Concentrations of TNB were highest in the high-light intensity
exposures. Formation of amino reduction products 1n the suspended soil
treatment was limited to 4A-DNT and ZA-DNT in the mgn-mtensuy ugm

le A3). The highe n 101
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higher reducing capacity of the settled soil, as indicated by the rapid
disappearance TNB from the overlying water, compared to the suspended soil.

The nature and quantity of TNT transformation products indicated the
existence of competing oxidation and reduction mechanisms. This resulted in
formation of different combinations of transformation products among treatments
and in different concentrations within a treatment as a function of light intensity.

Aminonitrotoluenes are most likely formed from TNT by reducing agents and
microbes indigenous to the soil. The amounts of TNT transformation products
are smail compared to the amount of disappearance of TNT (Tabie A3), which

disappearance in water/soil systems is con ll“' liea more Dy
L +.

Conclucione ioh_-aualitvy HMYX adcarntion coefficiente were ghtained ncino

Lonciusions. nign-quaily mMiA aasorption cocificients were gotaineg using
soils of known characteristics to allow correlation in the main bodv his report
so1ls of known characteristics to al I ain boay S repor

exposures. Recoveries of radioactivity i in the aqueous phase showed that
adsorption/sequestration was responsible for most observed differences. Light
exposures resulted in different transformation products among treatments and in
different concentrations of products within a treatment. In the water-only
treatment, TNB was the only transformation product produced. In the presence of
soil, mono and diamino reduction products were the primary TNT transformation
products. These HMX and photodegradation findings will facilitate development
of process descriptor formulations in soils and aquatic environments.

Appendix A HMX Adsorption and TNT Photodegradation

A5



Water-oniy Treatment
20 v —
T e (@]
s 21 TR _e
E 161 .o PRI o — T
g_ 14 W“ S ot ettiiinnnnn,, __# F——.—:V—
fé 12 4
€ 10 -
& 8 —&— Dark controi
[ - eedNd .. | marl imht Infancits
§ 6. O-- Low-Light Intensity
(&) —¥— High-Light Intensity
= 4 -
pd
= 21
0 J /
T - ¥ 1 l/ / ] 1 A T T T
0 1 2 3 4 24 48 72 96 120 144 168
Time, hrs
Suspended Soil Treatment
ya
20 ~
S 18 -
£ 16
c 1B -
g 12 L RV U........................—..mrm_-;:ﬁ;
8 by a
€ 10 TSescn L ‘
g 5 KPR
| =
e 4
- 2
0 1] 1 ¥ I'//,// L] Ll 1] 1 1] {
0 1 2 3 4 24 48 72 96 120 144 168
Time, hrs
fhanrvhine \ AWlnatnr Traatmant
) \IVCI Iy" 19 "al.gl/l 1CAUIIGIit
20 ~ 7
= 184 _
£ 16 4 0“'_‘"‘~-%~~
g 14 4%92.-0.. ....... -\
£ 124 8-
p a4
£ 10
S 8- e §
8 6+ N\
£ 4
= 2
0 -1 T T III/,//
0 1 2 3 24
Time, hrs

Figure A1. TNT solution concentrations in water and water/soil treatments under different light conditions
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Figure A2. TNT radioisotope solution recovery in the various water/soil treatments under dark, low-light (LL)
and high-light (HL) intensity conditions
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Table A1 |

Physical Characteristics of Soils Used in HMX Adsorntion Testing |
Particle Size Distribution %'II

o ) B ) (}ationr Exchangg '!'otgl Organic I

Soil Sand, % | Silt, % | Clay, % | Capacity, mmollg Carbon, % a

Browns Lake 51.0 39.0 10.0 153 0.38

Montmorilionite 35 35 30 13.2 0.19

Yokena Clay 13.75 375 48.75 38.8 240

St. Mary Parish, LA | 45 35 20 142 0.19

Picatinny B 62.5 32.5 5 9.8 0.634

Socorro S 37.5 35 275 34.0 0.08

Socoiio P 425 30 275 273 0.12

Grange Hall Silt 39 51 10 16.7 0.29

Yuma 1B 92.5 25 5 8.6 0.03

China Lake 92.5 2.5 5 3.5 0.02

fITable A2

ﬂAdsorption Coefficients (K,'s) and Linear Regression Coefficients

ﬂgr_z) for HMX Adsorption Isotherms

_

Soil K, Vka r
Browns Lake 7.42 0.88
Montmorillonite 4.99 0.96
Yokena Clay 121 0.89
QSL Mary Parish, LA 17.7 0.95
HFi“hﬁﬁy B8 4.25 0.54
I@lnSooorro S 3.25 0.99
II Socorro P 117 0.95
IIGra_nge Hall Silt 0.12 0.93
I}"uma iB 5.02 0.88
nChina Lake 1.65 0.91

Appendix A HMX Adsorption and TNT Photodegradation

A9



Table A3
Concentrations (mg/l) of TNT Transformation Products Following 3 Days of Incubation

Water-only Treatment

Suspended Soil Treatment

Overlying Water Treatment

Dark

HL

<0.02

LL

HL

Dark

<0.02

<0.1

2,4-DANT

<0.2

TNB

A10

0.011
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