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Several characterisation stages

Surface mapping

─ Hot spot identification

─ Zone priorisation

─ Radiation protection

─ Doubt removal

Volume categorisation

─ Operational waste zoning: 
radiological thresholds, 
migration profiles

─ Source term: scaling factors, 
average activity

Final control

─ Compliance with 
clearance level

─ Residual average 
activity for impact 
assessment
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To introduce geostatistics

Exploratory data 
analysis

• Cleaning and 
consolidation

• Spatial and 
statistical 
analysis

Spatial structure 
(variography)

• Spatial 
continuity 
interpretation

• Integration of 
auxiliary data

Interpolation 
(kriging estimates)

• 2D or 3D maps 
of the 
contamination

• Visual 
representation

Risk analysis 
(uncertainty)

• Area or volume 
categorisation

• Estimation of 
the source term

• Decision making
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Classical formula for the statistical variance
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Alternative formula for the statistical variance

𝜎2 =
1

𝑁2


𝑖=1

𝑁



𝑗=1

𝑁
1

2
𝑧𝑖 − 𝑧𝑗

2

Calculating the mean

of variabilities 

between each 

pair of points

So we can take benefit from 

the distance between point i and point j
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Key tool in geostatistics

Base map Variogram cloud Variogram

Spatial variability to be interpeted and fitted→
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Variogram key points

Range

Sill

Nugget effect
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Three spatial signatures…
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Three spatial signatures…

Random Continuous Differentiable

Nugget Exponential Gaussian
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…in the nuclear context (environment)

Waste in a trench Contaminated soils Plume in 

groundwater

More and more continuous behaviour
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…in the nuclear context (buildings)

Waste packages Building structures Activation

More and more continuous behaviour
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…for temporal variations (Covid-19)

Hospital capacities Incidence rate

Temporal fluctuations of reanimation entries

⚫ Long-term range (60 days)

⚫ Weekly variations (7 days)
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Geostatistics workflow on Fukushima (large scale)

Exploratory data 
analysis

• Cleaning and 
consolidation

• Spatial and 
statistical 
analysis

Spatial structure 
(variography)

• Spatial 
continuity 
interpretation

• Integration of 
auxiliary data

Interpolation 
(kriging estimates)

• 2D or 3D maps 
of the 
contamination

• Visual 
representation

Risk analysis 
(uncertainty)

• Area or volume 
categorisation

• Estimation of 
the source term

• Decision making
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Application case: Fukushima
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Application case: RM2 facility
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Application case: RM2 facility

Interpolation Uncertainty Classification+ =
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Filter room MAR200 (CEA Marcoule)

Historical Dose rate Samples

170 m², concrete slab 
30 cm thickness

Two major events of 
contamination

545 measures, 
remotely
(50 cm mesh)

13 points in 3 phases

Migration profiles

Correlation between 
nuclides



20

Filter room MAR200 (CEA Marcoule)

VLLW/LLW

LLW/ILW

ILW/HLW

Waste 
categorisation
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Former moat (CEA Fontenay-aux-Roses)

Historical Investigations Historical (bis)

Presence of Cs-137 
at 3-4 m depth in 1999

Volumes with
existing data in 2007
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Former moat (CEA Fontenay-aux-Roses)
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Former moat (CEA Fontenay-aux-Roses)

• 2000 m3 of conventional waste

• 2000 m3 of Very-Low-Level waste
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Precisions on nugget effect

Random contribution (no spatialisation)

Possible origins of nugget effect

•Huge heterogeneity at small scale

•Perturbation of the environment during the samplingPhenomena

•Measurement uncertainty or laboratory uncertainty

•Successive measurements are not identical
(temporal fluctuation for dose rate for instance)

Metrology

•Errors and uncertainties of positioning (GPS)

•Height variation, matrix…Location

Nugget effect
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Identification of spatial outliers

Spatialy close pairs 
of points but with
high variability on 
the variogram cloud
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Back to exploratory data analysis

Soil composition 
and GPS issues
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Variance decomposition (CEA G2 dataset)
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Variance decomposition (CEA G2 dataset)
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Variance decomposition (Eurachem dataset)

100 Samples (p45) 2x2x10 Replicates (p46)
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Variance decomposition (Eurachem dataset)

Spatial 
structure

Sampling duplicates

Measure replications
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Support effect and spatial structure
0.1 x 0.1 m 0.5 x 0.5 m 0.9 x 0.9 m
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Multivariate geostatistics: Case presentation

Workshop D of ATUE facility (CEA Cadarache)
Historical and functionnal analysis

Production of metallic uranium, then uranium oxides

Two physical states of uranium : dry way / wet way

800 m²  
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Multivariate geostatistics: Variography analysis

Coupling between different radiological investigations

Cross-variogram: γ𝑧1𝑧2 ℎ =
1

2
𝐸 𝑧1 𝑥 + ℎ − 𝑧1 𝑥 𝑧2 𝑥 + ℎ − 𝑧2 𝑥
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Multivariate geostatistics: Mapping comparison

In situ data+In lab data0

[..]

Z*



Smart use of the 
variogram to explore 
spatial data, to break 
down variance 
contributions and to 
model radiological 
contaminations

3 Advanced use of the variogram 

2 Application cases

1 Variogram presentation

4 Impact on sampling strategy

5 Conclusions



37

Investigation optimisation

Initial mesh
determination

Geometrical context

Historical analysis

Feedback on spatial 
structures

Target size

Adding extra
measurements

Uncertainty reduction

Manual approach

Automatic algorithm

Positioning of 
destructive samples

Correlation with 
surface maps

Specific vertical 
recommendations

Feedback on 
migration profiles
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Experimental variograms with 1 m mesh
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Geostatistics point of view

Concrete

Soils

Ground 
water

Post-
accidental
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Narrative arc: Workshop D (ATUE – CEA Marcoule)

Historical and functionnal analysis

Production of metallic uranium, then uranium oxides

Two physical states of uranium : dry way / wet way

≈800 m² (54 m by 15 m)
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Historical context

Different 
processes

Consequences on 
the sampling 
optimisation

Wet way Dry way
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Positioning of destructive samples

Prior knowledge (incidents…)

Multivariate with in situ mapping
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3D variogram and anisotropy

Generaly, the 
vertical variability
(along-borehole) 
is higher than the 
horizontal one 
(between-boreholes)
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Additional comments

Migration profiles and vertical resolution

In lab analyses
• Dose | Gamma | Beta | Alpha 
• Ratio variation

(both laterally and vertically)
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Examples of vertical profiles

« Classical » shape

First mm (even cm) 
in concrete

A few tens of cm 
in soils

Several peaks

Lithology impact

Difference of concrete quality

Older contamination…
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Variogram, the smart tool

• To explore spatial data
• Data errors, coordinates uncertainty
• Quantification of the spatial correlation

• To break down variance contributions
• Phenomenon, metrology, sampling issues
• As regards spatial correlation

• To model radiological contaminations
• 2D and 3D maps, along with estimation uncertainty
• Taking spatial correlation into account
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