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From the beginning of the 20th century on, the region 
around the city of Nordenham, situated at the Weser
estuary in northern Germany, is polluted by high air-
borne immissions of heavy-metal-loaded dusts. Main 
emission source is a metal smelter in the vicinity of the 
city. Based on data originally collected in 1993 to 
evaluate the actual pollution situation of soils within the 
region, an estimate of the future contamination of soil 
water that reaches the ground-water level (the so-
called Sickerwasserprognose as required by the 
German soil protection act, BBodSchV, 1999) was 
carried out for the heavy metal Cadmium. 

Concentrations of cadmium in water reaching the 
ground-water surface were predicted by performing a 
regional scale stochastic simulation of Cd-
displacement for single blocks at the field scale. 
Spatial variability of the sorption characteristics of the 
soil, as caused by variations in the soil-pH and organic 
carbon content (Fig. 1) was explicitly considered.  

The main objective of this work was to analyze how  
spatial variability and uncertainty of controlling 
variables propagates into uncertainty in local and area-
related model outputs. In order to differentiate between 
the influences of variability and uncertainty, the 
simulation of Cd-displacement was carried out as a 2-
dimensional Monte Carlo simulation (Heuvelink and
Pebesma, 1999).

Problem

Figure 1: Conceptual model of Cd-displacement in soil: The 
displacement velocity is generally controlled by sorption 
strength (determined mainly by spatially variable soil-pH and 
organic carbon content) and water fluxes. 
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Model concept
• Cd-displacement is modeled on a grid of blocksize
100 x100 m. Blocks are discretized by a 20 x20 m grid.
•Transport is 1-dimensional (convection-dispersion-
equation) at the local scale and is described by a 
parallel-soil-column approach at the block scale.
• Variograms of sorption-controlling soil properties are 
used to generate a spatially correlated set of random 
model-inputs by conditional stochastic simulation 
→ 25 model inputs for each block in dimension V
(spatial variability). 
• Uncertainty is implemented by repeating the 
conditional stochastic simulation 25 times
→ 25 x 25 = 625 model inputs for each block (Fig. 2).

• 2D-Monte Carlo simulations yield within each 
block 25 empirical cdf (cumulative distribution 
functions) of local model outputs as measures of 
spatial variability (Fig. 3a).
•Determination of block-related model outputs (e.g. 
block mean) by spatial aggregation. Uncertainty is 
expressed by the empirical cdf of block-related model 
outputs (Fig. 3b).
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Figure 2: For each of 25 local grid nodes in dimension 
“variability” 25 random model inputs are generated in 
dimension “uncertainty” with respect to spatial correlations.
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Figure 2: For each of 25 local grid nodes in dimension 
“variability” 25 random model inputs are generated in 
dimension “uncertainty” with respect to spatial correlations.

Figure 3: Spatial variability of local model outputs is 
characterized by a population of 25 cdf (a), uncertainty of 
block-averaged results by a single cdf (b).

1. Regionalization of model-inputs
• Cd-content: Interpolation by Lognormal Block-Kriging
• Sorption properties soil-pH and  organic content: 
Generation of horizontally plus vertically correlated, 
parallel, random soil-columns (Ingwersen, 2001).

2. Reconstruction of Cd-deposition fluxes
• deposition rates are assumed to be proportional to 
annual production rates of the metal smelter.

3. Implementation of Cd-sorption
• Estimation of sorption isotherm parameters (Streck & 
Richter, 1997) on the basis of measurements of soil-
pH, organic carbon content, and concentrations of Cd  
in the soil solution and adsorbed to the matrix: 

S=k* [H+]aocb Cm.

4. Model validation by hindcast-simulation
• Simulation of Cd-displacement from 1909 (initial 
operation of the smelter) until 1993 (year of sampling 
campaign); comparison with simulated Cd-profiles.
5. Forecasting the displacement of Cadmium
• 2D-Monte Carlo simulation until 2200 for 19 blocks.

Implementation
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Results and conclusions
An example of simulation results (Cd-concentrations 
in leakage water at the groundwater-surface) for one 
single block in the year 2200 is presented in Fig. 4. 
The uncertainty-ranges shown are formed by a popu-
lation of 25 cdf (c.f. schematic example in Fig. 3a). 
Each single cdf represents spatial variability of model 
results within a block. Although uncertainty (horizontal 
spread of the population) is quite large, variability here 
is clearly the dominant factor. 

In 2200, expected Cd-concentrations will exceed the 
critical value of the German Soil Protection Act in 
90% of the block area. The 90%-uncertainty interval 
for this area ranges from 68% to 100%. For each of 
the cdf, a spatially aggregated model result - e.g. the 
block mean - can be calculated (c.f. schematic 
example in Fig. 3b). Uncertainty of the average block 
mean (aggregated in probability space) can be 
characterized by its 90%-prediction-interval. Block 
mean and corresponding prediction-interval for a 
single block are presented in Fig.5 as breakthrough 
curves. With a confidence of 90% the block mean will 
exceed 5 µg l-1 between 2047 and 2091. 
Considering simulation results of all 19 blocks, 
the following conclusions can be drawn:
• Local as well as block-aggregated Cd-concen-
trations (block mean) can be expected to exceed the 
critical value of 5 µg l-1 in the next 50 to 150 years. 
• Spatial variability of predicted Cd-concentrations is 
very large even at the block scale of 100 x100 m. 
• Spatial variability is superimposed by a high amount 
of predictive uncertainty. However, uncertainty does 
not question that critical values will be exceeded.

Figure 4: Population of 25 empirical cdf of local Cd-
concentrations (presented as uncertainty ranges).

Figure 6: Breakthrough curves of Cd in seepage water at the 
groundwater-surface: block mean and 95%-percentile of 
local concentration, both with 90%-prediction-intervals.

bl
oc

k
ar

ea
lf

ra
ct

io
n

[%
]

Cd in solution [µg l-1]

0

20

40

60

80

100

0 10 20 30 40 50

uncertainty ranges
 99 %
 90 %
 50 %
 mean value

critical value
bl

oc
k

ar
ea

lf
ra

ct
io

n
[%

]

Cd in solution [µg l-1]

0

20

40

60

80

100

0 10 20 30 40 50

uncertainty ranges
 99 %
 90 %
 50 %
 mean value

critical value

0

20

40

60

80

100

0 10 20 30 40 50

uncertainty ranges
 99 %
 90 %
 50 %
 mean value

critical valuecritical value

0

1

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

blockmean 

aggregated
blockmean

(a) (b)

0

1

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

local model output

block-
mean

0

1

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

blockmean 

aggregated
blockmean

(a) (b)

0

1

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

local model output

block-
mean

year

C
d

in
 s

ol
ut

io
n 

[µ
g 

l-1
]

2000 2050 2100 2150 2200
0

10

20

30

40

50

60
 blockmean
 90%-prediction-intervall
 95%-percentile
 90%-prediction-intervall           
 limit-value 

year

C
d

in
 s

ol
ut

io
n 

[µ
g 

l-1
]

2000 2050 2100 2150 2200
0

10

20

30

40

50

60
 blockmean
 90%-prediction-intervall
 95%-percentile
 90%-prediction-intervall           
 limit-value 


