
  

The van Genuchten parameters θr, θs  α, n, and Ks  were es-
timated simultaneously by inverse simulation. The object-
ive function included the cumulative seepage and the 
bromide concentrations at the lower boundary. The latter 
had to be incorporated to estimate simultaneously θr  and 
θs. We assumed internal homogeneity of the soils because  
sensitivity studies demonstrated that properties of indi-
vidual soil layers could not be distinguished by inverse sim-
ulation given the available information on water flow. For-
ward simulations with texture-dependent hydraulic proper-
ties derived from pedotransfer functions lead to dramatic 
mis-matches. Based on a manual parameter optimization, 
the unknown amount of cumulative seepage water prior to 
the bromide application was set to 43 cm for sand and 19 
cm for silt. The achieved agreement of the cumulative 
seepage, constrained by the bromide breakthrough, was 
satisfying.

The average bromide breakthrough in the sand lysimeters 
could be fitted well. For the silt lysimeters, the observed 
breakthrough could not be described with the CDE which 
failed to match the early initial arrival. Adjusting this would 
either require smaller effective water contents in the 
lysimeter (in contradiction to the water flow simulation 
results), or the simulation with a dual permeability model.

Understanding water and tracer transport in undisturbed 
soils of different texture is a prerequisite for assessing the 
transport of reactive compounds like plant protection 
products. Since representative measurements of solute 
fluxes in undisturbed field soils are technically impossible, 
lysimeters are frequently used to assess solute transport at 
scales larger than those covered by standard laboratory 
methods. Lysimeter studies are also used to validate 
unsaturated water flow and solute transport models at 
intermediate scales and therefore are suitable tools to 
bridge the gap between the laboratory and the field scale. 

We investigated water flow and tracer transport in two 
undisturbed lysimeters filled with soils of different texture. 
The objective of the study was to compare the transport 
behaviour of bromide in a sandy and a silty soil. Particular 
attention was devoted to the observed mass deficit in 
bromide breakthrough. In order to test whether this deficit 
could be explained by plant uptake, we performed inverse 
simulations using an unsaturated flow and transport model 
accounting for transpiration and plant uptake of bromide.
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2 x 5 undisturbed lysimeter monoliths were taken in 
the middle of October 2003 from agriculturally used 
fields in Münster-Handorf and Münster-Mauritz. At 
Münster-Handorf, the soil is sandy and was classified 
according to the World Reference Base for Soil 
Resources (FAO, 1998) as Haplic Arenosol. The soil 
from Münster-Mauritz has a silty texture and is 
classified as Haplic Luvisol. The lysimeters will be 
referred to as Lysimeter Sand and Silt, repectively. 
The sequences of soil horizons, soil textures and soil 
types are listed in Tables 1 and 2, respectively. 

All soil monoliths were inserted in waterproof outer 
containers and transported to the lysimeter station 
where they were embedded in the ground. The 
installation ensured that the surfaces of all soil 
monoliths were levelled with the surrounding soil 
surface. All lysimeters had a surface area of 1 m2 and 
a total depth of 120 cm. The lowest 10 cm of the 
lysimeters consisted of gravel to allow for free 
seepage at the base of the monoliths.

During the investigation period, the lysimeters were 
cropped with winter rape and Phacelia (see Table 3 
for details). Crop development and crop growth 
parameters, like root depth and leaf area index (LAI) 
were not monitored. Because of variable 
germination, the crop density varied between 
individual lysimeters but did not show a clear 
relationship with soil type.

At 04.03.2004, a pulse of 10.0 g potassium bromide 
per m2  was applied to each of the lysimeters (equal 
to 6.715 g bromide per m2). All lysimeters were 
irrigated with 5 l of water at seven different dates. 
The amount of seepage water per lysimeter [l] as 
well as bromide concentrations in the seepage water 
[mg l-1] were measured twice a week. Meteorological 
data (solar radiation [Wm-1], temperature [°C], 
precipitation [mm] and wind speed [ms-1] ) were 
measured next to the lysimeter station from January 
2003 to June 2005. 

Water Flow
Cumulative precipitation during the observation peri-
od amounted to 1013 mm. The cumulative irrigation 
on each lysimeter inferred from weighting the cores 
was 35 mm . The mean amount of seepage was 272.6 
mm and 576.3 mm for the silty and sandy soil, respect-
ively.

Bromide Recovery
For the sand lysimeters 60 to 75 % of the applied Bromide 
mass was recovered in the seepage water. For the silt 
lysimeters, the significant concentration increase in 
seepage water occurred almost 150 days later than in the 
sand lysimeters, and only 2 to 13 % of the applied 
bromide was recovered!  

Forward Modeling Forward Modeling 
Soil water flow and solute transport was simulated numer-
ically by use of the Hydrus-1D software. The soil hydraulic 
functions were parameterized with the  van Genuchten/ 
Mualem model. A seepage-face was selected as lower 
boundary condition in all simulations. Potential evapotran-
spiration (ETpot [mm day−1]) was calculated by the Penman-
Monteith-Equation and partitioned into evaporation and 
transpiration by a simple linear partitioning approach (see 
Figure 4 for details). We used the water stress response 
function of Feddes to calculate root water uptake as func-
tion of pressure head. The plant parameters of the Feddes 
function were adopted from the internal database of Hy-
drus-1D. 

Since measurements of the initial conditions for water 
flow were not available, the simulations were run with a 
burn-in period. We simulated the lysimeters for a period of 
912 days (01.01.2003 - 30.06.2005) in order to get a reas-
onable estimate of the water content at the time of brom-
ide application  (04.03.2004). The cumulative seepage flux 
before this date had to be estimated and was adjusted 
manually during inverse parameter estimation. Solute 
transport was simulated with the convection-dispersion 
equation, assuming a retardation factor of 1. Bromide up-
take into plants was proportional to water uptake, which is 
in accordance with high-precision measurements from 
other lysimeter studies (J. Fank, personal communication). 

Inverse Modeling Inverse Modeling 

Our study demonstrates that the outflow behaviour of 
undisturbed sandy and silty soil monoliths can be de-
scribed adequately by the Richards equation under the 
strongly simplifying assumption of homogenous soils. 
The overall water balance of all lysimeters was matched 
with great precision by only estimating the soil hydraulic 
properties.

The plant uptake of bromide amounted to 40% and 90% 
in the sandy and silty monoliths, respectively. Such high 
uptake fractions could be described well by the unsatur-
ated flow and transport model accounting for root water 
uptake of water and tracer. This implies that a mass loss 
of bromide of up to 95% caused by plant uptake could 
be explained by the model. Our study does, however, 
not reveal how to predict the fraction of tracer uptake as 
function of soil texture in general, because the uptake 
depends highly on the unsaturated water dynamics. 

Solute transport in the sandy monoliths can be simu-
lated well by the single-region convection-dispersion 
equation. This is opposed to the silty monoliths, where 
the breakthrough curves exhibit a bimodal shape. Obvi-
ously, spatial heterogeneity is much more pronounced 
for the silty soils which prevents the applicability of the 
standard CDE in this case. Dual permeability model simu-
lations could capture the observations, but experiences 
with this model in the framework of inverse modelling 
are still rare and still suffer from limited computational 
resources and numerical difficulties.
  
Our inverse simulation results represent reasonable 
scenarios, assuming simplified effective transport pro-
cesses. They do not reflect a single and unambiguous 
truth. To further corroborate hypotheses about the un-
derlying transport processes, measurements of state 
variables of soil water flow, the temporal development 
of rooting depth and density, bromide uptake by plants, 
and the final depth distribution of bromide in the profile 
are indispensable.
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