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Unexploded Ordnance (UXO) is military munitions 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 (Walsh et al. 1993), but little
MY o A a Y 7
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information is availabie on explosives concentrations from
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ell, rocket, etc.), t ocesses affecting

lar to those associated with explos
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 usuaily in solid form which remains relatively immobiie untii
dissolution occurs.

MTha Arneencinm and mintiea salanss smanhonmicsma rnmabhinad vrath ¢ha vrosinnro
L111C U 1UDIVI1 allu 1 Plulc 1C10adC 11iCuiiallidi Luliiviiicyu Ul UIC vali1uoud
tunac nf ITYN) that mav ha ancranntarad in tha fiald nnaca nmniana davalanmant
t] O ULl U A ulal llm] ULV ViIVUULILVI VUL 111 ULV Liviua HUD\I ulu\iu\f u\#v\/luylllvlll
considerations for the desion of 2 model to simulate the fate and transnort of
ons Ior the design of a mode! 1o sumuiate the 1ate ang transport of
UXO within the environment. The Framework for Risk Analysis and
Management of Environmental Systems (FRAMES) (Gene Whelan, personal

—

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 expiosives in the
environment after the expliosives are in soil or sediment have previousiy been

L0V 5 TR | IR IR Rt o Y PV al A 1ANnE M 1 1A

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

Do AR ______ 1NN U [ Y SR
Drannon ana iviyers 1vv/ TOCESS AE€SCrIplors 1o

! 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



Poalvmerization The nrocece hv which the malacnlac of a diecrata
roiymernzauen 1 1€ Process 0y wilch € moeIeCuies Of a Qiscrete
compound combine to form larger molecules with

molecu eight greater than that of the original
compound, resulting in a molecule with repeated
structural units.

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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Conceptual modelis are presented for the fate and transport of expiosives from

5570 o WHNC I FLINEDN T S T ST S . S catiirniad mana T
AU willin ine suriace soil, acep unsaturaiea zone€, ana me saurat€a zone. 1ne
criefanas amil Io thot madt AL shn qnll a1 £ 4l oo SIS R . SUSP: PN
SUL1alt SUIL Id Uldl Pail U1 UiC dUI1 P1ULLIC 11011 HIC 2IOULIU SUlldaCC UOWIL LU a
tunical danth Af 1MW) A Tha daan 11ngatiiratad 2ana 10 halagy tha quiiefana onil
typival Uuvpul Ul 1VV Lill. 110U Utlp ulidat el ZULIC 1D UCl1V uIv suiiave dull
down to tha haginnina of tha watar tahla Tha catuiratad 7an that araa nf tha
AS AV A LRV ER VRS Y L U\Jsllulllls V1 WiV YFaluwl laviv. 4 11v SaltuiLalva Vi uiv

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
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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 SRS S PR & » PR [N
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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



Accurate estimation of the source term is one of the most

overcome in describing the fate and transport of explosives from UXO. The
movement of explosives from UXO and the subsequent 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

can be expecied to add to the heierogeneity.

y .

UXO can exist on firing ranges in a number of physical states that greatly
affect the fate and Lransport of explosives contained in the UXO. Intact delivery
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r at the Ill’ll'lg range from either deliberate burial or fired

munitions that failed to detonate. Explosives contamination from intact delivery
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term that is not amenable to s1mole valuatlon. Rather th in the soil and water
concentration being the source as in manufacturing and packl g 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)
and reduced iron (Brannon, Price, and Hayes 1998) can strongly impact the fate
and transport of expros1ves. TNT exposed to zero valent iron disappears from
solution rapidly as does RDX, although apparently at a lower rate (Mcuratn,

T ~

rsonal communication). INL IS T piuly removea
iron in the presence of a sorbing surface (Brannon
reduction processes observed for zero valent iron and re
operative for explosives exiting corroded UXO an

products that are susceptible to microbial mineraliz
and sediment organic matter or minerals. The effects of corroded steel
explosives fate and transport will be investigated to determine the rate and extent
of these processes on the explosives source term.

flux of primary explosives from UXO, possibly p

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
explosions hurled munitions into the harbor. UXO that appeared intact gave low-
level signatures of TNT and 2,4-dinitrotoluene (2,4-DNT), the only two
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exolosrves from UXO i
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
decreased as distance from the target increased (Jenkins et al. 1997; 1998),
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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 will greatly affect the formulation of the

2 Vatd TN

source term. Changes are much more probable for TNT than for HMX or RDX.

Tee mamd conun Ve 2o J2L0L ot e o
1y allu 1CSUll 111 UHICICIL SOUICe
mnrtan and a1l
101 aliu u1c

:

netration ability than thin-
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instead of direct fire for the antitank rockets which 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
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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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occurred. Prchm;,,a:y studies in completely stirred aqueous svstcms xamini
water soluble concentratlons over tlme (Jenkins and Ml_yares, 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 ug 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

_ R I PR SRy

environments rangl‘ g from rainfali evenis in uplana soiis to constant contact if
p e

exposed to flowin 1§ Waier.

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

ryn sy

nvix, compounds that do not under g0 sequcstrauon to any great extent in soiis

Personal Communication, 3 December 1997, Thomas Jenkins and Paul Miyares, Research
Chamicte TT Q Arrnu Fnoinear ('nld Raocinnce Racaarch £ FEnoinearino I sharatary 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

71 AN

l"al'.l‘lCK (1Y94) showed gOO(l correiation beiween TNT Kd vaiues and soil re

170 vlaiy

excnange capac1 y (LEL), and percent 01ay conieni. Evaluation of an

LiVE By Voo ai

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 vaiue (<1 L/kg) for initiai evaiuations.

[
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[
f
I
[
g
il
)
!
i
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\
L
[
[

0.734). Inclus1o f clay and TOC i V the femessmn d1d not Vlle'OVC tl\le fit of the
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 (l able 4) None of the soil characteristics were gOO(l Pr edictors of
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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

E'rof,nrﬂnr LTinatiro radinca tn tha anmnatinn

A LOLTULULL DIIIVUILVD 1VUULLY LU UV \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

and Myers 1997; Pennington et al. in preparation) and can be used to describe the
. ~ . BEERROIN .
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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

1997). The same holds true for TNT transformation pl'OdllCtS in anaerobic and
aerobic LAAP aquner soiis (l abie J).

Firct_arder rate caafficiante far the dicannearance nf RNYXY fram enrfaca enil
A MOV VIUVIL 1Alv VUVILIVIVIIWWD 1VL uUlv ulout’y\/mull\/\t Wi ANA/ L% 11V DUl AGVvY OV
which were derived from batch tests under a wide varietv of redox notential and
re gderived from batch tests under a wide variety of redox potential an
H conditions, have shown that dzsappemran.le of -_D-_ is greatest under b_ighly

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).
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t transport of the
cxnlosxve contammant ThlS auestlon is esnemallv relevant for TNT, Wthh is
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 £ o T I TMTNYs 1 -1

corroded UXO and enter the environment. Adsorption of TNT and RDX by soils

e Ln et Tl 1 TN AL u .  CTITRAY . b

Cdll DC €Sl €4 DASCAU 011 5011 LEL. AUGSOIrpuon ol riuviA €an not now oc
aotirmantad hacad ~e anil mhoainal Ahoenntamioting Dacanen L sorno alan ~nmdizntad ¢~
COLLALCU UAdCU VL1 SULUIL pllyditdl LAl AULICTIDLLS. NOdTAILLL Wad dlbdbU Lunuulicua u
avnlara tha ralatinnchin hatuwaan HAMY adcarntian and cnil nhyugical

CAPIUIC Uil ICIAUUIISIIIP UULwOUIl 1uvia aUSUL Pl alia SULL Priysitdl
characterictice and the affacte of liocht on TNT dicannearance Om anuatic

LA QCCIISuls QG Wi CLILLW U1 g Ul 1V 2 Glsapplalaiill 10 ajuaul
svstems i i er svstems are not annreciablv
SYSICILS. appealall v 2 Irom AWAICT SySICILs aIC 1NOL QpPpicLiably

v L=3 L

the disappearance of TNT.
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Figure 1. UXO fate and transport processes active in the applicable environments
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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 ]
| Summary of Literature Data Relating K of TNT to Soil Properties |
e e E |
|| Soil , Vk CEC', mmol/ TOC?, % Clay, % Reference
T ==, e
f| Laaps ML 0.04 35 0.015 5 Pennington et al. (in preparation) i
ll 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
Ir 1]
Il LAAP SM 0.17 55 0.02 7.5 Pennington et al. (in preparation) ||
f| Norbome ¢ 124 9.14 0.23 13 Ainsworth et al. (1993) i
II Cloudland C 0.81 5.6 0.05 30 Ainsworth et al. (1993) “
!! Westmoreiand B1 0.58 6.9 0.98 13.6 Ainsworth et al. (1593) H
i
|| Ocala C4 43 335 0.08 33 Ainsworth et al. (1993) “
{| Burbank ap 1.04 55 05 4 Ainsworth et al. (1993) |
“ Sand 047 1.73 0.36 25 Brannon et al. (1992) n
H Siit 223 73 0.96 6.3 Brannon et al. (1552) H
|| Kolin Soil 2.66 16.3 0.18 10.6 Xue, Iskandar, and Selim (1995) H
Norwood Soil 3.64 41 0.32 3 Xue, Iskandar, and Selim (1995) ||
Combhuskers 41 35.3 0.83 20 Pennington and Patrick (1990) II
Crane 37 31.2 28 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 12 43.8 Pennington and Patrick (1990) "
lowa 5.2 447 14 20 Pennington and Patrick (1990) H
Joliet 6.8 102 3.6 23.8 Pennington and Patrick (1990) II
Kansas 57 130.4 26 26.3 Pennington and Patrick (1990) fl
Lonestar 2.5 15.5 0.56 10 Pennington and Patrick (1990) II
Loﬁnkn-— a7 N Q nee 4 Anminetan and Datrnale (4000 'I
gl i 2.1 aev.g v.I0 19 rocimnm Igt\lll arll r auivn \ |aw, “
1]
Louisiana 25 16.3 0.37 10.6 Pennington and Patrick (1990) "
Newport 23 13.4 35 56 Pennington and Patrick (1990) |
Radford 3.2 215 1.1 25 Pennington and Patrick (1990) ll
Savanna 25 13.2 13 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
Il ' Cation Exchange Capacity. II
II 2 Total Organic Carbon. II

3 Louisiana Army Ammunition Plant.

|
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[ Table 3
! Summary of Literature Data Relating K, of RDX to Soil Properties
Ir!Soil K, I/kg CEC',mmollg | TOC? % Clay, % Reference
LAAP 3 ML 0.21 35 0.015 5 Pennington et al. (In preparation)
LAAP SP-SM 0.33 3.6 0.015 5 Pennington et al. (In preparation)
LAAP CL 0.33 8.1 0.i62 i5 Pennington et al. (in preparation)
LAAP SM 0.33 55 0.02 7.5 Pennington et al. (In preparation)
Elk-B1 027 6.92 0.45 16.5 Ainsworth et al. (1993)
Cloudland C 0.12 5.6 0.05 30 Ainsworth et al. (1993)
Cecii AP 0.43 4.88 0.59 62 Ainsworth et ai. (19393)
Cecil BT 0.31 2.92 0.32 53 Ainsworth et al. (1993)
Burbank Ab ) 0.16 55 0.5 74 Ainsworth et al. (1993)
Kenoma BC 0.93 314 05 44 Ainsworth et al. (1993)
if Kenoma Bii i.2i 26 i.43 a4 Ainsworih et ai. {1993)
|| Ocala C4 237 335 0.08 33 Ainsworth et al. (1993)
II Watson 2Bxg 1.45 10.3 04 47 Ainsworth et al. (1993)
!! Westmoreland A1 1.65 6.91 2.03 144 Ainsworth et al. (1993)
ii Sand 0.29 i.73 0.36 25 Brannon et ai. (1952)
ll Sitt 1.20 73 0.96 6.3 Brannon et al. (1992)
u Rathbun (Extracted) 8.4 114 0.92 16.5 Brannon et al. (1992)
II Kolin Soil 1.59 16.3 0.18 10.6 Xue, Iskandar, Selim (1995)
H Norwood Soil 1.57 4.1 0.32 3 Xue, Iskandar, Selim (1995) ii
“ Yokena Clay 35 38.9 24 487 Brannon, unpublished data “
f| west End 22 457 0.18 75 Brannon, unpublished data |
!! Yuma 1.07 5.4 0.04 5.0 Brannon, unpublished data "
ﬁ D Street 0.82 1.8 0.17 0.0 Brannon, unpublished data !!
" ation Exchange Capacity. ﬁ
I




VO handd

1 Ao

Soil K!, Ilkg CEC, mmol/g Reference
LAAP ML 0.086 Pennington et al. (in preparation)
H LAAP SP-SM 0.20 Pennington et al. (in preparation)
H LAAP CL 0.37 Pennington et ai. {(in preparation}
il LAAP SM 0.20 55 Pennington et al. (in preparation)
" Browns Lake 7.42 153 This study (Appendix A, Table A1)
" Montmorillonite 4.99 13.2 This study (Appendix A, Table A1)
||P’ak|‘eﬁa Ciay 21 38.5 This study {Appendix A, Tabie A1) H
|l st. Mary Parish, LA 7.7 14.2 This study (Appendix A, Table A1) II
Picatinny B 425 9.8 5 This study (Appendix A, Table A1)
Socorro S 3.25 34.0 35 This study (Appendix A, Table A1) II
!}S(‘x‘:ﬁﬁ(‘) P 1.17 273 275 This study {(Appendix A, Tabie A1) H
“ Grange Hall Silt 0.12 16.7 This study (Appendix A, Table A1) II
" Yuma 1B 5.02 8.6 5 This study (Appendix A, Table A1) II
n China Lake 1.65 3.5 5 This study (Appendix A, Table A1) ﬁ
|

2 Total Organic Carbon.

II 3 Louisiana Army Ammunition Plant.
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Soil Type and Conditions

Source

Surface soil, oxidizing conditions

Price, Brannon, and Hayes (1997)

Surface soil, mildly reducing conditions

Price, Brannon, and Hayes (1997)

D o N, PP T T 74
1

[ TP Y
rnce, brannon, ana nayes (

OQurom mm il Llilobe: cm e scmfon me mmom B8 e o
Quliate 500, nigny reuucing conuinons
Aquifer soils

Pennington et al. (1997)

Surface soil, oxidizing conditions

Price, Brannon, and Hayes (1997)

Price, Brannon, and Haves (1997)

Price, Brannon, and Hayes (1997)

Pennington et al. (1997)
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ntroduction

Development of equations for prediction of HMX K, from soil properties
requires empirical measurements of K, on welil characterized soils. Such
measurements were unavailable. Therefore, one ODJCC[IVC of the stuay was to
s < M < J 2 J ~F1

PR ISPV | LYSJRRp PN PUpiis.gREiy Py S.Supuapns.py San § § & ¥ SESESINL SURSRpR.S PN ~sxs5es =whsrainanl
conauct auuiuovndl ausOIrpuuIl SUIIE WIUL FLIVIA usmg SO11S 01 Known PIlySlCdl
and Alhaminal Aharantarioting tna avemand tha teada~aata availahla dota ~An ITARAY
allu Lilviiuvdal Liialavitl duvs W CApallu Ulc liiauctyualt avaiiavic uaita Vil 11viAa
adearntion

AusSU1 puull

The fate of explosives in the aquatic environment will be affected by sorption,
tramformatlo and hot egrad t on. However, the relative sig gni ic ncc of

o sid L1

for the two most common aquatlc s1tuat10ns, 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
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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 coiiection. Yokena clay (49 percent clay), an agricuitural surface soil

from the Mississippi River floodplain, was used. The soil was classified as very
fine, monimorilionite, nonacid, thermic Vertic Haplaquept (Natural Resources
el s Qaccring Alaceifiratine) amd daciamatad Val v lac; Tha onil ssraa
LOIRBCIVALLOI JCTVICC ClassiiICdulon) did acsigix 4 I OKCIId Cldy. 111C S011 Wdd
ater_Ariad gernnnd and ciavad thesigh a Voo (N NQ 2 ) ginra Tha cinvad
air-uiicu, gi 1, aiid SICVOU unougil a £-1Iiiil \V.UOo-1il. ) SICVe. 11IC dicveu
camnlac wara tharanohluy mivad trancfarrad ta nalvathalana ~cantainare caalad
OALLIPIVD YYuil v ulUlUuslll 1IAVU, Lalldiviivu w PUL Viulviviiv vuilliallivi oy ovaivia,
and ctared at room temnerature

QG 5WICA QL 100 CIawdic.

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 pe/m¥sec (high-light intensity). For the dark control, the beakers were

and a feit curtain was piaced over the experimentai
i ark- and low-light intensity tes
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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

e PR N Takalod I0 A\ TIARAVY MIare: Deaclawd Niralane Dacanenh Dendeeata
ITLVIA ad uvLu H1E 14UCICU [{U- U ) TLVIA | N LCIIZIdilU INUticdal NO>TAlLil T1Uuutty,
Boston, Massachusetts) having a specific activity of 8.2 mCi/mmol with a radiochemical purity of
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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. Distilied-deionized water (2,500 mi) was poured over 775 g Yokena

11

ciay and aliowed to incubate for Z weeks to deveiop anaerobic conditions in the
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TNT/litar T ioht and darlk avnnenrac wara cnndnctad ac dacarihad foar tha watar_
LN e LAgine anG Gark SXposures wor COnGucCiea as GEsCricea 101 Ul walt
onlv exnosures. Samnline and sample analvses were identical to those for the

Yy €XpPOoSsures. samp:ing and sampiC analyses were 1¢eniica: 1o 11ese ior 1ne
suspended soil treatment

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-
NT),

trinitrobenzene (TNB), 1,3- amurooenzene (DN‘B) 2,6-dinitrotoluene (2,6D
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tetramtro 2, 2'-azoxvtoluene and 2, 2' 6 ,6'- tetramtro—4 4'azoxvtoluene were
analyzed by HPLC using the same methods as for the other explosives except that
a 54-percent acetonitrile:46-percent reagent grade water mobile phase was used.

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

TNT dis sappearance. In the water-only treatment, ¢
the light and dark treatments did not dlffcr significantly (Figure Al) 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 pe/’mll'sec) that simuiate suniight (Lumaiux

mgn pl' essure sodium 1amps and Metalarc metai halide 1amps ) gave results

PO e Yo WP 2l £ SEPIE LN PR
] Gl lll TISILY (LU QE/IIL 75CC) riuorescent llgﬂl SOUIcCc.

0

shown bv aqueous Dhase ""C results ( Flgure A2) Recovenes followmg 7 davs of
testing showed that adsorption was higher in the overlying 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. bormatlon of amino reduction products 1n the suspended soil
i to 4A-DNT and 2ZA-DNT in the mgn-mtensny ngm
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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

vrnl A 2N\

are small comparea to the amount of alsappearance of TN 11 able A3 )s which

means that TNT disappearance in water/soil systems is controlled more by
Prp—S P e antmnds e tlenin Lliv; b afFnmcnnbince Aiza ¢ mttlene anil cmcnnacnao
CHU ALIVIL Uldil Uy WU AIISIOIIAUUIL GUC W0 CILUICL bUll plUbebe

nr nhatadagradatian
Of prnotoGegraaation.
Conclucione 1ioh-aualitvy HMYX adcarntion coefficients ware ohtained ngino
Lonciusions. nign-quaily mMA acsorplton coeincients were ¢otaineg using
soils of known characteristics to allow correlation in the in bodv of this report
uuuuu I known characteristic low correl n n main y oI this report.

. . d r
water/soi ystems were affected by the presence of soil both in suspension and
beneath the water column but were not appreciably affected by dark and
exposures. Recoveries of radioactivity 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.
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Figure A1. TNT solution concentrations in water and water/soil treatments under different light conditions

~

A .

Appendix A HMX Adsorption and TNT Photodegradation



= 100 -

&

Ke]

O

3]

T gp-

Q

[77]

©

K o [ ]

o ]

2 60 E

2 M

> o

< |

S 40 1 .

> b =

= E |

S 201 o T B

c

= ] H B

g B

6‘3 0 . ‘ -
r\ AI"\I;I’\N
UVGIIyHIy
Water

Treatment

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

Appendix A HMX Adsorption and TNT Photodegradation A7



TNB Concentration, mg/l

TNB Concentration, mg/I

TNB Concentration, mg/l

Water-only Treatment

0.10
_»
0.08 - —@&— Dark Control -
-+ O-- Low-light intensity Pt
—w— High-light intensity -
-
0.06 ~
-
~
-~
//
0.04 - /l‘/
— -
//
002 e T s o
f’ o RPPPRRITPIILS, o Llleidtbiatin o
Oom ¥ L ¥ A ] L] 1 L] ¥ T
0 20 40 60 80 100 120 140 160 180
Time, hrs
. Suspended Soil Treatment
0.1
0001 | —o— Dark
0.08 4 --:O-- Low-light intensity
—w— Highdight intensi
0.07 - igh-light intensity
_______ v
0.08 ——————
—
0.05 e //,/
-
0.04 Pl
0.03
0.02 4
0.01
0.00
180
010 Overlying Water Treatment
0.09 —@— Dark
008} | .-O-- Low-ight intensity
0.07| | —¥— Highdight intensity
0.06
0.05
0.04
0.03 | w__
7 \w\
0.02 ~ -
0.01Q) \\\
0.00 . —— . : Y @
0 20 40 60 80 100 120 140 160 180

Time, hrs

Figure A3. TNB solution concentrations in water and water/soil treatments under different light conditions

A8

Appendix A HMX Adsomption and TNT Photodegradation




Table A1 |

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

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

Sail 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 37.5 48.75 38.9 2.40

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

fTable A2

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

ﬂgr_’) 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
IIGmn.ge Hall Silt 0.12 0.93
I}"uma iB 5.02 0.88
nChina Lake 1.65 0.91
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Table A3
Concentrations (mg/l) of TNT Transformation Products Following 3 Days of Incubation

Suspended Soil Treatment Overlying Water Treatment

Water-only Treatment

Dark

HL

<0.02

LL

HL

<0.02

2,4-DANT

TNB

A10
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