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QUALITATIVE VALIDATION OF POLLUTANT TRANSPORT COMPONENTS 
OF AN UNSATURATED SOIL ZONE MODEL (SESOIL) 

D. M. Hetrick 
C. C .  Travis 
S. K. Leonard 
R. S .  Kinerson 

ABSTRACT 

Model predictions of a revised version of the soil compartment model 
SESOIL are compared with empirical measurements of pollutant transport in 
s o i l .  A description o f  SESOIL is given, and modifications to the model 
are presented. Comparisons are performed using data from a laboratory 
soil column study involving six chemicals (dicamba, 2 , 4 -  
dichlorophenoxyacetic acid, atrazine, diazinon, pentachlorophenol, and 
lindane) and data from three field studies involving the transport o f  
aldicarb and atrazine. Model performance and limitations are discussed. 

1. INTRODUCTION 

Pollutant transport and transformation in the unsaturated soil zone are 
complex processes affected by soil and hydrogeolagical properties, 
climatic conditions, and chemical characteristics. In recent years, 
research has produced numerous models that predict fate and transport of  
pollutants through the soil. I-'' However, relatively little has been done 
to compare or validate results of model predictions with field 
measurements of pollutant transport. 

The Sasonal m, model SESOIL,2 a code developed for the U.S. 
Environmental Protection Agency (EPA) Office of Toxic Substances (OTS), 
estimates concentrations of pollutants in the s o i l  following introduction 
via direct application and/or interaction with other media ( i , e . ,  
deposition froin air). The s o i l  hydrology submodel of SESOIL has been 
evaluated by Wetrick et al. , 5 ? 6  and a number of other studies have been 
conducted on the SESOIL model including sensitivity analysis, comparison 

The purpose of this paper is to study the performance of  the pollutant 
transport cycle submodel of an improved version of SESOIL. The 

uncovered numerous deficiencies in the model, and thus the SESOIL code has 
been extensively modified at Oak Ridge National Laboratory (ORML) to 
enhance its capabilities. This paper includes a brief description of the 
processes simulated in SESOIL and documents the modifications made to the  
model. 

We will evaluate the performance o f  SESOIL by comparing i t s  predictions 
with a variety of published experimental data f o r  pollutant transport in 
the soil column. Data s e t s  chosen for comparison were a laboratory study 
by Melancon et a.1.Io involving six organic chemicals (dicanba, 2,4- 
dichlorophenoxyacetic acid, atrazine, diazinon, pentachlorophenol, and 
lindane), and three field ex eriments, two of which involved the movement 
of aldicarb in field plots '9, l3 and the third investigated the transport 

with other models, and some limited comparisons with measured data. 7-10 

comprehensive evaluation of S E S O I L  performed by Watson and Brown 11 

1 
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o f  a t r a z i n e  i n  a small  watershed.14 I n  each case ,  unknown hydro logic  
parameters were c a l i b r a t e d  u n t i l  components of the  hydrologic  cyc le  of t he  
model compared we l l  wi th  l i m i t e d  measurements ; p r e d i c t i o n s  of  components 
o f  t h e  p o l l u t a n t  cyc le  were then  compared wi th  a v a i l a b l e  d a t a .  
Conclusions regard ing  SESOIL's performance and l i m i t a t i o n s  are presented .  

SESOIL i s  incorpora ted  i n t o  E P A ' s  Graphical Exposure Modelins Systcrii 
a system developed t o  support  i n t e g r a t e d  exposure a n a l y s i s  a t  

o'rs (GEMS'p  . (The model i s  maintained by OTS of EPA; i n t e r e s t e d  u s e r s  should 

con tac t  It. S .  Kinerson, OTS,  Washington, D . C . )  

2. SESBIL MODEL DES 

The SESOIL model2 e s t ima tes  p o l l u t a n t  concent ra t ions  i n  the  s o i l  
p r o f i l e  foll.owing in t roduc t ion  v i a  d i r e c t  a p p l i c a t i o n  and/or i n t e rac t i . on  
wi.th o the r  media ( i . e .  , depos i t i on  from a i r ) .  The model de f ines  tihe s o i l  
compartment a s  a s o i l  column extendi-ng from the  ground su r face  through the  
unsa tura ted  zone and t o  the  upper l e v e l  of  the s a t u r a t e d  soi.1 zone. 
Processes  s imulated i n  SESOIL a r e  ca tegor ized  i n  t h r e e  cyc le s  - the  
hydrologic  c y c l e ,  sedi-ment c y c l e ,  and p o l l u t a n t  c y c l e .  Each o f  the  th ree  
cyc le s  a r e  sepa ra t e  submodels i n  the  SESOIL code. The hydrologic  cyc le  
inc ludes  r a i n f a l l ,  su r f ace  r u n o f f ,  i n f i l t r a t i o n ,  s o i l  water c o n t e n t ,  
evapot ranspi - ra t ion ,  and groundwater runof f .  The sediment cyc le  inc ludes  
sediment washload as a r e s u l t  of ra instorms ( i . e . ,  soi.1 e ros ion  t h a t  
r e s u l t s  from su r face  r u n o f f ) .  The p o l l u t a n t  cyc le  inc ludes  convect ive 
t r a n s p o r t ,  v o l a t i l i z a t i o n ,  adsorp t ion /desorp t ion ,  and degradat ion/decay.  
The SESOTL model does not  address  p o l l u t a n t  movement i n  s a t u r a t e d  
groundwater. 

S E S O I L  i s  considered t o  be a sc reen ing- l eve l  model and thus  d a t a  
requirements are no t  ex tens ive ,  u t i l i z i n g  a minimum o f  s o i l  and chemical 
parameters and monthly o r  seasonal  meteorological  va lues  a s  i n p u t .  Output 
of  the  SESOIL model. includes p o l l u t a n t  concent ra t ions  a t  va r ious  s o i l  
depths  and p o l l u t a n t  loss  from the unsa tura ted  s o i l  zone i n  terms o f  
s u r f a c e  r u n o f f  , perco la t ion  t o  groundwatIer, v o l a t i l i z a t i o n ,  and 
degrada t lon .  Complete d e s c r i p t i o n s  of  t he  SESOIL a lgori thms can be found 
i n  Bonazountas and Wagner.' The t h r e e  major cycl-es a r e  now summarized. 
More d e t a i l s  are gi.ven f o r  the  p o l l u t a n t  cyc1.e s i n c e  d e s c r i p t i o n s  of t he  
SESOIL a lgori thms f o r  t h i s  cyc le  have no t  been publ ished i n  the  open 
l i t e r a t u r e ,  

2 . 1  HYDROLOGIC CYCLE 

The hydrologic  c c l e  of S E S O I L  employs the  water ba lance  dynamics 
theory of Eagleson, which couples the  c l imate  and s o i l  systems through 
s t a t i s t i c a l l y  based modeling. The cyc le  i-ncludes r a i n f a l l ,  su r f ace  
r u n o f f ,  i n f i l t r a t i - o n ,  s o i l  water con ten t ,  evapo t ransp i r a t ion ,  and 
groundwater r u n o f f .  S E S O I L ' s  hydrologic  submodel de f ines  the s o i l  
compartment a s  a s o i l  column extending from the  ground su r face  through the  
unsa tura ted  zone and to the  upper l e v e l  of t he  s a t u r a t e d  s o i l  zone.  Thus, 
i n  the  hydrologic  cyc le  the  e n t i r e  unsa tura ted  zone i s  conceptua l ized  a s  a 
s i n g l e  l a y e r  and the  p r e d i c t i o n  f o r  s o i l  water conten t  i s  t:o be considered 
as an average va lue  f o r  the  e n t i r e  unsa tura ted  zone. The cyc le  is  
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thorou hly described by Eagleson16 and is summarized by Bonazountas and 
Wagnerf and Hetrick et al. SESOIL model predictions of watershed 
hydrologic components have been compared with those of the more data- 
intensive terrestrial ecosystem hydrology model AGTEHMI2 as well as to 
empirical measurements at a deciduous forest stand watershed and a 
grassland watershed. The model was found to be a good predictor of 
annual values of  infiltration, evapotranspiration, surface runoff, and 
groundwater runoff. 

2.2 SEDIMENT CYCLE 

The sediment cycle of SESOIL em l o  s the washload yield model EROS, 
which is part of  the CREAMS model. 15*1' The erosion theory used in EROS 
has been summarized by Knisel et a1.20 and Bonazountas and Wagner.2 The 
erosion component considers the basic processes o f  soil detachment I 

transport, and deposition. Options for annual and monthly simulation o f  
sediment washload are included. The annual option is based on the 
Universal Soil Loss Equation of Wischmeier and Smith2I; the monthly 
option, however, uses modifications of procedures developed by Foster et 
a1.I' for the CREAMS model. The EROS submodel was not used in this 
analysis since the coupled SESOIL/EROS models have not been thoroughly 
tested or validated. Thus, there was no accounting f o r  pollutant 
transport with sediment in this work. 

2.3 POLLUTANT CYCLE 

The SESOIL model predicts annual or monthly pollutant concentrations in 
the s o i l  water or liquid phase (pg/mL), soil air or gaseous phase (pg/mL), 
and adsorbed or solid phase ( p g / g )  in up to four major soil layers. (Note 
that recent modifications to SESOIL now allow up to 10 sublayers in each 
of  the four soil layers. See the discussion in the next section.) The 
amount of pollutant lost from the unsaturated s o i l  zones is provided in 
terms of pg/cm2 lost via surface runoff, percolation to groundwater, 
volatilization, and degradation. Complete descriptions o f  the SESOIL 
algorithms can be found in Bonazountas and Wagner2 and are based on the 
following mass balance equation: 

Morig(t-l) = pollutant mass originall in the soil 

Minput(t) = pollutant mass introduced into the soil 

Htrans(t) = pollutant mass cransformation within the 

Mrem(t) = remaining pollutant mass in the soil layer 

Mout(t) = pollutant mass transported out of the soil 

layer at time t-1 (pg/cm s ) ,  

layer during a time step (pg/cm 2 > ,  

soil layer during the time step (pg/cm 2 > ,  

at time t ( p g / c m  2 ) ,  

layer during the time step (pg/cm 2 ) .  
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The t r anspor t / t r ans fo rma t ion  o f  the pollutant in each soil layer of 
SESOIL. depends on the pollutant partitioning among the three phases. The 
partitioning is a function of  chemical-specific partition coefficients and 
rate constants. In SESOIL, the three phases are assumed to be in 
equilibrium at al.1 times. Thus, once the concentration in one phase is 
known, the concentrations in Che other phases can be calculated. The 
pollutant cycle of SESOIL is based on the chemical concentration in the 
soil water. The concentration in the soil air is calculated via the 
modi fied Henry's law, 

csa = cH/[R(T + 2 7 3 ) ] ,  
where 

"sa = pollutant Concentration in soil air (pg/mL), 
C = pollutant concentration in soil water (pg/mL), 

imm3 atm/(mol K ) ] ,  
H = Henry's law constant 
R = gas constant [8.2*10- 
T = soil temperature (OC). 

3 atm/mol), 

The adsorption equation used in SESOIL for the s o i l  phase is 
represented by the Freundli-ch isotherm 

whe r e 

S = pollutant adsorbed concentration ( p g / g ) ,  
Kd = pollutant partitioning coefficient (pg/g)/(pg/mL), 
C = pollutant concentration in soil water (pg/mL), 
n = Freundlich exponent. 

The total concentration o f  the pollutant in the soil is computed as 

co - (f-o)cSa + ec t pbs,  ( 4 )  
where 

CO 
f - t o t a l  soil porosity (mL/mL), 
e = soil water conteut (mL/mL), 
f - 8  = fa, the air-filled porosity (mL/rnL), 
pb = soil bulk density (g/cm3). 

= overall (iotal) pollutant concentration (pg/cm 3 ) ,  

In SESOIL, each soil layer is considered as a compartment with a set 
volume and the total soil column is treated as a series o f  interconnected 
layers. Each layer has its own mass balance equation [ E q .  (l)] and can 
receive and rel~ease pollutant to and from adjacent layers. The individual 
fate processes that compose the SESOIL mass balance equations (e. g . ,  
volatilization, degradation) are functions o f  the pollutant concentration 
in the soil water of each zone and a variety o f  rate (first-order), 
partitioning, and other constants. 

Some o f  the concentration terms in SESOIL are nonlinear and thus an 
iterative solution procedure is used to solve the system. The pollutant 
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cycle equations are formulated on a monthly basis (an annual option is 
available) and results are output for each month simulated. However, the 
equations are written with an explicit time step and to account for the 
dynamic processes in the model more accurately, a time step of 1 d is 
used. The monthly output represents the summation o f  results from each 
day. 

3. SESOIL MODEL MODfFfCATIONS 

Watson and Brown’’ tested and evaluated the SESOIL model and found 
numerous deficiencies. The code has subsequently been extensively 
modified to correct many of these deficiencies. These modifications are 
now discussed. 

3 . 1  CHEMICAL RETARDATION FACTOR 

In SESOTL, a convective velocity is used to determine the depth the 
pollutant will reach during a time step. The depth d is calculated as 

d = Jwtc/B, 
where 

Jw = water flux (cm/s) , 
tc = convection time ( s ) ,  
B - soil water content (cm 3 3  /cm ) .  

Equation (5) allows all chemicals to reach groundwater at the same time, 
irrespective of  their chemical sorption characteristics, Equation (5) has 
been replaced with 

d - Jwtc / ( 0 + P b  Kd + fa kI/ [R (T + 273) ] I ,  

which is the depth reached by a chemical with a linear equilibrium 
partitioning between its vapor, liquid, and adsorbed phases. 22 

3 . 2  SUBLAYERS 

The pollutant cycle of the SESOIL model allows up to four major soil 
layers (or compartments), each with a defined depth and thus a set volume. 
When a chemical enters a layer it is instantaneously distributed uniformly 
throughout the whole layer and one concentration is computed for that 
compartment. Therefore, the larger the compartment (or layer) , the 
smaller the pollutant concentration. For these reasons, the SESOIL model 
w a s  discretized so that each of the four major soil layers can have up to 
ten sublayers, each having the same soil properties a s  the major layer in 
which they reside. 

3 . 3  VOLATILIZATION 

The volatilization algorithm was modified so that if the chemical is in 
the second or lower layer, and the concentration in that layer is greater 
than the layer above it, then the chemical will diffuse into the upper 
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l a y e r  r a t h e r  than  v o l a t i l i z e  d i r e c t l y  i n t o  the  atmosphere as be fo re  The 
new v o l a t i l i z a t i o n  model i s  s t i l l  based on a model of  Farmer et: a l . 23  and 
Mi l l ing ton  and Quirk24 and i s  a d i s c r e t i z e d  ve r s ion  of F i c k ’ s  f L r s t  l a w  
O V e K  space ,  assuming vapor phase d i f f u s i o n  as the  ra te  c o n t r o l l i n g  
p rocess .  The v o l a t i l i z a t i o n  f l u x  through the  s o i l  Ja (pg:/cm’s) i s  
descr ibed  as 

Ja = -Da(fa10/3/f2)dCsa/dx, ( 7 )  

where Da i s  the  vapor d i f f u s i o n  c o e f f i c i e n t  of t h e  compound i n  a i r  
(cm’/s ) . 

3 . 4  PURE CHEMICAL PHASE 

A pure chemical phase was added t o  the  model. s o  t h a t  t he  s imulated 
p o l l u t a n t  concen t r a t ion  i n  the  d isso lved  ( s o i l  water )  phase can  n o t  exceed 
the  s o l u b i l i t y  of t he  chemical.  I f  dur ing  s o l u t i o n  of t he  mass balance 
equat ion  f o r  any one l a y e r ,  t he  d isso lved  concen t r a t ion  exceeds the  
s o l - u b i l i t y  o f  t he  chemical ,  t h e  i t e r a t i o n  i s  stopped and the  s o l u b i l i t y  i s  
used a s  t:he d i s so lved  concent ra t ion .  The adsorbed and s o i l - a i r  
concent ra t ions  a r e  c a l c u l a t e d  us ing  the chemical p a r t i t i o n i n g  equat ions  as 
before  [Eqs.  (2)  and ( 3 ) ] .  To achieve m a s s  balance the excess  chemical is  
assumed t o  be i n  the  pure phase.  Transport  o f  the pure phase is  no t  
cons idered ,  bu t  the  mass o f  the chemical i.n the pure phase is used as 
inpu t  t o  t h a t  l a y e r  i n  the  next  time s t e p .  Simulat ion cont inues  u n t i l  t he  
pure phase even tua l ly  d isappears  due t o  i n f i l t r a t i o n ,  degrada t ion ,  and 
o the r  model processes .  

3 .5  SOIL TEMPERATURE 

The e a r l i e r  v e r s i o n  o f  the  SESOTL model assumed t h a t  s o i l  temperature 
w a s  equa l  t o  a i r  temperature .  The model has  been modified t o  p r e d i c t  s o i l  
temperature from a i r  temperature:  25 

Sunirner : Y - 16.115 + 0.856 X ,  
F a l l  : Y = 1 . 5 7 8  + 1 . 0 2 3  X ,  
Winter:  Y = 15.322 + 0.656 X ,  
Spring : Y = 0 . 1 7 9  + 1.052 X ,  

where Y i s  the  mean monthly s o i l  temperature (OF), and X is the  mean 
monthly a i r  temperature (OF) . These r eg res s ion  equat ions  a r e  very  crude 
and riot depth dependent; however; f u r t h e r  complexity i s  no t  warranted 
s i n c e  s o i l  temperature i s  used only i n  Eq. (2)  and does n o t  s i g n i f i c a n t l y  
a f f e c t  r e s u l t s .  

3 .6  MISCELLANEOUS M O D I F I C A T I O N S  

Previous ly ,  SESOIL took a monthly input  p o l l u t a n t  l oad ,  d iv ided  it by 
the  number o f  t i m e  s t e p s  per  month, and added that: amount t o  the  s o i l  
column each time s t e p  during the  month. A new op t ion  w a s  added t o  the  
inpu t  c a p a b i l i t i e s  o f  SESOIL t h a t  a l lows the t o t a l  chemical mass t o  be 
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loaded into the soil column at the beginning of the first time step of any 
month. Thus, SESOIL now has the capability of  handling a spill loading. 

Several coding errors were found and corrected while thoroughly testing 
and verifying the pollutant cycle algorithms in SESOIL. A l s o ,  the 
subroutine that prints the results from SESOIL was rewritten not only to 
be more efficient but so that the output would be more readable. 

4. VALIDATION DESIGN 

The new version of SESOIL was evaluated by comparing its predictions 
with a variety of published experimental data. niese data include transit 
time through the soil column, the amount of  pollutant in daily effluent 
samples, the time-dependent depth distribution of the pollutant, and the 
mass balance at any time (cumulative mass in soil, i n  leachate, and in the 
degradation, runoff, and volatilization components). The sum o f  the mass 
balance components should equal the amount of chemical applied initially. 
The data used in this evaluation are now summarized. 

4.1 LABORATORY STUDY 

Melancon et a1.lo filled four  2-111 columns ( 5 9 . 4  cm ID) with sandy soil, 
applied a chemical to the surface, and watered each column for 30 d. A 
total of 285 cm of water was added to each column during that time. (This 
value is roughly an order of  magnitude higher infiltration than normally 
expected from rainfall.) The quantity of chemical leachate was recorded 
daily. Thirty days after application of  the chemical to the surface, the 
experiment was stopped; each column was broken down, and the amount of 
pollutant remaining in every 5-cm section of the column was measured. S i x  
organic chemicals were studied: 2,4-diclorophenoxyacetic acid ( 2 , 4 - D ) ,  
atrazine, diazinon, dicamba, lindane, and pentachlorophenol (PCP). The 
values for sorption, degradation rate, and the Freundlich exponent were 
determined in the laboratory by Lopez-Avila et al. 26 9 27 These chemicals 
are commonly used in agriculture. They cover a wide range of adsorption 
coefficients (see Table 1) and thus constitute a reasonably thorough test 
of any modeling pro lam. 

Melancon et a]."- compared the results of  their soil column studies 
with the predictions of  three soil modeling programs: PEST&LN,~ PRZM,' and 
the old version o f  SESOII,.2 Note that daily leachate data are not provided 
by SESOIL because one would not typically want daily output from a 
screening-level model. Thus the old version of  SESOIL was not tested in 
this regard. Melancon et a1.I' found that the values they measured for 
various model input parameters, such as the degradation rate and the 
adsorption coefficient, differed markedly from values published in the 
literature. Frequently, users o f  transport models are forced to use data 
f r o m  some published source (based upon general soil type) since little 
site-specific inforination is available. Therefore, Melancon et al. ran 
each model twice, once with input parameters obtained from the literature 
and once with their measured input parameters, to see how the differences 
affected the results. 
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Table 1. Summary of  ra te  cons t an t s  and o the r  model input  data used i n  
SESOIL based on l i t e r a t u r e  va lues  and l abora to ry  measurements 

D icamba 2,4-D Atraz ine  Diazinon PCP Lindane 

Adsorption 
c o e f f i c i e n t  
Kd (CM3/g) 

L i t e r a t u r e  
measured 

S o l u b i l i t y  
(mg/L) a 

Degradation 
r a t e  ( d - l )  

L i t e r a t u r e  
measured 

Freundl ich 
exponent 

L i t e r a t u r e  
measured 

Henry’s Law 
cons {:anta 

Neutral  hy- 
d r o l y s i s  r a t e  
cons tan ta  

Acid hydro l -  
y s i s  r a t e  
cons t a n t a  

Basic hydro l -  
y s i s  r a t e  
constianta 

Molecular 
w e  i gh t 

Dif fus ion  co- 
e f  fi.c i e n t  i n  
a i r  (cin’/s)a 

0.002 
0 ,120  

4500 

0.065 
0.009 

2.625 0.021 0.168 0.678 0.945 
0.1.40 0.493 1.632 3.341 3.530 

900 33 40 1 4  7 .8  

0.040 0.010 0.015 0.033 0 .005  
0.140 0 .009  0.032 0.025 0.032 

0 .850  1.330 1 ~ l!+O I.. 000 2.380 1.020 
1 .230  1.120 0.960 1.360 1 .110  1.21.0 

1.29E-9 1.939E-10 7.29E-9 1.40E-6 2.80E-6 7.80E:-6 

0 0 0 4.30E-8 0 0 

0 0 0 2.10E-2 0 0 

0 0 0 5.30E-3 0 0 

221.04 221.04 216.06 304.36 266.35 290.85 

6.05E-2 6.05E-2 5.93E-2 5.54E-2 5.92E-2 5.58E-2 
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Table 1 (continued) 

I_ Soil 
parameters 

Literature 
mea sur ed 

Environmental 
parameters 

Literature 
measured 

Bulk Organic Intrinsic Disconn. 
density Porosit carbon perm. index c 
(g/cm3 1 lcm3/cm ( cm 2) _o 3) 
1.57 0.35 a l.lE-7 4 . 6  
1.38 a 0.105 a a 

Watering Cloud 
T p p .  Relative Evap. Albedo ra te  cover 

humid.(%) (cm/d) ( - 1  (cm/d) / f r a c l  

2 9 . 6  42.0 1.130 0 . 2 5 0  9.67  0.32 
26.7 6 6 . 7  0.189 0.220 9.67 0 . 3 2  

%ame values used f o r  both literature and measured runs. 
Source: S .  M. Melancon, J .  E. Pollard, and S .  C .  H e m ,  "Evaluation of 

SESOIL, PRZM, and PESTAN i n  a Laboratory Column Leaching Experiment. '' 
Environ. Topical. C h e m .  5(10) ,  865-78  ( 1 9 8 6 ) .  
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For t h i s  s tudy ,  the  input  parameters were obta ined  from Melancon e t  
a1.I' and t e s t e d  f i r s t  wi th  the  o l d  ve r s ion  of  SESOIL t o  v e r i f y  t h e i r  
r e s u l t s .  Tes t ing  then  began on the  new SESOIL v e r s i o n .  The code w a s  
t emporar i ly  modif i e d  t o  p r i n t  ou t  the  d a i l y  l .eachate so  t h a t  t hese  resul.tis 
c o u l d  b e  compared wi th  the  experimental. d a t a  a long wi th  t h e  
end-of -  the-month d i - s t r ibu t ion  d a t a .  Both the  measured and t h e  l i t e r a t u r e  
inpu t  parameters were used ( see  Table 1) .  I n  order  t o  make the  hydrology 
of the  model agree more c l o s e l y  wi th  the  experimental  s e t u p ,  t he  va lues  of 
K1 ( t h e  s o i l  i n t r i n s i c  permeabili- ty) and c ( t h e  s o i l  disconnectedness  
index) were v a r i e d  t o  reduce the  p red ic t ed  su r face  runoff  t o  below 1 
cm/month while  maintalni-ng the  p red ic t ed  s o i l  water conten t  a t  about the  
measured va lue  (approximatel-y 0.125 cm3/cm3) . This  procedure i s  
recommended i n  the  SESOIL u s e r ' s  guide2 and is  d iscussed  by Wetrick e t  
a1.6 The parameter c i s  
def ined  as the  exponent re1 atir ig the  "wet t ing" o r  "dryinf';, L i m e  - dependent 
permeabi l i ty  of a s o i l  t o  i t s  s a t u r a t e d  pe rmeab i l i t y ,  and typical.1.y 
ranges i n  va lue  from 1 2  f o r  c l a y  type s o i l s  t o  3 . 7  f o r  sandy s o i l s .  The 
same va lues  of K 1  and c were used i n  both the  measured and the  l i t e r a t u r e  
runs .  

i n  t h e i r  s tudy of the  SESOIL hydrologic  cyc1.e. 

4 .2  FIELD STUDIES 

R .  L .  Jones and co l leagues  have conducted research  on the  movement and 
degrada t i~on  o f  a l -dicarb res idues  i n  the unsa tura ted  and s a t u r a t e d  zones a t  
a number o f  s i t e s  i n  16 s t a t e s  over a per iod  o f  6 y e a r s .  28 We have chosen 
two o f  t hese  s i t e s  f o r  a n a l y s i s  i n  thi.s paper .  Laboratory and f i e l d  t e s t s  
were conducted t o  examine leaching  behavior a t  a s i t e  1-ocated i n  Polk 
County near  Lake Hami-l-ton, F l o r i d a .  This s i t e  was loca ted  i n  an orange 
grove with deep coarse  sand t e x t u r e  which had not  previ-ously been t r e a t e d  
wi th  a l d i c a r b .  The l abora to ry  and f i e l d  experiments conducted i n  t h i s  
c i . t ru s  grove a r e  descr ibed  by Hornsby e t  a l .  29 (1983) and mode1 
comparisons conducted wi th  the  daea a r e  r epor t ed  by Jones e t  a1.I' 
Measured d a t a  used as input  t o  SESOIL a r e  gi~ven i n  Table 2 .  Cl imat ic  da t a  
were provided by .Jones ( R .  I,. Jones ,  personal. communicaCion, 1986) from 
the Lake Alf red  Experimental S t a t I i o n  o r  were taken f rom nearby weather 
s t a t i o n s .  30 Aldi.carb was appl ied  t o  the  s i t e  on February 1 6 ,  1983, and 
s o i l  samples were collected on March 4 ,  Apri.1. 6 ,  May 3 ,  June 1 5 ,  and 
August 24. The SESOIL code w a s  temporar i ly  rriodified t o  accept  t he  
a l d i c a r b  a p p l i c a t i o n  on  February 1 6  and t o  p r i n t  r e s u l t s  on the days t:he 
s o i l  samples were c o l l e c t e d .  Measurements included the  t r a n s i t  t i m e  of  
the  a l d i c a r b  w i t h i n  the unsa tura ted  zone and a l d i c a r b  d i s t r i b u t i o n s  i n  the  
s o i l  p r o f i l e .  Samples were c o l l e c t e d  a t  approxirnately 30-cm i n t e r v a l s  t o  a 
depth of 60 cm and 60-cm i n t e r v a l s  t o  a depth of 420 cm. The a l d i c a r b  
concent ra t ions  were observed t o  be h igh ly  v a r i a b l e  b u t  d i d  show 
progress ion  towards the  groundwater t a b l e  wi th  t i m e .  

The second s i t e  chosen i n  t h i s  a n a l y s i s  i s  I-ocated i n  a vineyard 10 km 
southwest- of Fresno, C a l i f o r n i a .  This  s i t e  is  r e p r e s e n t a t i v e  of 
condi t ions  i n  central .  C a l i f o r n i a  under which a l d i c a r b  r e s idues  a r e  most 
1ikel.y t o  reach d r ink ing  water suppl- ies .  l3 'I'he s o i l  a t  t h i s  s i t e  is  a 
sandy loam wi th  i n t e r m i t t e n t  l a y e r s  of s i l t  l o a m  a t  t h e  2 -  t o  3-m depth 
and course sand l a y e r s  below 3 m. The t e s t  p l o t  w a s  i - r r i g a t e d  by f lood ing  
the  wide furrows between rows of v ines  spaced about 3 . 6  m a p a r t .  Aldicarb 
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Table 2. Summary of rate constants and other model input 
data used in SESOIL for the Lake Hamilton, Florida, sitea 

Chemical characteristics 

Adsorption coefficient Kd (pg/g/pg/mL) 
Degradation rate (d- 1 ) 
So lub i 1 i ty (pg/mL) 
Henry’s Law constant (m’-atm/rno~ 
Diffusion coefficient in air (cm / s )  
Molecular weight (g/mol) 

3 

S o i l  characteris tics 

Soil bulk density (g/crn3) 
Intrinsic permeability ( c m 2 )  
Disconnectedness index 
Porosj  ty (mL/mL) 
Organic carbon content (%)  
Freundlich exponent 

0.0612 
0.0220 
6000.0 
3 . 3 E - 9  
0.O600 
190.00  

1 , 5 5 0 0  

3.8000 
0.3500 
0.1700 
1.0000 

2,OE-7 

aAll other chemical and s o i l  data needed for SESOIL and not listed 
above were assumed to be 0.0. 
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was app l i ed  a t  the  rate of 4.46 kg a i /ha  t o  the  p l o t  OA Apr i l  11, 1984,  t o  
both s i d e s  of t he  v ines  with two s h a f t s  pe r  s i d e  spaced 0 . 3  m a p a r t ,  wi th  
the  f i r s t  shank loca ted  approximately 0 . 4  m away from the  v i n e s .  1 3  Soi.1 
samples were taken p r i o r  t o  t reatment  and a t  r egu la r  i n t e r v a l s  a f t e r  
t rea tment  down t o  a maximum depth of 7 . 8  m .  Downward movement of a l d i c a r b  
w a s  r ap id  a t  t h i s  s i t e  because the  a l d i c a r b  w a s  app l i ed  t o  t h e  bottom o f  a 
wide furrow and the p l o t  w a s  e s s e n t i a l l y  f lood  i r r i g a t e d .  1 3  I r r i g a t i o n  
records  were added t o  r a i n f a l l  d a t a  f o r  input  t o  the  SESOIL code. Other 
metxorological  d a t a  w e r e  taken from 30-year-averaged d a t a  measured a t  t he  
Fresno weather s t a t i o n .  30 Pe r t inen t  measured d a t a  used as inpu t  t o  S E S O I L  
a r e  given i n  Table 3 .  

The l a s t  f i e l d  s i t e  chosen i n  t h i s  s tudy i s  a s i n g l e - f i e l d  watershed 
loca ted  i n  the  Southern Piedirtorit Conservation Research Center near  
Watk insv i l l e ,  Georgia.  This s tudy was a j o i n t  e f f o r t  of t he  U . S .  
Environmental P ro tec t ion  Agency and the U . S .  Department of Agr i cu l tu re  and 
was designed t o  provide a d a t a  base f o r  t he  conceptual  development and 
testing of ope ra t iona l  models f o r  desc r ib ing  p e s t i c i d e  and n u t r i e n t  
t r a n s p o r t  from agricul . tura1 l ands .  l4 Deta i led  measurements of r u n o f f ,  
evapora t ion ,  s o i l  water con ten t ,  an3 prec i -p i t a t ion  were c o l l e c t e d  from 
four  sinall watersheds over a pe r iod  of 3 y e a r s .  Concentrat ions f o r  s i x  
herlji.cides i n  su r face  runoff  and a t  seven depths  i n  the  s o i l  p r o f i l e  were 
a l s o  measured. Smith e t  a l .  l4 d i scuss  the  experimental  des ign  and 
sampling procedures i n  d e t a i l .  

Measurements followi.ng the  a p p l i c a t i o n  of a t r a z i n e  on one of t he  
watersheds I t h e  "P2 Watershed, " were s e l e c t e d  f o r  purposes of tes t i .ng 
SESOIL .  This  watershed i s  1 . 2 9  h e c t a r e s  i n  s i z e  wi th  v a r i a b l e  s o i l s  
ranging from a sandy c l a y  loain t o  loam, the major s o i l  being a Ceci l  sandy 
loam. The depth t o  the  groundwater t a b l e  i s  about 1 2  m .  

Over th ree  planti-ng seasons, d e t a i l e d  monitoring of hydro logica l  and 
chemical t r a n s p o r t  w a s  conducted. Most of the  d a t a  needed as inpu t  t o  
SESOIL were obta ined  from Smith e t  a1.l". Addi t iona l  weather d a t a  were 
obta ined  from NOAA records c o l l e c t e d  a t  Athens,  Georgia.  Table 4 l i s t s  
t he  day and r a t e  of a t r a z i n e  a p p l i c a t i o n  f o r  each o f  t he  3 y e a r s .  
P o l l u t a n t  cyc le  parameters used as input  t o  SESOIL a r e  l i s t e d  i n  Table 5 .  

5 .  RESULTS AND DISCUSSION 

Comparison of the d i s t r i -bu t ion  of 0rgani.c chemicals p r e s e n t  i n  s o i l  
with model p r e d i c t i o n s  can be accomplished i n  a v a r i e t y  of ways. 31 

Descr ip t ive  and s t a t i s t i c a l  methodologi.es used f o r  comparing model 
s imula t ions  wi th  observa t ions  w i l l  be dependent on the  c h a r a c t e r i s t i c s  of 
the  observed arid s imulated da ta  s e t s .  D i s t r i b u t i o n  of  observed and 
p red ic t ed  d a t a  s e t s  may be so d i f f e r e n t  t h a t  s t a t i s t i c a l  t e s t i n g  of t h e  
dat:a may y i e l d  no more information than simple g raph ica l  p r e s e n t a t i o n s  o r  
t a b u l a r  comparisons would provide .  Even though i t  i s  recognized t h a t  
s t a t i s t i c a l  techniques e x i s t  f o r  t e s t i n g  two d a t a  s e t s  f o r  d i f f e r e n c e s  o r  
s i m i l a r i t i e s ,  q u a l - i t a t i v e  r a t h e r  than q u a n t i t a t i v e  s ta tements  w i l l  be made 
i n  the  fol lowing s e c t i o n s .  We s t r e s s  t h a t  model val . idat ion i s  a 
cont inuing  p rocess ,  because no model is  eve r  completely v a l i d a t e d ,  The 
work presented  he re  i s  an i n i t i a l .  e f f o r t  t o  v a l i d a t e  s e v e r a l  component:s of 
t he  p o l l u t a n t  cyc le  i.n SESOIL.  
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Table 3 ,  Summary of rate constants and other model input data used in 
SESOIL for the Fresno, California, sitea 

Chemical characteristics 

Adsorption coefficient Kd (pg/g/pg/mL) 

Degradation rate (d-l) 
Solubility ( pg/mL) 
Henry’s Law constant (m3-atm/mol 
Diffusion coefficient in air (cm / s )  

Molecular weight (g/mol) 

3 

Soil characteristics 

Soil bulk density (g/cm3) 

Disconnectedness index 
Porosity (mL/mL) 
Organic carbon content ( % )  

Intrinsic permeability (cm 2 ) 

Freundlich exponent 

0-30 cm 0.2840 
30-60 cm 0.0630 

>60 cm 0.0320 
0.0220 
6000.0 
3.3E-9 
0.0600 
190.00 

1.5500 

4.8000 
0.3500 

0 -30  cm 0.9000 
3 O - G O  cm 0.2000 

>60 cm 0.1000 
1.0000 

1,8E-8 

aAll other chemical and soil data needed for SESOIL and not listed 
above w e r e  assumed to be 0.0. 

Table 4 .  Atrazine application rates and dates at the Watkinsville, 
Georgia, site 

Year Date Rate (pg/cm2) 

1973 May 11 33.6 
1974 April 29 38.1 
1975 May 21 1 5 . 4  



14 

Tab1.e 5. Summary o f  rate constants and other model input data used in 
SESOIL for the Watkinsville, Georgia, sitea 

-- Chemical characteristic2 

Adsorption coefficient, Kd ( p g / g / p g / m L )  0.0800 
Degradation rate (d-l) 0 "  0400 
Solubility (pg/mL) 33.000 

0 . 0 5 9 3  
2 1 6 . 0 6  

Henry's Law constant (m3-atm/mol 
Diffusion coefficient in air (cm / s )  
Molecular weight (g/mol) 

7 . 3 E - 9  3 

S o i l  characteristics 

S o i l  bulk density (g/cm 3 ) 
Intrinsic permeability (cm 2 ) 

Disconnectedness index 
Porosity (mL/mJ.,) 
Organic carbon content ( 8 )  

Freundl-ich exponent 

1 . 6 0 0 0  

7 . 0 0 0 0  
0.4800 
0.1050 
1.0000 

3.E-10 

aAll other chemical and soil data needed f o r  SESOIL and not listed 
above were assumed to be 0.0. 
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5 . 1  IABORATORY STUDY 

The r e s u l t s  of t h e  modified SESOIL w e r e  found t o  agree  more c l o s e l y  
wi th  the  ex e r imen ta l  d a t a  than  the  o l d  SESOIL v e r s i o n  ( see  Melaricon e t  
a l . ,  1 9 8 6 ) .  Using a chemical r e t a r d a t i o n  f a c t o r  i n  SESOIL t o  c o n t r o l  
chemical movement i n  the  s o i l  produces adequate r e s u l t s  as can be seen  i n  
Table 6 .  The breakthrough days (days i n  which t h e  chemicals appeared a t  
bottom of s o i l  column) p red ic t ed  by SESOIL us ing  t h e  measured input  
parameters  were gene ra l ly  q u i t e  close t o  the  a c t u a l  breakthrough days ( see  
Table 6 ) ;  a t  w o r s t  t h e r e  w a s  a d i f f e r e n c e  o f  5 d .  The advantage of us ing  
the  measured inpu t  parameters r a t h e r  than  those from t h e  l i t e r a t u r e  i s  
q u i t e  apparent  i n  t h i s  case. The b e s t  p r e d i c t i o n  us ing  l i t e r a t u r e  values  
d i sag rees  by 3 d ;  t he  worst  d i sag rees  by 14 d .  In a11 cases  t h e  r e s u l t s  
of SESOIL p r e d i c t e d  t h a t  t h e  p o l l u t a n t  would reach the  bottom o f  t he  s o i l  
column fas te r  than  the  measurements showed. 

The comparison of  SESOIL's p r e d i c t i o n s  t o  t h e  experimental  measurements 
of t he  mass ba lance  a f t e r  30 d is shown i n  Table 7 .  For comparison, 
r e s u l t s  from the  PESTAN and PRZM models are given also.'' All pred ic t ed  
va lues  from runs wi th  the measured input  parameters except  those f o r  
a t r a z i n e  are w i t h i n  a f a c t o r  o f  2 of t he  experimental  v a l u e s .  A l l .  t h r e e  
models p r e d i c t e d  the  bulk  of  t he  chemical a t r a z i n e  would l each  through the  
columns more quick ly  than  w a s  a c t u a l l y  observed i n  the  experiments .  

I n  comparing SESOIL r e s u l t s  u s ing  measured inpu t  parameters  vs 
l i t e r a t u r e - d e r i v e d  inpu t  parameters ,  i t  i s  c l e a r  from Table 7 t h a t  t h e  
match between model p r e d i c t i o n s  and observed d a t a  improved f o r  2,4-D, 
a t r a z i n e ,  and d iaz inon .  However, model p r e d i c t i o n s  d i d  n o t  improve f o r  
PCP and l i ndane ,  t he  two chemicals wi th  the  h i g h e s t  adsorp t ion  
c o e f f i c i e n t s ,  o r  f o r  dicamba which had t h e  lowest  adso rp t ion  c o e f f i c i e n t  
o f  t he  chemicals s t u d i e d .  Resu l t s  from the  PRZM model were very  similar 
t o  those from SESOIL f o r  t hese  t h r e e  chemicals .  

SESOIL r e s u l t s  f o r  t he  t o t a l  chemical concen t r a t ion  i n  s o i l  vs depth 
( a t  t he  end of  30 d)  a r e  compared g raph ica l ly  t o  observa t ions  f rom the  
fou r  s o i l  columns i n  F ig .  1, while  t h e  p red ic t ed  d i s t r i b u t i o n s  of  t he  
amount of p o l l u t a n t  i n  t h e  l e a c h a t e  ve r sus  time are compared t o  t he  
measurements i n  Fig.  2 .  Note t h a t  a t r a z i n e  w a s  t h e  only  chemical t h a t  w a s  
found i n  both  l e a c h a t e  and s o i l  samples from t h e  a c t u a l  t e s t  columns. The 
darkened l i n e s  i n  t h e  f i g u r e s  show SESOIL r e s u l c s  us ing  measured inpu t  
d a t a ,  the dashed l i nes  i n d i c a t e  r e s u l t s  u s ing  l i t e r a t u r e  inpu t  v a l u e s ,  and 
the  l i g h t  l i n e s  a r e  the  measurements from the  four  s o i l  columns. These 
f i g u r e s  show t h a t  t h e r e  w a s  a t r e n d  f o r  SESEI1L t o  more c l o s e l y  approximate 
observed chemical peak l o c a t i o n ,  h e i g h t ,  and d i s t r i b u t i o n  when measured 
r a t e  in format ion  r a t h e r  than  l i t e r a t u r e - d e r i v e d  va lues  were used.  This 
s i t u a t i o n  w a s  no t  t he  case  before  when us ing  the  o l d  SESOIL code t h a t  
allowed only four  l a y e r s  between the  s u r f a c e  and groundwater. The 
p r e d i c t i o n s  us ing  the  previous SESOIL ver s ion  d i d  no t  improve wi th  the  use 
of measured ra te  cons t an t  information.  lo This  s tudy  shows (I) t he  
importance of d i s c r e t i z i n g  the  SESOIL model t o  become e s s e n t i a l l y  an n -  
l aye red  model, and ( 2 )  t he  e f f e c t  o€ us ing  a chemical r e t a r d a t i o n  f a c t o r .  



1 6  

Table 6 .  Day of  chemical breakthrough i n  e f f l u e n t  
samples and SESOIL r e s u l t s  

2 ,4-D 
Measured: 

SESOIL Resu l t s :  
Measured Input  Data: 
L i t e r a t u r e  Input  Data: 

Atrazine 
Measured: 

SESOIL Resu l t s :  
Measured Input  Data: 
L i t x r a t u r e  Input  Data : 

D icamba 
Measured: 

S E S O I L  Resu l t s :  
Measured Input  Data: 
L i t e r a t u r e  Input  Data 

Diazi non 
Measured: 

SESO [I, Resul t s  : 
Measured Input  Data : 
L i t e r a t u r e  Input  Data 

Breakthrounh davs 

1 0 ,  1 2 ,  11, 11 ( 4  s o i l  columns) 

7 
4 

2 1 ,  2 1 ,  23, 23 

18 
9 

6 ,  7 ,  7 ,  7 

7 
3 

>30 d 

>30 d 
27  

"Measurements nor SESOIL r e s u l t s  "broke through" the  columns wi th in  
30 days f o r  Lindane o r  PCP. 
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Table 7. Mass balance calculations for measured chemical data (average from 4 
columns) vs PESTAN, PRZM, and SESOIL model predictions, showing cumulative 

mass (mg) in soil, leachace, and degradation components on day 30 
(based on 250.5-mg initial loading) 

Literature runs Measured runs 
Soil Leachate Degradation S o i l  Leachate Degradation 

D i c amb a 
PESTAN 22.0 228.4 169.6 80.5 
PRZM 214.9 35.6 233.9 16.5 
SESOIL 199.9 50.6 0.0009 234.0 16.5 
Meas. 216.7(+96.6)a 33.8a 216.7 (t96.6) a 33. gb 

2,4-D 
PESTAN 82.8 167.8 4.3 246.3 
PRZM 221.0 29.4 81.5 168.9 
SESOIL 0.0003 210.8 39.7 80.9 169.6 
Meas. 48.7(+24.1) 201. gb 48.7(&24.1) 201.8a 

Atrazine 
PESTAN 242.4 8.1 2.0 189.5 58.9 
PRZM 231.3 29.1 4.8 210.0 35.5 
SESOIL 0.057 226.2 224.3 24,3 183.2 4 2 . 9  
Meas ~ 94,8(+22. 2)a 4.0(&2. 6)a 151. 7b 94 e 8(+22.2)a4.0(22.6)a 151. 7 b  

D i a  z inon 
PESTAN 246.5 7.0 152.2 98.2 
PRZM 4.8 18.7 226.9 96.7 0.9 152.8 
SESOIL 87.6 56.6 106.3 86.2 - 164.3 
Meas. 47.2 (.tl8.2) a 203.3a 47.2(+18.2)a - 203. 3a 

rn 
PESTAN 105.0 157.4 203.0 - 
PRZM 71.1 29, I 150.2 120.4 
SESOIL 98.7 151.8 120.3 
Meas. 76.2 ( 2 3 8 .  5)a - 174.3' 76.2(+38.5) - 

47.2 
130.0 
130.2 
174. 3b 

Lindane 
YESTAN 238.3 
PRZM 21.5.6 - 
SESQIL 185.2 
Pleas. 179.6(&25.4)a - 

13.2 192.6 - 57 .lc 
34.8 96.4 154.0 
65.3 96.2 154.3 
70.gb 179.6(+25.4)a - 70. gb 

aNumbers in parentheses show 95% confidence limits about the average 

bChemical unaccounted for in either the observed effluent or soil 
measured data (p = 0.05). 

samples is assumed lost to degradation. 
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F i g .  1. Results of SESOIL "Measured" (dark line) and "Literature" 
(dashed l i n e )  simulations compared w i t h  column data (light lines) f o r  
atrazine, diazinon, and PCP. 
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2 , 4 - D  
E? 
5. 
c3 1 

AT R AZ1 N E 
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Fig.  2 .  R e s u l t s  of SESOIL "Measured" (dark l i n e )  and " L i t e r a t u r e "  
(dashed l i n e )  s imula t ions  compared wi th  column d a t a  ( l i g h t  l i n e s )  f o r  
2 ,4 -D,  a t r a z i n e ,  and dicamba. 
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5 . 2  FIELD S'I'UDIES 

For each of t he  th ree  f i e l d  s tudi-es  i n  t h i s  a n a l y s i s ,  the  SESOIL 
hydrologic  p r e d i c t i o n s  were c a l i b r a t e d  u n t i l  r e s u l t s  compared well. wi th  
measurements. I d e a l l y ,  we would l i k e  t o  have the  necessary  d a t a  so t h a t  
opt i -mizat ion is  no t  r equ i r ed ,  b u t  un fo r tuna te ly  t h i s  s i t u a t i o n  i s  rare ~ 

'The only hydrol.ogic measurements a v a i l a b l e  a t  the  Lake Hamilton s i t e  were 
f o r  s o i l  w a t e r .  Thus, SESOIL p r e d i c t i o n s  f o r  s o i l  water were c a l i b r a t e d  
t o  t h e  measurements  by opt imizing the  input  va lues  f o r  the  
disconnectxdness index c and s o i l  po ros i ty  f , '  a s  a l l  o t h e r  input  
parameters needed f o r  SESOIL were known. 28 Fina l  SESOIL predict: ions vs 
measured v e r t i c a l l y  averaged s o i l  water con ten t s  a r e  shown i n  F ig .  3 .  The 
agreement i s  reasonable  because the  s o i l  t e x t u r e  a t  Lake Hamilton varies 
cons iderably  wi th  depth and the  hydrologic  subrnodel o f  SESOIL assumes a 
homogeneous soi l .  column. 

The movement o f  the  concent ra t ion  peak as p red ic t ed  by SESOIL is  
compared wi th  the  measured va lues  f o r  the deepest  p e n e t r a t i o n  of a l d i c a r b  
r e s idues  i n  F ig .  4 .  Even though the  measured d a t a  f o r  t he  degrada t ion  
r a t e  and the adsorp t ion  c o e f f i c i e n t  vari .ed wi th  depth ,  23 cons t an t  va lues  
were used i n  the SESOIL s imula t ion  ( see  Table 2 ) .  This w a s  f e l t  t o  be 
reasonable  cons ider ing  the  v a r i a b i l i t y  i n  the measured f i e l d  d a t a .  29 Note 
t h a t  these  r e s u l t s  (F ig .  4 )  would d i f f e r  cons iderably  i f  depth-dependent 
adsorp t ion  c o e f f i c i e n t s  were used. The f a i r  agreement i s  a conf i rmat ion  
of t he  average adsorp t ion  c o e f f i c i e n t  used r a t h e r  than how we l l  t he  model 
p r e d i c t s  a c t u a l  concent ra t ion  p r o f i l e s .  Comparison of t h e  p red ic t ed  
leaching  depths  t o  measurements i s  an iiiiportant t e s t  of model performance 
because knowledge of t he  lead ing  edge of  a p o l l u t a n t  i s  important i n  
a s ses s ing  the occurrence i n  dr inking  water .  

The p red ic t ed  amount of a l d i c a r b  remaining i n  the  upper 3 m o f  t he  
unsa tura ted  zone a t  t he  Lake Hamilton s i t e  is  compared t o  measured d a t a  i n  
F ig .  5 .  SESOIL p r e d i c t s  t h a t  no leaching  occurs  beyond 3 m f o r  t he  f i r s t  
108 d a f t e r  a p p l i c a t i o n ,  so the  curve i s  almost t o t a l l y  cont ro l l . ed  by the  
degrada t ion  ra te .  Resul t s  from the  PRZM, PISTON, and PESTAN models were 
s imi l a r  . l2 Monitoring wells a t  t h e  su r face  of t h e  s a t u r a t e d  zone 
ind ica t ed  t h a t  4 t o  8% of the  appl ied  a l d i c a r b  leached below 3 ii1 ( s e e  Ref.  
1 2 ) .  SESOIL p red ic t ed  tAat: 7 . 5 %  of the appl ied  a l d i c a r b  1-eached below 
t h i s  depth.  

S o i l  samples were col- lected at: 1.6 d i f f e r e n t  l o c a t i o n s  a t  t he  Lake 
Hamilton s i t e  on f i v e  d i f f e r e n t  d a t e s .  The mean a l d i c a r b  concent1rations 
wi th  depth f o r  t hese  1ocati.ons a r e  p l o t t e d  versus  the  SESOIL p r e d i c t i o n s  
f o r  each da te  i n  Fig.  6 .  The p red ic t ed  concent ra t ions  progress  away f r o m  
the  s o i l  su r f ace  towards the groundwater t a b l e  s l i .gh t ly  f a s t e r  than  the  
measurements. One poss ib l e  explana t ion  is  t h a t  the  p o l l u t a n t  cyc le  o f  
SESOIL does n o t  cons ider  t h e  potent ia l .  upward movement of the chemical 
with the  upward movement o f  w a t e r  due to s o i l  evapora t ion  losses .  From 
the  r e s u l t s  f o r  Lake Hamilton, it appears t h a t  SESOTL does a f3i.x: j o b  of 
p r e d i c t i n g  the  l ead ing  edge of t he  a l d i c a r h  p r o f i l e  b u t  tends t:o be less 
e f f e c t i v e  i n  p r e d i c t i n g  a c t u a l  concent ra t ion  p r o f i l e s .  

Ca l ib ra t ed  SESOIL predi-ct ions f o r  s o i l  water conten t  a t  the  Fresno,  
C a l i f o r n i a ,  s i t e  a r e  compared t o  a v a i l a b l e  measurements ( v e r t i c a l l y  
averaged) f o r  t h e  f i r s t  3 m o f  t he  unsa tura ted  zone i n  F ig .  7 .  For t h i s  
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Fig.  3 .  SESOIL predictions vs measured vertically averaged soil water content  
f o r  the Lake Hamilton, Fiorid.a, site. 
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F i g .  6. Results of SESOII, predictions vs measurements at the Lake 
Hamilton, F l o r i d a ,  sit:@ f o r  various days after aldicarb application. 
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s i t e  t he  inpu t  va lues  f o r  s o i l  i n t r i n s i c  permeabi l i ty  K 1  and 
disconnectedness  i-ndex c were optimized t o  o b t a i n  the  p r e d i c t i o n s  shown. 
I t  should be kept  i n  mind t h a t  i r r i g a t i o n  records  were added t o  monthly 
r a i n f a l l  f o r  input  t o  SESOIL.  SESOIL p r e d i c t s  a monthly s o i l  w a t e r  con ten t  
f o r  t he  e n t i r e  s o i l  p r o f i l e  extending froin su r face  t o  groundwater, whereas 
the  measurements were taken at: va r ious  depths  and only on s i x  d a t e s .  S o i l  
water  con ten t s  would vary s i g n i f i c a n t l y  depending on when the  f i e l d  p l o t  
i s  f lood  i r r i -ga t ed .  The SESOIL predict i -ons could no t  be judged given the  
s p a r s i t y  of t h e  hydrologic  measurements. 

S o i l  sampl-es were taken a t  1 6  d i f f e r e n t  l o c a t i o n s  a t  t he  s i t e  on s i x  
d i f f e r e n t  d a t e s  ranging from 33 t o  309 d a f t e r  t he  a l d i c a r b  t:t:ttatinent. 
The mean a l d i c a r b  concent ra t ions  from the  1 6  cores  are g r a p h i c a l l y  
d isp layed  vs  the  SESOIL p r e d i c t i o n s  i n  F ig .  8 .  The measured r e s idue  
concent ra t ions  a t  t he  f i r s t  sampling i n t e r v a l  (33 d a f t e r  a p p l i c a t i o n )  are 
lower than  r e s u l t s  from the  second sampling da te  (61. d a f t e r  a p p l i c a t i o n ) .  
This probably r e f l e c t s  d i f f i c u l t y  i n  f ind ing  the exac t  l o c a t i o n  of the  two 
shanks where a l d i c a r b  w a s  app l i ed .  l3 Downward movement of t he  aldi-carb 
r e s idues  i s  q u i t e  r a p i d ,  which can be a t t r i b u t e d  t o  the  f i e l d  being 
e s s e n t i a l l y  f lood  i r r i g a t e d .  However, average a l d i c a r b  concent ra t ions  
exceeding 5 ng/g d i d  no t  occur deeper than 3 .0  m .  Most of t he  r e s idues  
degraded i n  the  upper p o r t i o n  of the  unsa tura ted  zone. l3 The SESOII. 
p r e d i c t i o n s  f o r  t h i s  s i t e  show a s i m i l a r i t y  t o  those obta ined  a t  t he  Lake 
Hamilton s i t e .  The p red ic t ed  concent ra t ions  progress  away from t h e  s o i l  
su r f ace  f a s t e r  than the  measurements. Again, t h i s  i s  probably due t o  
t r a n s p i r a t i o n  tending  t o  r e t a i n  aldi-carb r e s idues  i n  the r o o t  zone. 
Surface evapora t ion  draws s o i l  water and resi .dues froin the r o o t  zone t o  
the  s u r f a c e . 2 8  SESOIL does no t  take i n t o  account t h i s  p o t e n t i a l  upward 
movement. Consider in  t h a t  t he  a l d i c a r b  concent ra t ions  from the  1 6  co res  
were q u i t e  v a r i a b l e  , I 4  e s p e c i a l l y  i n  l a t e r  sampling i n t e r - v a l s ,  SESOXL does 
a f a i r l y  good job  of p r e d i c t i n g  concent ra t ion  p r o f i l e s  a t  t h i s  s i t e .  

The same approach used i n  the  Florida.  and C a l i f o r n i a  f i e l d  s t u d i e s  t o  
optimize SESOIL p r e d i ~ c t i o n s  t o  known hydrologic  measurenients w a s  used f o r  
the  s i n g l e -  f i e l d  watershed i n  Georgia.  Measured s o i l  water con ten t  and 
su r face  runoff  were used as c a l i b r a t i o n  endp0int.s f o r  t h e  hydrologic  
c y c l e .  Input  parameters t h a t  were optimized included the  i n t r i n s i c  
permeabi l i ty  K 1 ,  disconnectedness index c ,  and the mean time Qf each 
r a i n f a l l  eve.nt (MTR) f o r  each month.2 The information needed f o r  
parameter MTR w a s  no t  a v a i l a b l e  from the  d a t a  s e t  of Smith e t  a1.I4 Thus, 
MTR f o r  each month w a s  c a l i b r a t e d  t o  opt imize agreement between 
p r e d i c t i o n s  and measurements f o r  su r face  runof f .  Si.multaneously, the  
va lues  f o r  K 1  and c were ad jus t ed  u n t i l  reasonable  agreement w a s  ob ta ined  
betiween p red ic t ed  and observed v e r t i c a l l y  averaged s o i l  water  con ten t .  
F ig .  9 shows the  r e s u l t a n t  SESOIL p r e d i c t i o n s  of s o i l  wat:er content: ve r sus  
the  measurements ( d a t a  were unavai lab le  f o r  1 9 7 3 ) .  Comparisons of 
observed and p red ic t ed  monthly su r face  runoff f o r  1973 t o  1975 a r e  shown 
i n  F igs .  10 t o  1 2 ,  r e s p e c t i v e l y .  SESOII. p r ed ic t ed  a t o t a l  annual runoff  
of  24 .0  c m  f o r  1.973, 1 4 . 2  cm f o r  1974, arid 1 6 . 5  cm f o r  1975 ( f o r  months 
January through September);  the  observed t :otal  annual runoff  w a s  23.8 c m  
f o r  1973, 1 2 . 7  cm f o r  1974, and 14.0 cm f o r  1975 ( f o r  f i r s t  n ine  months). 
Note t h a t  agreement between SESOIL pred i -c t ions  and measurements f o r  
su r face  runoff  may no t  have been as good i f  a c t u a l  d a t a  were ava i l . ab le  t o  
deri.ve t h e  parameter MTR. However, i n  the  absence o f  s u f f i c i e n t  d a t a ,  i t  



27 

0 -  
I 1 , 

0 0 100 0 200 0 300 0 400 0 500 0 SC0 0 

depth (cm) 

0 0 '00 0 200 0 300 0 400.0 500 0 600 0 
depth ( c r )  

I.. .. : :  : :  
: :  
: ;  
: :  
: :  

: .  

' .  
* .  
: *  ... * .. . . ' ..... . 

00 1000 2000 3001) 4000 5000 F 
depth (cm) 

1.0 

0 0  1000 2000 3000 4000 5000 6000 

depth (cm) 

Fig .  8 .  R e s u l t s  of SESOLL p r e d i c t i o n s  v s  measurements a t  t h e  Fresno, 
C a l i f o r n i a ,  s i t e  f o r  va r ious  days a f t e r  a ld i ca rb  a p p l i c a t i o n .  
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i s  always s t r o n g l y  recommended t h a t  p r e d i c t i o n s  f o r  t he  hydrologic  cyc le  
be optimi-zed t o  agree wi th  known measurements. 

The a t r a z i n e  degrada t ion  r a t e  and adsorp t ion  c o e f f i c i e n t  were not  
a v a i l a b l e  from t h i s  s tudy and thus  i n i t i a l  va lues  used were t a k e n  from the 
laboratioiry s tudy  of Melancon e t  al..'-' With these  i . n i t i a 1  
v a l u e s ,  SESOIJ. underpredicted the  amount o f  a t r a z i n e  degraded and 
p red ic t ed  t h a t  t he  a t r a z i n e  peak progressed through the  s o i l  p r o f i l e  much 
f a s t e r  than the  measurements showed. These r e s u l t s  showed c h a r a c t e r i s t i c s  
very s imilar  t o  those  obtained f o r  a t r a z i n e  i n  t h e  l abora to ry  s tudy  ( see  
'Table 7 and F igs .  1 and 2 ) .  Because the  model i ~ s  s e n s i t i v e  t o  changes f o r  
t he  degrada t ion  r a t e  and adsorp t ion  coef E ic i en t  , these  two parameters  were 
a d j u s t e d  u n t i l  reasonable  agreement w a s  achieved wi th  measured 
concen t r a t ion  p r o f i l e s  f o r  1973. Another parameter c a l l e d  ISRM, * which 
c o n t r o l s  t he  amount of chemical p a r t i t i o n e d  i n t o  r u n o f f ,  was c a l i b r a t e d  
u n t i l  the  p red ic t ed  a t r a z i n e  runof€ compared favorably  t o  t h e  measured 
runoff  l o s s  f o r  1 9 7 3 .  Thus, a ca l . i b ra t ion /va l ida t ion  procedure was used 
LO t e s t  t he  p o l l u t a n t  cyc le  of  S E S O I L  f o r  t h i s  s i t e .  The idea  was t o  
a d j u s t  model parameters u n t i l  reasonable  resul. ts were achieved f o r  1973 
and then t o  v a l i d a t e  the  model by comparing predi-ct ions t o  measurements 
Eor 1974 and 1975. A si-inilar procedure was used by Watson and Brown'' i n  
t h e i r  t e s t i n g  of t he  o l d  ve r s ion  o f  SESOIL.  F ina l  c a l i b r a t e d  vallues fOK 

3 t he  degrada t ion  r a t e  and adsorp t ion  c o e f f i c i e n t  were 0.04 d-' and 0 . 8  c m .  
g- '-,  r e spec t ive1  . These va lues  a r e  w e l l  w i th in  reasonable  l i m i t s  ( e . g . ,  
s ee  Dean e t  a l .  "1. The c a l i b r a t e d  va lue  f o r  ISRM w a s  0 . 0 6 ,  bu t  no te  t h a t  
t h e r e  i s  no b a s i s  f o r  e s t ima t ing  I S M  a p r i o r i  and i t  i s  used he re  
e s s e n t i a l l y  as a f i t t i n g  parameter.  

The f i n a l  c a l i b r a t e d  SESOIL p r e d i c t i o n s  o f  a t r a z i n e  concen t r a t ion  
p r o f i l e s  a r e  graphical  1 y d i sp layed  vs  the  measurements a t  va r ious  t imes 
f o r  1973 i n  F ig .  1 3 .  Note t h a t  the measurements vary  cons iderably  from May 
23 t o  May 24 due t o  a r a i n f a l l .  of 1 . 9  cm on May 23. P red ic t ions  f o r  
a t r a z i n e  runofE a r e  compared t o  measurements i n  F ig .  14 .  The t o t a l  
measured a t r a z i n e  runoff  i n  1 9 7 3  was 83.71 g ,  and the p red ic t ed  amount w a s  
85 .0  g .  

With a l l  p o l l u t a n t - c y c l e  parameters s e t  from c a l i b r a t i n g  t h e  
p r e d i c t i o n s  t o  measureinents f o r  1 9 7 3 ,  S E S O I L  was then  used t o  p r e d i c t  
a t r a z i n e  concen t r a t ion  p r o f i l e s  and runoff  f o r  1974 and 1 9 7 5 .  Resu l t s  for 
t he  a t r a z i n e  runoff  are shown i n  F ig .  14 .  Annual measured runoff  t o t a l s  
were 9 .63  g f o r  1974 and 13.94 g f o r  1 9 7 5 ,  while SESOIL p red ic t ed  t o t a l s  
were 9 .38  and 1 7 . 1 8  g f o r  1974 and 1975, r e s p e c t i v e l y .  These r e s u l t s  
r ep resen t  a s i g n i f i c a n t  improvement over those from the o l d  SESOIL ver s ion  
a s  r epor t ed  by Watson and Brown. Measured and s imula ted  a t r a z i n e  
concen t r a t ion  p r o f i 1 . e ~  a r e  shown i n  F i g .  1 5  f o r  va r ious  d a t e s  i n  both 1974 
and 1975. Once a g a i n ,  i t  appears t h a t  SESOXT, does a good job  of  
p r e d i c t i n g  t h e  l ead ing  edge o f  the  chemical p r o f i l e s  b u t  t h e  sirnulahetl 
concent ra t ions  a t  the  s o i l  su r f ace  underest imate  the  measurements. 
Overa l l ,  the  SESOIL p r e d i c t i o n s  a r e  we l l  wi-thin an o rde r  of magnitude of 
t he  measurements, which i s  one requirement f o r  screeni-ng-level.  models. 

Since p r e d i c t i o n s  f o r  a t r a z i n e  were i n  l a r g e s t  disagreement: wi th  the  
l abora to ry  measurements of  the  chemicals s t u d i e d  ( s e e  Table 7 )  , the  
c a l i b r a t e d  va lues  f o r  t he  degradat:Lon r a t e  and adsorp t ion  c o e f f i c i e n t  used 
f o r  the  Georgia watershed were used as input  t o  SEXOIL f o r  the  l abora to ry  
s tudy t o  check f o r  cons is tency  o f  r e s u l t s .  S i g n i f i c a n t  improvement was 

( see  Table 1) .  
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Fig. 13.  Results of SESOIL p r e d i c t i o n s  vs  measureinents a t  t h e  Watk insv i l l e ,  
Georgia, s i t e  f o r  various d a t e s  i n  1973  a f t e r  a t r a z i n e  a p p l i c a t i o n .  
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obta ined  as SESOIL p red ic t ed  t h a t  on day 30 a f t e r  t he  a t r a z i n e  load ing ,  
6 8 . 6 5  mg remained i n  t h e  s o i l  col-umn, 9 . 3 5  mg had leached through the  so i l .  
coluinn, and 172.5 mg had degraded, These r e s u l t s  compare we l l  wi th  the  
measurements of 9 4 . 8  9 2 2 . 2  mg i n  t h e  s o i l  column, 4 . 0  2 . 6  tng i n  the  
leachace ,  and 1 5 1 . 7  mg assumed l o s t  t o  degrada t ion .  

Predi-ct ions o f  t he  improved ve r s ion  of the  screening-  level.  model SESOTL 
were compared wi th  empir ica l  d a t a  from a l abora to ry  s tudy  involv ing  s i x  
organic  chemicals and from th ree  d i f fe ren t :  f i e l d  s t u d i e s  involv ing  the  
a p p l i c a t i o n  of a ld i -carb  t o  two f i - e ld  p l o t s  and a t r a z i n e  t o  a s i n g l e - f i e l d  
watershed. Resul t:s f o r  s e v e r a l  a spec t s  of p o l l u t a n t  t r a n s p o r t  were 
compared inc luding  the l o c a t i o n  of the  chemical peak vs  t ime,  t he  t ime- 
dependen-t: amount leached t o  groundwater, t he  depth d i s t r i b u t i o n  of the 
p o l l u t a n t  a t  va r ious  t imes ,  t he  mass of t he  chemical degraded, and the  
amount of  p o l l u t a n t  i n  su r face  runof f .  

Overa l l  SESOIL model predi-ct ions a r e  i n  good agreement: wi th  observed 
d a t a  f o r  both the  l abora to ry  s tudy and the  f i e l d  s t u d i e s .  The modFEied 
SESOIL does a b e t t e r  j ob  of p red ic t ing  the  lead ing  edge of t he  chemical 
p r o f i l e  than the  o l d  SESOIL due mainly t o  an  improvement i n  the p o l l u t a n t  
p e n e t r a t i o n  algorithiii t o  inc lude  the chemical s o r p t i o n  c h a r a c t e r i s t i c s  I 
The model i s  l e s s  e f f e c t i v e  i n  p r e d i c t i n g  a c t u a l  concen t r a t ion  p r o f i l e s  
because the  s imulated concentratiLons near  t he  s o i l  s u r f a c e  underes t i inate 
the  measurements. One explana t ion  i.s t h a t  SESOIL does no t  cons ider  the  
poten t ia l .  upward movement o f  the chemical with the  upward movement of  
w a t e r  due t o  s o i . 1  evapora t ion  l o s s e s .  When a s p l i t - s a m p l e  
ca l ib ra t : i on /va l ida t ion  procedure was used on 3 yea r s  of d a t a  from t h e  
s i n g l e - f i e l d  watershed,  SESOIL d i d  a good job  o f  p r e d i c t i n g  t h e  amount of 
chemical. i n  the  runof f .  

I t  i s  f e l t  t h a t  SESOIL can be a u s e f u l  s c r e e n i n g - l e v e l  chemical 
migra t ion  and f a t e  model. The model i s  r e l a t i v e l y  easy t o  u s e ,  input: d a t a  
a r e  s t r a igh t fo rward  t o  compil.e, and m o s t  o f  the  model parameters  can be 
obta ined  o r  r e a d i l y  es t imated .  SESOIL can be app l i ed  t o  gener ic  
environmental  s cena r ios  f o r  purposes o f  eva lua t ing  the  genera l  behavior  of 
chemicals .  SESOIX. should no t  be app l i ed  on a s i t e - s p e c i f i - c  b a s i s  wi th  
only l i m i t e d  c a l i b r a t i o n .  Care should be taken when applying SESOIL t o  
s i t e s  wi th  large. v e r t i c a l  v a r i a t i o n s  i n  s o i l  p r o p e r t i e s  s i n c e  the  
hydrologic  cyc le  of SESOIL assumes a homogeneous s o i l  p r o f i l e .  Thus, i t  i s  
s t r o n g l y  recommended t h a t  p red ic t ions  f o r  the  hydrology a t  a given s i t e  be 
optimized t o  agree wi th  known measurements. Caution should be used when 
making conclusions based on modeling resuLts  when l i t t l e  d a t a  e x i s t  
a g a i n s t  which t o  c a l i b r a t e  p r e d i c t i o n s .  Howe-ver, the  s imula t ions  i n  t h i s  
paper do i n d i c a t e  t h a t  SESOIL,  when proper ly  used ,  can be an e f f e c t i v e  
s c r e e n i n g - l e v e l  tool. i n  a s ses s ing  chemical movement i n  s o i l s .  
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