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A b s t r a c t - - T h e  movement of chemicals through the soil to the groundwater or discharged to sur- 
face waters represents a degradation of these resources. In many cases, serious human and stock health 
implications are associated with this form of pollution. The chemicals of interest include nutrients, 
pesticides, salts, and industrial wastes. Recent studies have shown that current models and methods 
do not adequately describe the leaching of nutrients through soil, often underestimating the risk 
of groundwater contamination by surface-applied chemicals, and overestimating the concentration 
of resident solutes. This inaccuracy results primarily from ignoring soil structure and nonequilib- 
rium between soil constituents, water, and solutes. A multiple sample percolation system (MSPS), 
consisting of 25 individual collection wells, was constructed to study the effects of localized soil het- 
erogeneities on the transport of nutrients (NO3, Cl- ,  PO 3-) in the vadose zone of an agricultural 
soil predominantly dominated by clay. Very significant variations in drainage patterns across a small 
spatial scale were observed (one-way ANOVA, p < 0.001) indicating considerable heterogeneity in 
water flow patterns and nutrient leaching. Using data collected from the multiple sample percolation 
experiments, this paper compares the performance of two mathematical models for predicting solute 
transport, the advective-dispersion model with a reaction term (ADR), and a two-region preferential 
flow model (TRM) suitable for modelling nonequilibrium transport. These results have implications 
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for modelling solute transport and predicting nutrient loading on a larger scale. @ 200i Elsevier 
Science Ltd. All rights reserved. 
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1. I N T R O D U C T I O N  

The movement of chemicals through the soil to the groundwater or discharged to surface waters 
represents a degradation of these resources. In many cases, serious human and stock health 
implications are associated with this form of pollution. The chemicals of interest include nutrients, 
pesticides, salts, and industrial wastes. In the case of nutrients, leaching losses also represent a 
decline in soil fertility with economic consequences, and in the case of nitrate leaching, reduction 
of productivity due to soil acidification [1,2]. In the case of pesticides and industrial wastes, small 
but highly toxic chemicals can be transported to groundwater and remain there for hundreds and 
even thousands of years [3-7]. 

Monitoring and modelling solute transport  is complicated by nonrandom spatial and temporal  
variations of physical, chemical, and biological components of soils. Laboratory experiments 
based on repacked, sterile, homogenized soil cores bear little resemblance to physical reality and 
have often been shown to underestimate the solute loss and risk of contamination to groundwater 
reserves [8]. Hence, a better knowledge of the factors causing nonequilibrium and heterogeneous 
solute transport  is required for sustainable ecological management of nutrients in agricultural 
soils [9]. Multiple sample percolation systems are an excellent means to obtain accurate values of 
the solute and water flux in vadose zone experiments and have been shown to effectively represent 
the impacts of soil heterogeneity on these fluxes [10]. Using this apparatus, an experiment 
was recently conducted to investigate the impacts of soil structure on nutrient t ransport  in an 
agricultural soil typically found in Victoria, Australia [11]. The data from this experiment is used 
here to compare and contrast two approaches to modelling solute transport  in the unsaturated 
zone. The models considered in this paper are the advective-dispersion equation with reaction 
(ADR) and a two-region preferential flow model (TRM). 

2. M A T E R I A L S  A N D  M E T H O D S  

Free-draining, undisturbed soil columns offer the best means to study nutrient t ransport  under 
field conditions because they preserve the natural structure of the soil. A large undisturbed soil 
core (42.5cm x 42.5cm wide x 40cm deep) was extracted from a farm located in the Western 
District of Victoria, Australia. A nmltiple sample percolation system was constructed to sample 
moisture and chemicals leaching from the soil core. The multiple sample percolation system 
consists of a metal-alloy base-plate that  is shaped into 25 equal sized collection wells (funnels) 
o1' mini-catchments. Leachate solutions were analysed for NO3, CI- ,  and PO 3-.  The daily 
leachate concentrations collected from each of the 25 individual collection wells were aggregated 
to calculate a total daily concentration for the entire soil core for each ion for each day of 
the duration of the experiment. The daily total concentrations were used to fit concentration 
breakthrough curves for the TRM and ADR models. The full experimental details are described 
in [8]. 

3. T H E O R Y  

3.1. E q u i l i b r i u m  T r a n s p o r t  M o d e l  ( A D R )  

The most challenging problem confronting mathematical modelling of solute t ransport  in field 
soils is how to effectively characterize and quantify the geometric, hydraulic, and chemical prop- 
erties of porous media. Recently, Stagnitti et al. [10] and de Rooij and Stagnitti [12] proposed the 
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use of the beta distribution to describe the statistical variation in solute and moisture patterns. 
However, this approach provides little insight into the complex physical and chemical processes 
that  govern adsorption and transport  in soils. The issue of how to deal with heterogeneity in 
the soil remains unresolved. To date, therefore, it is not surprising that  very few at tempts  have 
specifically included soil structure in modelling solute transport  [13]. To reduce the complexity 
involved in modelling solute transport,  many models rely on the simplifying assumption of ho- 
mogeneous soil structure and instantaneous sorption, sometimes referred to as the LEA (linear 
equilibrium adsorption) assumption. The general equation governing contaminant t ransport  un- 
der saturated, steady flow conditions, and with chemical reaction, has the form of the classical 
advection-dispersion-reaction equation [14] 

n ° c  - - v ° c  - 7 c ,  (1)  
Ot = t)-g~z2 Oz 

where R is the retardation factor (which is equal to 1 + pk/O and where p is the density of 
water, k is the distribution coefficient of absorption, and 0 is the water content), "7 is the reaction 
rate coefficient, D is the dispersion coefficient, and V is the pore water velocity. Analytical 
solutions to equation (1) for most practical circumstances have been compiled by Parker and van 
Genuchten [14], van Genuchten and Alves [15], and Barry and Sposito [16]. 

3.2. N o n e q u i l i b r i u m  T r a n s p o r t  M o d e l - - T h e  T w o  R e g i o n  M o d e l  ( T R M )  

The ADR has a simple form because it describes an ideal process, i.e., equilibrium transport .  
However, the LEA assumption is normally not valid in field studies. Nonideal t ransport  (nonequi- 
librium transport)  as observed in many experiments is more the norm than the exception. The 
causes of nonequilibrium transport  in soils are soil heterogeneity and chemical nonequilibrium 
sorption [17]. Nonequilibrium transport  is mainly due to physical and chemical phenomena 
reflecting the heterogeneous properties of soils. Also, biological forces are increasingly being 
recognized as a source of nonequilibrium [13]. In this paper, we examine the nonequilibrium 
transport  caused by possible preferential flow through the soil column. Based on the bicontin- 
uum conceptualization, Coats and Smith [18] developed the two-region model (TRM) to describe 
nonequilibrium solute transport  in aggregated soils. The governing equations are 

R OCm 1 - / 3 0 C ~ m  _ D O2Cm OCm (2a) 
Ot + T Ot Oz 2 K,, 0--7 ' 

1 - / 3 0 C i m  
/3 at - a3(c,,  - c~,,) ,  (2b) 

where the subscripts m and i m  denote regions in which mobile and immobile solute t ransport  
may occur,/3 is the ratio of the mobile region to the entire pore volume, i.e.,/3 = 0m/(0m + 0im), 
0 is water content, Vm is the flow velocity in the mobile region and the velocity in the immobile 
region is zero by definition (so the averaged flow velocity is V,~/3), and a~ is the rate coefficient 
(in the nondimensional form, c~ = w L / V m ,  and L is the column length). 

The bicontinuum concept physically represents the soil structure in aggregated soils. The 
region within the aggregates is the immobile region where water and solutes are stagnant except 
for lateral diffusion. The region between the aggregates is the mobile region where water and 
solute move due to adveetion and dispersion. The lateral diffusion has been simplified by using 
the first-order equation (2b). Although this model was originally developed for solute t ransport  in 
aggregated soils, it is often used tomode l  other nonequilibrium transport  processes. For example, 
Coats and Smith [18], Herr et aL [19], and Li et al. [20] have reported applications of this model 
to solute transport  in stratified soils. Herein, we report the use of the TRM to investigate solute 
transport  in an undisturbed soil column and compare it with the ADR. 
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4. R E S U L T S  A N D  D I S C U S S I O N  

4.1 .  E f f e c t s  o f  S p a t i a l  V a r i a b i l i t y  in  L e a c h i n g  

Table  1 presents  the  da i ly  average volume of l eacha te  col lected for each well of  t he  mul t ip le  

s amp le  pe rco la t ion  sys tem.  T h e  d a t a  has been ranked  in order  of m a g n i t u d e  of e lu ted  leachate .  

Wells  1 to  5, 6, 10, 11, 15, 16, 20, and  21 to  25 were loca ted  on the  edge of the  pe rco la t ion  

sys tem,  and  these  su r rounded  the  inner  wells numbered  7 to  9, 12 to  14, and  17 to  19. T h e  t ab le  

i l lus t ra tes  s u b s t a n t i a l  he te rogene i ty  in pe rco la t ion  ra tes  from the  core. T h e  e lu ted  vo lumes  for 

each well were found to be s t a t i s t i ca l ly  very  highly  var iable  (one-way ANOVA,  p < 0.001). 

Table 1. Average daily volume of soil moisture collected by each MSPS well. The 
data are the arithmetic mean and standard errors determined over an 18 day period. 

Low Flow Wells Medium Flow Wells Rapid Flow Wells 

Well No. Mean St. Err. Well No. Mean St. Err. Well No. Mean St. Err. 

8 11.9 5.38 
3 26.5 5.39 
1 31.4 3.23 
2 55.5 8.94 
6 57.5 11.75 

11 60.0 6.19 
4 66.8 9.85 

17 84.3 16.93 

14 84.8 7.49 
18 87.0 6.71 
12 106.7 7.08 
13 117.9 8.57 
16 120.6 10.69 
10 123.1 19.92 
19 127.7 13.86 
9 131.3 12.49 

21 133.0 36.52 
7 135.0 9.06 

24 142.7 25.32 
22 197.2 37.77 
23 199.2 35.41 
5 204.3 33.25 

25 241.4 44.49 
20 307.1 43.61 
15 333.5 49.38 

F igure  1 presents  t he  resul ts  from one of  the  expe r imen t s  conduc ted  on the  und i s t u rbe d ,  free- 

dra in ing ,  field soil. T h e  cumula t ive  solute  mass  and volume of  so i l -mois ture  e lu ted  from the  core 

were mon i to red  over an 18 day  per iod.  T h e  i r r iga t ion  r a t e  app l ied  to  the  surface of  the  core was 

uni form in t ime  and areal  coverage. Perco la t ion  of soi l -water  from the  core was nea r ly  un i form 

as ind ica t ed  on the  figure wi th  a close cor respondence  to a one- to-one  line. T h e  re la t ive  mass  

of NO 3 leaching from the  core was very  closely ma tched  to  the  re la t ive  a m o u n t  of C I - ,  i nd ica t ing  

t h a t  C1- m a y  be a su i tab le  p roxy  for NO~ in solute  t r a n s p o r t  s tudies .  As much as 50% of  t he  

app l i ed  mass  of  C1- and NO 3 leached from the  core in 30% of the  app l ied  i r r iga t ion  wi th in  five 

days  af ter  app l ica t ion ,  ind ica t ing  very  rap id  t r anspo r t .  However,  wi th in  the  same t ime  per iod ,  

less t h a n  15% of the  app l ied  P O  3-  leached from the  core, ind ica t ing  s t rong  adsorp t ion .  

4 .2 .  M o d e l l i n g  R e s u l t s  

Solu te  b r e a k t h r o u g h  curves (BTC)  are presented  in F igures  2 to 4. T h e  ra te  of  e va po t r a n -  

sp i r a t i on  was d e t e r m i n e d  from a wa te r  budge t  over the  18 days.  The  average r a t e  was approx i -  

m a t e l y  25%. Using th is  value, the  ini t ia l  so lute  concen t ra t ions  in the  i r r iga t ion  were d e t e r m i n e d  

to  be C0_ci = 6186 .10mg/L ,  C0_NO3 = 273.65 m g / L ,  and  C 0 _ P O  4 : 4724.10 m g / L .  T h e  d u r a t i o n  

t ime  for i r r iga t ion  of  t he  solutes was T = 0.484 days  ( input  pulse).  For  each s imula t ion ,  i t  

was assumed  t h a t  t he  ini t ia l  ( resident)  concen t ra t ions  of solutes  in the  soil were negligible;  i.e., 

Ci = 0 m g / L .  Using these  values,  the  A D R  and T R M  were f i t ted to  t he  C1- da ta ,  and  B T C s  

are  shown in F igures  2a and  b. The  f i t t ing was achieved using s imula ted  annea l ing  [21]. Sire- 

u l a t ed  annea l ing  is a be t t e r  t echnique  for f inding global  o p t i m a  t h a n  t r a d i t i o n a l  g r a d i e n t - t y p e  

app roaches  such as nonl inear  least  squares  me thods  [22]. Assuming  t h a t  C1- behaves  as a con- 

se rva t ive  e lement ,  t hen  7 = 0 (i.e., no react ion)  and  R = 1 (i.e., no adsorp t ion ) .  T h e  o p t i m a l  

values  for the  f i t ted p a r a m e t e r s  in the  A D R  were V = 0.051 m / d  and D = 0 . 0 0 6 m 2 / d  (see Fig-  

ure 2a). T h e  mode l  failed to  m a t c h  the  d a t a  at  the  peak.  T h e  lack of ag reement  is due  to  t he  

fai lure of the  A D R  to  model  the  nonequi l ib r ium effects caused by the  observed  he te rogene i ty  in 
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Figure  1. Relat ive cumula t ive  mass  of solutes  and  vo lume of e lu ted  soi l -water  col- 
lected for all wells p lo t ted  as a funct ion  of t ime.  

percolation rates. The fitted velocity and dispersion coefficients, however, are within the exper- 
imental constraints. The T R M  was fitted to the data  (see Figure 2b), and the optimal  values 
for the model parameters  were Vm = 0.057m/d,  D = 0.001 m2/d,  ~ = 0.47, and a = 1.72. The 
predicted and actual BTCs are in excellent agreement, suggesting that  nonequilibrium t ranspor t  
of C1- has occurred. The results also verify that  little to no retardat ion of chloride in the core 
occurred. The fitted parameter  values are also within experimental  constraints and they have 

physical meaning. In particular, the averaged flow velocity, calculated according to Vm~, is in 
accordance with the experimental  data. The fitted value for/3 is close to 0.5, which indicates tha t  
nearly 50% of the pore volume is actively responsible for C1- transport .  This too is supported 
by experimental  observations. 

The predicted BTC for NO 3 using the ADR is plotted with the actual BTC in Figure 3a. In 
this case, knowledge gained from fitting the BTCs for C1- is used to hold the values for V and D 
constant.  The values for V and D determined from fitting the ADR to the C1- da ta  set are used 
for the NO 3 da ta  set. However, in this case, the possibility of adsorption and reaction of NO 3 
is possible and therefore permitted; i.e., R and 7 become "free" parameters  and their values are 
determined by optimization. The optimal  values for R and ~ were found to be 1.06 and 0.035 d -1,  
respectively, indicating a small adsorption and significant reaction rate. These parameter  values 
also make sense physically, e.g., resulting from mineralization and denitrification in the soil. The 
fit is surprisingly good even though the ADR does not explicitly include assumptions of variable 
flow domains. In a similar fashion, the values for the parameters  Vm, D, /77, and ~ in the T R M  
were fixed to be the same as those determined for the C1- BTC. In this case, however, the only 
free parameter  is R. The optimal value for R was found to be 1.27, and the predicted BTC is 
presented in Figure 3b. The T R M  overpredicted the concentration peak. This is not surprising, 
as the T R M  in its present form does not contain a reaction term. The bet ter  performance of 
ADR in this case most likely results from the extra  freedom of having two free parameters  rather  
than  one. Indeed, if the T R M  included reaction, then the performance for nitrate prediction will 
undoubtedly improve. The phosphate experimental data  showed strong adsorption and reaction 
(see Figure 1). For this reason, we did not fit the T R M  to this da ta  set. Figure 4 presents the 
predicte d BTC using the ADR with V and D fixed to the same values as determined for the 
C1- BTC and R and 7 fitted by optimization. The optimal values for R and 7 were 8.117 and 
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Figure 2. Comparison of breakthrough curves for chloride using (a) ADR and 
(b) TRM. Experimental data are circles, and model predictions are solid lines. 

? = 1.781d -1, respectively, indicating, as expected, very strong adsorption and quick reaction. 
The ADR predicted the data reasonably well. Again, the good performance of the ADR here 
does not necessarily imply that  nonequilibrium transport  is negligible; rather it may be due to 
the extra freedom in the fitting process. Also, the reaction rate appears to be too fast to be 
physically realistic. 

5. C O N C L U S I O N S  

Soil structm'e has an important role in distributing moisture and solutes. Considerable small- 
scale heterogeneity in the volume and solute concentrations in the percolate was observed. The 
performance of two models, the ADR and TRM, were contrasted and compared. The ADR model 
performed reasonably well even though the experimental data exhibited considerable heterogene- 
ity in the percolation rate and solute concentrations. There are currently no analytical solutions 
for the TRM with a reaction term. Consequently, the TRM in its present form can only be ex- 
pected to perform well for solutes that  have negligible reaction times (e.g., conservative tracers). 
We are presently developing a numerical solution for the TRM that  incorporates a reaction term. 
This solution will also be coupled to an annealing optimization algorithm. We anticipate that  
this model will significantly improve the predictions of nonequilibrium solute transport  in field 
soils. 
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