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a  b  s  t  r  a  c  t

Spreading  of  contaminants  from  land-applied  animal  slurry  may  create  hazard  for  both  soil  and  water
environments.  Both  the  leaching  and  persistence  of  the  contaminants  is  controlled  by  the  redistribution  of
the  contaminants  immediately  after  application,  while  the  redistribution  is  influenced  by  site  conditions
(here  different  slurry  dry matter  content  and  soil texture).  HYDRUS-2D  was  used  to  simulate  the  redistri-
bution of water,  chloride,  mineral  N, Salmonella  Typhimurium  Bacteriophage  28B  (phage),  Escherichia  coli,
and  steroid  hormone  estrogens  near  the  slurry  injection  slit  over  a  50-day  period  after  slurry  injection
at  two  field  sites  (Silstrup  and Estrup)  in  Denmark  to estimate  the  controlling  transport  and  reaction
parameters  based  on  field  measurements  of the  contaminants.  The  calibrated  model  was  thereafter  used
to predict  the  leaching  potential  into  the  subsoil.  The  simulations  confirmed  that  the  higher  water  con-
tents  measured  in  the  slurry  application  slit  were  due  to a  change  in the  hydraulic  parameters.  Chloride
was  redistributed  considerably  beyond  the  sampled  soil  profile  at Estrup,  but  not  at  Silstrup,  which  had
lower  hydraulic  conductivities  than  Estrup.  Average  size  of  the  microorganisms  affected  their  mobility;
the  bigger  the size,  the  higher  was  the  effect  of the  site  conditions.  The  sorption  coefficient  of  estrogens

for  slurry-amended  soil  was  remarkably  lower  than  that  for unamended  soil.  The  study  suggests  that
dissolved  organic  carbon  retained  in  slurry  can facilitate  the  transport  of  contaminants.  E.  coli,  phage,  and
estrogens  were  vulnerable  to leaching  from  the  very  first precipitation  event  after  the  slurry  application,
whereas  mineral  N  started  to leach  when  NO3-N accumulated.  Model  predictions  suggest  that  there  are
potential risks  of leaching  of  these  contaminants  from  the  top  soil  to the  subsoil  associated  with  the
land-injected  slurry.
. Introduction

The spreading of pathogens, steroid hormones, and nutrients
rom land-applied animal slurry is a hazard for the aquatic envi-
onment (Doltra and Munoz, 2010; Guber et al., 2005; Jenkins et al.,
009; Laegdsmand et al., 2009; Lee et al., 2007). Pathogenic contam-

nation of ready-to-eat types of crops or drinking water can cause
arious diseases in humans (van Overbeek et al., 2010). Estrogenic
ormones are endocrine disrupters and can affect the reproductive

ystems of aquatic life even at a very low concentration (1–2 ng/L)
Lahnsteiner et al., 2006). Release of nutrients from agricultural
and into surface water can contribute to eutrophication and have
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impact on aquatic ecology. Heavy rainfall after a slurry application
is the most frequent cause for the release of slurry-borne contam-
inants to water bodies (Jenkins et al., 2008; Kjaer et al., 2007).
Pathogens from the top soil can move with both surface runoff and
infiltrating water through preferential pathways, avoiding the nor-
mal  filtering capacity of soils (Coffey et al., 2010; Guber et al., 2007;
Jenkins et al., 2006; Lee et al., 2003). Although estrogenic hormones
readily sorb to soils, they have nevertheless been found in subsur-
face water draining from manure-amended soils (Kjaer et al., 2007;
Laegdsmand et al., 2009).

The redistribution process of contaminants depends on their
chemical characteristics that can influence their leaching and
persistence in soils. The redistribution and transport processes
under field conditions are complex, particularly when the contam-
inants are reactive and degradable such as steroid hormones and
pathogens. The redistribution process of water and solutes depends

on the gradients of the soil water potential and solute concentra-
tions, respectively, and attachment–detachment processes. In field
conditions one frequently encounters temporal and spatial vari-
ations in water contents, flow velocities, dispersion, and dilution
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Schijven and Šimůnek, 2002). A small change in bulk density and
orosity caused by the traffic of agricultural equipment can lead
o considerable differences in soil hydraulic conductivities (Coquet
t al., 2005). Soil column experiments with disturbed and homo-
eneous soils under steady-state water flow conditions may  not
epresent field conditions properly (Kjaer et al., 2007). Further-
ore, the redistribution process for contaminants applied with

iquid manure can be different than when they enter the soil envi-
onment with irrigation water (Guber et al., 2005). The immobile
rganic matter originating from slurry can change the hydraulic
roperties of the soil in and around the slits through which slurry

s injected (Hoorman and Shipitalo, 2006; Petersen et al., 1996;
etersen and Andersen, 1996). Presence of slurry may  also alter
he sorption capacity of both organic and inorganic particles of
oil with alkaline pH and high carbon and salt content (Lucas and
ones, 2009). Additionally, slurry enriched with dissolved organic
arbon (DOC) can enhance DOC-mediated transport of contami-
ants (Stumpe and Marschner, 2007). The combined effects of the
hemical, physical, and microbiological changes following slurry
pplication on the fate of contaminants are therefore important to
nvestigate at a slurry-injected field site.

Calibration of transport parameters through simulation of the
eld observation data helps to understand the effect of the prop-
rties of slurry and soil on the fate of different slurry-borne
ontaminants. Various models are used to simulate and assess the
ransport and fate of contaminants in soils. A numerical model is a
ool to investigate various processes intensively and elaborately
n an inexpensive way. HYDRUS (2D/3D) (Šimůnek et al., 2006)
s a physically based mechanistic model that solves the Richards
quation for water flow and a convection–dispersion equation for
olute transport (Šimůnek et al., 2008). The model has been used
uring the last few years to simulate the transport of soil water
Hassan et al., 2010; Kandelous and Šimůnek, 2010; Ma  et al., 2010),
alts (Roberts et al., 2009), nitrates (Crevoisier et al., 2008; Doltra
nd Munoz, 2010; Wang et al., 2010), microorganisms (Jiang et al.,
010; Schijven and Šimůnek, 2002), and organic contaminants
Cheviron and Coquet, 2009; Pang et al., 2000) in variably-saturated
oil formations in a variety of soil geometries and irrigation sys-
ems. The model was chosen, as it is capable of simulating reactive
nd colloidal transport in two dimensions. It was  hypothesized
hat the parameters obtained in simulating the redistribution and
ransport of constituents in the slurry-injected soil would be differ-
nt compared to unamended soil or those observed in laboratory
ecause of the presence of slurry organic matter, salts and altered
oil hydraulic properties. The objective of the study was (a) to
nvestigate how effectively the redistribution process of different
ontaminants injected into soils with animal slurry follows the
eneral transport theory incorporated in simulation models, (b) to
ompare the parameters obtained in this study with those available
n literature, and (c) to understand the details of the redistribution
rocess beyond the boundary of our field experiment.

. Materials and methods

.1. Field experiment

This study was conducted at two experimental sites, Silstrup
56◦ 56′ N, 8◦ 39′ E) and Estrup (55◦ 30′ N, 11◦ 45′ E), of the Dan-
sh Pesticide Leaching Assessment Program. Soil properties for both
ites are given in Table 1. Different types of slurry (at Silstrup: 6.38%
ry matter content, 2.8% C, 2.95 g NH4-N/L; at Estrup: 0.8% dry mat-

er content, 0.4% C, 2.34 g NH4-N/L) were injected at two  field sites
irectly into pre-ploughed soil at a 25-cm spacing with an average

njection depth of 9 (Silstrup) or 10 cm (Estrup). While slurry was
pplied at different rates, a similar N application (125 kg N/ha) was
Fig. 1. Cross sectional view of the area between two  neighbouring slurry slits (A).
The  shaded area is the modelled area and areas denoted A–F are the sampling
sections.

used at both sites. All constituents used in the study were slurry-
borne, except for spiked phages. In April 2009, slurry was applied
during the first week, and spring barley sown in the second week,
at both sites. Three slurry injection slits and five sampling positions
per injection slit were randomly selected and marked with labelled
flexible sticks immediately after slurry injection. Three intact soil
profiles, one for each slit, with a 20 cm × 4 cm surface area, having
the slurry slit in the middle and a total depth of 15 cm (Silstrup) or
17 cm (Estrup) were sampled on days 0, 1, 6, 18, and 46/49 after the
application (Fig. 1). Each profile was  subdivided into a top layer (a
slurry injection depth) and a bottom layer (the rest of the profile
depth). The top layer was again subdivided horizontally into four
sections (A–D): section A (a 4 cm wide slurry slit) in the middle, and
sequentially sections B (2 cm wide), C (3 cm), and D (3 cm)  at both
sides of section A. The bottom layer was  subdivided into sections
E and F. Only one side of the slurry slit is shown in Fig. 1. Sam-
ples taken from sections B at both sides of the slit were thoroughly
mixed to prepare one sample. Similar mixing was done for samples
from sections C, D, E, and F, assuming symmetrical distribution of
all contaminants. The gravimetric soil water content in each thor-
oughly mixed fresh subsample was  analyzed by drying (105 ◦C for
24 h), chloride concentrations by ion chromatography (Metrohm
AG, Switzerland), NH4-N and NO3-N by an Auto-analyzer III Dig-
ital Colorimeter (Bran & Luebbe, Germany), viable E. coli by plate
counting on E. coli Petrifilms (3 M a/s, Denmark), and phages by a
double-agar layer method as described by Amin et al. (2013). Estro-
gens (estradiol and estrone) concentrations were determined by
GC–MS/MS technique described in detail by Hansen et al. (2011).
Hydrometeorological data were collected using the micrometeo-
rological and hydrological instruments installed at both field sites.
The meteorological data at two field sites during the field experi-
ment is shown in Fig. 2.

2.2. Simulation studies

HYDRUS (2D/3D) (Šimůnek et al., 2006, 2008) was  used to
simulate the redistribution and persistence of slurry-borne con-
taminants in soils during a 50-day period following a direct
injection of slurry. Only one half of the symmetrical soil profile

between two adjacent slurry-injected slits (Fig. 1) was  simulated
to reduce calculation time. The simulated area included the entire
vadose zone from the soil surface to the groundwater table situated
in 1 m depth.
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Table 1
Soil physico-chemical parameters at Silstrup and Estrup.

Site Horizon Sand (%) Silt (%) Clay (%) Textural class (USDA) OCa (%) �b
a (g/cm3) CECa (cmol/kg) pH

Silstrup
A 48 25 27 Sandy clay loam 2.1 1.34 20.7 6.7
B  45 25 30 Sandy clay loam 0.5 1.51 19.8 6.7

A  61 24 15 Sandy loam 2.8 1.27 15.1 7.1
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B  58 26 16 Sandy

a OC, �b , and CEC represent organic carbon, dry bulk density, and cation exchang

A deterministic approach, based on the numerical solution of the
ichards equation by means of linear finite elements, was used to
imulate soil water movement. The redistribution of all solutes was
imulated by numerically solving the convection–dispersion equa-
ion. The Crank-Nicholson time weighting scheme and the Galerkin
nite elements space-weighting scheme were chosen to solve the
onvection–dispersion equations for all contaminants. The impact
f tortuosity on diffusion was also considered in the model. The gen-
ral convection–dispersion equation solved by HYDRUS includes
orption, volatilization, the sink term for root solute uptake, and
ero- and first-order reactions, which can have different rates in
he gaseous, liquid, and/or solid phases.

.3. Theory and equations

.3.1. Soil water content
The redistribution of water in unsaturated soils was  simulated

sing the Richards equation for variably saturated conditions:

∂�

∂t
= ∂

∂x

[
K(h)

(
KA

ij

∂h

∂x
+ KA

iz

)]
− Wr (1)
i j

here � is the water content (cm3/cm3); t is time (day); xi is the
patial coordinate (cm), with x1 as the vertical and x2 as the hor-
zontal spatial coordinate perpendicular to the injection slit (two
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city, respectively.

dimensional problem); h is the pressure head (cm); K is the
hydraulic conductivity (cm/day); KA

ij
is a component of a dimen-

sionless anisotropy tensor; and Wr is the root water uptake
(cm3/cm3/day).

2.3.2. Chloride
Chloride is assumed to be conservative in the soil, neglecting

the low sorption and the root uptake of chloride. Therefore, the
retardation factor is one, the sorption and decay constants are zero
and the redistribution of chloride can be described by the following
convection–dispersion equation.

∂�C

∂t
= ∂

∂xi

(
�Dij

∂C

∂xj

)
− ∂qiC

∂xi

(2)

where Dij is the dispersion coefficient tensor (cm2/day) defined as
(Bear, 1972):

�Dij = �L|q|ıij + (�L − �T )
qiqj

|q| + �Dd�ıij (3)

and C represents the chloride concentration (mg/cm3), qi is the ith
component of the volumetric flux density (cm/day), Dd represents
the molecular diffusion coefficient in free water (cm2/day), � is a
tortuosity factor [–], |q| is the absolute value of the Darcian fluid flux
density (cm/day), ıij is the Kronecker delta function, and �L and �T

are the longitudinal and transverse dispersivity (cm), respectively.

2.3.3. Mineral N
The transformation of NH4-N into nitrate was simulated

by HYDRUS using a solute chain reaction option with first-
order kinetic reaction parameters (Bolado-Rodriguez et al., 2010;
Persicani et al., 1996). The sorption process was  described using a
simple instantaneous adsorption isotherm. All these processes can
be described by the following equations:

SNH4 = KdCNH4 (4)

∂�CNH4

∂t
= ∂

∂xi

(
�Dij

∂CNH4

∂xj

)
− ∂qiCNH4

∂xi

− �B
∂SNH4

∂t

− �l�CNH4 − �s�BSNH4 − WrcNH4S
(5)

where SNH4 (mg/g) represents the adsorbed concentration, Kd is
distribution coefficient (for linear adsorption) (cm3/g), CNH4 is the
NH4-N concentration in the soil solution (mg/cm3), �B is the dry
bulk density (g/cm3), �l and �s are the first-order rate constants
in the soil solution (day−1) and in the solid phase (day−1), respec-
tively, Wr is the sink term representing root water uptake from the
Richards equation, and cNH4s

is the NH4-N concentration associated
with the sink term (mg/cm3).

NO3-N dynamics in this study was  simulated using the following
convection–dispersion equation
∂�CNO3

∂t
= ∂

∂xi

(
�Dij

∂CNO3

∂xj

)
− ∂qiCNO3

∂xi

+ �s�BSNH4 + �l�CNH4

− �ld�CNO3 − WrcNO3S
(6)
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here CNO3 nitrate concentration in soil solution (mg/cm3), �ld
s the first-order rate constants in the soil solution (day−1), and
NO3s

is the NO3-N concentration associated with the root water
ptake (mg/cm3). The last term of Eq. (6) represents a passive
ptake of NO3-N. Nitrification of NH4-N is assumed to be the sole
ource of NO3-N in the soil, thus, all other reactive processes, such
s mineralization, were neglected in our relatively short-duration
xperiment. The nitrification process from NH4-N to NO3-N was
epresented in the governing equation for NO3-N (6) as a zero-order
roduction reaction term.

.3.4. E. coli and phages
An attachment-detachment model, in which the attachment

oefficient was calculated using the filtration theory, was  used for
imulating the transport of E. coli and phages. The HYDRUS model
onsiders reversible adsorption of microorganisms to two types of
inetic sites, with one process usually representing attachment to
he solid phase and the other straining (Bradford et al., 2006). The
ltration theory determines the attachment coefficient based on
he diameter of both soil particles and microorganisms. It is possi-
le to assign a different blocking function for each sorption site.
orption sites may  have different sticking efficiencies and first-
rder entrainment rates. The code considers different first-order
ates in both the liquid and solid phases representing inactivation
rocesses. Microorganism can be removed from the liquid phase by
rst-order inactivation and/or attachment to the solid phase. From
he solid phase they can be removed by the first-order entrainment
nd inactivation. The two-site attachment-detachment model is
ncorporated in the convection–dispersion equation as described
y Hassanizadeh and Schijven (2000).

.3.5. Estrogens
Estrogens are highly sorptive to the soil matrix and produce

etabolites in the soil environment. Estradiol quickly degrades
o estrone, but estrone has a lower degradation rate (Stumpe and

arschner, 2007). The instantaneous or time dependent sorption
nd first-order transformation reaction of estradiol into estrone
an be described by solving the convective–dispersive equations
s described by Casey et al. (2005).

.4. Initial and boundary conditions

Soil hydraulic and transport parameters used as model input are
hown in Table 2. Measured background values of the soil water
ontent and different contaminants before slurry application were
sed as initial conditions (Table 3). The initial soil water content

n the area saturated by applied slurry was specified as the water

ontent at saturation (�s). Similarly, all contaminants were speci-
ed in the model using initial conditions in the slurry-applied area.

 variable flux condition (calculated from precipitation and actual
vapotranspiration data) was applied to the upper boundary of the

able 2
oil hydraulic and transport parameters used as model input for HYDRUS.

Soil �r
a �s

a ˛b (1/cm) nb

S1e 0.07 0.46 0.058 1.48 

S2  0.11 0.46 0.055 1.48 

S3  0.13 0.46 0.032 1.40 

E1e 0.10 0.46 0.060 1.46 

E2  0.10 0.50 0.050 1.46 

E3  0.10 0.48 0.030 1.30 

a �r and �s are the residual and saturated water contents, respectively.
b

 ̨ and n are empirical parameters determining the shape of the hydraulic functions.
c Ks is the saturated hydraulic conductivity. l is a pore-connectivity parameter.
d �L and �T represent longitudinal and transverse dispersivities, respectively.
e Letters S and E in soil names refer to Silstrup and Estrup, respectively, and numbers t
 Management 131 (2014) 17– 29

simulated zone. Actual evapotranspiration was calculated using the
equation given by Allen et al. (1998). A zero flux condition was
applied at the two  vertical boundaries, considering the symmet-
rical distribution of water and slurry components and therefore
no gradients over the boundaries. At the bottom boundary (the
position of the groundwater table), a constant saturation condi-
tion was  assumed. The depth of the water table (and the simulated
zone) during the experimental period was set to 1 m,  based on field
observations. For solute transport, the third-type Cauchy boundary
condition was chosen at the top and bottom of the soil profile. It
was assumed that no contaminant was  entering with precipitation
and leaving with evaporation.

2.5. Calibration of parameters

The parameters of the soil water retention curves for two soil
types required by the model were estimated from measured soil
texture and bulk density using the Rosetta Lite software (Schaap
et al., 2001) implemented in HYDRUS. Soil properties were deter-
mined by the standard methods (Amin et al., 2012). The bulk
density in the top layer was lower than in the lower layer because
of the breakup of soil structure during tillage and slurry injection
operations. The soil hydraulic properties in slurry hotspots were
different from the bulk soil, due to the added slurry organic mat-
ter. We  assumed that the slurry organic matter only changed the
hydraulic properties in section A after the slurry application. The
inverse solution option of HYDRUS was therefore used to calculate
modified soil hydraulic properties of the soil affected by the slurry
application from the observed water contents. As a result, three
slightly different sets of hydraulic properties were used for each
field site (top soil, lower soil, and slurry hotspot). The soil hydraulic
parameters of the van Genuchten–Mualem model (van Genuchten,
1980) used in HYDRUS are given in Table 2.

The longitudinal and transversal dispersivities for two  soil types
were manually optimized using the observed chloride redistribu-
tion data under the assumption that the ratio between longitudinal
and transverse dispersivities was 10 (Pang et al., 2000). The
optimized dispersivity values were then used for simulating the
redistribution of other solutes. The parameters for different con-
taminants were estimated either from the available experimental
data or from the reported values in the literature.

2.6. Statistical analysis
Agreement between predicted and observed data was evaluated
by some frequently used model performance criteria, which can be
expressed as (Wang et al., 2010):

Ks
c (cm/d) lc �L

d (cm) �T
d (cm)

8 0.5 12 1
8 0.5 12 1
8 0.5 12 1

62 0.5 10 1
65 0.5 12 1
63 0.5 10 1

o soil horizons: 1 for lower layer, 2 for top layer, and 3 for injection slit.
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Table 3
Initial and background values of different slurry constituents used in the model.

Sitea SWCb Chloride NH4-N NO3-N Phage E. coli E2c E1c

cm3/cm3 mg/cm3 PFU/cm3 CFU/cm3 ng/cm3

SS 0.46 0.69 0.98 0.008 2.0 × 105 1.7 × 104 16 21
SB 0.30 0.035 0.004 0.008 0 0 0.04 0
ES 0.48 0.28 0.80 0.007 2.0 × 105 2 × 104 1.2 6.3
EB 0.30 0.025 0.004 0.007 0 0 0.03 0
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a S and E represent Silstrup and Estrup, respectively, and subscripts S and B the s
b SWC, soil water content.
c E2 and E1 represent estradiol and estrone, respectively.

(i) Root mean square error (RMSE):

RMSE =

√√√√ n∑
i=1

(Pi − Oi)
2

n
(7)

(ii) Coefficient of model determination (CD):

CD =
∑n

i=1(Oi − Ō)
2

∑n
i=1(Pi − Ō)

2
(8)

iii) Nash–Sutcliffe modelling efficiency (EF):

EF = 1 −
∑n

i=1(Oi − Pi)
2

∑n
i=1(Oi − Ō)

2
(9)

here n is the total number of observations, Oi and Pi are the
bserved and predicted values of the ith data point, respectively,
nd Ō is the observed mean.

All three indices indicate the model accuracy. The RMSE’s close-
ess to 0 indicates the low average error in the model, however in
bsolute terms (same unit as variable). The CD value gives the total
ariance of the observed values explained by the predicted data
nd should be close to 1 to indicate high accuracy of the model.
odelling efficiencies (EF) can vary from −∞ to 1, but the closer

he model efficiency is to 1, the more accurate the model is. A
ero value of EF indicates that the model predictions are no bet-
er predictors than the mean of the observed data, while a negative
fficiency occurs when the observed mean is a better predictor than
he model. In addition to the indices mentioned above the coeffi-
ient of determination (R2) was calculated. Values of R2 indicate if
he precision of the model is high or low. If precision is high we
ill have a value of R2 that is close to one, meaning that there is

 strong correlation between the predicted and observed data, but
he relation may  not be 1:1 (Tedeschi, 2006). Hence, it is only rele-
ant to discuss the precision in relation to model evaluation when
ccuracy is high.

. Results and discussion

Field observation data showed that the redistribution process
f aqueous and solid phase of the slurry was considerably affected
y the site conditions (different slurry dry matter content and soil
exture). The soil water content in slurry hotspot remained higher
han that in the surrounding soil even after seven weeks of the
lurry injection. The redistribution of chloride followed the simi-
ar trend of soil water content during the first two measurements
ue to convective transport and its nonreactive nature. On the
ther hand, nitrification and N balance appeared different for dif-

erent conditions throughout the experimental period. Mineral N
isappeared from Estrup before the last measurement after seven
eeks of the slurry injection but not from Silstrup. Virus redis-

ribution was only slightly affected, whereas E. coli was affected
aturated zone and the rest of the modelled area, respectively.

considerably by the site conditions. The redistribution of estro-
gens was  much more affected than that of the microorganisms.
It may  be due to the high estrogen sorption capacity of slurry
organic matter (Amin et al., 2012). The immobile slurry dry matter
sorbed estrogens and thus retarded redistribution than did for the
microorganisms and mineral N. However, it was somewhat unclear
what factors are more important for the redistribution processes.
A simulation technique was  therefore used to estimate different
transport parameters such as sorption coefficient, inactivation rate
of microorganisms, degradation of estrogens, nitrification and den-
itrification rates. The calibrated model was  then used to investigate
the environmental fate (leaching risks) of the slurry-borne con-
stituents.

3.1. Parameter values

3.1.1. Chloride
Dispersivity is a sensitive parameter in estimating the leach-

ing of contaminants through the vadose zone into groundwater
(Vanderborght and Vereecken, 2007). The optimized value of lon-
gitudinal dispersivity was  12 cm at Silstrup and 10 cm at Estrup.
Transverse dispersivity of 1 cm was assumed for both sites. Similar
values of transverse dispersivities were reported in literature (e.g.,
Schijven and Šimůnek, 2002; Vanderborght and Vereecken, 2007).

3.1.2. Mineral N
The molecular diffusion of NH4-N was  set to 1.25 cm2/day. Sim-

ilar values (0.85–1.65 cm2/day) for this parameter were used by
Hassan et al. (2010) and Wang et al. (2010). The presence and
volatilization of NH3 was  not considered individually, but it was
included into the overall decay constant used in simulations to
account for otherwise neglected factors. The rate coefficient of
nitrification in the soil usually varies between 0.02 and 0.3 day−1

depending on soil properties, water content, ammonium content,
air content, and biochemical activity (Bolado-Rodriguez et al., 2010;
Crevoisier et al., 2008; Hanson et al., 2006). The first-order rate con-
stant for ammonium nitrification was  assumed to be 0.05 day−1

for both sites, given the low temperature during the study period
(6–11 ◦C at Silstrup and 8–15 ◦C at Estrup). The Kd value for NH4-
N in the model was  considered to be 1.1 cm3/g for both soils.
The Kd values reported by different authors were in the range of
0.2–4 cm3/g (Hanson et al., 2006; Jellali et al., 2010). The first-
order rate denitrification constant for NO3-N was assumed to be
0.08 day−1. This value was  taken from the range 0.001–0.08 day−1

used by Hassan et al. (2010) and Wang et al. (2010). Nitrate sorp-
tion to the soil matrix was assumed to be negligible with regards
to other processes (Crevoisier et al., 2008).

3.1.3. Phage
The d50 for the Silstrup and Estrup soils was 0.08 mm and
0.2 mm,  respectively. The average size of the phage was considered
0.1 �m (Schijven et al., 2002; Taylor et al., 2004). The first-order
decay constant for both attached and free phases was assumed to
be 0.05–0.07 day−1, based on the experimental results. This value
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ould vary given different conditions, such as soil type, water con-
ent, temperature, etc. Schijven and Šimůnek (2002) optimized the
alue between 0.01 and 0.08 day−1. The detachment coefficient was
ssumed to be 0.08 day−1 at both sites as the centre value reported
n the literature. The detachment coefficient for phage was found
n the literature to be between 0.001 and 0.18 day−1 (e.g., Schijven
t al., 2002).

.1.4. E. coli
The average size of the E. coli was assumed to be 1 �m

Pachepsky et al., 2006; Taylor et al., 2004). The first-order decay
onstant for both attached and free phase E. coli was found to
e 0.1–0.12 day−1 at both sites. Jiang et al. (2010) used this value
etween 0.3 and 0.8 day−1. This value was a little lower in our study
ecause of the low temperature during the whole study period. The
etachment coefficient for E. coli was assumed 0.05 day−1 at both
ites.

.1.5. Estrogens
The sorption coefficient for both estradiol and estrone was cal-

ulated as 11 ml/g for the soil at Silstrup and 14 ml/g for the soil
t Estrup, based on the organic carbon content in the soil after
lurry application. Since the redistribution of estrogens takes place
n an environment dominated by slurry liquid the Kd value was
alculated using the Koc obtained for the soil-slurry environment
presence of slurry-DOC in the aqueous phase) by Amin et al.
2012). The study suggests that DOC present in slurry can facili-
ate transport of contaminants, and that the sorption coefficient
stimated using the laboratory batch experiment can underesti-
ate the leaching risks of slurry-borne contaminants. The same Kd

alue was used for both estradiol and estrone, as they have usually
imilar sorptivity (Caron et al., 2010). The first-order rate constant
or both estrone and estradiol was assumed to be the same at
oth sites (0.08 day−1). This value was in the lower range reported

n literature, probably due to low temperatures during the study
eriod. The value was found to be 0.007–1.8 day−1 for estradiol and
.09–0.14 day−1 for estrone in literature (e.g., Das et al., 2004).

.2. Model performance

The HYDRUS code simulated the redistribution process of dif-
erent components and their persistence in soil with reasonably
igh model efficiency (Table 4). The EF values for the simulation of
ater, chloride, and mineral N were between 0.92 and 0.96 for Sil-

trup, and between 0.91 and 0.95 for Estrup. Redistribution and
urvival of both phages and E. coli were simulated with similar
fficiency (0.86–0.94) at both sites. Transformation of estradiol to
strone, and their redistribution and persistence were predicted
ith higher model efficiency (EF = 0.89–0.94) at Estrup, but with

ower model efficiency (0.72–0.75) at Silstrup. The CD values were
lso close to 1, with only a few exceptions. The R2 values between
redicted and observed values for all simulations were higher than
.89, except for estrogens at Silstrup (0.72–0.84) indicating that
recision of the predictions was also high. Other users of HYDRUS
chieved similar or higher ranges of model efficiency for simulating
he transport/sorption processes of water and solutes (e.g., Unold
t al., 2009). The relationship between the observed and predicted
alues of each studied component will be discussed in the following
ections.

.2.1. Soil water content
After the calibration procedure, we found good agreement
etween the observed and predicted soil water contents at differ-
nt positions of the soil profile at both field sites (Fig. 3). Higher
ccuracies in simulating soil water content at field condition were
lso obtained using HYDRUS by Kandelous and Šimůnek (2010)
 Management 131 (2014) 17– 29

(R2 = 0.77–0.98) and Zhou et al. (2007) (R2 = 0.81–0.99). The slurry
injection slit (section A) had a higher water holding capacity due
to the high content of organic matter. The simulation confirmed
that the persistently increased soil water content in the injection
slit could be described by the changed hydraulic parameters in this
part of the soil. The short-term effect of immobile slurry organic
matter on soil hydraulic parameters can considerably affect the
environmental fate of contaminates in the slurry injection zone,
such as the survival of microorganisms, nutrient dynamics, and
degradation of organic contaminants. Although the increased water
holding capacity of the slurry slit will have diminished gradually
with time, the soil hydraulic parameters used in the model were
time-independent, as HYDRUS does not have an option for time-
variable soil hydraulic properties. Consequently, the water content
in section A during the final part of the experiment was slightly
overestimated (Fig. 3). Deviations between predicted and simu-
lated values of soil water contents, observed especially in sections
E and F, were likely caused by natural heterogeneity of field prop-
erties.

3.2.2. Chloride
Some observed values of chloride had a high standard error due

to heterogeneous soil conditions and the likely presence of macro-
pore flow (Fig. 3). There were some uncertainties in the uniformity
of the slurry application and solid–liquid ratio along the slurry slit.
However, the average values of six sampling positions probably
provided a representative result. The simulated and measured chlo-
ride concentrations seem to be in agreement. However, agreements
between simulated and measured values were relatively lower for
most distant sections of D, E, and F. Deviations between predicted
and observed values were higher at the Silstrup site because of the
uncertainty caused by the preferential flow in this clay rich soil.

3.2.3. Mineral N
NH4-N concentrations at different sampling times at both sites

were simulated well when adsorption, nitrification, and dissipa-
tion processes were considered. Model predictions were close to
observed values in most cases (Fig. 3). Like the soil water contents,
which remained near saturation for the first three sampling times
in section A at Silstrup, the NH4-N concentrations in this section
remained at high values, indicating low initial nitrification. When
water contents decreased, NH4-N concentrations started to dissi-
pate noticeably. Moreover, the actual nitrification rate may have
been different in the different sections due to different oxygen con-
tents in the different sections. The oxygen content in section A may
also have changed over time with changes in the nitrification rate.
Since the nitrification rate in the model was time-independent,
the model predictions deviated slightly from observed values for
some sampling times at both sites (Fig. 3). Due to these reasons,
the model underestimated the NH4-N concentration in section A
on day 6 at Silstrup. The model could not predict the higher NH4-
N concentration in section D on day 18 at Silstrup and in section
F on day 6 at Estrup (Fig. 3). The agreements between some of
the predicted and observed NO3-N concentrations were low in
the beginning of the experiments at Silstrup and at the end at
Estrup.

3.2.4. Phage
It appears that the attachment coefficient calculated by the fil-

tration theory based on the average soil particle diameter and the
average phage size gave a good accuracy. Simulated phage concen-
trations were within the range of observed values in most cases

(Fig. 4). However, there were some comparatively higher devia-
tions between observed and predicted values in sections C–F at
Silstrup. The transport of phage through the soil matrix to sec-
tions D and F was  probably very low, especially in the fine-grained
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Fig. 3. Observed and predicted soil water contents, chloride, NH4-N, and NO3-N concentrations at Silstrup (left) and Estrup (right) (different colour symbols represent
different soil sections as indicated in the legend).
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Table 4
Performance indicators for the model simulating different components.

Site Silstrup Estrup

Component R2 RMSEa CD EF R2 RMSE CD EF

Water (cm3/cm3) 0.94 0.01 1.12 0.94 0.92 0.01 0.96 0.91
Chloride (mg/cm3) 0.92 0.03 0.93 0.92 0.94 0.01 1.20 0.93
NH4-N (mg/cm3) 0.96 0.05 1.14 0.96 0.95 0.04 1.09 0.95
NO3-N (mg/cm3) 0.96 0.02 1.05 0.96 0.92 0.03 1.08 0.91
Phage  (PFU/cm3) 0.94 9867 0.98 0.94 0.94 16,713 1.32 0.90
E.  coli (CFU/cm3) 0.92 968 1.28 0.92 0.89 1305 0.98 0.86
Estradiol (ng/cm3) 0.84 1.9 0.80 0.75 0.94 0.12 0.86 0.89

ondin

s
S
c
h
D

F
r

Estrone (ng/cm3) 0.72 3.8 1.13 

a The unit of RMSE (root mean square error) is the same as the unit of the corresp

oil at Silstrup. The possibility of macropore flow was higher at
ilstrup, due to the high clay content. Because of the very high

oncentration gradient, even insignificant macropore flow could
ave caused considerable variation in concentrations in sections
, E, and F. At Estrup, the model slightly underestimated the phage

ig. 4. Observed and predicted phages, E. coli and estrogens (E2 is for estradiol and E1 for e
epresent different soil sections as indicated in the legend).
0.72 0.96 0.42 0.84 0.94

g slurry constituent.

concentrations in sections A–B in the beginning of the experiment,
but overestimated them in sections C–F in some of the cases (Fig. 4).

For simplification, the same first-order decay rate was  used for all
sections, although it was perhaps slightly different between the
slurry slit and other sections.

strone) concentrations at Silstrup (left) and Estrup (right) (different colour symbols
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.2.5. E. coli
As with phages, E. coli concentrations in different sections and

t different times were, in most cases, predicted with high accuracy
Fig. 4). The transport of E. coli through the soil was  much lower at
ilstrup, due to fine grained soil and immobile slurry dry matter. In
ections D, E, and F at Silstrup, the measured concentrations were
ery low during the first three sampling events and under the detec-
ion limit after that. The model overestimated E. coli concentrations
or some of these cases at Silstrup (Fig. 4). The model could not esti-

ate concentrations as high as observed in section B on the first
ampling day. Due to uncertainties in survival rates in different sec-
ions and due to preferential flow, relatively high deviations were
bserved at low concentration values at both sites. Although the
urvival rate was actually lower at Silstrup than at Estrup, because
f the relatively dry conditions, an average rate was considered
or both sites in order to generalize the model, and to predict the
eaching potential of E. coli for normal weather conditions.

.2.6. Estrogens
The redistribution and persistence of estradiol and estrone in

ifferent soil sections at Estrup were simulated well when their
orption, degradation, and transformations processes were consid-
red. Low contact time due to the redistribution process and the
resence of soluble organic matter in the slurry liquid decreased
he sorption in the slurry slit. Stumpe and Marschner (2010) sug-
ested that the presence of dissolved organic carbon in the liquid
hase can decrease sorption to the solid phase. Casey et al. (2005)
ound a low Koc value for a modelling study of a leaching experi-

ent and argued that low contact time during transport could be
esponsible for the low Koc value. When the Kd value specific for
he slurry environment was used, we found a reasonable agree-

ent between observations and simulations. However, there were
ome considerable differences between the observed and predicted
alues at Silstrup (Fig. 4), as is also suggested by the indices in
able 4. In a few cases, the model overestimated the estrogen
oncentration in section B and E, but underestimated it in sec-
ion C. Concentrations in section C were quite high at only one or
wo times, which cannot be explained using the calculated Kd val-
es. The increased concentration in section C was likely not due
o matrix flow. Other processes, such as slurry-estrogens interac-
ions and preferential flow, may  have led to the enhanced transport
Arnon et al., 2008). The agreements between observed and pre-
icted values were generally much lower at Silstrup compared to
strup.

.3. Horizontal redistribution

Simulating transport processes under field conditions is more
omplex than for simplified laboratory setups. For example, the
igh clay content of the Silstrup soil may  have resulted in the devel-
pment of cracks under unsaturated conditions and during tillage
perations. Preferential flow through macropores, fissures, and/or
oids created by crop roots is difficult to predict (e.g., Šimůnek
t al., 2003). However, since the values of the statistical indices
ndicate that the model simulates the observed values, the simu-
ated results were used to understand the processes that occurred
n between and beyond the observation events. The temporal and
patial dynamics of different contaminants around slurry-injection
lit at both sites predicted by HYDRUS is shown in Figs. 5 and 6.

Chloride transport in the horizontal direction was  much slower
t Silstrup than Estrup, and there was still a concentration gradient
fter 46 days (Figs. 5 and 6). The redistribution of slurry was  slower

n the sandy clay loam soil at Silstrup, due to low hydraulic con-
uctivity, compared to conditions in the sandy loam soil at Estrup.
he simulation showed that the downward flux of chloride from
he observed soil profile was not considerable at Silstrup. Chloride
Fig. 5. Ratio of the predicted to the initial concentrations of different slurry con-
stituents at a cross-section at a 5-cm soil depth at Silstrup.

concentrations at the end of the experiment at Estrup were close
to soil background values due to the faster redistribution as well as
leaching from the profile.

NH4-N redistribution was primarily within 6–7 cm at both sites
due to sorption processes and nitrification (Figs. 5 and 6). On
the other hand, NO3-N redistributed through the entire observed
profile at both sites. The redistribution of NO3-N and chloride was
not exactly the same because NO3-N took time to accumulate by
nitrification and its concentrations decreased with time due to
crop uptake. Denitrification was considered the same at both field
sites, as they had the same crop and very similar soil moisture
(0.29–0.41 cm3/cm3 at Silstrup and 0.27–0.36 cm3/cm3 at Estrup)
and weather conditions. At the end of the experiment the mineral
nitrogen almost disappeared at Estrup, whereas the peak concen-
tration was observed at Silstrup (Figs. 5 and 6). This suggests that
the leaching of N from the sampled soil profile at Estrup was higher

compared to Silstrup.

Phages primarily redistributed up to the distance of 8 cm,  with
only a few travelling beyond this distance in the horizontal direc-
tion (Fig. 5). At Silstrup, concentrations decreased at a rate of about
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low concentration levels (1–2 ng/L). As with phage and E. coli, the
timing of precipitation events was  very important in estrogens
tituents at a cross-section at a 5-cm soil depth at Estrup.

ne log scale for every 2 cm travelled (data not shown). Conse-
uently, a very low concentration was observed at a distance of
0 cm from the slurry slit at this site. On the other hand, the redis-
ribution was higher at Estrup due to relatively larger pore sizes.
hages travelled as far as 12 cm at Estrup (Fig. 6). E. coli redistribu-
ion was much slower in the fine-grained soil at Silstrup. Almost all
. coli remained within 8 cm from the slurry slit (Fig. 5). It seems that
he redistribution of E. coli in sandy loam soil at Estrup was  much
igher. They travelled up to a distance of 12 cm in the horizontal
irection.

The transport of estrogens through the soil matrix was very
ow because of their sorptivity. They remained mainly within the
istance of 5–6 cm.  The values of Kd were higher at Estrup than
t Silstrup, due to the higher content of the soil organic car-
on at Estrup (Table 1). Estrogens can be transported in soils
ith the mobile DOC in the liquid phase of the injected slurry,

s estrogens readily sorb to the organic carbon. However, under
elatively dry conditions, the slurry-DOC can also be adsorbed
o soil particles during redistribution (Stumpe and Marschner,
010).

The simulations show that assuming a homogeneous distribu-
ion of the contaminants originating from injected-slurry when

stimating the leaching or fate of these contaminants may  result
n errors, especially for microorganisms and estrogens.
 Management 131 (2014) 17– 29

3.4. Leaching of contaminants to the subsoil

Model predictions of the microorganism transport were sup-
ported by the analysis of the drainage leachates collected from
the two  field sites during the experimental period. No E. coli
was detected in the drainage water during the entire season at
Silstrup, and only a few viable E. coli were detected at Estrup after
the rain events on days 35–38 (Bech et al., 2010). The leaching
potential of mineral N, phages, E. coli, and estrogens from the top
20 cm of the soil profile was  evaluated using HYDRUS and the
parameters established above for the last 10 years of precipitation
and evapotranspiration data for the respective sites (Table 5).
Leached amounts varied in different years for all contaminants, but
the correlation between the amount leached and the total amount
of precipitation was very low. The total leaching was primarily
influenced by the time and intensity of precipitation, especially for
the spring application of slurry in Denmark (Fig. 7). Precipitation
during the first week after the slurry application was  not very
effective in leaching of mineral N, as N still remained in the form
of less mobile NH4-N. Only after N was  transformed to NO3-N by
nitrification could it be leached by the infiltrating water. Hanson
et al. (2006) reported that NH4-N remained concentrated around
the application line at all times for all fertigation strategies, because
of soil adsorption and subsequent fast nitrification and/or root
uptake, whereas nitrate moved continuously downwards during
the first 28-day period. The peak flux of mineral N at a 20-cm soil
depth was  not observed in most cases until at least 10 days after the
slurry application (Fig. 7). The lowest N leaching at both sites was
found in 2007, because of a very dry first 70 days at Silstrup and 40
days at Estrup. Leaching in 2005 at Silstrup was  also low because of
low seasonal precipitation and 15 continuous rainless days during
the peak time (15–30 days after the slurry application) of NO3-N
accumulation. In 2001, a continuous water flux during the peak
period of NO3-N accumulation leached the highest quantity of
mineral N at Silstrup. At Estrup, the highest quantity of N leached
was observed in 2008 when the site received some heavy precipi-
tation events (>30 mm/day) during the first 30 days after the slurry
application. Leaching in 2003 was  higher than in 2001 and 2002 at
Estrup due to the timing of the high intensity precipitations (Fig. 7).

The average leaching potentials for 6 months after appli-
cation from the top 20 cm of the soil for phage and E. coli
were 12.2 × 104 PFU/m2 and 2.1 × 104 CFU/m2 at Silstrup and
3.3 × 106 PFU/m2 and 0.58 × 106 CFU/m2 at Estrup, respectively.
Leaching of both phage and E. coli was significantly higher in the
sandy loam soil at Estrup than in the sandy clay loam soil at Silstrup
(Table 5). The flux of phage and E. coli substantially decreased with
an increase in the number of rainless days just after application
(Fig. 7). Phages and E. coli were much more susceptible to leaching
for the precipitation events occurring during the first week after the
slurry application. Leaching of both microorganisms at Silstrup was
low in 2002, 2005, and 2007 because the 6, 3, and 7 days, respec-
tively, after slurry application were rainless. On the other hand, the
highest leaching was  found in 2001 when Silstrup received con-
siderable precipitation the very first day after slurry application.
Leaching was  also high at Estrup in 2003 because of high precipita-
tion during the first 3–4 weeks after the slurry application, whereas
leaching was  very low in 2002 when there was no precipitation
during the first several weeks (Fig. 7).

The leached mass of estrogens from the topsoil varied between
100 and 1380 ng/m2 (average 0.12%) at Silstrup and 40–620 ng/m2

(average 0.4%) at Estrup (Table 5). Although this seems low, it
should be noted that estrogens can affect aquatic ecology at very
leaching (Fig. 7). If soils get dry after the slurry application, contam-
inants concentration in liquid phase becomes high which in turn
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Table 5
Predicted total leaching of different contaminants below 0.20 m depth during 6 months after the slurry application using 10-year precipitation data at Silstrup and Estrup.

Year Silstrup Estrup

PPTa

(mm)
Drainage
(mm)

Na

(102 mg/m2)
Phage
(104 PFU/m2)

E. coli
(104 CFU/m2)

Esa

(102 ng/m2)
PPT
(mm)

Drainage
(mm)

N
(102 mg/m2)

Phage
(104 PFU/m2)

E. coli
(104 CFU/m2)

Es
(102 ng/m2)

2008 448 341 2.8 3.8 0.44 2.2 569 446 9.8 883 254 6.2
2007  427 321 1.8 4.2 0.04 1.0 594 461 3.8 94 5 0.6
2006  360 246 7.6 4.5 1.80 6.4 359 253 9.0 550 94 5.4
2005  281 189 2.4 1.5 0.24 2.6 382 265 7.8 301 26 3.6
2004  459 331 7.6 8.2 1.84 5.2 499 373 5.2 309 38 4.2
2003  417 303 10.4 20.1 1.22 4.4 419 307 7.0 442 94 3.0
2002  373 297 3.4 4.8 0.34 1.2 420 336 5.2 54 4 0.4
2001  522 396 21.6 42.6 11.66 13.8 482 374 5.0 270 28 3.4
2000  322 199 3.4 6.7 0.66 1.2 318 201 4.4 187 15 2.4
1999  548 370 13.4 25.6 2.92 7.2 444 314 4.4 197 19 2.6

a PPT, N, and Es represent precipitation, mineral N, and total estrogens, respectively.
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Fig. 7. Simulated fluxes of different contaminants through the soil depth of 20 cm during 6 months after the slurry application at Estrup in three years (minus sign in the Y
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ncreases the sorption in simulation process and also in real field
ondition so the effect of subsequent precipitation is less impor-
ant for leaching. In these field sites in 2005–2006, estrogens were
etected in sub-surface drainage water after some heavy precipi-
ation events (Kjaer et al., 2007).

. Conclusions

The calibrated HYDRUS 2D was capable of predicting the redis-
ribution and persistence of slurry-borne contaminants in the soil.
he simulation confirmed that the persistently increased soil water
ontent in the injection slit could be described by the changed
ydraulic parameters in this part of the soil. Comparison between
imulated and observed results suggests that the N dynamics were
lightly different for different sections sampled. E. coli redistribu-
ion was much affected by the site conditions compared to phage
ecause of the larger size of E. coli. The redistribution of estrogens,
ssuming linear sorption and degradation and with Kd values cal-
ulated using the Koc value of similar soil under similar soil-slurry
nvironment, was simulated well at Estrup, but less so at Silstrup.
ontaminants persisted for up to 4–6 months, and leached continu-
lly during this period at varying rates depending on their chemical
ehaviour and the intensity and frequency of precipitation events.
ineral N started to transport as soon as it was transformed from
H4-N to NO3-N and it took more than a week to accumulate a
onsiderable amount of NO3-N in the soil. In contrast, the vul-
erability to leaching of E. coli, phage, and estrogens decreased
apidly with time of subsequent precipitations as their concentra-
ions decreased with time due to degradation, mineralization, and
ie off.
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