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Abstract:  

Characterization of contamination in soils resulting from nuclear activities is a crucial issue for site 
remediation. A classical approach consists in delineating the contaminated zones based on a 
geostatistical estimation calibrated from measured activities, but it results in high uncertainties when 
the number of measurements is low and/or the spatial variability of the studied variable is governed by 
complex processes. In order to reduce these uncertainties, a novel approach, called Kriging with 
Numerical Variogram (KNV), is developed: the variogram is computed from a set of physically-based 
flow-and-transport simulations rather than from the measurements. 

The KNV approach is assessed on a two-dimensional synthetic reference test case reproducing the 
migration of a tritium plume within an unsaturated soil with hydraulic properties highly variable in 
space. In this case, the KNV method reduces the mean absolute error by 50% to 75% compared to 
classical geostatistical approaches, depending on the sampling scenario. The performance of KNV 
regarding the classification into contaminated or not-contaminated zones is yet sensitive to the 
contamination threshold. 

The KNV approach could thus help to better estimate volumes of soils to be decontaminated in the 
context of remediation of nuclear sites. This approach can be transposed to other scales of 
heterogeneities, such as systems with several geological units, or other pollutants with a more 
complex chemical behaviour, as soon as a numerical code that simulates the phenomenon under 
study is available. 

1 INTRODUCTION 

Kriging is used to map contamination in soils and groundwater by providing estimates of 
pollutant concentration at unsampled locations (e.g., [1] and [2]). However, the quality of the 
kriging estimator strongly depends on the ability to model the spatial structure of the studied 
variable through the variogram or the covariance function. In particular, the kriging estimator 
is often poorly accurate if the number of sampled values is low or if the spatial variability of 
the studied variable is governed by complex processes ([3] and [4]). 

Physically-based numerical simulations of flow and solute transport are another widely used 
approach to assess contaminated soils and groundwater (e.g., [5] and [6]). Such simulations 
take into account complex processes governing contamination spread but they require a 
relevant definition of initial and boundary conditions, as well as internal hydraulic properties. 
Within the unsaturated zone, the inference of these hydraulic properties is difficult, time-
consuming and the induced uncertainties result in a lack of accuracy in the characterization 
of the contaminated areas ([7]). 
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The present study aims at combining kriging and flow-and-transport simulations, by 
computing the mean of experimental variograms from outputs of numerical simulation (hence 
they are called numerical variograms), in order to improve the characterization of a 
contaminant plume under a complex configuration, i.e., by considering transient unsaturated 
flow and highly variable hydraulic properties. 

2 KRIGING WITH NUMERICAL VARIOGRAM (KNV) 

Ordinary kriging is widely used to map pollutant concentrations in soil and groundwater. The 
estimate of the variable of interest Z at a target point x0, Z*(x0), is a linear combination of the 
observations: 

               

 

   

 

where λa are the kriging weights to be determined and xa are the locations of the N 
observations. Ordinary kriging assumes that (i) the mean of the regionalized variable (Z) 
under study is constant but unknown; and (ii) the variance of any increments, i.e. the 
variogram function is known for any pairs of points in the studied domain ([8]). 

Instead of computing the variogram from observations, numerical variograms are computed 
from several realizations of Z. These realizations result from a physically-based model, e.g., 
flow and transport simulations of a contaminant plume for the application presented in this 
study. The numerical variogram γ between two points x and x’ is the average of the 
increments computed on the P realizations: 

        
 

 
 

 

 
           

   
 

 

   

 

where Zp(x) (resp. Zp x’ ) is the value of Z at location x (resp. x’) for the p-th simulation. 

3 METHOD 

In order to assess the KNV approach, a synthetic reference test case is considered. This 
reference case consists in a two-dimensional vertical domain of 100 m large by 15 m deep in 
an unsaturated zone contaminated with a point source of tritiated water, and it is built as 
follows: 

- A triplet of random fields describing the proportions of sand, silt and clay (i.e., soil 
textural properties) are generated by considering (i) a normal distribution of these 
proportions; and (ii) a spatial variability implemented through an exponential 
variogram with anisotropy between the horizontal and vertical directions. 

- The textural properties are converted into Mualem-van Genuchten hydraulic 
parameters, governing unsaturated flow ([9] and [10]), by means of the rosetta3 
pedo-transfer function ([11]). 

- The hydraulic parameter fields are used as inputs to MELODIE flow-and-transport 
numerical code ([12]) for simulating the evolution of the tritium plume during five 
years. 

Both the soil texture and the tritium activity are sampled in seven boreholes crossing the 
reference case (Fig. 1). The KNV approach is then carried out to estimate the tritium activity 
within the whole domain from these punctual sampling: 

-The sampled soil textures are used to compute experimental variograms, which allow the 
generation of 2,000 triplets of conditional fields of sand, silt and clay contents. 

- The textural property fields are converted into hydraulic parameter fields by means of 
rosetta3 pedo-transfer function. 
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- The hydraulic parameter fields are used as inputs to the flow-and-transport code to 
simulate 2,000 tritium plumes (all the other model parameters are kept constant 
compared to the reference test case). 

- The set of 2,000 simulated plumes is used to compute the numerical variograms 
between each couple of points needed to build the kriging system. 

The KNV estimates are compared to the activities of the reference test case and two other 
kriging methods are used as benchmarks, ordinary kriging (OK, [8]) and kriging with an 
external drift (KED, [13]). 

 

Fig. 1. Reference test case: simulated tritium plume (a); and activities sampled for assessing 
the KNV approach (b). 

4 RESULTS 

The maps of estimation are almost similar for the three methods (Fig. 2). Yet, the errors are 
higher for OK (Root Mean Square Error, RMSE = 161 Bq.m-3H20) and KED (RMSE = 138 
Bq.m-3H20) than for KNV (RMSE = 89 Bq.m-3H20). 

 

Fig. 2. Map of estimation obtained with the OK (a), KED (b) and KNV (c) approaches; and 
maps of corresponding estimation errors (d, e and f). 

The proportion of false-positive (i.e., contaminated on the estimation, not contaminated on 
the reference) surface is smaller for KNV that for OK, whatever the contamination threshold 
(Fig. 3a). This proportion is reduced of 10%, except for contamination thresholds above 
1,000 Bq.m-3H20. The proportion of false-positive surface is smaller for KED than for KNV for 
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very low contamination thresholds (below 20 Bq.m-3H20); for higher contamination 
thresholds, KNV leads to smaller proportion of false-positive surfaces than KED.  

The proportion of false-negative (i.e., contaminated on the reference, not contaminated on 
the estimation) surface is slightly higher for KNV than for OK and KED for contamination 
thresholds below 500 Bq.m-3H20 (Fig. 3b). For higher contamination thresholds, KNV 
performs better than OK and KED. 

 

Fig. 3. Proportion of false-positive (a) and false-negative (b) surfaces in function of the 
contaminated threshold. 

5 CONCLUSION 

The KNV approach, consisting in using flow-and-transport simulation outputs to compute 
numerical variograms, appears to perform better than standard geostatistical tools to improve 
plume characterization. Additional tests show that KNV appears to be particularly interesting 
when the available observations are scarce (when reference test case activity is sampled in 
four boreholes, OK RMSE is 348 Bq.m-3H20; KED RMSE is 174 Bq.m-3H20; and KNV RMSE 
is 147 Bq.m-3H20). 

The assessment procedure detailed in this study is based on a synthetic case study with 
boundary conditions supposed to be exactly known. The next step will be to carry out the 
method on an actual contaminated site. 

 

This work is part of the Kri-Terres project, supported by the French National Radioactive 
Waste Management Agency (Andra) under the "Investments for the Future" Program. 

More details about this work are given in a research article submitted for publication in a 
scientific peer-review journal ([14]).  
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