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1. INTRODUCTION 

The Geological Survey of the Netherlands builds and maintains two different types of nation-wide models: (1) layer-
based models in which the subsurface is represented as a series of tops and bases of geological or hydrogeological 
units and (2) voxel models in which the subsurface is subdivided in a regular grid of voxels containing several 
geological properties. Layer-based models include the geological framework model DGM (Digital Geological Model, 
Gunnink et al., 2013) and the hydrogeological model REGIS II (Regional Geohydrological Information System, 
Vernes and Van Doorn, 2005). Voxel models include NL3D with voxels of 250 by 250 by 1 m, and the detailed 
GeoTOP model with voxels measuring 100 by 100 by 0.5 m (Stafleu et al., 2011). 

Modeling typically starts with a geological framework and this is then further refined to include user-specific 
parameters. In geohydrological applications, the geological framework model is used to distinguish geological units 
that act either as aquifer or as aquitard and to further parameterize these units with hydrological parameters, like 
porosity and hydraulic conductivity. 

This extended abstract describes the parameterization for geohydrological applications of both the layer-based model 
REGIS II and the voxel model GeoTOP. The main emphasis is on building spatially distributed models of hydraulic 
conductivity, which are consistent with the geological model and can be used in groundwater flow modeling.  

Hydraulic conductivity is a key parameter in geohydrological modeling. Direct measurements of hydraulic conductivity 
at the model-scale are often not available. Instead, hydraulic conductivity measurements are derived from pump-tests 
(which are costly and often multi-interpretable), from empirically derived relationships with grain-size distributions or 
by measuring hydraulic conductivity of small volumes of sediments that are extracted from boreholes. This results in 
the concept of “the missing scale” (Tran, 1996), and upscaling is necessary to derive meaningful parameters at the 
model-scale. 

2. REGIS II: PARAMETERIZATION OF A LAYER-BASED HYDROGEOLOGICAL MODEL 

The layer-based models DGM and REGIS II cover the entire country of the Netherlands and subdivide the subsurface 
in geological units (DGM), while REGIS II further subdivides the geological units into aquifers and aquitards. The 
models are based on a dataset of some 16,500 boreholes, evenly distributed over the country. Each interval in the 
boreholes is classified into one of 7 lithological classes (peat, clay, sandy-clay, fine sand, medium sand, coarse sand 
and gravel), which form the basis for the parameterization of the aquifers and aquitards in the REGIS II model. 
Hydraulic conductivity measurements are only sparsely available, and therefore hydraulic conductivity was correlated 
with the lithological classes and then interpolated to populate the entire volume of the geohydrological unit. 

The procedure is as follows: 

1. For each interval in the borehole, the sediment is classified into geological unit (at Formation or Member 
level) and into one of 7 lithological classes. 

2. In each borehole, aquifers and aquitards are distinguished, based on the lithological classes. This distinction 
is applied separately for each geological unit; thus, individual aquifers and aquitards always belong to a 
single geological unit, and do not cross unit boundaries. 

3. Representative minimum and maximum hydraulic conductivities (based on experience and literature) are 
extracted from a database and applied to each lithological interval; the database contains hydraulic 
conductivities for each combination of geological unit and lithological class. 

4. All borehole intervals that belong to an individual aquifer or aquitard are grouped and upscaled to a 
representative hydraulic conductivity for the aquifer or aquitard at the location of the borehole. 
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5. Interpolation using Kriging with uncertain data results in a raster layer for the entire aquifer or aquitard. 

The upscaling in step 4 takes the thickness of each borehole interval into account and uses the arithmetic mean for 
horizontal, and the harmonic mean for vertical hydraulic conductivity. By assuming a log-normal distribution, the 
minimum and maximum conductivities are used to construct a probability density function (pdf) from which we 
repeatedly sample (at random) hydraulic conductivities for each borehole interval. The individual samples for each 
aquifer or aquitard are then processed to obtain the average hydraulic conductivity and the corresponding standard 
deviation. The Kriging interpolation uses the average and standard deviation for each aquifer or aquitard at the 
borehole location to calculate hydraulic conductivity for the entire aquifer or aquitard. Examples are given in Figure 1. 
In this way, the entire country is parameterized, resulting in 128 aquifers and aquitards. 

 

Figure 1. Two examples of hydraulic conductivity for the REGIS II model. Sandy aquifer with horizontal hydraulic 
conductivity (left); clayey aquitard with vertical hydraulic conductivity (right). 

3. GEOTOP: PARAMETERIZATION OF A VOXEL MODEL 

GeoTOP schematizes the shallow subsurface in millions of voxels of 100 by 100 by 0.5 m up to a depth of 30-50 m. 
Each voxel contains estimates of the lithostratigraphical unit the voxel belongs to, the lithofacies, and the main 
lithological class (peat, clay, sandy clay, sand, and, if applicable, sand grain-size class). From a limited number of 
selected boreholes, undisturbed samples were collected to determine the hydraulic conductivity using either the 
constant head method (for sandy samples) or the falling head method (for clayey samples).  

In order to link hydraulic conductivity, measured on the small-sized samples,  to the GeoTOP voxel model, the 
samples were classified into lithostratigraphical unit, lithofacies and lithological class. This resulted in a unique 
dataset of geologically classified samples with hydraulic conductivities. Hydraulic conductivity is measured for a small 
volume: 0.0004 m3 for sandy samples and even smaller for clayey samples. The model block-scale of GeoTOP (5000 
m3), however, is several orders of magnitude larger, making some kind of upscaling necessary (Figure 2, left). 
Several upscaling methods exist, but none of these take the internal heterogeneity at the model-scale into account. 
Especially lithofacies units with layered sediments and lithofacies units with short-scale variation (for instance rapid 
alternations of sand and clay in tidal deposits) are important to consider in the upscaling method (Figure 2, right). 
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Figure 2. Difference in scale between measurement and model block (left); alternating sand and clay - typical for tidal 
environments – that influence vertical hydraulic conductivity. 

Geological expert-knowledge about the spatial scale at which the alternations of sand and clay within a voxel occur, 
was used to determine the 3D spatial distribution of lithology within a voxel. The initial GeoTOP voxel (100 by 100 by 
0.5 m) was subdivided into tiny voxels of 0.5 x 0.5 x 0.05 m. Using Sequential Indicator Simulations (SIS), we 
produced 50 spatially correlated models of sand-clay occurrence (Figure 3, left). The proportion of sand and clay was 
allowed to vary between 10% clay - 90% sand and 50% clay - 50% sand. Each of these models was then populated 
with spatially correlated hydraulic conductivities using Sequential Gaussian Simulations (SGS; Figure 3, right). The 
hydraulic conductivities that were used were derived from the distribution of measured hydraulic conductivities for the 
specific lithofacies and lithology. 

  

Figure 3. Spatial configuration of sand and clay (left) and hydraulic conductivity, conditioned on the sand-clay model 
(right). 

For each proportion of clay-sand, the 50 3D models of hydraulic conductivities were then used to calculate an 
upscaled hydraulic conductivity. This was done by applying a ModFlow groundwater flow model to the 100 by 100 by 
0.5 m size voxel, with a vertical head of 1 m and “no-flow”-conditions at the vertical boundaries of the voxel. This 
procedure resulted in 50 upscaled hydraulic conductivities, for each proportion of clay-sand, and for each spatial 
correlation that was used to generate the clay-sand models and the hydraulic conductivity models. 
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Figure 4 presents some results of the upscaling procedure. The upper row shows the vertical hydraulic conductivity, 
as were derived from the measurements on the small samples, while the bottom graph shows the upscaled vertical 
hydraulic conductivity, for a voxel containing 30% clay and 70% sand. This distribution of sand and clay within the 
voxel results in an upscaled conductivity that is considerable larger than the conductivity of the clay samples, but not 
as large as the sandy samples.   

 

Figure 4. Vertical hydraulic conductivity (as measured from the samples) for sand and clay (top row) and upscaled 
vertical hydraulic conductivity for a voxel containing 30% clay and 70% sand. 

Based on the lithofacies-model of GeoTOP, upscaled hydraulic conductivities were assigned to each lithofacies and 
the hydraulic resistance to vertical flow for each voxel was determined by multiplying the upscaled hydraulic 
conductivity by the thickness (in this case 0.5 m). This procedure resulted in a model of the hydraulic resistance of 
the Holocene deposits (Figure 5), which is an important input in regional groundwater flow modeling. 
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Figure 5. Hydraulic resistance for vertical flow in days for the province Zeeland, the Netherlands, based on upscaled 
vertical hydraulic conductivity. 
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