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Abstract 

 
We investigated using single and double porosity models implemented in HYDRUS-1D 
numerical code, solute transport and solute mass exchange between pore water regions in intact 
soil columns (20 cm diameter, 20 cm high) under variably-saturated flow conditions during 
injection and surface application of dairy slurry manure in three soil textures, and during 
continuous and intermittent irrigation. All models tested were able to describe breakthrough 
curves of nonreactive slurry components (Br tracer applied to slurry) and a tritium tracer applied 
with irrigation water for all experimental conditions. Simulation of intermittent irrigation with 
HYDRUS software was limited by the option of a fixed bottom seepage face value, which could 
not be changed in time according to experimental conditions. The problem was provisionally 
fixed by restarting the program with the modified bottom conditions at experimentally defined 
times using the calculated final distribution of state variables as new initial conditions. Both 
single and double porosity water flow and mobile-immobile solute transport models predicted 
decreased solute mass exchange when injecting slurry into the soil profile compared with surface 
application in a loam, but not in the more coarse-textured soils. These results suggest protection 
of slurry compounds when placed inside the soil matrix in finer-textured soils compared with 
placement of slurry at the soil surface. Introducing rainfall interruptions (and variably-saturated 
flow) led to higher leaching of injected slurry compounds compared with steady flow conditions. 
These results were explained by increased mass exchange from immobile to mobile pore water 
regions during interruptions. The model based analysis suggests considering more natural 
boundary conditions when trying to obtain improved understanding of nutrient leaching after 
slurry application. 
 
 

1. Introduction 
 
Leaching of plant nutrients from agricultural fields is causing eutrophication problems of surface 
waters worldwide. Nutrient losses especially occur from fields subjected to land application of 
animal manure in areas of high livestock production (Coelho et al., 2007; Kronvang et al., 2009). 
In order to minimize leaching of agricultural chemicals to the subsurface and aquatic 
environments, the effects of different soil management strategies are being evaluated (e.g., 
Maguire et al., 2011). 
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Injection of animal slurry into arable topsoil was proposed as an alternative to surface application 
to reduce ammonia gas emissions (Webb et al., 2010). Injection of dairy slurry has additionally 
been shown to reduce leaching of slurry components (Glæsner et al., 2011a,b) in loamy soils 
when compared with surface application; the effect was less obvious for the sandy soils. Early 
tracer appearance in the loam indicated the effects of preferential flow (e.g., Flühler et al., 1996; 
Gerke, 2006) and physical non-equilibrium solute transport (e.g., van Genuchten and Dalton, 
1986). Physical non-equilibrium in the loamy soil could be explained by the existence of a two-
domain pore system (van Genuchten and Wierenga, 1976) characterized by a mobile and an 
immobile (aggregate or less mobile soil matrix) pore water region.  
 
Solute transport in column experiments has often been studied assuming steady-flow conditions 
(de Jonge et al., 2004; Glæsner et al., 2011a), thereby simplifying model analysis by neglecting 
soil hydraulic properties. Under steady flow conditions, breakthrough curves (BTCs) of 
percolation experiments can be analyzed with analytical solutions of the convection-dispersion 
equation (CDE); for instance, with the program CXTFIT (Toride et al., 1995). Transfer of steady 
flow laboratory column experimental data to field conditions however, can be criticized because 
the steady flow assumption rarely occurs. It is more realistic to have rain infiltration periods 
followed by dry periods, generating variably-saturated flow of water and locally varying pore 
water velocities (Wehrer and Totsche, 2003). While diffusion-limited solute mass transfer can 
already occur under steady-flow conditions, an additional mass exchange by transfer of water 
between the mobile and immobile pore regions has to be considered for intermittent flow 
conditions with physical non-equilibrium (e.g., Gerke, 2006; Jarvis, 2007).  
 
This study aims at identifying the possible role of mass exchange between mobile and immobile 
pore regions during different slurry placements (surface application and injection) and irrigation 
regimes (steady-flow and intermittent irrigation). Based on the description of a set of soil column 
percolation experiments, the aim is achieved by a stepwise increase in model complexity using 
an analytical CDE model and numerical single and double porosity models. The analysis 
required i) choosing the most appropriate flow and transport model types, ii) determining 
parameters for each model type (again from simple to more complex), iii) identifying limitations 
given by experimental data at certain modeling steps, and iv) defining particular initial 
conditions and treatment of the boundary conditions for the injection case. The final aim was to 
couple experimental results with detailed understanding of the underlying mechanisms of 
leaching losses of slurry compounds. 
 
 

2. Experimental Design and Modeling Approach 
 
2.1. Experimental Design 
 
Although experimental conditions are thoroughly described in the papers of Glæsner et al. 
(2011a,c), a short description is given here. Intact soil columns (20 cm diameter, 20 cm height) 
were excavated from the plough layer of an agricultural field in Denmark with a natural gradient 
of clay content; loamy sand, sandy loam, and loam. The effects of no slurry application, surface 
application of slurry, and injection of slurry were all studied (Glæsner et al., 2011a). The finer-
textured loamy soil with injected slurry was furthermore studied during continuous irrigation and 
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intermittent irrigation at a rate of 2 mm h-1 (Glæsner et al., 2011c). The experiments were carried 
out in triplicate.  
 
All intact soil columns, excavated at field capacity, were initially saturated and subsequently 
drained on tension tables to -100 cm. The columns were then transferred to an irrigation/leaching 
setup; irrigation was initiated, and a suction of -5 cm was applied at the lower boundary after 2.5 
– 12.5 h irrigation to ensure unsaturated conditions. Experiments were carried out for 
approximately 5 days, and during intermittent irrigation, suction was increased to -20 cm during 
irrigation interruptions. 
 
Dairy slurry manure was initially homogenized and spiked with KBr (2.69 g L-1), and then 
applied to the soil columns 52–53 h prior to initiation of the leaching experiment at an amount 
corresponding to 25 t ha-1. Slurry was either evenly distributed at the soil surface or injected in a 
1 cm wide and 10 cm long band, placed 5 cm from the edge of the cylinder and 8 cm below the 
soil surface. The columns received a pulse of 2.5 mm 3H2O after steady outflow was reached. 
 
2.2. Modeling Approach 
 
For simulating tracer movement (3H2O), we used the equilibrium (EQ) and non-equilibrium 
(NEQ) convection-dispersion equations (CDE); model parameters were fitted using the CXTFIT 
program (Toride et al., 1995) as implemented in STANMOD software (Šimůnek et al., 2008).  
 
For simulating solute transport under steady-state (continuous irrigation) and variably-saturated 
flow conditions (intermittent irrigation), we used: i) the single porosity model for uniform 
equilibrium-type flow and solute transport (SP-EQM), in which the volumetric water content, θ 
(cm3 cm-3), the solute concentration, c (g L-1), and the solute mass, cθ, are defined for a single 
porosity soil, ii) the combination of equilibrium water flow (EQ water) with mobile-immobile 
solute transport (SP-MIM solute), and iii) the double porosity model for non-equilibrium mobile-
immobile type water flow and solute transport (DP-MIM) (cf., Šimůnek and van Genuchten, 
2008). These models were numerically solved as implemented in the HYDRUS-1D program 
(Šimůnek et al., 2008).  
 
The double porosity and MIM approaches partition the bulk soil into fractions for mobile and 
immobile pore-water regions for the volumetric water content, θ, and the solute mass as θ = θim + 
θm and cθ = cimθim + cmθm, respectively. Equations and parameters used in this paper are as in 
Toride et al. (1995) and Šimůnek et al. (2008). 
 

2.2.1. Stepwise Parameter Estimation 
 
The parameter estimation was carried out stepwise as illustrated in Figure 1. The 3H2O-BTCs 
were first analyzed with CXTFIT. The EQM model was used to fit an initial value of D to the 
3H2O-BTCs for all columns, assuming a retardation factor of R = 1. These initial D values were 
used in the NEQM to further optimize the values of D, β, and ω to obtain λ, as well as θim, and αs 
to be used in HYDRUS. The best fit was based on the lowest possible MSE (mean square error), 
low correlation between parameters, and low 95% confidence intervals as calculated in CXTFIT. 
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The β parameter (mobile water fraction) was used in the DP-MIM transport simulation (see 
below). 
 

 

Figure 1. Overview of the complex stepwise analysis of mass exchange in the leaching 
experiments, illustrating the data input from small cores and larger intact columns, breakthrough 
curves (BTC) for 3H2O and Br for steady flow (top row), variably-saturated flow and transport 
during surface application and injection (of slurry) for intermittent irrigation (bottom), and the 
resulting exchange rates and the used programs, models, flow and transport parameter 
derivations. 

 
 
Soil Hydraulic Model Parameters 
From the experimental conditions (Glæsner et al., 2011a, b, c), the volumetric water contents at  
-5 and -100 cm from each intact soil column as well as eight values of the water retention curve 
from 100 cm3 intact core samples were available for each soil texture-type in the pressure head 
range between -4 and -300 cm. Two approaches were carried out to find optimized single 
porosity vGM (van Genuchten, 1980) soil hydraulic parameters: 

A) Soil hydraulic functions were estimated using pedotransfer functions with the ROSETTA 
program (Schaap et al., 2001) as implemented in HYDRUS. ROSETTA estimates were 
based on data of texture, bulk density, and water content at -100 cm, which we used 
instead of that at -330 cm. Since the ROSETTA fit did not match the two retention values 
at -5 and -100 cm available for each soil column, the value of θs was manually adjusted 
based on the vGM equation (van Genuchten, 1980), such that the fitted matched the 
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observed θ-value at -5 cm. With the manually fitted θs and the ROSETTA fitted θr, n and 
α values as initial estimates, the α-values of the vGM function were again optimized 
using the RETC program (van Genuchten et al., 1991), assuming m=1-1/n to fit the 
retention values at -5 and -100 cm. The values of Ks were fitted such that K(h) function 
(van Genuchten, 1980) matched the observed K-value at h =-5 cm. 

B) The water retention data from 100 cm3 soil cores of each texture were fitted with the 
RETC program using the optimized vGM-parameters from step A) as initial estimates. 
The value of θs was fixed, and θr, n, and α were fitted. For the loam, the optimized values 
for n were not allowed to drop below n = 1.2 (fixed minimum) to avoid numerical 
problems. The resulting α and n values based on soil core retention data were applied to 
all columns of each texture class, whereas θs and θr values were adjusted to match the 
measured water contents at -100 cm and -5 cm of each individual column using the vGM 
equation (van Genuchten, 1980).  

 
The parameter sets were finally tested by describing the experiments with the vGM parameters in 
HYDRUS, such that simulated θ-values were matching the measured ones during drainage (at -
100 cm) and irrigation (at -5 cm) for each column. 
 
For the double porosity flow model parameters, the identical values of α and n obtained from 
above were used for both mobile and immobile pore water regions in order to minimize 
parameter identification. The fractions θm and θim were obtained from CXTFIT results (above). 
For the loamy sand and the sandy loam columns, the mobile pore water region θsm and θrm were 
defined as 0.9-times, and the immobile region θsIm and θrIm as 0.1-times the values of the vGM 
parameters. For the loam, θsm and θrm were 0.4-times, and θsIm and θrIm were 0.6-times the values 
of the vGM parameters. Values of the water exchange coefficient, αw, were fitted using the 
optimization routine provided in the HYDRUS program. 
 
Solute Transport and Mass Exchange Parameters  
The transport parameter θim obtained with CXTFIT from 3H2O solute transport was not further 
fitted; however, λ and αs of columns subjected to injection were fitted in HYDRUS using the 
average values of the parameters from columns of the same texture that were subjected to surface 
application as initial values. For analyzing Br leaching, we used the parameters obtained from 
3H2O as initial estimates in all columns and then fitted the values of λ and αs for Br in HYDRUS. 
For intermittent irrigation, solute transport parameters, λ and αs, obtained during steady flow, 
were used as initial estimates in HYDRUS and then fitted to the effluent data of the respective 
soil columns.  
 

2.2.2. Initial and Boundary Conditions 
 
Conditions in HYDRUS were different for columns subjected to surface application or injection 
of slurry (mixed with Br). Surface application of slurry was treated as a flux boundary condition 
with a flux rate of 32.4 cm d-1 for 10 min, assuming that a pulse of 70 mL of water in applied 
slurry per column was mixed within the first 1 cm layer for 10 min after application at day 11 (2 
days prior to irrigation).  
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Slurry injection as an initial condition was assumed to be fully mixed with the soil of a vertical 
layer of 2.5 cm in 6.5 - 9 cm depth for the loamy sand and the sandy loam, and a layer of 7 cm 
thickness in 4 - 11 cm depth for the loam columns. The full mix of slurry and soil in the layers of 
the whole column was required when assuming a 1D vertical model. The slurry injection 
introduced Br and additional water. This application-induced increase in water contents was 
considered proportional to the available water storage porosity, hence the vertical thickness of 
the injection layer was chosen the smallest layer possible that could store the additional slurry 
water without exceeding the porosity. Due to a larger fraction of smaller pores in the loam 
(Glæsner et al., 2011a), the higher water-filled porosity at -100 cm at the time of slurry injection 
resulted in the assumed larger layer for the loam in which slurry was mixed as compared to the 
other two soils.  
 
Upper boundary conditions in HYDRUS were set to atmospheric with a surface layer. The lower 
boundary was set to a seepage face condition of 0 cm when irrigation was initiated; hereafter, a 
seepage face condition of -5 cm was imposed after 2.5 - 12.5 hours. These changes of lower 
boundary conditions required us to split the simulation runs in a series of interrupted model 
periods per run.  Hence, end conditions of a previous period were applied as initial conditions in 
the subsequent period during each simulation run. Transport of 3H2O was described as 
concentration flux at the upper boundary and with zero concentration gradient at the lower 
boundary, whereas Br was described (see above) in the initial condition in the form of a resident 
concentration. The flow domain was spatially discretized using 200 nodes. 
 
 

3. Leaching of Irrigation Tracer (3H2O) 
 
Simulations using ROSETTA-derived parameters for 3H2O transport yielded only small 
differences as compared to those results obtained with the optimized RETC retention parameter 
set (data not shown). We, therefore, used optimized RETC retention parameters in all solute 
transport simulations.  
 
The NEQM in CXTFIT fitted the 3H2O BTCs before slurry application better than the EQM in 
all soil textures (Fig. 2), even though the NEQM fit improved more with increased clay content, 
as the degree of nonequilibrium transport increased with increasing clay content observed by 
earlier breakthrough and larger tailing (e.g., Flühler et al., 1996). In HYDRUS, applying DP-
MIM did, however, not improve the fitting of 3H2O in an injected column during continuous 
irrigation compared with the simpler models (Fig. 3, left). 
 
Simulations of intermittent irrigation conditions improved with increasingly complex models 
from SP-EQ to SP-MIM to DP-MIM (Fig. 3, right). One explanation for improved simulation 
with increasingly complex models for the increased complex experimental setup during 
intermittent conditions could be the inclusion of solute and water exchange in the more complex 
models, as increased exchange of solute as well as of water is expected as new pressure and 
concentration gradients arise within the soil when pores are emptied for water during 
interruptions.  
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Figure 2. 3H2O BTCs in surface applied triplicate columns from the three soil textures using EQM 

and NEQM in CXTFIT for curve fitting for steady flow (continuous irrigation).  
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Figure 3. 3H2O BTCs after injection with continuous (left) and intermittent (right) irrigation using 
SP-EQ (dotted line), SP-MIM (dashed line), and DP-MIM (solid line) in HYDRUS. Only one 
column from each experiment is shown. Open symbols represent samples collected during 
interruptions; vertical solid lines represent interruptions; and vertical dotted lines represent 
initiation of irrigation. 

 
 
Water exchange during continuous irrigation occurred only from mobile to immobile pore water 
regions (positive values) (Fig. 4). Water exchange during intermittent irrigation occurred from 
mobile to immobile pore regions during irrigation and from immobile to mobile pore regions 
(negative values) during irrigation interruptions (Fig. 4), resulting in lower cumulative mass 
exchange of water from mobile to immobile pore regions during intermittent conditions.  



8 
 

Cumulative water exchange

Days
13.0 13.5 14.0 14.5 15.0 15.5 16.0

cu
m

ul
at

iv
e 

cm
-0.02

0.02

0.06

0.10

0.14

0.18

Cont. Irrigation
Int. Irrigation

 
 

Figure 4. Cumulative water exchange for continuous and intermittent irrigation using the DP-
MIM approach. 

 
 
The importance of water exchange for solute transport is evident, as a substantially larger 
exchange of 3H2O occurred when applying DP-MIM compared with SP-MIM (Fig. 5). This is 
explained by the additional advective solute mass exchange of 3H2O caused by assuming water 
exchange between the pore regions in the DP-MIM. However, for solute exchange, higher 
cumulative 3H2O exchange from mobile to immobile pore regions is recorded for intermittent 
irrigation as compared with continuous irrigation, which is due to “diffusive” mass exchange of 
3H2O being the main mechanism for 3H2O exchange caused by concentration differences 
between pore regions compared to “advective” exchange of 3H2O with water caused by pressure 
head gradients. The high fluctuations in cumulative water exchange (Fig. 4) are therefore not so 
evident in the cumulative 3H2O exchange (Fig. 5). This was further confirmed by decreased mass 
recovery of leached 3H2O when changing the boundary conditions from continuous (86.6 %) to 
intermittent (76.4 %) irrigation (Glæsner et al., 2011c).  
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Figure 5. Cumulative 3H2O and Br exchange for continuous and intermittent irrigation simulated 
with the SP-MIM and DP-MIM approaches.  
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4. Leaching of Slurry Tracer (Bromide) 

 
Bromide BTCs, when slurry was applied both to the soil surface and injected into the soil, were 
simulated less well than 3H2O, but the models still gave good simulation fits (Fig. 6).  That BTCs 
of Br were less well fitted compared with 3H2O reflects that Br was applied with slurry which 
has a different consistency and viscosity than water (Kumar et al., 1972; Frey et al., 2012).  
 
Injection of slurry decreased mass recovery of bromide (60.2 %) compared with surface 
application (80.6 %) in the loam soil, but not in the other soils (Glæsner et al., 2011a). The 
authors suggested this to be due to protection of solutes from the few preferential flow paths in 
the more fine-textured soil. This hypothesis was confirmed in this study by lower cumulative 
mass exchange from immobile to mobile pore regions during injection compared with surface 
application in the loam, whereas no difference was observed in the loamy sand and sandy loam 
when using SP-MIM, even though no statistical significance was found (Table 1). The highly 
heterogeneous nature of the different columns challenges statistical analysis of the results.  
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Figure 6. Bromide BTCs after injection with continuous (upper) and intermittent irrigation 
(lower) using SP-EQ (dotted line), SP-MIM (dashed line), and DP-MIM (solid line) in HYDRUS. 
Open symbols represent samples collected during interruptions; vertical solid lines represent 
interruptions; and vertical dotted lines represent initiation of irrigation.  



10 
 

 
Table 1. Averaged cumulative mass exchange of Br after 1.2 eluted PV using SP-MIM and DP-
MIM. Positive values represent exchange from mobile to immobile pore regions, whereas 
negative values represent exchange from immobile to mobile pore regions. Statistical differences 
at the 5% level are given by different letters. 

 
Experiment SP-MIM DP-MIM 
 mg L-1 cm-2 mg L-1 cm-2 
Loamy sand – surface application -0.01 (0.00)a -16.79 (13.7)a 
Loamy sand – injection -0.61 (0.49)a -3.11 (1.04)a 
Sandy loam – surface application -0.01 (0.00)a -17.91 (14.4)a 
Sandy loam – injection -4.64 (1.14)a -1.42 (0.81)a 
Loam – surface application -127.45 (28.4)a -140.27 (8.46)a 
Loam – injection -58.46 (0.13)a -124.21 (8.59)a 
   
Loam  – injection - continuous -127.73 (21.5)a -170.23 (47.1)a 
Loam  – injection - intermittent -175.02 (3.18)a -272.56 (4.20)a 

 
 
During intermittent conditions, in similarity to 3H2O, simulation fits increased with increased 
model complexity (Fig. 6). The Br mass exchange values were all negative (Fig. 5), indicating 
that exchange of injected Br is only directed from the immobile to the mobile pore water region, 
which corresponds well with Br being placed within the intact columns at -100 cm, when only 
pores <30 µm were saturated. Though the water content of the slurry added to higher pore 
classes being saturated, Br was assumed to diffuse into the water-filled porosity at the time of 
application, hence the immobile region. Mass recovery of Br in the effluent during continuous 
irrigation (45.5% ± 2.5) was lower than during intermittent irrigation (59.3% ± 5.2) (Glæsner et 
al., 2011c). This is fully supported by the cumulative exchange analysis, demonstrating higher 
mass exchange from immobile to mobile pore regions during intermittent irrigation (Fig. 5), 
thereby resulting in higher effluent mass recovery.  
 
 

5. Conclusions 
 
The role of mass exchange was analyzed using different models implemented in HYDRUS-1D. 
Both single and double porosity water flow and mobile-immobile solute transport models 
described the data well. However, as experimental conditions became more complex, the more 
complex models described the data better by including solute and water exchange between pore 
water regions. Injection decreased leaching of solutes compared with surface application in a 
loam, but not in the more coarse-textured soils, which could be described by decreased solute 
exchange from immobile to mobile pore regions in the loam by the model based analysis. 
Introducing rainfall interruptions (and variably-saturated flow) led to higher leaching of injected 
slurry compounds compared with steady flow conditions, explained by increased mass exchange 
from immobile to mobile pore water regions during interruptions in the model based analysis. 
The results suggest considering more natural boundary conditions when trying to obtain 
improved understanding of nutrient leaching after slurry application. 
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