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Simulation of Phytoremediation of a TNT-Contaminated Soil
Using the CTSPAC Model

Y. Ouyang,* D. Shinde, and L. Q. Ma

ABSTRACT the atmosphere (Arienzo, 2000). Compost application is
an economical method for remediating explosive-con-Knowledge of water movement in the plant-xylem system and
taminated soils and has been found to reduce the con-contaminant bioavailability in the soil environment is crucial to evalu-

ate the success of phytoremediation practices. This study investigated centrations of target contaminants such as TNT. How-
the removal of 2,4,6-trinitrotoluene (TNT) from a contaminated sandy ever, the potential for ecotoxicological effects of unknown
soil by a single poplar (Populus fastigiata) tree through the examina- products remains because the mutagenicity of the soil
tions of temporal variations of xylem water potential, root water up- is markedly increased during compost application (Jar-
take, and soil TNT bioavailability. A mathematical model, CTSPAC vis et al., 1998). In recent years there has been a growing
(Coupled Transport of water, heat, and solutes in the Soil–Plant– interest toward the use of ORC, such as sodium percar-
Atmosphere Continuum), was modified for the purpose of this study.

bonate and metal peroxides. The ORC technology isThe model was calibrated using laboratory measurements before its
being used on more than 2000 sites in 46 states of theapplication. Our simulations show that the xylem water potential was
United States and several other countries. This technol-high in the roots and low in the leaves with a potential head difference
ogy is intended to promote direct oxidation of contami-of 3.55 cm H2O, which created a driving force for water flow and

chemical transport upward from the roots through the stem to the nants and enhance in situ aerobic microbial degradation
leaves. The daily average root water uptake rate was 25 cm3 h�1 when (Arienzo, 2000).
an equilibrium condition was reached after 24 h. Our simulations Phytoremediation is the use of plants to remediate
further reveal that no TNT was found in the stem and leaves and selected contaminants in contaminated soil, sludge, sedi-
only about 1% of total TNT mass was observed in the roots due to ment, ground water, surface water, and waste water. It
the rapid biodegradation and transformation of TNT into its daughter utilizes a variety of plant-based biological processes and
products. About 13% of the soil TNT was removed by the poplar

the physical characteristics of plants to aid in situ reme-tree, resulting mainly from root uptake since TNT is a recalcitrant
diation (Pivetz, 2001; Trapp and Karlson, 2001). Uptakecompound. In general, the soil TNT bioavailability decreased with
of TNT by plants has been studied during the past de-time due to the depletion of soil solution TNT by the poplar tree. A
cade (Kaplan, 1990; Schackmann, and Muller, 1991;constant bioavailability (i.e., 3.1 � 10�6) was obtained in 14 d in which

the soil TNT concentration was about 10 mg L�1. Our study suggests Schnoor et al., 1995; Voudrias and Assaf, 1996; Hughes
that CTSPAC is a useful model to simulate phytoremediation of TNT- et al., 1997). These studies were initially prompted by
contaminated sites. a concern over effects on the food chain of plants ex-

posed to TNT contamination and are recently driven
by interests in phytoremediation.

Organic contaminants are ubiquitous in soil and Mueller et al. (1995) studied the uptake and biotrans-
ground water systems throughout the world. Most formation of TNT in cell suspension cultures and in

of these contaminants are hydrophobic and persistent in whole plants of Jimson weed (Datura innoxia Mill.) and
the environment. One such organic contaminant is TNT, tomato [Lycopersicon peruvianum (L.) Mill.]. In cell
which was introduced into soil and ground water mainly culture, TNT was rapidly removed from the growth me-
through improper explosive manufacturing, storage, test- dium and recovered from the cell extract in the form of
ing, and packaging. As a result, thousands of acres of soil a variety of biotransformation products resulting from
contaminated with TNT need to be remediated (Voudrias nitroreduction, deamination, N-acetylation, and side
and Assaf, 1996). Incineration, compost application, and chain oxidation to aldehyde and carboxylic acid metabo-
oxygen releasing compounds (ORC) are currently avail- lites. Whole plants of the same species grew well in soils
able technologies for remediation of highly toxic soils contaminated with TNT up to 750 �g g�1, but showed
contaminated with TNT. Incineration is the preferred some signs of phytotoxicity for the Datura plants and a
technology for remediation of munitions-contaminated severe effect on the Lycopersicon plants at 1000 �g g�1.
soil, but is hindered by energy cost, corrosion problems, Both species removed TNT from soil and stored its
and the ecological process that can disseminate dust into metabolites at levels up to 30 times higher than the soil

TNT concentrations. After a two-week growth period,
only 4 to 9.2% of the applied TNT was found in the soils.Y. Ouyang, Department of Water Resources, St. Johns River Water
Thompson et al. (1998) showed that TNT was stronglyManagement District, P.O. Box 1429, Palatka, FL 32178-1429. D. Shinde

and L.Q. Ma, Soil and Water Science Department, University of Florida, bonded and transformed by the root tissues, and it only
Gainesville, FL 32611-0290. Approved for publication as Florida Ag- translocated slightly to the leaves of the poplar cuttings.
ricultural Experiment Station Journal Series no. R-10827. Received TNT was transformed by the poplar trees to its daughter13 December 2004. *Corresponding author (youyang@sjrwmd.com).

products such as 4-amino-2,6-dinitrotoluene, 2-amino-
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1991). The soil submodel has three time-dependent governing4,6-dinitrotoluene, and a number of unidentified com-
equations for vertical simultaneous flow and transport ofpounds. Recently, Chang et al. (2004) demonstrated that
water, solutes, and heat through the vadose zone. Water move-Indian mallow [Abutilon avicennae (P.) Mill.] enhanced
ment is modeled using the Richards equation associated withTNT removal and retarded TNT migration in soil by
the effects of daily cycles of surface water infiltration andstimulating microbial TNT transformation and by facili- evaporation, root water uptake, and leaf transpiration. Soil

tating direct uptake and phytotransformation of TNT. heat flux is described by heat conduction in the solid, liquid,
Although phytoremediation technology has shown and air phases; by heat convection in the liquid phase; and

significant potential for removal of contaminants from by the transport of latent heat. Chemical transport is described
surface and subsurface environments (Schnoor et al., by the mechanisms of convection, dispersion–diffusion, sorp-

tion, degradation, and root uptake. The equation for water1995; Mueller et al., 1995; Pivetz, 2001; Thompson et al.,
movement through the vadose zone used by the soil sub-1998; Aitchison et al., 2000; Nedunuri et al., 2000; Chang
model is:et al., 2004), the effects of plant physiological, microbio-

logical, and hydrological conditions on its applications
VREVs ��(�w�)

�t
�

�(�w�Vl)
�z

�
�[�wv(ε � �)Vwv]

�z � �are still poorly understood. A thorough literature search
reveals that insufficient research effort has been devoted

qws
(z,t)APR(z) [1]to developing mathematical models for a comprehen-

sive investigation of phytoremediation of contaminants where VREVs
is the representative elementary soil volume (cm3);

in the soil–plant–air system. �w and �wv the densities of water and water vapor (g cm3),
Recently, Ouyang (2002) modified the CTSPAC model respectively; � the volumetric water content (cm3 cm�3); t the

time (h); Vl and Vwv the velocities of liquid and vapor phaseto simulate phytoremediation of dioxane by the poplar
water (cm h�1), respectively; z the soil depth (cm); ε the soilcuttings in the soil–plant–atmosphere continuum. This
porosity (cm3 cm�3); qws(z,t) the water flux due to root extrac-one-dimensional mathematical model was originally de-
tion (g cm�2 h�1); and APR(z) the effective soil–root contactveloped for the vadose zone as controlled by atmo-
area (cm2).spheric, soil physical, and biological conditions (Linds-

The equation for heat flux through the unsaturated soil is:trom et al., 1990; Boersma et al., 1991). The feasibility
of the modified CTSPAC model to predict the uptake VREVs � �

�t
[(1 � ε)Csolid�solid T �and accumulation of dioxane by poplar cuttings was

tested against the laboratory measurements before its (ε � �)Cair�air T � �Cw�wT ] �applications. A simulation scenario was then performed
to investigate phytoremediation of dioxane by poplar �

�z
[(1 � ε)Hss � �Hsl � (ε � �)Hsv]� �cuttings associated with daily water flow and dioxane

transport, uptake, and accumulation in the soil and pop-
APRqws

(z)CwT [2]lar cuttings for a simulation period of 7 d. Ouyang (2002)
where Csolid is the specific heat of soil particles (J cm�1 h�1found that dioxane concentration was high in the leaf
K�1); �solid and �air the densities of soil particles and air (g cm�3),compartments and low in the root compartments with
respectively; Cair and Cw the specific heats of air and waterthe stem compartments in between. Although the study
(J cm�1 h�1 K�1), respectively; Hss the heat conduction throughprovided insight into the phytoremediation of dioxane
soil particles (J cm�2 h�1); Hsl the heat conduction and convec-in the soil–plant–atmosphere continuum, no effort has
tion in the liquid phase (J cm�2 h�1); and Hsv the heat conductionbeen devoted to investigating the phytoremediation of in the vapor phase and the transport of latent heat (J cm�2 h�1).

soil contaminated with TNT in response to the xylem The equation for solute transport and fate is:
water flow and soil TNT bioavailability.

The primary purpose of this study was to investigate VREVs � �

�t
[� � (ε � �)Hc)Cl � (1 � ε)S] � [� �

the removal of TNT from a contaminated sandy soil
by a poplar tree through the simulations of temporal

(ε � �)Hc]�Cl �
�

�z
[�qcl � (ε � �)qcv]� �variations of xylem water potential, root water uptake,

and soil TNT bioavailability. The specific objectives were
to (i) calibrate the CTSPAC model for simulating phyto-
remediation of TNT using the laboratory experimental

⎧
⎨
⎩

APR(z)qws
(z,t)Cl(z,t) for qw 	 0

APR(z)qws
(z,t)CPR(z,t) for qw 
 0

�

data reported by Thompson et al. (1998); (ii) investigate
the temporal variations of xylem water potential, and root APRqrs � VREVs

Qso(z,t) [3]
water and TNT uptake; and (iii) examine soil TNT bio-

where Cl is the concentration of solute in the liquid phase (�gavailability and removal from a contaminated soil. The
cm�3); Hc the Henry’s law constant (cm3 cm�3); S the averagepoplar tree was selected in this study partially because
concentration of solute in the sorbed phase; � the cumulativeof its high TNT uptake capacity and partially because
first-order loss coefficient (h�1); qcl and qcv the solute fluxesof the availability of experimental data (Thompson et in the liquid and vapor phases (�g cm�3 h�1), respectively;

al., 1998) for model calibrations. CPR the solute concentration inside the plant root (�g cm�3);
qrt the solute diffusive flux through the soil near the root–soil

MATERIALS AND METHODS interface (�g cm�2 h�1); and Qso the sources of solute (�g
cm�3 h�1).Model Description In CTSPAC, compartmentalization of a plant into local re-
gions of similar tissue structure and function is used. Compart-The CTSPAC model consists of coupling a soil submodel

to a plant submodel (Lindstrom et al., 1990; Boersma et al., ments are chosen to account for important flow processes,
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including (i) water uptake by roots; (ii) water transport driven to phloem. In the root, water flows from phloem to xylem
when sugar is unloaded and stored (Nobel, 1983). Transportby gradients of total water potential through roots, stems, and
in the phloem is modeled as pressure-driven flow accordingleaves in both xylem and phloem; (iii) chemical transport in
to the Münch hypothesis.phloem driven by a gradient of positive pressure; and (iv)

The equation for water movement in plant tissues betweenwater vapor flow from intercellular spaces to the atmosphere
compartments is:for evapotranspiration, and control of water vapor loss and

carbon dioxide uptake through stomata. Figure 1 shows the
Qij � �AijLij (� j

t � � i
t)(K̃) [4]compartments for roots, stems, and leaves of a generic plant.

These compartments contain the actual physiological and ana- where Qij is the volume flow rate (cm3 h�1) between adjacent
tomical structures and functions of xylem and phloem. Each compartments i and j, Lij the conductance (cm h�1 MPa�1)
compartment should be visualized as a transport unit. Water between compartments i and j, and K̃ the unit vector for
moves from the soil to the atmosphere through the compart- positive vertical flow direction downward (dimensionless).
ments. Leaves are represented by individual xylem and phloem Based on radioisotope technique, it has been shown that
parts, which contain the mesophyll, intercellular air space, little TNT was translocated into the aboveground parts of
stomatal cavities, and stomatal pore regions. Water also moves plant species and TNT in plant tissues was present in the form
from xylem to phloem compartments and vice versa in roots, of more polar metabolites (Mueller et al., 1995; Thompson et
stems as well as in leaves. This movement is driven by water al., 1998). To simulate the translocation of TNT metabolites
potential gradients that are affected by the sugar concentra- rather than TNT itself in the plant compartments, the existing
tions in these compartments. As sugar accumulates in the leaf, CTSPAC model is modified with the assumption that once in

contact with the root surface or across the root membranethe total water potential decreases and water flows from xylem

Fig. 1. Schematic diagram showing a compartment model for chemical transport within a plant system. The numbers are the plant compart-
ment numbers.
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from the soil–root interface, TNT is degraded into its metab-
olites.

The equations, developed by Lindstrom et al. (1990), for
the transport and storage of a solute in compartments are
modified for TNT metabolites in this study. For example, the
transport and storage of the TNT metabolites in Compartment
1 (Fig. 1) can be written as:

dMP1

dt
� � Dc

�xmb

A1 (CP
l � CP1) � Q1 (1 � 
1)CP

l � �

� D2

�x2

A2 (CP1 � CP3) � |Q2|(1 � 
2)CP1��
� D4

�x4

A4 (CP2 � CP1) � |Q4|(1 � 
4)CP2� �

S Stor
1 CP1 � �1M1 [5]

where MP1 is the mass of TNT metabolites in Compartment Fig. 2. Comparison of the predicted and the measured TNT concen-
1 (�g), Dc the effective diffusivity of TNT metabolites cross trations in soil and roots during model calibration process.
the root membrane into the root interior (cm2 h�1), �xmb the
thickness of root membrane (cm), A1 the contact area between TNT reflections (i.e., the ease with which TNT crosses the
soil and Compartment 1(cm2), A2 the contact area between membrane between the xylem and the phloem); and (iii) TNT
Compartment 1 and Compartment 2 in the xylem system storage rates in the plant compartments. The values of these
(cm2), A4 the contact area between Compartment 1 in the parameters vary with each plant species. In this study, we
xylem system and Compartment 1 in the phloem system (cm2), attempted to obtain these values through model calibrations
C P

l the concentration of TNT metabolites resulting from TNT using the fresh soil data reported by Thompson et al. (1998).
degradation at the surface of root membrane or at the very Thompson et al. (1998) studied the phytoremediation of TNT
moment of entering the membrane (�g cm�3), CP1 the concen- by hybrid poplar trees in both hydroponic and soil (fresh soil
tration of TNT metabolites in Compartment 1 in the xylem and aged soil) experiments. It was found that about 75% of
system (�g cm�3), Q1 the water flow rate from soil into roots the TNT remained in the soil in their fresh soil experiment.
in Compartment 1 in the xylem system (cm3 h�1), Q2 the water Of the 25% being taken up by the trees, no TNT was found
flow rates between Compartment 1 and Compartment 2 in in stems and leaves and only 0.35% in the roots. Results
the xylem system (cm3 h�1), Q4 the water flow rates between indicate that almost all of the TNT taken up by the trees was
Compartment 1 in the xylem system and Compartment 1 in degraded and transformed into more polar products.
the phloem system (cm3 h�1), 
1 the reflection coefficient of Model calibrations were accomplished by adjusting the val-
TNT metabolites from soil into roots in Compartment 1 in ues of the three types of coefficients by trial and error until the
the xylem system (dimensionless), 
2 the reflection coefficient model predictions matched the experimental measurements.
of TNT metabolites between Compartment 1 and Compart- Comparison of measured and predicted TNT concentrations
ment 2 in the xylem system (dimensionless), 
4 the reflection in soil and roots for the fresh soil experiment is shown in
coefficient of TNT metabolites between Compartment 1 in Fig. 2. A good calibration was obtained between the model
the xylem system and Compartment 1 in the phloem system predictions and the experimental measurements. The cali-
(dimensionless), S 1

Stor the effective first-order TNT metabolites brated values for the three parameters are given in Table 1.
chemical storage rate in Compartment 1 (cm3 h�1), and �i Notice that no literature values for those three calibrated
the rate constant for all other first-order loss processes in parameters are available for comparisons in any phytoremedi-
Compartment 1 describing immobilization of TNT metabo- ation of TNT study although these calibrated values are within
lites by incorporation into structural materials or loss of the the ranges reported by Boersma et al. (1988) who studied the
metabolites due to metabolism (h�1). Equations for the trans- uptake of organic chemicals by a soybean [Glycine max (L.)
port and storage of the TNT metabolites in other compart- Merr.] plant.
ments can be postulated in a similar fashion.

The soil and plant submodels are both coupled to the atmo-
Model Scenariospheric conditions, which are the highly nonlinear and dynamic

top boundary conditions. These boundary conditions include A simulation scenario was performed to investigate the
daily cycles of soil temperature that are determined by the phytoremediation of TNT for a simulation period of 30 d. A
energy balance at the soil surface, daily cycles of leaf water sandy soil containing 110 mg L�1 TNT with a depth of 100 cm
transpiration and soil evaporation, daily variations of air tem- and a poplar tree with a total volume of 30.8 cm3 were selected
perature and relative humidity, and daily cycle of irrigation as the modeled domain. The poplar tree was assumed to have
or rainfall event. A detailed description of the atmospheric an averaged root volume of 12.0 cm3, which was equally di-
conditions and the CTSPAC model can be found in Lindstrom vided into five sectors: a stem of 14.0 cm3 as one sector, and
et al. (1990) and Boersma et al. (1991). three-leaf clusters with a total volume of 4.8 cm3, which were

equally divided into three sectors. Each sector was further
divided into two compartments (one for xylem and the otherModel Calibration
for phloem), and thereby resulting in 18 plant compartments.

Before applying the CTSPAC model to simulate phyto- The conceptual diagram of the plant compartment layout used
remediation of TNT by poplar trees, the following three input in this study is the same as in Fig. 1. This poplar tree was
parameter values must be known: (i) effective xenobiotic diffu- estimated to have an aboveground height of 18.8 cm. Detailed

description of the conceptual model showing plant compart-sivity of TNT at the soil–root interface; (ii) compartmental
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Table 1. Values of input parameters used in this study.

Parameter Value Reference or remark

Simulation controls
Simulation time step, h 0.1 assumed
Simulation time period, h 72 assumed
Simulation soil depth, cm 100 assumed
Irrigation rate, mm h�1 0.5 assumed
Irrigation duration, h d�1 2.5 assumed

Soil properties
Soil type sand assumed
Soil porosity, cm3 cm�3 0.45 Hillel (1982)
Hydraulic conductivity, cm h�1 0.1 Hillel (1982)
Initial soil water content, cm3 cm�3 0.3 assumed
Initial soil temperature, �C 20 assumed
Initial soil solution TNT concentration, �g cm�3 110 assumed
Diffusion coefficient in the soil liquid phase, cm2 h�1 1.1 � 10�9 Voudrias and Assaf (1996)
Effective soil–root interface membrane diffusivity, cm2 h�1 1.8 � 10�8 Boersma et al. (1991), Ouyang (2002)

Plant compartments
Contact area between compartments, cm2 ranging from 0 to 848 Boersma et al. (1991), Ouyang (2002)
Plant compartment water conductivity, cm h�1 ranging from 0 to 10 000 Boersma et al. (1991), Ouyang (2002)
TNT reflection coefficients in compartments 0.65 calibrated
TNT sorption coefficient in compartments, h�1 0.001 calibrated
Effective plant root xenobiotic diffusivity for TNT, cm2 h�1 1.8 � 10�8 calibrated
Parameter for stomata control function ranging from 1 to 20.7 Ouyang (2002)
Thickness of soil sheath around each rootlet, cm 0.2 Ouyang (2002)
Average diameter of rootlet, cm 0.0158 Ouyang (2002)
Number of rootlets 2769 Ouyang (2002)

Atmospheric conditions
Average air temperature, �C 25 assumed
Relative humidity 0.9 assumed
Average solar radiation, J cm2 h�1 59 assumed

ments along with a plant system can be found in Ouyang xylem and often occurs only in the outermost annual
(2002). Table 1 lists the major input parameter values used ring (Nobel, 1983), which is driven by water potential
this study. gradient.

Knowledge of xylem water potential is crucial to un-
RESULTS AND DISCUSSION derstand uptake and transport of water, solutes, and

carbohydrates in plants. Although this knowledge is dif-Xylem Water Potential
ficult to obtain through experimentation, insights can

The xylem and phloem of a plant make up the vascular be gained by computer modeling based on mathematical
systems in the roots, stems, and leaves. In a tree trunk descriptions of the processes involved. Figure 3 shows
the phloem constitutes a layer of the bark, while the the average hourly water potentials in the xylem system
xylem constitutes almost all of the wood. The xylem of the poplar tree. The xylem water potential was high
commonly provides structural support for plants. The (less negative) in the roots and low (more negative) in
upward transport of water and chemical from soil to the leaves with the stem in between. The water potential
the upper portions of a plant occurs primarily in the head change between the roots and the leaves was

3.55 cm H2O (i.e., [�0.55] � [�4.06] � 3.55), which
created a driving force for water flow and chemical
transport upward from the roots through the stem to
the leaves.

Changes in xylem water potential in roots, stem, and
leaves as a function of time during a 96-h simulation
period are shown in Fig. 4. This figure shows a daily
cycle of xylem water potential decreasing during the
day and increasing during the night. In general, the
xylem water potential in the roots and stem increased
consecutively with time (Fig. 4a and 4b) from about
�0.98 and �1.00 cm H2O at the beginning of the simula-
tion to about �0.19 and �0.20 cm H2O at 72 h, respec-
tively. That is, the xylem water potential increased 19%
in the roots and 20% in the stem within 72 h. This occurs
because an equilibrium condition has not yet been
reached at such a short time period. An equilibrium
condition was approaching after 72 h and continued to
720 h (or 30 d, data not shown). It should be noted thatFig. 3. Average hourly xylem water potential in roots, stem, and leaves

of the poplar tree. soil water content is an important factor for xylem water
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Fig. 5. Simulated (a) root water uptake and (b) soil TNT concentra-
tion as a function of time.

was 100 mg L�1 and decreased to 10 mg L�1 in 14 d.
The 90% decrease in soil solution TNT within two weeks
occurred mainly as a result of root water uptake.Fig. 4. Simulated xylem water potentials in (a) roots, (b) stem, and

No TNT was found in stem and leaf compartments.(c) leaves as a function of time.
This simulation finding is consistent with those reported
by Mueller et al. (1995), Thompson et al. (1998), andpotential variations. Since the soil water content was
Chang et al. (2004). Changes in TNT mass in the xylemkept constant through water irrigation (Table 1) in this
compartments as a function of time are shown in Fig. 6a.study, its effect on xylem water potential is trivial.
The initial TNT concentration in the roots was assumedChanges in xylem water potential in leaves also show
to be zero. It was found that only about 1% of totala typical pattern: a rapid decrease during the day and a
TNT mass was in the roots. This finding is similar tosharp increase at night (Fig. 4c). The difference in xylem
that of Mueller et al. (1995). These authors found thatwater potential between the day and the night at the
most of the radioactivity was present as metabolites andthird day is about 6.00 cm H2O. During the day, the
only 0.3 to 1% of the residual radioactivity was foundstomata opened and transpiration removed water from
as TNT in roots. A possible explanation of this phenom-the leaves, thereby decreasing the xylem water potential.
enon is that most of the TNT uptake by the roots under-At night, the stomata closed and transpiration essentially
went rapid biodegradation and transformed into itsceased, thereby increasing the xylem water potential. An
daughter products.equilibrium condition was obtained after 72 h.

Soil TNT Removal and BioavailabilityRoot Uptake of Water and TNT
Depletion of TNT in the soil as a function of time isFigure 5 shows the average daily root water uptake

shown in Fig. 6b. The soil TNT mass decreased with timerate and soil TNT concentration depletion as a function
from 100% initially to 87% at the end of the simulationof time during the 720-h (or 30-d) simulation period.
(30 d). This is equivalent to about 13% of the soil TNTThe root water uptake rate increased rapidly from 0
being removed by the poplar tree for the simulationcm3 h�1 at the beginning of the simulation to about 25
conditions used in this study, resulting mainly from rootcm3 h�1 in 24 h. This occurred because the initial root
uptake since TNT is a recalcitrant compound. This find-xylem water potential was low (�1.0 cm H2O) and in-
ing is somewhat different from the result reported bycreased 50% (�0.5 cm H2O) in 24 h (Fig. 4a). Low
Thompson et al. (1998) where about 25% of TNT wasxylem water potential implies high water suction capac-
removed from the soil. We attributed the discrepancyity, thereby increasing root water uptake. After 24 h,
to the differences in initial soil TNT mass used for thethe daily average root water uptake rate was constant
two studies. In our study the initial soil solution TNT(Fig. 5). As the root xylem water potential approached
concentration was 110 mg L�1 through the entire soilan equilibrium condition (Fig. 4a) so did the root water
profile with a depth of 100 cm, whereas in their studyuptake rate.
the initial soil water TNT concentration was 100 mg L�1Depletion of soil solution TNT as a function of time

is shown in Fig. 5b. The initial soil TNT concentration with a shorter soil depth of about 20 cm. It should be
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