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Multimedia Environmental Distribution of Toxics „Mend-Tox ….
I: Hybrid Compartmental-Spatial Modeling Framework

Yoram Cohen1 and Ellen J. Cooter2

Abstract: An integrated hybrid spatial-compartmental modeling approach is presented for analyzing the dynamic distribution o
cals in the multimedia environment. Information obtained from such analysis—which includes temporal chemical concentration
in various media, mass distribution, and intermedia chemical mass fluxes—can be used for subsequent exposure and risk an
hybrid modeling framework consists of both uniform~air, water, suspended solids, vegetation, biota, suspended solids, and atmos
aerosols! and nonuniform~soil and sediment! environmental compartments. The interactive system of model equations for the un
compartments~ordinary differential equations! and nonuniform compartments~1D partial differential equations! must be solved simul-
taneously to ensure conservation of mass. In order for the approach to be of practical use, parameter input could be minimize
the use of theoretical or empirical description of intermedia transfer processes and estimation methods for associated intermedi
parameters. Environmental problems are complex, and there are numerous possible multimedia analysis scenarios that may be
Therefore, efficient and user-friendly implementations of such models are essential if multimedia analysis is to become a
environmental tool.
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Introduction

Environmental management is becoming increasingly depen
on quantitative analysis of environmental and health risks ass
ated with exposure to chemical contaminants. Exposure to ch
cal pollutants can occur via primary pathways~e.g., inhalation of
polluted air or drinking contaminated water! and/or secondary
pathways~e.g., ingestion of contaminated food! and therefore re-
quires information on chemical distribution in the environme
~Cohen 1986a,b,c!.

The distribution of chemicals in the multimedia environme
is the consequence of complex physical, chemical, and biolog
processes, as illustrated schematically in Fig. 1. For examp
chemical that is released to the atmosphere can be deposited
vegetation, soil, and surface water by both dry and wet dep
tion. Many examples of multimedia pollutant partitioning ha
been documented. Examples of chemicals that have been det
in multiple environmental media include DDT~Harrison et al.
1970; Woodwell et al. 1971; Cramer 1973; Singh and Agarw
1995; Spencer et al. 1996!; trichloroethylene and chloroform
~Khalil et al. 1983; Cohen and Ryan 1985!; benzene~Fishbein
1984; Hattemer-Frey et al. 1990; Duarte-Davidson et al. 200!;
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polycyclic aromatic hydrocarbons~Ryan and Cohen 1986; Os
borne and Crosby 1987; Vaessen et al. 1988; Lioy and Green
1990; Yaffe et al. 2001!; dioxins~Travis and Hattemer-Frey 1989
Hwang 1990; Suzuki et al. 1998, 2000!; polychlorinated biphe-
nyls ~PCBs! ~Nisbet and Sarofin 1972; Swackhammer and Ar
strong 1986; Baker and Eisenreich 1990; Macdonald and M
calfe 1991; Loganathan et al. 1997; Notarianni et al. 1998!; lead
~Huntzicker et al. 1975; Chadha et al. 1998!; mercury~Anderberg
et al. 1989; Schroeder et al. 1989; Palusova et al. 1991; Hama
et al. 1995; Richardson et al. 1995; Stein et al. 1996; Rasmu
et al. 1998!; and chromium~VI ! ~Kimbrough et al. 1999!.

Multimedia field monitoring of all chemicals of concern is n
feasible. Therefore, multimedia models of pollutant fate a
transport are attractive tools for assessing the potential for m
media impact of chemical pollutants~Taboas 1993; Renner 1995
Eisenberg et al. 1998!. Multimedia models range from simpl
compartmental models~Cohen 1986a,b,c; Mackay 1991; Cohe
and Clay 1994; Cowan et al. 1994; Maddalena et al. 1995; Eis
berg et al. 1998; Trapp and Matthies 1998! to complex models of
detailed spatial resolution~Onishi et al. 1990; Mills et al. 1997
Johnston et al. 2000!. Multimedia models are useful tools that ca
complement field monitoring, assist in forecasting and/or ra
potential exposure and human health problems, and help reco
emissions with estimated or monitored environmental conta
nant concentrations.

Multimedia analysis is typically a tiered process. A screenin
level multimedia analysis is the first phase that can serve to id
tify major exposure pathways and monitoring data gaps. Th
fore, information from such analysis can also be used in
design of monitoring field studies. Subsequent phases, if requ
may consist of detailed single-medium models or more exten
multimedia analysis coupled with monitoring studies. Examp
of such multimedia approaches are the Neuse River Basin
North Carolina study~Cooter et al. 1999a,b! and the Lake Michi-
gan Mass Balance~LMMB ! study ~USEPA 1997a!. Other recent

s
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multimedia modeling research supported by the U.S. Envir
mental Protection Agency~USEPA! includes the finite-source
multimedia, multipathway, and multireceptor risk assessm
~3MRA! ~USEPA 1999b! and the Hazardous Waste Identificatio
Rule frameworks~FRAMES-HWIR! ~USEPA 1999a!, the Total
Risk Integrated Methodology~TRIM! system~USEPA 1996!, and
the Multimedia Integrated Modeling System~MIMS! ~Johnston
et al. 2000!.

Overview of Multimedia Transport and Fate
Modeling

Multimedia models of environmental fate and transport are ma
ematical constructs that describe the entry, movement, and d
bution of chemicals within the environment. In the context
integrated multimedia analysis, the environment includes b
abiotic and biotic media~including the human receptor! with in-
termedia transport processes leading to chemical mass exch
among the various media. There are basically four types of m
timedia modeling approaches:
1. Integrated spatial multimedia models;
2. Linked spatial single-medium models;
3. Compartmental~‘‘well-mixed’’ media! models; and
4. Integrated spatial-multimedia-compartmental mod

~ISMCM!.
Integrated spatial-multimedia models may be defined as m

els that describe chemical transport and fate in all the pertin
media via spatial models, with interactions among media sp
fied through well-posed intermedia boundary conditions, a
where the set of medium-specific transport equations are so
simultaneously. Such models are not yet fully developed a

Fig. 1. Intermedia transport processes in multimedia system
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given their expected complexity, significant computational
sources, and data needs, are likely to be slow to emerge as
tical tools.

Linked spatial single-medium models consist of seria
linked, single-medium transport models~that is, for air, water,
soil, and other media of interest! that first solve for concentration
in a given specific medium. Calculated intermedia fluxes~for ex-
ample, due to dry deposition! are then used as pseudo-sour
inputs to solve for contaminant concentrations in other adjoin
media. Therefore, if feedback mechanisms are not built thro
the physical mathematical boundary conditions, mass conse
tion cannot be guaranteed. Examples of the above type of m
media models include UTM-TOX~Patterson et al. 1984!;
ALWAS ~Tucker et al. 1984!; TOX-SCREEN ~Hetrick and
McDowell-Boyer 1984!; MEPAS ~Mills et al. 1997; McDonald
and Gelston 1998!; MMSOILS ~USEPA 1988; Stasko and Fth
enakis 1993!; GENII ~Maheras et al. 1994; Maheras 1995!; RES-
RAD ~Cheng and Yu 1993!; and HWIR~USEPA 1999a!. Detailed
comparisons of MEPAS, MMSOILS, and RESRAD were pu
lished by Mills et al.~1997! and Laniak et al.~1997!, and a de-
tailed review of MEPAS, MMSOILS, GENII, and RESRAD wa
conducted by the U.S. Department of Energy~DOE 1993!.

In order to reduce the potential for gross mass conserva
errors, software implementations of these linked models h
typically utilized executive modules to monitor accumulated co
taminant mass and mass transfer from one medium to ano
This approach, however, falls short of creating a dynamic sys
in which temporal compartmental interactions can be accura
evaluated. The above multimedia models have proven usefu
hazardous waste-site analyses, but they require significant
training and a large number of input parameters due to their s
specific character.

Compartmental mass-balance models, which have bec
popular over the last decade, are simpler and easy to exe
relative to linked model systems and require fewer parame
~about 1 to 2 orders of magnitude less than for serially link
models!. The literature makes a distinction between compartm
tal and fugacity-type multimedia models. Compartmen
fugacity-type models express the driving forces for diffusion
interfacial mass transfer~among compartments! in terms of
fugacity ~or chemical potential! instead of concentration-driving
forces~Appendix! ~Mackay 1991; Trapp and Matthies 1998!. Ex-
pressing model output in terms of media-specific chemical fug
ties is useful for interpreting the tendency of pollutants to ac
mulate in various media~Appendix!.

In general, however, writing mass-balance equations in te
of concentration variables is more convenient, especially w
spatial transport~for example, diffusion in soil and sediment! and
intermedia processes that are unconstrained by equilibrium
involved ~for instance, dry and wet deposition of particle-bou
chemicals and wind resuspension of soil! ~Cohen and Clay 1994
Yaffe et al. 2001!. Most available models require user input
intermedia transport parameters~or default parameters! and thus
are cumbersome to use when temporal dynamics~that is, due to
source variations and meteorology! and region-specific param
eters need to be considered. Multimedia mass-balance models
employ well-mixed compartments~Cohen 1986a,c, 1987! in-
clude, for example, GEOTOX~McKone et al. 1987!; CalTox
~CalEPA 1993!; the fugacity-based models@Mackay ~1991!, Su-
zuki et al. ~1998!, Trapp and Matthies~1998!, Edwards et al.
~1999!, and references therein#; and mass-balance models such
Kinetic ~Wiersma 1979!. An expanded multimedia compartment
model that improves spatial resolution by using multiple subco
OXIC, AND RADIOACTIVE WASTE MANAGEMENT / APRIL 2002 / 71
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partments per given medium is the Total Risk Integrated Mo
~TRIM! ~USEPA 1996!.

The compartmental models listed above typically assume
the soil and sediment are well mixed or consist of a numbe
well-mixed subcompartments. Intermedia processes, such a
and wet deposition and wind resuspension, are typically inco
rated by specifying as input intermedia fluxes or associated in
media parameters~e.g., average dry-deposition velocity!. Most
compartmental models do not account for the effect of
particle-size distribution on intermedia transport of particle-bou
chemicals. Time variability of sources and meteorological para
eters can significantly influence multimedia dynamics, but th
are also usually omitted due to the added complexity. It is a
noted that vegetation is usually not considered as an integral
of the overall multimedia mass balance model.

ISMCMs include both ‘‘well-mixed’’ and spatial compart
ments tightly integrated through well-posed intermedia phys
boundary conditions. The spatial-multimedia-compartmen
model ~SMCM! represents an early application of the approa
~Cohen et al. 1990a,b; Onishi et al. 1990; Hsieh and Quim
1994! followed by the COSMCM, which included tracking o
particle-bound chemicals~Cohen and Clay 1994; Cohen and Va
de Water 1994; Cooter et al. 1999b; USEPA 1997b!. The above
models demonstrated a wide range of applicability, but lac
internal estimates of intermedia transport parameters and w
deficient in accounting for time-dependent parameter variabil

In this first part of a two-paper series~Cohen and Cooter
2002!, a general multimedia modeling framework is presen
that extends the earlier ISMCM approach. The approach is b
on a combination of spatial and compartmental transport elem
to form a hybrid model suitable for integrated environmental m
timedia analysis. The model is formulated with the following r
quirements:~1! mathematical integration of all environment
media to ensure mass conservation;~2! mechanistic description o
intermedia transport parameters is a priority whenever poss
followed by empirical approaches as a second choice; and~3!
biotic media~for example, vegetation! are integral components o
the multimedia system. In the subsequent sections of Part I
basic modeling approach is reviewed, with emphasis on the is
that are of interest to the environmental multimedia analyst.
software implementation of the model and illustrative examp
are provided in Part II of this paper~Cohen and Cooter 2002!.

Modeling Multimedia Environmental Distribution for
Toxics „Mend-Tox …

Overview

The modeling framework for assessing the multimedia envir
mental distribution of toxics~Mend-Tox! is based on describing
the environment as a combination of coupled uniform and n
uniform media. The various media interact via intermedia tra
port processes, as illustrated in Fig. 1. In the soil and sedim
media, which are taken to be nonuniform compartments, trans
is described by a 1D convective-diffusion partial different
equation~PDE!. All other media are treated as uniform compa
ments. This modeling approach sacrifices spatial resolution, e
cially in the atmosphere and water compartments. However,
note that limited evaluation of spatial changes can be carried
by sequential runs of adjacent regions, with the output from
used as the input to the next. A more elaborate expansion o
approach could allow for multiple compartments for each m
dium, but at the expense of adding model parameters.
72 / PRACTICE PERIODICAL OF HAZARDOUS, TOXIC, AND RADIOACTIV
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In the Mend-Tox modeling approach, temporal dynamics
retained to allow assessment of the impact of temporal variat
of meteorological parameters~for example, temperature and win
speed! and source-emission rates. Transport equations for
various media are coupled through intermedia transport proce
~Tables 1 and 2 and Fig. 1!. Clearly, in order to reduce the numbe
of model parameters, implementation of the overall multime
model ~or simulator! for practical applications requires interna
theoretical or empirical descriptions of intermedia transport p
cesses associated with the gaseous, dissolved, and particle p
~Tables 1 and 2!. The basic equations used to describe the mu
media system are discussed in the following section.

Model Equations

Uniform Compartments
The air-gas, air-particle, water, suspended solids, vegeta
~plant foliage and root subcompartments!, and aquatic biota com
partments are all considered to be uniform. The atmospheric
ticle phase is divided into up to 300 size fractions~or subcom-
partments!, each also taken to be a uniform compartment,
account for the dependence of dry and wet deposition on par
size. The general form of the chemical balance equation fo
uniform ~that is, ‘‘well-mixed’’! compartment is expressed as

d

dt
@CiVi #5(

k51

N

~Qki
inCki

in2Qi
outCi !1(

l 51
iÓ l

M

(
j 51

P~ l !

I l i
j 2(

l 51
iÓ l

M

Kil Ail ~Ci

2ClHil !1z iki
rCiVi1Si ; i 51,...,M (1)

where Vi is the volume~m3! of compartmenti in which the
chemical concentration is denoted byCi ~gmol/m3!;
Cki

in5chemical concentration in the advective input stream,Qki
in

~m3/h! flowing from adjacent compartmentk to compartmenti;
N5number of adjacent compartments toi for which convective
mass exchange takes place;Qi

out5convective outflow from com-
partmenti; and Ail 5interfacial area between compartmentl and
compartmenti ~m2!. The overall mass-transfer coefficient fro
transport between compartmentsi andl the system ofM compart-
ments,Kil ~m/h!, can be expressed as the combination of
resistances to mass transfer in the adjoining phases given by

1

Kil
5

1

ki
1

Hil

klHil
(2)

whereki andkl5phasei and l mass-transfer coefficient for com
partment i ~m/h!, and Hil 5dimensionless equilibrium partition
coefficient that quantifies the ratio between the chemical conc
tration in compartmenti and the chemical concentration in com
partmentl @that is,Hil 5Ci /Cl , whereCl is the chemical concen
tration ~gmol/m3! in compartmentl#. It is often convenient in
numerical models to express partition coefficients in terms
fugacity capacity ratios, as presented in the Appendix. The re
tion term is signified with a coefficient,z i , and assigned values o
11 for a pollutant-producing reaction and21 for a consumption
reaction; and a first-order reaction rate coefficient,ki

r ~1/h!. The
rates of physical intermedia transport processes~other than inter-
facial diffusion! between compartmentsl and i are denoted byI li

j

~gmol/h!, where j denotes the specific transport process~for ex-
ample, wet deposition of gaseous and particle-bound conta
nants, dry deposition of particle-bound pollutants, resuspensio
contaminated soil particles, sedimentation/resuspension of s
ment particles, and chemical transport from soils due to runo!,
E WASTE MANAGEMENT / APRIL 2002
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Table 1. Intermedia Transport Fluxes

Intermedia
transport
pathwaysa

Transport
mechanism

Intermedia transport flux
~gmol/m2 h! Nomenclatureb

Air⇒surface water Gas absorption/ kwa(Ca
(g)Haw2Cw) kwa—Water/air mass transfer coefficient

volatization Haw—Air/water partition coefficient
Ca

(g)—Chemical concentration in gas phase
Cw—Chemical concentration in water

Precipitation Ca
(g)HwaR̂L (g) L (g)—Gas phase rain scavenging coefficient

scavenging of gases R̂—Rainfall intensity~m/h!

Hwa5I /Haw

Air⇒suspended
solids ~in water!

Wet deposition of
particles

Ca
(p)R̂L (p) Ca

(p)—Atmospheric chemical concentration in
particle phase
L (p)—Precipitation washout ratio for
particle-bound chemical

Dry deposition of Ca
(p)vd

w vd
w—Dry deposition velocity to water~m/h!

particles

Air⇒soil Volatilization/ Soil/air boundary condition~@ z50!: Cwr
—Chemical concentration in rainwater

absorption~dry
deposition! and wet
deposition~chemical

transfer due to
rainwater infiltration!

Vsm
eff Csm2Dsm

eff(]Csm/]z)
5Cwr

Kw
r 2ka,sm@Csm/Hsm,sa

2Ca
(g)]

Csm—Chemical concentration in soil matrix
Vsm

eff —Effective velocity in soil~m/h!
Hsm,sa—Soil matrix/soil air partition coefficient
Dsm

eff —Effective soil matrix diffusivity~m2/h!
Kw

r —Water infiltration velocity at surface~m/h!
ka,sm—Air/soil matrix mass transfer coefficient
~m/h!

Wet deposition of Ca
(p)R̂L (p)

particles
Dry deposition of Ca

(p)vd
s vd

s—Chemical dry deposition velocity to soil
~m/h!

particles

Wind resuspension of
particle-bound

pollutants

2v resp(Csm/Hsm,sp)z50 v resp—Effective wind soil resuspension
velocity ~m/h!
Hsm,sp—Soil matrix/soil particle partition
coefficient

Air ~gas phase!⇒ Gas/particle kgp(Ca
(g)2HgpCa

(p)) kgp—Gas/particle mass transfer coefficient
Particulate phase sorption/desorption Hgp—Gas/atmospheric particle partition

coefficient

Surface water⇒ Uptake/release of Water/sediment surface boundary condition @z50: kw,sdm—Water/sediment mass transfer coefficien
Sediment dissolved chemical Vsdm

eff Csdm2Dsdm
eff (]Csdm/]z)

5kw,sdm@Cw2Csdm/Hsdm,sdw#
Hsdm,sdw—Sediment/sediment water partition
coefficient

Vsdm
eff —Effective convective velocity in

sediment~m/h!

Dsdm
eff —Effective diffusion coefficient in

sediment~m2/h!

Csdm—Chemical concentration in sediment matr

Surface water⇒
suspended solids

Adsorption/desorption kw,ss(Cw2Hw,ssCsus) kw,ss—Water/suspended solids mass transfer
coefficient
Hw,ss—Water/suspended solids partition
coefficient

Csus—Chemical concentration in suspended soli
PRACTICE PERIODICAL OF HAZARDOUS, TOXIC, AND RADIOACTIVE WASTE MANAGEMENT / APRIL 2002 / 73
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Table 1. ~Continued!.

Intermedia
transport
pathwaysa

Transport
mechanism

Intermedia transport flux
~gmol/m2 h! Nomenclatureb

Suspended solids~in
water!⇒sediment

Sedimentation of
suspended solids

RsedCsus Rsed—Suspended solids sedimentation velocity
~m/h!

Resuspension of
sediment solids

2RrspCsdm/Hsdm,seds Hsdm,seds—Sediment matrix/sediment solids
partition coefficient

Rrsp—Effective resuspension velocity~m/h!

Sediment⇒
groundwater

Exchange at sediment/
groundwater boundary

Sediment/groundwater boundary condition @z5ds :
Vsdm

eff Csdm2Dsdm
eff (]Csdm/]z)

5kI ,sdm@(Csdm/Hsdm,I)2CI #

kI ,sdm—Sediment/bottom interface mass transf
coefficient
Hsdm,I —Sediment/groundwater partition
coefficient
CI—Interfacial concentration in the porous
matrix phase at bottom boundary

Soil⇒surface water Runoff of wet f wR0Ca
(g)HwaL

(g) R0—Runoff ~m/h!

scavenged chemical f w—Fraction of runoff diverted to water body
~dissolved in rainwater!

Soil⇒suspended Runoff of precipitation f wR0Ca
(p)L (p)

solids ~in water! scavenged particle-
bound chemical

Soil⇒
groundwater

Exchange between
and groundwater

Boundary condition @z5Ls

Vsm
eff Csm2Dsm

eff(]Csm/]z)5kgw,sm@(Csm/Hsm,sw)2Cgw#

kgw,sm—Groundwater/soil matrix mass
transfer coefficient

Hsm,sw—Soil matrix/soil water partition
coefficient
Cgw—Chemical concentration in groundwater

Air⇒foliage Absorption/ ka f(Ca
(g)BCFf a2Cf) ka f—Air/foliage mass transfer coefficient

volatilization Cf—Chemical concentration in foliage

BCFf a—Foliage/air bioconcentration factor

Dry deposition of vdveg
Ca

(p)I f dI f p vdveg
—dry deposition onto foliage~m/h!

particle-bound
chemical

I f d—Fraction of dry particles intercepted by
foliage
I f p—Fraction of intercepted chemical absorbe
by foliage

Wet scavenging of R̂L (p)I f
(r )Ca

(p) I f
(r )—Fraction of rainfall intercepted by foliage

particle-bound
chemicals

Wet scavenging of R̂I f
(r )L (g)HwaCa

(g)

gases

Chemical loss from 2Tr f Tr
BCFa fHwaCf Cf—Chemical concentration in foliage~gmol/m3!

foliage due to Tr—Water uptake rate via roots~m3/h!

evapotranspiration f Tr
—Evapotranspiration fraction of water uptak

BCFa f—Chemical air/foliage bioconcentration
factor (51/BCFf a)

Foliage⇒soil Washoff from foliage
surface~during rainfall!

V̇w
f Ca

(p)L (p) V̇w
f —Foliage surface water loss rate/foliage

~leaf!area during rainfall~m3/m2h!

h`—Water volume retained by foliage per folia
area during rainfall~m3/m2!

V̇w
f 5a8h`(12e2a8t)Af ; a85(R̂AsFvegI f

(r ))/h`
74 / PRACTICE PERIODICAL OF HAZARDOUS, TOXIC, AND RADIOACTIVE WASTE MANAGEMENT / APRIL 2002
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Table 1. ~Continued!.

Intermedia
transport
pathwaysa

Transport
mechanism

Intermedia transport flux
~gmol/m2 h! Nomenclatureb

Root⇒foliage Translocation of Tr(Cr /BCFrw)(12s r) BCFrw—Root/water bioconcentration factor
~leaf! chemical from root to

foliage ~leaf!
s r—Membrane reflection coefficient for foliage/
root transport
Cr—Chemical concentration in the roots
~gmol/kg!

Foliage~leaf! Chemical transport Tr(12 f Tr)BCFa fHwas rCf

⇒root from foliage~leaf! to
root by water transport

Soil⇒root Diffusional mass
transfer

ksr@C̄s2(Cr /BCFrs)# C̄s—Average concentration in the soil root zone~gmol/kg!
ksr—Soil/root mass transfer coefficient~m/h!

BCFrs—Root/soil matrix bioconcentration factor

Chemical transport via TrC̄sBCFrs /BCFrw

soilwater uptake by roots

Water⇒biota Uptake/release kwb(Cw2Cb /Hbw) Cb—Concentration in biota~gmol/m3!

kwb—Overall water/biota mass transfer coefficient~m/h!

Hbw—Biota/water partition coefficient

Note: For mass transfer and partition coefficients, when either one of two interacting media are designated by more than a one-letter sub
subscripts are separated by a comma.
aUnits: concentration~gmol/m3!; mass transfer coefficients~m/h!; area~m2!; volume ~m3!; partition coefficients are dimensionless.
bA positive flux is in the direction of the arrow in column 1.
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and P( l )5number of such exchange processes between com
mentsl and i. Finally, Si5source emission rate into compartme
i ~gmol/h!. Various intermedia transport processes~Fig. 1! are
responsible for the coupling of the multimedia system of eq
tions ~Eq. 1!. Table 1 provides a list of the various intermed
transport fluxes in Eq.~1!, with the literature sources for the a
sociated major transport parameters given in Table 2.

The set of equations represented by Eq.~1! is most conve-
niently expressed in a matrix format:

Cİ 5K=̇ CI 1SI (3a)

with the initial conditions specified as

CI 5CI ~0! at t50 (3b)

whereCI andCI (0)5concentration vectors at timet and initially,
respectively;Cİ 5time rate of change of concentrations in the va
ous media;K= 5parameter matrix, which can be time-depend
due to temporal variations of meteorological parameters~for ex-
ample, temperature and wind speed! affecting various model pa
rameters; andSI 5source emission rate vector. In the present
proach, the above set of equations is solved numerically usi
corrector-predictor method~Davis 1984; Cohen et al. 1990b! suit-
able for stiff ordinary differential equations~ODEs!. In the inte-
grated model, uniform compartments are coupled with nonu
form compartments~soil and sediment! through intermedia fluxes
at the soil/air, soil/vegetation, and sediment/water boundaries~see
the section on nonuniform components!.

Chemicals in the atmosphere can be present in either a gas
or aerosol-bound form~both particles and liquid aerosols!. In a
strict sense, in the present model, only particles are considere
the aerosol phase. However, one can use the same model
tions, given appropriate gas/particle partition coefficients, to a
simulate liquid aerosols, although not simultaneously with atm
PRACTICE PERIODICAL OF HAZARDOUS, T
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spheric particles. It is convenient to express the total concen
tion of the chemical in the atmosphere,Ca , as the sum of the
chemical gaseous and particle-bound concentrations~gmol/m3

air!, given by

Ca5Ca
~g!1Ca

~p! (4)

whereCa
(g) andCa

(p) are the chemical concentration~gmol/m3! in
the vapor and particle-bound forms, respectively. In the spe
case when the air gaseous and particle phases can be assum
be in equilibrium, the fraction of the chemical in the air phase t
is bound to atmospheric particles,up ~dimensionless!, is defined
as

up5Ca
~p!/Ca (5)

and is related to the gas/particle partition coefficient,Hgp

(5Ca
(g)/Ca

(p)) as

up51/~Hgp11! (6)

When the above equilibrium approximation is invoked, the ov
all mass balance for the chemical in the atmospheric compartm
is simply the sum of the chemical balance equations for the g
eous and particle-bound forms of the chemical. If gas/part
equilibrium cannot be invoked, then separate chemical mass
ances must be written for each of the gas and particle ph
~Cohen and Clay 1994!.

The atmospheric particle-size distribution can significantly i
pact atmospheric intermedia processes~for example, dry and wet
deposition! of particle-bound chemicals~Tsai et al. 1991; Seinfeld
and Pandis 1998! and their accumulation in the soil and wat
media~Tsai et al. 1991; Cohen and Clay 1994!. Temporal varia-
tions in the number concentration of particles can be evaluate
a size-fraction~population! mass-balance equation on the partic
late phase:
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Table 2. Summary of Selected Intermedia Model Parameters

Parameter Source of Mend-Tox input informationa

~a! Partition coefficients
Fugacity capacities Appendix and Table 5
Octanol/water partition coefficient (Kow) User-input
Organic carbon/water partition coefficient (Koc) User-input
Bioconcentration factors~aquatic! User-input
Henry’s law constant User-input
Correlations of foliage~leaf!/atmosphere and root/soil
partition coefficients

Bacci et al.~1990, 1992!, Briggs et al.~1982, 1983!,
Topp et al.~1986!, Trapp and Matthies~1995!,

Paterson et al.~1994!
Correlations of particle/gas partition coefficient Junge~1977!, Pankow~1987, 1991!
Soil/air and sediment/water partition coefficient Appendix, Non-Uniform Compartments section

~b! Intermedia transfer processes and intermedia transfer factors

Gas-side mass transfer coefficient at the atmosphere-soil
interface (ka,sm)

Fernandez de la Mora and Friedlander~1982!
Brutsaert~1975!

Overall volumetric water/biota mass transfer coefficients Cohen and Ryan~1985!, Barber et al.~1991!
Waterside mass transfer at water/suspended solid
interface

Rowe et al.~1965!

Sediment-water mass transfer coefficient
~water-side!

Thibodeaux and Becker~1982!, Mayer ~1988!

Air-water mass transfer coefficient~water-side! Cohen and Ryan~1985!, Mackay and Yeun~1983!,
Shen et al.~1993!

Air-water mass transfer coefficient~airside! Brutsaert~1975!, Mackay and Yeun~1983!
Plant-air mass transfer coefficient Paterson et al.~1994!
Particle dry deposition to land surface Slinn ~1982!, Sehmel and Hodgson~1980!
Particle dry deposition velocity to water surface Williams ~1982!
Rain scavenging coefficient~particles and gas! Tsai et al.~1991!
Runoff rate (R0) and soil erosion Heimstra~1968!, Novotny and Chesters~1981!,

Goldman et al.~1986!
Soil drying rate Van Bavel~1966!
Rain infiltration ~into soil! Broadbridge and White~1988a,b!, Broadbridge et al.~1996!
Resuspension and sedimentation of sediment particles
~in water!

Ackers and White~1975!, Vohra ~1996!,
Farley and Morel~1986!, Hunt ~1982!,

Lick ~1994!, Luettich et al.~1990!,
Hawley and Lesht~1992!

Wind resuspension of soil particles Cowherd et al.~1985,1988!, Gillette et al.~1980!

~c! Diffusion coefficients
Air phase diffusion coefficient (Da) Reid et al.~1987!, Fuller et al.~1966!
Water phase diffusion coefficient (Dw) Reid et al.~1987!, Wilke and Chang~1955!,

Hayduk and Laudie~1974!, Hayduk et al.~1982!

Effective diffusivity in the soil matrix (Dsm) Eq. ~17!
Air and water phase tortuosities~ta andtw! Sallam et al.~1984!, Grifoll and Cohen~1996!

Effective diffusivity in the sediment (Dsdm) Eq. ~17!

~d! Meteorological parameters

Temperature Monthly average for atmosphere and water, seasonal av
for soil

Wind speed Seasonal average and fastest-mile wind speed frequenc
Rainfall rate and duration User input with stochastic distribution by Mend-Tox
aLiterature references for correlations or estimation methods for intermedia parameters or transport process.
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d~VaNj ,a
~p!!

dt
5~Qa

inNj ,a
~p!,out2Qa

outNj ,a
~p!!

~a!

2Nj ,a
~p!~vdw, jAaw1vds, jAas!

~b!

2Nj ,a
~p!R̂~Aas1Aaw!L~p!

~c!

1Ŝj
~p!Va
~d!

1Rj ,rspAasNj ,sm
~p! uz50

~e!

; j 51..,M (7)

where the subscriptsa and p denote the atmospheric and th
particle phases, respectively; subscriptj denotes a given particle
size range for particle size distribution divided intoM size ranges;
Va5atmospheric compartment volume~m3!; Aaw and
Aas5atmosphere-water and atmosphere-soil interfacial a
~m2!, respectively;Nj ,a

(p)5number concentration of particles fo
size rangej in a unit volume of air@that is, Nj ,a

(p)5nj(D)d(D);
number particles/m3 of air, whereD denotes the particle diamete
~mm! and nj(D)5particle size distribution#; Nj ,a

(p),out, Nj ,sm
p uz50 ,

Nj ,w
(p)5number concentrations of particles for size rangej

~number/m3 of air! outside the study region, at ground lev
~number/m3 soil!, and in rainwater~number/m3 of water!, respec-
tively; Qa

in and Qa
out5flow rates into and out of the atmospher

compartment;R̂5rainfall rate~m/h!; andL (p)5particle-rain scav-
enging ratio (L (p)5Nj ,w

(p) /Nj ,a
(p)). The dry, deposition velocities to

the water and soil surfaces are denoted byvdw j andvds j , respec-
tively; Rj ,rsp5resuspension rate coefficient~m/h! of soil particles
of size rangej; and Ŝj

(p)5source emission of particles of siz
range j into the atmosphere~number particles/m3•h!. A conve-
nient representation of the initial particle-size distribution is t
trimodal lognormal distribution~Whitby 1978; Jaenicke 1993!,
with the appropriate particle size distribution parameters for s
cific scenarios.

In the water compartment, suspended solids represent a
tinct compartment designated to track the particle-bound form
the chemical in the aquatic environment. The suspended solid~in
water! interact with the water compartment~chemical adsorption
and desorption!; sediment~deposition and resuspension!; atmo-
sphere~through dry and wet deposition!; and soil ~through run-
off!. In the present level of multimedia modeling, the dynamics
the suspended-solids size distribution is not considered. The
distribution of suspended particles could be tracked at a multi
dia level of analysis, but at the cost of significant added ove
model complexity.

The aquatic biota is a complex medium that may be mode
by a suitable food-web model~Thomann 1989; Barber et a
1991, 1994; Vohra 1996; Campfens and Mackay 1997!. However,
in many situations the simple one-compartment model or lin
food-chain model may be sufficient for first-order analysis. A o
compartment model is a reasonable screening-level appr
where chemical uptake is by interfacial diffusion@see third term
on the right-hand side of Eq.~1!#. Even with such a simple mode
a variety of simulation scenarios can be explored by specifyin
bioconcentration or bioaccumulation factor and a biota/wa
mass transfer coefficient. The coupling of Mend-Tox analy
with a food-chain model is discussed in Part II of this wo
~Cohen and Cooter 2002!.

The vegetation compartment can be modeled at different le
of complexity ~Trapp and McFarlane 1995!. In the present ap-
proach, a simple vegetation model is used whereby the veget
compartment is divided into foliage and roots, with transport
tween these compartments facilitated primarily by the shoots.
accumulation of particle-bound chemical on the foliage surfac
modeled by the following mass balance equation:
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dmf

dt
5Ndveg

AsFveg1Nw f
~rain!AsFveg2Jw

~ f !2Nr
~ f s!M f (8)

wheremf5mass of particle-bound chemical accumulated on
leaf surface;Ndveg

andNw f
(rain)5chemical fluxes~gmol/m2h! due to

dry and wet deposition of particle-bound chemicals~from the
atmosphere! onto foliage;Nr

( f s)
5rate of degradation per unit mas

of foliage ~gmol/kg/h!; M f5foliage mass;As5soil surface area
~m2!; and Fveg5fraction of soil surface covered by vegetatio
The rate of chemical washoff~gmol/h! from the leaf surfaceJw

( f )

~Table 1! is proportional to the water washoff rate~during rain-
fall!; V̇w

( f ) ~m3/m2/h!, which can be estimated from an approxima
water balance on the leaf canopy of area~Table 1!. Net chemical
accumulation in foliage involves exchange of the dissolved a
gaseous forms between foliage and roots, and foliage and
atmosphere, as expressed by

d

dt
~CfVf !5Na fAf1Ndveg

As1Jr f 2Jev2Jcf r
2Jr

~ f ! (9)

whereCf andVf5foliage chemical concentration~gmol/m3! and
volume ~m3!, respectively; Na f5air-to-leaf gaseous flux
~gmol/m2h!; Ndveg

5chemical penetration flux into the interior o
the foliage compartment~gmol/m2h! associated with dry deposi
tion of the particle-bound chemical;Jr f 5root-to-foliage exchange
rate ~gmol/h!; Jev5chemical loss rate via evapotranspiratio
~gmol/h!; Jcf r

5convective chemical transport rate from foliage

roots~gmol/h!; Jr
( f )5rate of chemical degradation~gmol/h! in the

foliage compartment; andAf andAs denote the surface areas~m2!
of foliage and soil surface~in the vegetated region!, respectively.
Chemical accumulation in the root compartment involves
change with foliage and uptake from the soil~Topp et al. 1986
Boersma et al. 1988; Trapp and Matthies 1995; Trapp and Mc
lane 1995!, as described by the following mass balance:

d

dt
~CrVr !5NsrAr1Jsr1Jf r2Jr f 2Jr

~r ! (10)

where Cr and Vr5root chemical concentration~gmol/m3! and
volume~m3!, respectively;Nsr5chemical uptake flux~gmol/m2h!
from the soil by diffusion;Jsr5soil-to-root uptake rate via wate
uptake~gmol/h!; Jf r and Jr f 5chemical transport rates~gmol/h!
from foliage to root and root to foliage by water movement,
spectively; Jr

(r )5degradation rate in the roots~gmol/h!; and
Ar5root-soil interfacial area~m2!.

Nonuniform Compartments
The soil compartment consists of soil-solids, soil-air, and s
water, and the sediment compartment consists of soil-water
soil-solids. Chemical migration down a soil or sediment colum
is a slow process, and local equilibrium is often assumed to e
between the above phases of the soil or sediment matrices~Sawh-
ney and Brown 1989; Luckner and Schestakow 1991; Ghadiri
Rose 1992; Grifoll and Cohen 1994!. This assumption is appro
priate if chemical transport in the soil occurs over time scales
are significantly larger than the transport time scales for ot
media. Chemical movement through the soil and sediment c
partments, for most multimedia scenarios of interest, can be
scribed via a 1D convective-diffusion model in which the loc
equilibrium assumption is invoked. Accordingly, in the prese
simplified multimedia approach, the transport equation, in ter
of the matrix concentration,Cm ~gmol/m3!, can be obtained by
OXIC, AND RADIOACTIVE WASTE MANAGEMENT / APRIL 2002 / 77
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summing the transport equations for the individual soil or se
ment phases~Sawhney and Brown 1989; Grifoll and Cohen 199
1996! leading to

]Cm

]t
5(

j 51

n
]~u jCj !

]t

5(
j 51

n F ]

]z S u jD j
eff

]H jmCm

]z D 2
]~v ju jH jmCm!

]z

1u jz j kjH jmCmG1Nr , j 51..n (11)

whereu j5volume fraction of phasej of the porous matrix~di-
mensionless! consisting ofn soil phases;Cj5chemical concentra-
tion in phasej of the matrix~gmol/m3!; v j5convective velocity
of phasej; and Nr designates net rate~gmol/m3

•h! of chemical
root-soil exchange or sediment-buried organisms exchange.
overall matrix concentration,Cm , is defined as

Cm5(
j 51

n

u jCj (12)

where Cj5concentration of the contaminant in phasej of the
matrix ~gmol/m3!, and the individual porous matrix phase/matr
partition coefficient,H jm, is defined as

H jm5Cj /Cm5
H jw

( i 51
m u iHiw

(13)

whereH jw and Hiw5partition coefficients between a given po
rous matrix phase phasej and the water phase~selected here as
the reference phase!

H jw5
Cj

Cw
(14)

where Cw5chemical concentration in the soil-water pha
~gmol/m3!, and the effective diffusivity in phasej, D j

eff ~m2/h!, is
defined as

D j
eff5

D j

t j
1D jD (15)

whereD j , D jD , andt j5molecular mass diffusivity~m2/h!, dis-
persion coefficient~m2/h!, and tortuosity factor in phasej, respec-
tively.

For the special case when the partition coefficient,H jm, is
depth-invariant, Eq.~11! can be expressed as

]Cm

]t
5

]

]z S Dm
eff

]Cm

]z D1
]~VeffCm!

]z
1Reff1Nr (16)

where the effective diffusion coefficient,Dm
eff ~m2/h!; effective

chemical infiltration velocity,Veff ~m/h!; and overall reaction rate
Reff ~gmol/cm3

•h!, are defined as

Dm
eff5(

j 51

n

u jD j
effH jm (17)

Veff5(
j 51

n

v ju jH jm (18)

Reff5(
j 51

n

~u jz j kj
rH jmCm! (19)
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The initial condition for solving Eq.~16! for the soil or sediment
matrices can be specified as

Clm5Clm~z! at t50 (20)

where the subscriptl designates either the soil or sediment mat
ces. For chemicals present in the gaseous and dissolved phas~in
water!, the soil/atmosphere boundary condition is given as

Vsm
effCsm2Dsm

eff S ]Csm

]z D5Cw
r Kw

r 2ka,smS Csm

Hsm,sa
2Ca

~g!D @ z50

(21)

where the first and second terms on the right-hand side of Eq.~21!
represent the contribution of wet deposition and atmosphere
gas phase mass transfer~that is, dry deposition! of the chemical,
respectively, where the subscriptsm denotes the soil matrix;
Cw

r 5chemical concentration in rainwater~at ground level!;
Kw

r 5rainwater infiltration velocity ~m/h! at the soil surface;
ka,sm5atmosphere/soil mass transfer coefficient~m/h!;
Hsm,sa5soil matrix/soil air partition coefficient, and
Ca

(g)5chemical concentration~gmol/m3 air! in the atmosphere
~gas phase!. During rain events, when the condition of soil pon
ing is reached, excess water~that is, runoff! is transported outside
of the study region or to a water body within the region. A pra
tical approach, in hybrid spatial-compartmental models, is to
lize analytical solutions for the time to ponding, moisture cont
profile, and infiltration velocity during rainfall~Broadbridge and
White 1987, 1988a,b; Broadbridge and Rogers 1990; Broadbr
et al. 1996!.

The bottom boundary condition for the soil is a flux-type co
dition at the soil/groundwater boundary or a zero flux at the s
impermeable zone boundary:

Vsm
eff Csm2Dsm

eff S ]Csm

]z D5kgw,smS Csm

Hsm,sw
2CgwD at z5Ls

(22)

where kgw,sm5soil/groundwater mass transfer coefficient~m/h!;
Hsm,sw5dimensionless soil matrix/soil water partition coefficien
Cgw5contaminant concentration in groundwater~gmol/m3!, and
Ls5depth of the soil compartment~m!. An impermeable bottom
boundary condition~that is, no flux! can be specified by setting
the mass-transfer coefficient to be identically zero.

The accumulation of particle-bound chemicals at the soil s
face can be evaluated subject to the approximation that depo
particle-bound chemicals are equilibrated with the atmosph
phase or rainwater~that is, at ground level! and also do not infil-
trate the soil matrix. Accordingly, the accumulated mass
particle-bound chemical at the soil surface region,Ms

(p) , is
tracked using the following chemical mass balance:

dMs
~p!

dt
5Nds

~p!As~12Fveg!1Nrain
~p! As~12Fveg!

1Ndf

~p!AsFveg~12I f !1Nveg
~p!AsFveg

2Nres
~p!As~12Fveg!2Js

r at t50 (23)

whereNds

(p) andNrain
(p) 5mass fluxes of the particle-bound chemic

onto the soil surface due to dry and wet deposition, respectiv
Ndf

(p)5dry deposition flux onto vegetation areas~gmol/m2h!;

Fveg5fraction of soil surface area covered by vegetatio
I f5fraction of dry-deposited chemical intercepted by foliag
Nveg

(p)5flux from vegetation to the soil surface~gmol/m2
•h! due to

falloff and washoff from foliage; Nres
(p)5chemical loss flux
E WASTE MANAGEMENT / APRIL 2002



Fig. 2. Solution scheme of coupled transport equations for uniform~ODEs! and nonuniform~soil and sediment PDEs! equations
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~gmol/m2
•h! due to wind resuspension of particulate matter; a

Js
r5chemical degradation rate~gmol/h! at the surface region

While it is known that colloidal size particles can infiltrate the s
along with infiltrating rainwater, the mechanism of colloid
transport in porous media is complex and parameterization
present models is impractical for inclusion in current multime
analysis.

The sediment/water boundary condition for diffusive transp
is treated in a manner analogous to Eq.~22!;

Vsdm
eff Csdm2Dsdm

eff S ]Csdm

]z D5kw,sdmS Cw2
Csdm

Hsdm,sdw
D at z50

(24)

where the subscript ‘‘sdm’’ denotes the sediment matrix;z50
designates the sediment/water interface;Csdm5chemical concen-
tration in the sediment matrix~gmol/m3!; Dsdm

eff 5effective diffu-
sivity in the sediment matrix~m2/h!; Vsdm

eff 5effective convective
velocity in the sediment matrix~m/h!, ksw,sdm5water-side mass
transfer coefficient water-sediment exchange~m/h!; and
Hsdm,sdw5sediment/sediment water partition coefficient. At t
bottom sediment boundary, a flux condition is specified:

VsdmCsdm2DsdmS ]Csdm

]z D5kI ,sdmS Csdm

Hsdm,I
2CI D at z5ds

(25)

where ds5sediment depth~m!; kI ,sdm5water-side mass transfe
coefficient at the bottom boundary~m/h!; CI5chemical concen-
tration in a given porous matrix phase~solids or water! at the
bottom boundary~gmol/m3! just at the underside of the sedime
bottom interface; andHsdm,I5corresponding chemical partitio
coefficient.

The accumulation of suspended solid-bound chemical at
sediment surface,M sdm

~ss) ~gmol!, subject to the assumption o
chemical equilibrium between suspended solids and water a
sediment/water boundary, can be described by the follow
chemical mass balance:

dMsdm
~ss!

dt
5~Nsdm,sed

~ss! 2Nsdm,res
~ss! !Asdm2Jsdm

r (26)
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where Nsdm,sed
(ss) and Nsdm,res

(ss) 5sedimentation and resuspensio
fluxes of the suspended solids-bound chemical~gmol/m2

•h!;
Asdm5sediment/water interfacial area~m2!, and Jsdm

r 5chemical
degradation rate~gmol/h! in the sediment/water surface regio
Eq. ~26! is coupled with the suspended solids compartm
through the exchange of chemical mass via sedimentation
resuspension. It is emphasized that tracking the accumulatio
particle-bound chemicals as described above@for the soil and
sediment: Eqs.~23! and ~26!# is a simplification. In reality, the
structure and topologies of the soil and sediment surface reg
are constantly changing. However, the added modeling difficu
is not warranted for the present level of multimedia model co
plexity.

The complete multimedia model consists of the set of coup
ODEs and PDEs presented in this section. Model simulations
carried out by a simultaneous solution of the coupled system
ODEs and PDEs using appropriate time steps. The overall s
tion procedure consists of alternating between the ODEs
PDEs using an iterative process, until convergence is reache
the boundary concentrations at the soil/air and sediment/w
interfaces~Fig. 2!. Details of the model structure and solutio
procedure are described in the companion paper~Cohen and
Cooter 2002!.

Scenario Design

The building blocks of an environmental simulation includ
specification of chemical properties, compartmental structure
properties, source-emission scenarios and background conce
tions, and intermedia transport processes. Chemical-input pa
eters at a basic level are required to run a successful simula
~Table 3!. It is important to recognize that the propensity of po
lutants to accumulate and/or persist in the environment can
significantly impacted by biotic and abiotic transformation rat
The description of these transformation reactions by pseudo-fi
order reaction kinetics is suitable for most levels of environmen
analyses; however, more complex kinetic models can be spec
@for example, see Eqs.~1! and ~16!# without a loss of generality.
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Table 3. Chemical Information

Required chemical parameters Advanced chemical parametersa

Molecular weight Temperature dependent Henry’s Law Parametea

Molar volume Chemical vapor pressuree

Boiling temperature Diffusion Coefficientsf

Henry’s law constant Rain scavenging coefficientsg

Organic carbon/water partition coefficient Water/biota mass transfer coefficientb

Octanol/water partition coefficient Temperature dependent reaction rate coeffica

Bioconcentration factorb

Reaction rate coefficientsc

Gas/particle partition coefficientd

aOptional parameter.
bRequired if biota compartment is selected.
cRequired if reactions are selected.
dEstimation method must be specified.
eRequired if a specific gas/particle partition coefficient estimation method is selected.
fEstimated internally but can be specified based on experimental data.
gEstimated internally accounting for dependence on meteorological conditions; however, constant values can be specified.
, it
ef-
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d
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Although multimedia analysis is often conducted isothermally
is worth noting that partition coefficients and reaction-rate co
ficients are temperature-dependent, and such behavior can be
ily incorporated in a dynamic model.

Geographical characteristics such as media dimensions~for
example, volume, surface area, and depth! and other properties
~for example, organic carbon content for soil and sediment! are
80 / PRACTICE PERIODICAL OF HAZARDOUS, TOXIC, AND RADIOACTIV
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required to describe the multimedia system~Table 4!. The volume
of the air compartment can be determined based on the total
face area in contact with the soil and water compartments and
atmospheric mixing height. Mixing heights vary diurnally an
seasonally; however, the use of an average mixing height is o
a reasonable first-order approximation for the majority
screening-level multimedia analyses. The volumes of the wa
r

Table 4. Major Geographical Compartmental Properties

Compartment
Height, depth, or

other size parameters
Interfacial area, volume, or

mass Other physical parameters

Air ~gas! Mixing height Air/soil Atmospheric pressure
Air/water

Atmospheric
particles

Size distribution Particle/air surface area and
particle volume determined
from size distribution

Density
Porosity

Soil Depth Air/soil Density of soil solids
Land slope Initial soil air porosity and wate

content
Organic carbon content
Land use

Water Depth Air/water
Width ~river only!

Suspended
solids
~in water!

Average diameter Volume fraction in water Density of suspended solids
Organic carbon fraction
Sphericity

Biota ~in water! Volume fraction of water
body

Sediment Depth Sediment/water Density of sediment solids
Porosity
Organic carbon fraction

Plant Average height~at full growth! Plant areal density Growth-rate parameters
Root diameter Initial and full-grown mass

foliage ~leaf! area/foliage
~leaf! mass ratio

Bulk density
Fraction of foliage in plant
Fraction of root hairs in roots
Crop type
E WASTE MANAGEMENT / APRIL 2002
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soil, and sediment compartments are defined by their area
depth. The volumes of biota and suspended solids can ofte
specified in terms of the fraction of water volume they occu
For example, available information regarding the concentratio
suspended solids and the particle-size fraction~or average diam-
eter! can be used to determine the volume fraction of suspen
solids in water. The size of the plant compartment is specified
the fraction of soil covered by vegetation, area density of folia
~kg/m2!, depth of the root zone, size information for the pla
roots, and plant growth parameters.

Convective flow rates in the water, air, and soil compartme
can be specified as volumetric flow rates or velocity. Although
air and water compartments are considered to be uniform, one
utilize a correction for nonideal mixing. For example, given
convective residence time that accounts for nonideal mixing,t i res

~h!, the volumetric flow rate is specified asQi5Vi /t i res
, where

Vi5compartmental volume~m3!. Residence times may be ava
able in the literature or calculated from appropriate convec
dispersion models. Water movement in soil can be obtained f
a numerical solution of the Richards~1931! equation. However,
adding such complexity to the Mend-Tox framework may not
justified for most scenarios of interest. Therefore, it is often m
feasible to utilize analytical solutions for water movement in t
soil ~see section on nonuniform compartments!.

Media temperatures are necessary to calculate chem
specific parameters~for example, mass diffusivities, partition co
efficients, mass-transfer coefficients, and reaction-rate consta!.
In the present approach, monthly average temperatures are
to obtain average daily air and water temperatures using a p
nomial fit of the average monthly temperatures. Since temp
soil temperature data are not readily available, it may be rea
able to specify the soil temperature as weighted averages o
air and water temperatures. Interfacial air/soil and air/water
be different from bulk temperatures; therefore, one can also
proximate these interfacial temperatures as weighted tempera
of the adjoining compartments. In addition to temperature, te
poral variability of wind speed may be of interest at various te
poral scales. Average monthly wind speeds are available for m
regions. However, greater temporal resolution has to be spec
when the wind resuspension process is included in the simula

Although the impact of rainfall is episodic, wet scavenging
chemicals can significantly impact the distribution of chemicals
the multimedia system. Conducting full rainfall simulations ov
long simulation periods~for example, months to years! requires
considerable rainfall data. Moreover, rainfall simulations a
computationally intensive due to additional complexities asso
ated with the transport of particle-bound chemicals and rain
infiltration in soil. Therefore, it may be preferred to first evalua
the impact of a single rainfall event on the multimedia system
assess the merit of conducting full rainfall simulations.

Chemical emissions directly impact the dynamics of multim
dia chemical partitioning. Three basic types of sources can
used for most multimedia scenarios of interest:~1! uniformly dis-
tributed air source;~2! uniformly distributed water source; and~3!
buried chemical simulation. Release rates to air and water ca
constant or time-dependent. Uniform source simulations are
suited for distributed sources and for regions where the ana
time scale is greater than the chemical mixing time in the co
partment where the release occurs. Clearly, the design of sy
boundaries should consider the location of sources within the
gion relative to the system boundaries. It is also possible to c
struct multiple regions, where simulation output from one is u
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as input for an adjacent region, through a sequential set of si
lations. Buried source simulations for the soil or sediment can
implemented by specifying initial concentration profiles for the
media. Although soil and sediment contamination scenarios
source emissions to air and/or water can be specified inde
dently of each other, the simulation must be well posed. For
ample, if sources are not specified~for any of the compartments!,
then an initial concentration greater than zero must be spec
for at least one of the media in the environmental system. In f
initial and background@Cki

in ; see Eq.~1!# concentrations must be
specified for all media.

Multimedia simulation results that are generally of interest
clude time slices of chemical mass distributions in the envir
ment, temporal media concentration and fugacity profil
concentration-depth profiles for the nonuniform compartme
and intermedia chemical fluxes, as well as rates of chemical fl
into and out of compartments due to various transport proces
Detailed presentation of simulation results can help unravel
complexity of simulation scenarios that are affected by the nu
ber and types of included intermedia transport processes. Fo
ample, intermedia transport of particle-bound chemicals will
crease model complexity and required computational resour
Similarly, processes associated with rainfall~for example, rain
scavenging, rainfall infiltration into soil, and runoff! also increase
the complexity of interactions among media.

Therefore, in most cases, it is best to first evaluate a syste
response with a minimum number of intermedia processes. S
sequently, through sequential simulations, one can add interm
processes to study and interpret a more complex behavior o
multimedia system. Clearly, there is an advantage to formula
the model structure so as to allow one to include only the des
environmental media and intermedia processes. Implementa
of the above features can be accomplished via object-orie
model construction with a suitable user interface built to allo
analyses that are consistent with the approach taken by mult
dia analysts. Such an approach and illustrative simulation
amples are described in a subsequent publication dealing with
implementation of the Mend-Tox approach~Cohen and Cooter
2002!.

Summary

Environmental multimedia distribution of chemical contaminan
can be assessed using multimedia models ranging in comple
from simple compartmental models to systems of linked, fu
spatial single-medium models. The hybrid spatial-compartme
multimedia model formation presented in this paper consists
mixture of ‘‘well-mixed’’ and nonuniform compartments with
mechanistic description of intermedia transport processes. S
models provide a greater degree of realism relative to sim
compartmental models. A wide range of model simulations can
conducted, and thus the modeling approach can form the basi
designing a sophisticated yet practical environmental simula
for conducting multimedia analyses at both the research and
structional levels.

Disclaimer

The information in this document has been funded in part by
U. S. Environmental Protection Agency. It has been subjecte
agency review and approved for publication. Mention of tra
names or commercial products does not constitute endorseme
recommendation for use.
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Table 5. Summary of Fugacity Capacities

Environmental
medium Fugacity capacity Parameter definitions

Air Za51/RT T—Temperature~K!

R—Gas constant~8.31, Pa•m3/gmol•K!

Water Zw51/Hw Hw—Henry’s law constant~e.g.,
Pa•m3/gmol!
Note: Haw5Hw /RT

Sorbed phase Zsp5(KPrSP)/HW

~Note: for a linear adsorption isotherm!
Kp—Linear sorption coefficient~ml
solution/g sorbent!
rSP—Density of solid sorbent~g/cm3!

Biota ZB5BCFrB /HW rB—Biota density

BCF—Bioconcentration factor
~dimensionless!

Multiphase
compartment
~e.g., soil,
sediment, foliage,
and roots!

Zm5(
i51

n

uiZi

Zi—Fugacity capacity of phasei
u i—Volume fraction of phasei
n—Number of phases

Roots Zr5(1/Hw)BCFrw BCFrw—Roots/water partition coefficient

Foliage Zf5BCFf aZa BCFf a—Foliage/air partition coefficient
ent
l po
po-

i-
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Appendix: Fugacity and Concentration

The driving force for interfacial mass transfer between adjac
media, associated with diffusional processes, is the chemica
tential difference. It is often convenient to map the chemical
tential to the function known as fugacity. The fugacity of a chem
cal in a given environmental phase~for example, air, soil, and
water! is related to its chemical potential,m i , by the following
relation ~Prausnitz 1999!:

f i5 f i
r expS m i2m i

0

RT D (27)

wherem i
0 is the standard-state chemical potential andf i and f i

r are
the chemical fugacity and its reference fugacity, respectively.
accepted unit for fugacity is pressure~typically atmosphere or
Pascal!. The fugacity of a chemical is typically written using th
following simple relation~Prausnitz 1999!

f i5xif i f i
r (28)

where xi5mole fraction; f i5fugacity coefficient; and
f i

r5reference fugacity. For environmental applications, it is m
convenient to write Eq.~28! in molar concentration units:

f i5S Ci

rm
phaseDf i f i

r (29)

whereCi5molar concentration of the pollutant under consid
ation, andrm

phase5molar density of the environmental phase~for
example, water, air, and so on!. Eq. ~29! can be simplified by
introducing the so called ‘‘fugacity capacity,’’Zi5(rm

phase/f i f i
r),

which leads to the following relation between the fugacity a
concentration~Mackay 1991!:

f i5
Ci

Zi
(30)
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In a multimedia system ofM compartments at equilibrium, th
equality of the chemical fugacities in the various compartme
~for a given chemical and standard-state reference chemical
tential! requires that the following condition holds:

f 15 f 25 f 35••• f i5 f j ; i , j 51,...,M ~where iÞ j !
(31)

or using Eq.~30!

Ci

Zi
5

Cj

Zj
where iÞ j (32)

Since the fugacity capacity for a given chemical in a spec
phase is only a function of the nature of the chemical and den
of the phase, Eq.~32! can be rearranged to obtain a simple de
nition for the environmental partition coefficients:

Hi j 5
Ci

Cj
5

Zi

Zj
where iÞ j (33)

As the number of compartments in a multimedia system
creases, it is convenient to store a fugacity capacity vector ra
than a matrix of partition coefficients. Also, given values
fugacity capacities, which for a given environmental system a
chemical only vary with temperature~the effect of pressure unde
normal atmospheric conditions is usually negligible!, one can eas-
ily determine from Eqs.~31! and ~33! the fugacities for a given
chemical in any desired compartment. Expressions for fuga
capacities of the major media are provided in Table 5. The pa
tion coefficient between any single-phase compartmentj and a
multiphase compartmentm is determined as

H jm5
Zj

Zm
5S (

i 51

M

u iHi j D 21

(34)

where u i5specific porous matrix phase water volume fractio
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and Zj and Zm5fugacity capacities of the porous matrix an
phasej within this matrix, respectively~Table 5!.
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