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Modeling Solute Mass Exchange between 
Pore Regions in Slurry-Injected Soil 
Columns during Intermittent Irrigation
Nadia Glæsner,* Efstathios Diamantopoulos, Jakob Magid, 
Charlotte Kjaergaard, and Horst H. Gerke
Animal slurry application to agricultural land can be a threat to the quality 
of groundwater and nearby surface water bodies by percolation of solutes 
from slurry sources. We hypothesized that local-scale processes, such as mass 
exchange between preferential flow paths and matrix pore regions, can play a 
substantial role in relation to slurry application and nutrient leaching. To improve 
understanding of these mass exchange mechanisms, soil column leaching data 
of nonreactive slurry components after injection of dairy slurry were analyzed 
under different initial and boundary conditions with single- and double-porosity 
model approaches. The data set was from nine intact soil columns (20-cm i.d., 
20-cm height) of the plow layer of arable loamy topsoil that were percolated 
under unsaturated steady-flow conditions with a suction of 5 cm applied at the 
bottom. Both single- and double-porosity water flow and mobile–immobile sol-
ute transport models could describe these experimental breakthrough curves. 
Rainfall interruptions mimicking more natural conditions and variably saturated 
intermittent flow led to higher leaching of injected slurry compounds than 
steady-flow conditions. These observations could be explained by an increased 
mass exchange of dissolved injected slurry components from the immobile to the 
mobile pore water regions during interruptions. The results suggest that column 
tests under steady-flow conditions could lead to false predictions of solute leach-
ing after slurry injection in structured soils. Furthermore, local-scale processes, 
such as mass exchange between pore regions, should be included in larger scale 
model predictions of nutrient losses from agricultural fields.

Abbreviations: 1D, one-dimensional; 3D, three-dimensional; BTC, breakthrough curve; DP-MIM, double-
porosity mobile–immobile model; 3H2O, tritium water; PV, pore volume; RMSE, root mean square error; 
SP-EQ, single-porosity equilibrium model.

Leaching of plant nutrients from agricultural fields is causing eutrophication prob-
lems in surface waters and contamination of groundwaters worldwide. Nutrient losses 
are especially high from fields subjected to land application of animal manure in areas of 
high livestock production (Ball Coelho et al., 2007; Kronvang et al., 2009). Among the 
various types of animal manure (i.e., farmyard manure, dung compost, liquid manure), 
slurry is a mixture of feces and urine produced by housed livestock, usually mixed with 
bedding material and water during farm management, resulting in liquid manure that can 
be pumped. Slurry dry matter content is 1 to 10% (Pain and Menzi, 2003). Slurry N and P 
contents are of particular environmental concern because of the risk of unintended losses 
by leaching or surface runoff (e.g., Glæsner et al., 2012; Liu et al., 2012).

Various soil management strategies including minimum tillage and slurry injection 
have been proposed to minimize the slurry-induced leaching potential. These techniques 
have been experimentally evaluated (e.g., Maguire et al., 2011) and assessed with simula-
tion models (e.g., Giola et al., 2012). Injection of animal slurry into arable topsoil was 
proposed as an alternative to surface application to reduce NH3 gas emissions (Rubæk 
et al., 1996; Webb et al., 2010) and to minimize surface runoff and nutrient losses due 
to leaching. Glæsner et al. (2011a, 2011b, 2011c) experimentally compared the effects 
of surface application and injection of slurry on leaching of nonreactive slurry solutes 
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and dissolved and particulate P forms for three major arable top-
soil types in Denmark represented by sandy to loamy textures. 
Injection of dairy slurry reduced leaching of dissolved nonreactive 
slurry components (Glæsner et al., 2011a) as well as of dissolved 
and particulate P (Glæsner et al., 2011b) in the fine- to medium-
textured loamy soils compared with surface application; the effect 
was less obvious for the coarse-textured sandy soils. These studies 
highlighted the complex soil pore structure effects on flow and 
transport properties as follows: breakthrough curves for tritium 
water (3H2O) and Br− as conservative tracers yielded early appear-
ance for the more loamy soils (Glæsner et al., 2011a). Early tracer 
appearance in the more aggregated loam indicated the effects 
of preferential flow (e.g., Flühler et al., 1996; Gerke, 2006) and 
nonequilibrium solute transport (e.g., van Genuchten and Dalton, 
1986). Nonequilibrium solute transport can be explained by the 
existence of multiple pore systems (van Genuchten and Wierenga, 
1976) characterized by mobile to immobile pore regions.

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 
changes in the soil water content. Under steady-flow conditions, 
breakthrough curves of percolation experiments can be successfully 
described with the convection–dispersion equation. Transferring 
or upscaling the results of such laboratory column data to dynamic 
field-scale conditions can be criticized because the steady-flow 
assumption rarely occurs under field conditions. It is more realistic 
to assume rainfall infiltration periods followed by “dry” or zero-flux 
periods. Under unsaturated conditions, these intermittent infiltra-
tion conditions generate variably saturated flow of water (Brusseau 
et al., 1997; Wehrer and Totsche, 2005), which in structured, aggre-
gated soil could lead to locally varying pore water velocities. Local 
mass exchange processes between more and less mobile pore water 
regions could thus be triggered in soil column studies by intermit-
tent irrigation regimes (Glæsner et al., 2011c).

While diffusion-limited solute mass exchange can already 
occur during steady f low in structured soils, an additional 
mass exchange by the transfer of water between the mobile and 
immobile pore regions has to be considered for intermittent flow 
induced by intermittent irrigation regimes (e.g., Gerke, 2006; 
Jarvis, 2007). For the model description of this process, a number 

of numerical single- and double-porosity models are available (e.g., 
Šimůnek et al., 2003; Šimůnek and van Genuchten, 2008). The 
double-porosity approach assumes either a single f low domain 
(mobile–immobile type) or two flow domains (mobile–mobile 
type) such as dual-permeability models (Gerke and van Genuchten, 
1993; Jarvis, 1994).

The hypothesis of the current study was that solutes from 
injected slurry components will quickly be transported in pref-
erential f low paths during infiltration, thereby creating a local 
nonequilibrium in solute concentrations between aggregates and 
flow paths (e.g., Gerke et al., 2013). Subsequently, when infiltra-
tion stops, local solute concentrations could gradually approach 
equilibrium; and when infiltration resumes, the equilibrated soil 
solution of the interaggregate pores can create another solute 
concentration peak in the breakthrough curve before eff luent 
concentrations decrease again until the next cycle of irrigation 
interruption starts (Fig. 1). To test this, a model-based analysis 
including variably saturated water flow was applied to simulate 
the transport of two nonreactive tracers applied either with irriga-
tion water (3H2O) or with slurry (Br−) in undisturbed loam soil 
columns injected with slurry. Simulated mass exchange was com-
pared for continuous and intermittent irrigation regimes based on 
previously described soil column percolation experiments (Glæsner 
et al., 2011c). The comparison with a detailed three-dimensional 
(3D) model of transport of injected slurry solutes was used to verify 
if spatially localized injection can be described with a simplified 
one-dimensional (1D) double-porosity approach. The central aim 
was to explain the underlying mechanisms of leaching losses of 
nonreactive slurry components by double-porosity water and solute 
mass transfer.

 6Materials and Methods
Experimental Design

This study dealt with undisturbed loam soil columns (20 cm 
in diameter, 18–20 cm high; approximately 6000 cm3) excavated 
from the plow layer of an agricultural field in Jutland, Aarup, 
Denmark. Mean values (n = 8) of soil physicochemical character-
istics of 100-cm3 cores included 19.7 g kg−1 total C, 1.5 g cm−3 
bulk density, porosity of 0.45 cm3 cm−3, particle size distribution 

Fig. 1. Conceptual sketch illustrating the local nonequilibrium assumption and mass exchange from injected slurry (gray mass) during intermittent 
irrigation. The nonreactive soluble components of the slurry (red dots) are moving toward and within the water-filled larger pores during irrigation 
(left); diffusive exchange continues during interruption when larger pores are drained (center); and vertical transport in larger pores starts again after 
irrigation continues (right).
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of 23.0% clay, 38.8% silt, and 38.2% sand, and 7.7, 9.8, 5.1 and 
77.4% pore diameters of >600, 100 to 600, 30 to 100, and <30 
mm, respectively. This study was based on experimental data from 
Glæsner et al. (2011c). Nine undisturbed columns were excavated 
in spring 2009 and were all subjected to injection of slurry, among 
which three replicate columns were subjected to a continuous irri-
gation intensity of 2 mm h−1, an intermittent irrigation intensity 
of 2 mm h−1, and intermittent irrigation intensity of 10 mm h−1, 
respectively (Glæsner et al., 2011c). One column with an inter-
mittent irrigation intensity of 10 mm h−1 was excluded due to 
permanent ponding on the soil surface. All undisturbed soil col-
umns, excavated at field capacity, were initially saturated from 
the bottom for 3 d and subsequently drained on tension tables 
to −100 cm at the bottom during 13 d. Dairy slurry (6.6% dry 
matter content) spiked with KBr (2.69 g L−1 KBr) was applied 
to the soil columns at Day 11 at an application rate of 25 Mg ha−1 
(75 g). Injection placed the slurry in a 1-cm-wide and 10-cm-long 
strip, placed 5 cm from the edge of the cylinder and 8 cm below the 
soil surface (Supplemental Fig. S1). The strip was lightly covered 
with soil without intentionally mixing soil and slurry (Glæsner et 
al., 2011a).

At Day 13, the columns were transferred to a percolation 
setup, and irrigation was initiated for 2.5 h without applied suc-
tion at the bottom. After 2.5 h (the time when the first leachate 
was observed at the column bottom), a pressure head of −5 cm 
was imposed at the bottom to ensure unsaturated conditions. 
Irrigation continued for 3.5 to 5.2 d (corresponding to 100 mm 
or 1.3–1.4 pore volumes). For the columns subjected to intermit-
tent irrigation, irrigation interruptions were introduced after an 
application of 12.5 mm of irrigation water, and each interruption 
lasted for 10 h. The bottom pressure head was decreased from −5 
to −20 cm during irrigation interruptions. One column from each 
irrigation regime (replicate columns C2–2, I2–1, and I10–1, see 
Table 1) received a pulse of 2.5 mm of 3H2O solution after steady 

outflow was observed (within 1.25 h) and before the interruptions 
were initiated.

The columns were weighed when drained to −100 cm, to 
−5 cm, and after 2 wk oven drying at 105°C.

One-Dimensional Modeling Approaches
Single-Porosity Flow and Equilibrium Transport Model

The Richards equation for variably saturated flow was used for 
describing single-porosity equilibrium model (SP-EQ) water flow:

( ) 1
hK h

t z z
é ùæ ö¶q ¶ ¶ ÷çê ú= + ÷ç ÷çê úè ø¶ ¶ ¶ë û

  [1]

where h is the pressure head (cm), K(h) is the hydraulic conductiv-
ity function (cm d−1), t is time (d), and z is the vertical coordinate 
(cm) (positive upward). The soil hydraulic properties are described 
with the standard van Genuchten–Mualem formulation:
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where qs and qr (cm3 cm−3) are saturated and residual water con-
tent parameters; a (cm−1), n (dimensionless), and m = 1 − 1/n 
are empirical parameters; Se = (q − qr)/(q s − qr) is the effective 
water content (dimensionless); and Ks is the saturated hydraulic 
conductivity (cm d−1).

Solute transport is described using the standard convection–
dispersion equation in the form

qcRc cD
t z z z

æ ö ¶¶q ¶ ¶ ÷ç= q -÷ç ÷çè ø¶ ¶ ¶ ¶
  [4]

Table 1. Soil hydraulic parameters for the intact soil columns. For the double-porosity parameters, values for a , n, and Ks were equal to those of the 
single-porosity parameters. The parameters qs_im and qs_m as well as qr_im and qr_m were obtained using a median value of b  = qm/q = 0.6 of the mobile 
pore water fraction obtained in CXTFIT (data not shown).

Column†

Single-porosity parameters‡ Double-porosity parameters§

qs qr a n Ks qs_m qr_m qs_im qr_im aw

——— cm3 cm−3 ——— cm−1 cm d−1 —————————— cm3 cm−3 —————————— d−1

C2–1 0.430 0.330 0.124 1.302 108 0.172 0.132 0.258 0.198 0.010

C2–2 0.410 0.310 0.124 1.302 108 0.164 0.124 0.246 0.186 0.052

C2–3 0.410 0.318 0.124 1.302 108 0.164 0.127 0.246 0.191 0.010

I2–1 0.395 0.305 0.124 1.302 108 0.158 0.122 0.237 0.183 0.552

I2–2 0.408 0.299 0.124 1.302 108 0.163 0.120 0.245 0.179 0.196

I2–3 0.418 0.315 0.124 1.302 108 0.167 0.126 0.251 0.189 0.036

I10–1 0.405 0.319 0.124 1.302 108 0.162 0.128 0.243 0.191 0.065

I10–2 0.410 0.340 0.124 1.302 108 0.164 0.136 0.246 0.204 0.156

†  C2, continuous irrigation at 2 mm h−1; I2, intermittent irrigation at 2 mm h−1; I10, intermittent irrigation at 10 mm h−1. Numbers after the dash represent column replicates.
‡  qs and qr, saturated and residual soil water content, respectively; a and n, van Genuchten shape parameters; Ks, saturated hydraulic conductivity.
§  Subscripts m and im, mobile and immobile fractions, respectively; aw, water mass exchange coefficient.
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where D is the effective dispersion coefficient (cm2 d−1), R (dimen-
sionless) is the retardation factor (we assumed conservative tracer 
transport using R = 1), c is the solute concentration (g L−1), and q is 
the volumetric water flux density (cm d−1) evaluated with the flow 
equation. Neglecting molecular diffusion in water,  D is defined as

q
D=l

q
  [5]

where l is the dispersivity (cm). The dimensionless time, T, 
required to exchange one pore volume (PV) is given by

LT
q
q

=   [6]

where L is the transport distance or, here, the column length (cm).

Double-Porosity Mobile–Immobile Flow 
and Transport Model

The double-porosity and mobile– immobile approaches par-
tition the bulk soil into fractions for mobile (subscript m) and 
immobile (subscript im) pore-water regions for the volumetric water 
content, q, and the solute mass as q = qim + qm and cq = cimqim + 
cmqm, respectively. The water flow in a soil with mobile and immo-
bile pore water regions is described as (Šimůnek et al., 2003)

( )
( )m m m

m w1
h h

K h
t z z
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  [7a]
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t
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where the hydraulic conductivity, K, is only defined for the mobile 
pore water region, and the water exchange rate, Gw (d−1), depends 
on the difference in pressure heads

( )w w m imh hG =a -   [8]

where aw is the first-order water mass exchange coefficient (d−1).
Solute transport in the DP-MIM model is considered here 

(i.e., no sorption) as

m mm m m
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where Dm and qm are both defined for the mobile pore water region, 
and Gs is the solute mass exchange rate (g L−1 d−1), defined as

( )s s m im w *c c cG =a - +G   [10]

where as is the mass exchange coefficient for solutes (d−1); this 
solute mass exchange term is described depending on a combi-
nation of both the concentration difference (first term) and the 
advective exchange (second term), in which the solute concentra-
tion, c*, depends on the direction of the water exchange (see above, 
Eq. [8]).

One-Dimensional Initial and Boundary Conditions
For slurry injection, we assumed the slurry and Br− to be fully 

mixed with the soil in a vertical layer of 7-cm thickness at a 4- to 
11-cm soil depth. The full mixing of slurry and soil in the layer was 
required when assuming a 1D vertical model. This application-
induced increase in water contents was considered to be limited by 
the available water storage porosity or air-filled porosity at the time 
of application; hence the vertical thickness of the injection layer 
was calculated as the soil volume that could store the added slurry 
water without exceeding the experimentally determined porosity.

Upper boundary conditions in the HYDRUS-1D program 
(Version 4.16.0110; Šimůnek et al., 2016) were set to atmospheric 
with a surface layer. The lower boundary was set to a pressure head 
of −100 cm during drainage. A seepage face condition of 0 cm 
(i.e., to consider atmospheric pressure in the air-filled funnel) was 
imposed at the bottom boundary when irrigation was initiated. 
Thereafter, a seepage face condition of −5 cm was imposed after 
2.5 h as air pressure was applied directly at the bottom boundary at 
this time (see above). Note that a pressure head instead of a seepage 
face condition would have induced an uptake of water from the 
bottom boundary, which is opposite to observations. The changes 
in the bottom boundary were required to split the simulation runs 
in a series of three interrupted model periods per column, because 
HYDRUS-1D Version 4.16.0110 does not allow a change in time 
of the type of boundary condition (from pressure head to seepage 
face) or the pressure head value of the seepage face. Hence, the 
final conditions of a previous period were applied as the initial 
conditions in the subsequent period during each simulation run.

The application of 3H2O was described as a concentration 
f lux at the upper boundary and a zero concentration gradient 
at the lower boundary, whereas the application of Br− in the 
injected slurry was represented as an initial condition of the Br− 
resident concentration. For the initial model period simulation, 
we assumed that the concentration in the immobile pore water 
region was in equilibrium with that of the pore water in the mobile 
region, whereas for the simulations of the subsequent model period, 
calculated distributions of concentrations in the two pore regions 
were used.

Soil Hydraulic Model Parameters
From the experimental conditions (Glæsner et al., 2011c), the 

volumetric water contents at −5 and −100 cm from each 6000-cm3 
undisturbed soil column as well as eight values of the water reten-
tion curve from 100-cm3 undisturbed core samples were available 
in the pressure head range between −5 and −300 cm. An initial 
set of van Genuchten–Mualem parameters was obtained using 
the ROSETTA program (Schaap et al., 2001) implemented in 
HYDRUS from values of bulk texture, bulk density, and water 
content at −330 cm for each soil texture; note that we used the 
value at −100 cm for the −330-cm step, but this was only as an 
initial estimate. In a first step, these initial estimates of the van 
Genuchten–Mualem curves were improved in the experimental 
pressure head range by fitting the eight retention values of the 
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100-cm3 cores using the RETC program (van Genuchten et al., 
1991). In a second step, the a and n parameters were kept fixed, 
and values for qr, qs, and Ks were adjusted to match the hydraulic 
properties of the large columns by using data from water retention 
and steady-state flow measurements. More specifically, the three 
parameters were further adjusted to match the average water con-
tent of the large columns at h = −5 and −100 cm, respectively, and 
the hydraulic conductivity for h = −5 cm. The value of K(−5 cm) 
was set equal to the applied steady-state rate of 2 mm h−1.

For the DP-MIM, the same values of a and n were used 
and assumed identical for both mobile and immobile pore water 
regions to reduce the number of parameters to be identified. We 
assumed that the mobile pore water region represented 40% of the 
total volume, based on initial fitting of 3H2O-tracer breakthrough 
curves (BTCs) using the CXTFIT program (Toride et al., 1995) 
as implemented in STANMOD software (Šimůnek et al., 2008) 
(not shown).

Solute Transport and Mass Exchange Parameters
The initial dispersivity parameter, l, was obtained by fitting 

a 3H2O BTC using the CXTFIT program. The values of l were 
used as initial estimates and fitted for 3H2O and Br− solute trans-
port parameters in HYDRUS-1D.

Values of the solute exchange coefficient, as, from Eq. [10] 
were additionally obtained by fitting a 3H2O BTC using the 
CXTFIT program, used as initial estimates, and fitted for 3H2O 
and Br− solute transport parameters in HYDRUS-1D.

Values of the water exchange coefficient, aw, from Eq. [8] in 
DP-MIM were estimated in HYDRUS-1D using an initial value of 
0.01 d−1. Estimated values of aw varied between 0.01 and 0.552 d−1 
(Table 1). For Columns C2–1 and C2–3, the value of aw was fixed 
to the initial value (i.e., 0.01 d−1) to avoid numerical problems.

HYDRUS-3D
Based on the calibrated 1D model, we ran 3D simulations 

using HYDRUS-3D (Šimůnek et al., 2016) for an initial slurry 
distribution in a volume of 1 by 1 by 10 cm located 8 cm below the 

column surface (Supplemental Fig. S1), based on the experimental 
conditions. Comparisons between 1D and fully 3D simulations 
were conducted for both equilibrium and nonequilibrium models 
and for both continuous and intermittent water application.

Quantitative Model Comparison
The two modeling approaches were compared based on the 

root mean square error (RMSE) between experimental data and 
model predictions for the equilibrium and mobile–immobile 
models (Bennett et al., 2013). The RMSE is given by

( )
nn 2

1

1 ˆRMSE
nn i i

i
C C

=
= -å   [11]

where nn is the number of observations and Ci and ˆ
iC  are the 

measured and simulated concentrations, respectively.

 6Results and Discussion
Model Parameterization and Scenario Selection

The estimated model parameters (Table 1) could simulate 
the experimental observations well; the simulated water contents 
matched the measured water contents of the undisturbed columns 
during the initial drainage period (Day 1–13) and at the end of 
irrigation (Fig. 2A). A similar match was obtained for the water 
outflow during irrigation and during irrigation interruptions (Fig. 
2B and 2C).

Fitted BTCs of the two solutes during continuous irrigation 
are shown in Fig. 3A and 4A to 4C. The estimated solute transport 
parameters for 3H2O were in the same order of magnitude for the 
estimated Br− parameters (Table 2), which is reflected in the fact 
that both solutes are nonreactive. The dispersivity (l) obtained 
by SP-EQ was higher than from DP-MIM (Table 2), as some of 
the solute spreading included in the dispersivity using SP-EQ 
is explained by solute exchange between mobile and immobile 
regions in the DP-MIM. Estimated dispersivity was in the range 
of values reported by others for similar soil types (Köhne et al., 
2004; Vanderborght and Vereecken, 2007).

Fig. 2. (A) Water contents in the top (dotted lines) and bottom (solid lines) nodes simulated by the dual-porosity (DP) model at the boundaries of soil 
columns after removal from wetting (Day 0) during the experimental period of continuous irrigation, after slurry was applied at Day 11 and irrigation 
started at Day 13; water outflow of replicate columns during intermittent irrigation at (B) 2 mm h−1 and (C) 10 mm h−1. Note different range on y axis. 
Symbols represent data, and lines represent simulations applying the double-porosity mobile–immobile model in HYDRUS-1D.
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The 3D simulation results included the physically realistic 
description of the redistribution of solutions in all directions 
from the application strip. The comparison with the simplified 
1D simulations showed that the assumed layered application in one 
dimension was sufficient to produce similar breakthrough curves 
(Supplemental Fig. S2).

Surface-Applied Nonreactive Tracer
The DP-MIM described 3H2O leaching (applied with irri-

gation water) during intermittent irrigation conditions better 
than the simpler SP-EQ (Fig. 3), mainly because solute and 
water exchange was included in the DP-MIM. When pores are 
draining during flow interruptions, the local concentration and 
pressure head gradients change within the soil, which is accounted 
for by the additional exchange of solute and water in DP-MIM. 
Calculated RMSE values were consistently lower for DP-MIM 
than for SP-EQ (Table 2), and due to the equilibrium assumption 

in the SP-EQ, this model cannot capture increasing concentrations 
during irrigation interruptions.

Dispersivity (l) increased when the irrigation intensity 
increased under intermittent conditions (Table 2, Columns I2–1 
and I10–1). The increase of dispersivity with irrigation intensity 
has previously been reported for unsaturated f low in fine-tex-
tured soils and explained by the activation of larger pores when 
the leaching rate exceeds the conductivity of the smaller pores 
(Vanderborght and Vereecken, 2007).

The DP-MIM predicted water exchange from mobile to 
immobile (positive values) pore regions during irrigation and vice 
versa (descending curves) during irrigation interruptions in the 
intermittent irrigation experiments (Fig. 5A), as also described by 
others (Köhne et al., 2004; Gerke et al., 2013) and hypothesized 
in the conceptual model (Fig. 1). Despite the cumulative water 
exchange from the intermittent irrigation fluctuations during irri-
gation and irrigation interruptions, the cumulative water exchange 
was in the same range as for the continuous irrigation regime at 
the same irrigation intensity (Fig. 5A). The temporal fluctuations 
in the cumulative water exchange during intermittent irrigation 
are less evident in the cumulative exchange curve of the nonreac-
tive tracer, 3H2O (Fig. 5B). This indicates that “diffusive” mass 
exchange of 3H2O caused by concentration differences between 
mobile and immobile pore regions was the quantitatively domi-
nating mechanism for 3H2O exchange compared with “advective” 
exchange of 3H2O with water caused by local pressure head differ-
ences. After one eluted PV, higher cumulative exchange of 3H2O 
was recorded for intermittent irrigation (Fig. 5B; 1 PV = 48.18 Bq 
cm−2) compared with continuous irrigation (Fig. 5B; 1 PV = 25.93 
Bq cm−2). This corresponds to a lower mass recovery of leached 
3H2O recorded during intermittent (at 1.25 PV, 76.4%; Glæsner 
et al., 2011c) than continuous (at 1.25 PV, 86.6%; Glæsner et al., 
2011c) irrigation at the same irrigation intensity (2 mm h−1). The 
role of larger cumulative mass exchange from mobile to immobile 
pore regions under intermittent conditions has also been reported 
in other studies (e.g., Brusseau et al., 1997).

When increasing the irrigation intensity (10 mm h−1), mass 
recovery of leached 3H2O was lower than at 2 mm h−1 (at 1.25 
PV, 72.1%; Glæsner et al., 2011c), even though the model simu-
lated a similar cumulative mass exchange to intermittent irrigation 
at the lower irrigation intensity (Fig. 5B; 1 PV = 50.1 Bq cm−2). 
This confirms that mass exchange of the irrigation-applied tracer 
from mobile to immobile pore regions was mainly induced by con-
centration gradients rather than pressure head gradients because 
the water mass exchange was much lower for the high irrigation 
intensity (Fig. 5A).

Nonreactive Tracer Placed within the Soil
The DP-MIM also described Br− leaching (applied with 

injected slurry) under intermittent irrigation conditions better 
than the simpler SP-EQ model (Fig. 4). This is shown by the lower 
RMSE in the case of DP-MIM (except for C2–2) (Table 2), and, as 
mentioned above for the 3H2O data, the SP-MIM failed to show 

Fig. 3. Measured and simulated 3H2O breakthrough curves during 
(A) continuous irrigation at 2 mm h−1 (C2-2) and intermittent irri-
gation at (B) 2 mm h−1(I2-1) and (C) 10 mm h−1 (I10-1). Samples 
collected during flow are indicated by solid symbols and open symbols 
indicate samples collected during interruptions; vertical solid lines 
represent times of interruptions and vertical dotted lines initiation of 
irrigation. Model simulations using HYDRUS-1D are represented by 
lines: single-porosity flow and equilibrium transport (SP-EQ, dotted) 
and double-porosity mobile–immobile (DP-MIM, solid).
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increasing Br− concentrations during irrigation interruptions. The 
Br− mass exchange values were all negative (Fig. 5C), indicating 
that exchange of injected Br− is directed only from the immobile 
to the mobile pore water region. This exchange characteristic of 
solutes from injected slurry corresponds well with Br− being placed 
within the undisturbed soil columns at a suction of −100 cm, 
when only pores smaller than 30 mm are water filled according to 
the Young–Laplace equation. Although the water content of the 
slurry increased the number of pore size classes being saturated, Br− 
could be assumed to quickly diffuse into the water-filled pore space 
(i.e., the immobile pore water region) at the time of application.

A simulation example of water content distributions using 
DP-MIM shows that mobile pore water rapidly distributed evenly 
throughout the soil profile after slurry injection (Fig. 6). Water 
contents changed more slowly in the immobile pore water region 
and became evenly distributed in the vertical direction after 1 d 
of irrigation (i.e., Day 14 in Fig. 6). The Br− concentration dis-
tribution remained close to that of the initial distribution before 
irrigation was initiated; after irrigation (Day 14), the Br− con-
centration in the mobile region quickly approached a relatively 
uniform vertical distribution. The distribution of the Br− concen-
tration in the immobile region changed more slowly after irrigation 

Fig. 4. Measured and simulated Br− breakthrough curves during continuous irrigation at 2 mm h−1 (C2) and intermittent irrigation at 2 (I2) and 
10 mm h−1 (I10). Samples collected during flow are indicated by solid symbols and open symbols indicate samples collected during interruptions; verti-
cal solid lines represent interruptions and vertical dotted lines represent initiation of irrigation. Model simulations using HYDRUS-1D are represented 
by lines: single-porosity flow and equilibrium transport (SP-EQ, dotted) and double-porosity mobile–immobile (DP-MIM, solid).

Table 2. Estimated dispersivity parameter, l , and solute exchange 
parameter, as, for 3H2O and Br− obtained in HYDRUS-1D using 
the single-porosity flow and equilibrium transport (SP-EQ) and the 
double-porosity mobile–immobile (DP-MIM) models for all columns. 

Column†

SP-EQ DP-MIM

l RMSE l as RMSE

cm cm d−1

C2–2 4.70 ± 0.01‡ 0.0021 1.20 ± 0.51 0.997 ± 0.24 0.0021

I2–1 6.88 ± 0.06 0.0053 2.22 ± 0.57 0.246 ± 0.03 0.0041

I10–1 9.75 ± 0.09 0.0079 3.12 ± 0.83 0.255 ± 0.04 0.0069

C2–1 7.32 ± 0.14 0.0076 4.04 ± 5.22 0.312 ± 0.88 0.0048

C2–2 7.05 ± 0.07 0.0046 3.71 ± 2.26 0.281 ± 0.36 0.0049

C2–3 9.58 ± 0.16 0.0064 1.21 ± 4.28 0.395 ± 0.09 0.0039

I2–1 9.55 ± 0.03 0.0030 3.45 ± 0.85 0.142 ± 0.03 0.0017

I2–2 8.10 ± 0.03 0.0035 3.91 ± 1.77 0.193 ± 0.05 0.0031

I2–3 9.33 ± 0.38 0.0077 6.33 ± 2.99 0.184 ± 0.12 0.0063

I10–1 10.8 ± 0.03 0.0042 2.26 ± 1.07 0.176 ± 0.04 0.0030

I10–2 10.3 ± 0.27 0.0080 6.19 ± 2.30 0.135 ± 0.10 0.0057

†  C2, continuous irrigation at 2 mm h−1; I2, intermittent irrigation at 2 mm 
h−1; I10, intermittent irrigation at 10 mm h−1. Numbers after the dash repre-
sent column replicates.

‡ Estimated values ± standard error of the nonlinear least-squares analysis.
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was initiated, and a larger fraction of Br− remained within the 
immobile region (Fig. 6).

Mass recovery of leached Br− during continuous irriga-
tion (at 1.25 PV, 45.5 ± 2.5%; Glæsner et al., 2011c) was found 
to be lower than during intermittent irrigation (at 1.25 PV, 
59.3 ± 5.2%; Glæsner et al., 2011c) at the same irrigation inten-
sity (2 mm h−1). This experimental finding corresponds well with 
the simulated higher cumulative mass exchange from immobile 
to mobile pore regions during intermittent irrigation (Fig. 5C; 
1 PV = −248 mg L−1 cm−2) compared with continuous irriga-
tion (Fig. 5C; 1 PV = −132 mg L−1 cm−2) as conceptualized 
in Fig. 1, thereby resulting in higher eff luent mass recovery for 
intermittent irrigation. The distribution of Br− during injec-
tion and irrigation compared with Fig. 6 is visualized in the 3D 
Supplemental Video. It demonstrates that Br− mass exchange 
from immobile to mobile pore regions occurs during inter-
ruptions and that Br− is leached on resuming irrigation. This 
mechanism further explains the higher effluent concentrations 
following rainwater interruptions (Fig. 4), as was also found else-
where (e.g., Wehrer and Totsche, 2005).

As the irrigation intensity increased (10 mm h−1), the mass 
recovery of Br− decreased (at 1.25 PV, 55.3 ± 5.4%) (Glæsner et al., 
2011c), which was supported by the slightly lower cumulative mass 
exchange of Br− (Fig. 5C; 1 PV = −219 mg L−1 cm−2) than during 
irrigation at 2 mm h−1 (Fig. 5C; 1 PV = −248 mg L−1 cm−2).

This study indicates that accurate prediction of nutrient fate 
at the field scale requires the use of more advanced numerical 
models, like the double-porosity model. However, transferring 
information from the laboratory scale to the field scale is prone 
to error due to the divergence of physical processes between dif-
ferent spatial scales. For this reason, application of more advanced 
numerical models at the field scale requires a new parameterization 
based on field experiments.

 6Conclusions
The role of solute mass exchange was analyzed using single- 

and double-porosity models implemented in HYDRUS. Both 
single- and double-porosity water f low and mobile–immobile 
solute transport models described the data well. However, as exper-
imental conditions became more complex (variably saturated flow), 

Fig. 5. Cumulative exchange (CE) of (A) water, (B) 3H2O, and (C) Br− during continuous irrigation at 2 mm h−1 (C2) and intermittent irrigation at 
2 (I2) and 10 mm h−1 (I10) for slurry injection simulated with the dual-porosity mobile–immobile (DP-MIM) model until one eluted PV. For water 
and Br−, average values of the replicate columns are shown, whereas for 3H2O, the columns receiving 3H2O are shown.

Fig. 6. Effects of initial conditions for describing (A) water and (B) Br− distribution after slurry injection in the one-dimensional model and dual-
porosity mobile–immobile approach. In (B) at Day 11, we assumed that the concentration in the immobile pore water region was in equilibrium with 
that of the pore water in the mobile region; therefore the two lines overlap each other.
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the DP-MIM described the data even better by considering solute 
and water exchange between pore regions.

Introducing rainfall interruptions with variably saturated, 
intermittent soil water movement led to higher leaching of injected 
slurry compounds compared with steady-flow conditions (Glæsner 
et al. 2011c). The current model-based analysis could explain this 
by an increased mass exchange of dissolved injected slurry compo-
nents from the immobile to the mobile pore water regions during 
interruptions. The exchange coefficients are in realistic ranges, 
suggesting that local-scale mass exchange affected the solute con-
centration in leachates. The results highlight the importance of 
selecting experimental conditions more similar to natural condi-
tions (i.e., rainfall interruptions) when striving to obtain improved 
understanding of nutrient leaching after slurry application, as local 
(pore-scale) processes affect larger scale leaching losses. Column 
tests under steady-flow conditions could lead to underestimations 
of solute leaching after slurry injection in structured soils. Thus, 
local-scale mass exchange processes should be included in model 
predictions of nutrient losses from agricultural fields.

 6Variables
c solute concentration (g L−1)

cq solute mass

D dispersion coefficient (cm2 d−1)
Ks saturated hydraulic conductivity (cm d−1)
K(h) unsaturated hydraulic conductivity function (cm d−1)
L column length (cm)
R retardation factor, dimensionless
Se effective water content, dimensionless
Se

im effective water content, immobile region (Šimůnek et al., 2003)
Se

m effective water content, mobile region (Šimůnek et al., 2003)
T dimensionless time of a pore volume
h pressure head (cm)
m van Genuchten–Mualem parameter
n van Genuchten–Mualem parameter
l van Genuchten–Mualem parameter
q volumetric water flux density (cm d−1) (Eq. [6])
t time (d−1)
v pore water velocity (cm d−1)
z vertical coordinate, depth (cm)

a van Genuchten–Mualem parameter (cm−1)

as
first order solute mass exchange coefficient (d−1) (Eq. [7])

aw
first order water mass exchange coefficient (d−1)

b partitioning coefficient mobile water fraction b = qm/q , (Eq. [8])

l dispersivity, dispersion length (cm)

q water content SPM (cm3 cm−3)

q im
immobile water content (cm3 cm−3)

qm
mobile water content (cm3 cm−3)

qr
residual water content (cm3 cm−3)

qrm
residual water content, mobile pore water region (cm3 cm−3)

qrim
residual water content, immobile pore water region (cm3 cm−3)

qs
saturated water content (cm3 cm−3)

qsm
saturated water content, mobile pore water region (cm3 cm−3)

qsim
saturated water content, immobile pore water region (cm3 cm−3)

Gs
solute mass exchange rate (g L−1 d−1)

Gw water mass exchange rate (d−1)

Subscripts
m mobile pore water region
im immobile pore water region

Supplemental Information
Two supplements are provided. One supplement includes two fig-

ures, one showing the location of injected slurry in the soil columns (from 
HYDRUS-3D) and the other showing a comparison of simulated Br− 
leaching for two columns using the 1D and 3D approaches. The second 
supplement is a 3D video of mobile and immobile Br− concentrations 
during irrigation and irrigation interruptions, showing the mass exchange 
during irrigation interruptions.
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