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ABSTRACT

In modeling a phytoremediation strategy, the transport and fate processes of soil water are influenced
by subsurface groundwater flow, precipitation events, microbial activity, and transpiring vegetation. This
transport is modeled in a variably saturated environment in a vertical dimension and is represented by a
Richards equation supported with a van Genuchten model as its constitutive relations. The fate and transport
of solutes considers various physicochemical phenomena such as adsorption, volatilization, gas-phase diffu-
sion, with biodegradation by soil microbes and plant uptake, as fate processes of the solutes. Volatilization of
contaminants is treated as an open-contaminant, evaporative-flux boundary condition at the soil surface.
Vegetation may play an important role by enhancing indigenous soil microbial degradation and by absorbing
or transpiring the contaminants. The validated model will be employed to investigate the fate and transport
processes occurring in an actual hydrocarbon-contaminated field site. The model results will be used as part of a
decision support system to predict the soil conditions, plant activities, and contaminant fate processes in the

soil environmentsfor the simulation period.
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INTRODUCTION

Mathematical models of vegetative
bioremediation are useful toolsin assessing
the practical implications of
phytoremediation. In this study, a math-
ematical model was designed for useasa
prediction tool in adecision support system.
In a decision support system, models are
incorporated as predictive tools for “what-if”
scenarios. Decision support systems are
systems designed for non-technical users so
that they can access information that helps
them to make adecision. The decision
support system supplements the person’s
background and can point to additional
sources of data that the user may not be
aware of. Inthe case of phytoremediation,
common questions that practicing environ-

mentd professonashaveare: “How longwill it
takefor the contaminant to be remediated to
regulatory standards?’ and “What istherisk to
groundwater?’ Thedecision support system
being designed needsto addressthose ques-
tions. Inorder to addresseither question, a
modd of the contaminant’sbehavior inthe
vegetated-contaminated soil system needsto be
developed. Several modelsarecurrently avail-
ablethat smulate solutefateand transportina
vegetated contaminated soil (Davisetal., 1993;
Boersmaet a., 1988; Trapp and McFarlan,
1995; Briggset al., 1982). For our purposes, a
new model, whichistailoredto the specific
needs of the decision support system, isbeing
developed. Theexistingmodelsarequite
robust but at timesrequireagreat number of
inputsand longer computationtimes. Thenon-
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technical usersof the decision support system
arelooking for smpleanswers, and they do not
typically havethe background tointerpret some
of the complex resultsfrom some of the compu-
tational models. With an appropriate math-
ematical model and proper input, answersto
these questions can be calcul ated.

MODEL ASSUMPTIONS

The model presented isasimpleflow-
and-transport model for one dimension. Gas-
phase transport was assumed to occur only
by molecular diffusion. Phase-equilibrium
partitioning occurs between thelocal solid,
water, and gas phases. Diurnal changein soil
temperature and its effect on soil-moisture
distribution are assumed negligible. An
atmospheric soil-surface boundary layer (1-5
cm thick) exists so that solute concentration
inthislayer isin equilibrium with solute
concentration in surface soilwater.

MODEL DESCRIPTION

The model has a series of governing
equationsfor theindividua processes being
modeled. Definitionsfor each of the vari-
ablesinthefollowing equations are listed at
the end of this paper. The soil-water flow
eguations are considered first, with the
governing soil-water flow equation given by:

oz @( 0z (l’u Z)H
1)

Eq. (1) describes the soil-water flow in
the form of Richard’s equation in the vertical
(2) direction under theinfluence of root-water
uptakefromthesoil. Eachtermwithinthe
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equation accountsfor aparticular aspect of soil-
water flow. Thetermsontheright sideof the
equation relateto the movement of thewater in
thevertical direction, z, or removal fromthe
volumeof soil being represented, R. Theterms
ontheleft side of the equation represent the
changeinthe soil’sstorage of water, asrelated
tothe specific sorativity of thesoil, S, effective
saturation, S, and the soil’sspecificyield, S,
Both of thesetermsarerelated to the amount of
water that asoil canhold. Theterm S, effective
saturation, isdefined intermsof the soil-water
pressure head, Y, and parametersa, m, and n,
described by van Genuchten (1980). These
parameters are based on the clay, sand, and
carbon content of the soil and areused to
describethe soil- water retention curvefor the
soil. Theequationdescribingthisrelationshipis
shown below.

U 1 dn
= —————-0 whenyg <0

A+ (aws)'B
S.=1 when @¢¢=0 (2

and dS/dy;isgiven by

ds, _ am ( Sym) Sym ©)
dgs 1-m
and m and n are related asfollows
m= 1—1 (4)
n
K, hydraulic conductivity, isgiven by
K =K.S2 EL—(l—Se%”) Ez (5)

Equations (2) through (5) areessential
constitutive rel ationshi ps based on van
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Genuchten’smodel (1980) for predicting
hydraulic conductivity of unsaturated soilsin
order to obtain closure to Eq. (1).

Soil-water uptake by roots depends on
the root-length density, maximum root-water
uptake, degree of saturation of soil, and the
ratio of root-water and soil-water pressure
heads (Campbell 1991). For our simulation,
thevariable R, from equation 1, isgiven by
the equation

R=q L, (6)

whered, therate of soil-water uptake per unit
length of roots, isrepresented as

-7, % A )
‘1Us 0
where SW, degree of soil saturation, isgiven by
theequation
6 _6
S, =—=— ®)
n 6s

0, volumetric water content, is the sum of
the residual volumetric soil-water content,
and the amount of water held in storage by
the soil. The equation describing this
relationship isgiven below.

6:6r+se(68_6r) (9)

Thelast variablein equation 6, isL , the
root-length density, and is represented by an
exponentia relationship as
L, =Ly, exp(-dz) (10)

The subscript s denotes the root-length
density asmeasured at the soil surface. The

parameter disafitting parameter.
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Thetop boundary condition used by
equation (1) for our model is
K 0 (lljS + Z)
0z
The evapotranspiration rate of the

systemisrepresented by E in the above
equation.

Upon solving equation (1) to conver-
gence, the Darcy flux of soil water, V, isthen
computed as

= E at surface (11)

(0 (Y. +2z)O
v=-k P28 (12)
0 9z [

The solute transport portion of the
model iswritten asadifferential solute
transport equation and is given by:

0 0
— =—— -S 13

The total solute concentration in a soil
element, C , isthe sum of the soil water
contained in the soil-water fraction, the soil-
air fraction, and the soil-solid fraction of the
soil and the amount of solute contained in the
roots. Thisrelationship isgiven by

c:l' = ecw +9aCa + pCS +Ld Athr

Thetotal soluteflux, g, isaffected by
the amount of solute transported by the
diffusion of the solute through the soil water,
the amount that moves with the moving soil
water, and the amount diffusing through the
soil air. Thissumisgiven by

d
qr:—QDWEE@%)+VCW—Dw

(14)

oC,
= (15
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Thesink term S from equation 13, is
represented asthe sum of the solute degraded,
therefore removed from the soil-water solution,
and theamount of solute taken up by the plant
and transported to the transpiration stream.
Each of these factors depends on the concen-
tration of soluteinthesoil water, C . The
equation describing thisrelationshipis
shown below.

S=6kC, +RT,C, (16)

The various constitutive relations for
closure of equations (14) through (16) are
given by a series of equations based on
physical and chemical principles. Thefirst
relationship is based on conservation of
mass. It shows that the porosity of the soil
isthe sum of the volumetric water content
and the volumetric air content.
n=6+6, (17)

The next relationship relates the concen-
tration of solute, in the soil solids, to the
concentration of solute in the soil-water.
Thisrelationshipisrepresented by alinear
adsorption, with K, defined as the sorption
coefficient of solute onto soil solids.
C.=K,C, (18)

The sorption coefficient has been shown
to be related to the amount of organic matter
contained within asoil and thisrelationship
can also be represented by alinear function.
Ky =K Ty (19)
whereK _isthe carbon-water partitioning
coefficient. The concentration of solutein
the soil air depends on the concentration of
solutein the soil water. Therelationship
describing this dependenceisbased on

Henry’slaw and is shown below.
C,=HC,

H, adimensionless Henry’s law
coefficient, isdependent on the solute
being studied. The concentration of solute
intherootsisalso represented as alinear
adsorption relationship, with R  being the
root concentration factor related to the
octanol-water partitioning coefficient, K_,
of the solute.

Cf = RZfCW

(20)

(21)

R, =0.82+100°77"91%) (22)

Thedispersion coefficient isdefined as

6D, =a,Vv (23)
and the effective diffusionisgiven by
1%
Dy = 632 D, (24)
n

The plant uptake of solute into the
transpiration stream from soil water is de-
scribed using the T_, transpiration stream
concentration factor, that dependsonk
value of the solute (Briggs et al., 1982).

2
- [l
og K., 1.78) (25)
244 ﬁ

Ty =0. 784expﬁ~

Finally, the governing solute transport
equation, arrived at by combining each of the
relationshipswe have previously given, is
§(9+9aH + oK, +L,A,)C, =

%D
0z

0
HD, GZBE

H—v aZ(c: )+

27
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where¢ , theinverse of thetortuosity factor
for gaseous diffusion, isgiven by therela-
tion shown below.

6103

§=-2
I‘]2

Boundary condition for the solute
transport governing equation (27) at the soil-
surface boundary is:

ac,, aC,,
-6D |L+vcw|L —EHDaE

"oz

(28)

I

D

:?a(HCW | -C..) a surface (29)

The soil-surface boundary condition
considers a 1-5 cm thick atmospheric bound-
ary layer whose solute concentrationisin
equilibrium with the solute concentrationin
the soil water of the soil surface. Thislayer is
relatively thick for adense canopy of vegeta-
tion, whileit isalmost negligiblefor awell-
mixed, windy, barren soil surface.

MODEL EXPECTATIONS

Due to the need for the model to inter-
face with the graphical user interface as part
of the decision support system, the model
had a number of expectations. First, the
model was to simulate the flow of soil water
invertical direction under the influence of
soil type, vegetation, evaporation, and
precipitation events. Second, the model was
to ssimulate the transport and fate processes
of solutein the vertical direction of soil
environments under the influence of soil type,
soil-water flow, solute type, plant uptake,
and microbial degradation. Third, the model
was to predict and study the movement of

soil water dueto seasonal variationsand uptake
of plants. Fourth, themodel wasto predict the
fate processes of solutesreleased at the soil
surface. Fifth, themodel wasto smulateto
determineif infiltrating solutewill eventualy
contaminatethegroundwater table. Finally, the
model wasto determineif thegrowth of active
vegetation on the soil surfacewould containthe
infiltration of contaminated soil water, predict,
and study over seasons, the extent of
phytoremediation of solutesintheroot zone.

NUMERICAL PROCEDURE

The numerical procedure used acombi-
nation of techniques. Governing equations
(1) and (27), along with the constitutive
relationships, are solved using weighted-
residuals, Galerkin finite-element technique.
Linear-shape functions are employed over the
element for the Galerkin formulation of
equations (1) and (27). For representing the
time derivative, a Crank-Nicholson method
was used with aweighting parameter equal
to 0.5. The strategy at any given time step
involved the following steps. First the
governing equation (1) was solved to conver-
gence along with top boundary conditionin
equation (11) and prescribed bottom bound-
ary condition and initial condition for the soil
domain. Next, thelocal Darcy soil-water
fluxes were cal cul ated based on current soil-
water and pressure head conditions. Then the
governing equation (27) was solved to
convergence aong with top boundary condi-
tion in Equation (29) and prescribed bottom
boundary conditionandinitia conditionfor the
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At Time-Step ti

¥

Soil-Water Flow Model

Test Convergence

Compute Darcy Flux

< A

Solute Transport Model

Test Convergence

NO

| YES

Compute Solute Flux

< A

Compute for Time-Step ti + At

Figure 1. Schematic of the Solution Methodol ogy.
problemdomain. Thisentireprocedurewas
repeated for each timestep. Figure1 showsa
schematic of thissolution strategy.

CONCLUSIONS

For the phytoremediation treatment-design
decision support system, aspecia model was
necessary to meet the needsof the system. The
derived modd used standard representationsfor
soil-water flow, the various phaseinteractions,
and the solutetransport. Root water uptake
wastaken into account aswell asmicrobial
degradation of thesolute. Resultsfromthis
model will be usedto predict thetime needed to
reach agivenregulatory limit for cleanup of a
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contaminated site and the extent to which solute
will betransported to the groundwater table.
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NOMENCLATURE

A,  average cross-section area of the
roots (m?)

C, concentration of solutein soil air (g/m?®)

C,  concentration of soluteinair (g/m?)

C concentration of soluteinroots(g/nT)

C, concentration of solutein soil solids
(@/m?)

C, total soluteconcentrationinasoil
element (g/m?3)

C, concentration of solute in soil water
(g/m?)

D, effectivegas-phasediffusioncoefficient
(e/hr)

D

w

I

A X X~

wn

- 00 mWm

hydrodynamic dispersion coefficient
(m?/hr)

evapotranspiration rate (m/hr)

dimengonlessHenry’slaw constant of
solute

decay constant (1/hr)
hydraulic conductivity (m/hr)
unsaturated hydraulic conductivity (m/hr)

carbon-water partition coefficient (g/m?/
g/

sorption coefficient of solute onto ol
solids(m?/g)

octanol-water partition coefficient (g/m?/
g/

root-length density (mv(m?))
soil-surfaceroot-length density (m/(m?))
van Genuchten parameter

van Genuchten parameter

maximum rate of uptake per unit root
length (m*/(m. hr))

rate of uptake per unit root length
(m3/(m. hr))

total solute flux (g/(m2.hr))

rate of soil-water uptake by roots
(m3/(m3. hr))

root concentration factor (g/mé/g/md)

sink term for the solute in soil (g/
(m3.hr))

effective saturation (m%/mq)
degree of saturation (m*/mq)
specificorativity (1/m)
specificyield of soil (m?/m?)
time(hr)
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Ty transpiration stream concentrationfactor 6, volumetric gasporosity (m?*/md)
of solute (g/m3/g/m°)

8, residual volumetric soil-water content
Vv Darcy soil-water flux (mvhr) (M?/md)
z Cartesian coordinatein vertical 0, saturated volumetric soil-water content
direction (m) (m3/n)
van Genuchten parameter p bulk density of soil (g/nT)
w dispersivity factor (m) & reciprocal of tortuosity factor for
gaseousdiffusion

=0if g, <Oand=1if Y >0

soil porosity (m3/m?) W, soil-water pressure head (m)

O S T Q Q

volumetric soil-water content (m#/m?) W root-water pressure head (m)
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