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Abstract  14 

Reliable groundwater model predictions are dependent on representative models of the geological environment, 15 

which can be modelled using several different techniques. In order to inform the choice of the geological 16 

modelling technique, the differences between a layer modelling approach and a voxel modelling approach were 17 

analyzed. The layer model consist of stratigraphically ordered surfaces, while the voxel model consist of a 18 

structured mesh of volumetric pixels. Groundwater models based on the two models were developed to 19 

investigate their impact on groundwater model predictions. The study was conducted in the relatively data-dense 20 

area Egebjerg, Denmark, where both a layer model and a voxel model has been developed based on the same 21 

data and geological conceptualization. The characteristics of the two methodologies for developing the 22 

geological models were shown to have a direct impact on the resulting models. The differences between the 23 

layer and the voxel models were however shown to be diverse and not related to larger conceptual elements with 24 

few exceptions. The analysis showed that the geological modelling approaches had an influence on preferred 25 

parameter values and thereby groundwater model predictions of hydraulic head, groundwater budget terms and 26 

particle tracking results. A significance test taking into account the predictive distributions showed that for 27 

many predictions the differences between the models were significant. The results suggest that the geological 28 

modelling strategy has an influence on groundwater model predictions even if based on the same geological 29 

conceptualization.  30 

Keywords: numerical modelling; conceptual models; capture zone; groundwater exploration; geological 31 

modelling.  32 
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1 Introduction 34 

Realistic groundwater models require a good understanding of the hydrogeological conditions of the subsurface. 35 

The conceptual hydrogeological model summarizes the current knowledge about a specific groundwater system 36 

describing the dominating processes and the overall physical structure of the system (Gupta et al. 2012), 37 

including geological architecture of the subsurface. The conceptual model is often a 2D sketch based on field 38 

data, and expert geological knowledge. In a numerical groundwater model, this conceptual understanding has to 39 

be translated into a hydrogeological model, describing the spatial distribution of hydrogeological parameters 40 

that controls the storage and movement of groundwater. Integration of geological knowledge is necessary 41 

because geological data are often sparse and the subsurface therefore not sufficiently sampled to generate a 42 

geologically consistent model only based on the available data (Jessell et al. 2014).  43 

Hydrogeological models can be divided into two main groups. The first group is the ‘cognitive’ (knowledge-44 

driven) models, where a geologist builds the model manually in a visualization software by integrating all 45 

available information. In this work, knowledge regarding both the geophysical methods and geological 46 

processes are utilized during interpretation. The modelling approach results in a single model that represents the 47 

geologist's best estimation of the geological setting (e.g. Royse 2010; Wycisk et al. 2009). The two most 48 

common approaches for manual, cognitive modelling are the layer modelling approach (e.g., Moya et al. 2014; 49 

Lekula et al. 2018; Herzog et al. 2003) and the voxel modelling approach (e.g. Jørgensen et al., 2015; Prinds et 50 

al., 2020; Stafleu et al., 2011). Layer models consist of layers between interpreted surfaces stacked in 51 

stratigraphic order, while voxel models consist of a structured mesh of volumetric pixels (voxels) that are 52 

assigned specific lithological units (Turner 2006).  53 

The second group of hydrogeological models is the (data-driven) geostatistical methods, where a number of 54 

equally plausible realizations of the geological setting is calculated based on a given set of data, conditions and 55 

assumptions. Recently, the use of geostatistics for hydrogeological modelling of areas with geophysical data has 56 

been a focus of research using several different geostatistical approaches (e.g. Vilhelmsen et al. 2019; Barfod et 57 

al. 2018; Madsen et al. 2021; Gunnink and Siemon 2015). Geostatistical modelling has proven to be relevant in 58 

relation to numerical groundwater modelling and research (He et al. 2013; Refsgaard et al. 2012; Feyen and 59 

Caers 2006). Most of the geostatistical modelling approaches result in a set of realizations that are defined 60 

within voxel grids. In this project, we will focus on the models produced in the knowledge-driven cognitive 61 

approach. However, many of the considerations regarding handling of the voxel grid in the groundwater 62 

modelling workflow is also relevant and applicable when geostatistical voxel models are used in groundwater 63 

modelling.  64 

The voxel model generally allows a higher detail in terms of number of units and shape of geological structures 65 

than the layer model. The layer model is here restricted by an initial choice of number and order of continuous 66 

layers. The number of layers is constrained due to difficulties in handling a high number of surfaces when 67 

interpreting the geology. The voxel model is on the other hand restricted by an initial choice of grid cell size and 68 

therefore cannot describe the precise location of layer boundaries. This affects the ability to describe geological 69 

units with small thicknesses and units, which are pinching out. In this regard, the layer model allows a higher 70 

precision in the location of a layer boundary. As the voxel model allows for higher detail in geological 71 
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variability, the workload associated with a voxel model is significantly higher than the workload associated with 72 

the generation of a layer model.  73 

The voxel modelling approach have typically been chosen in studies where highly detailed models are needed 74 

(e.g. Høyer et al., 2019) and/or in areas with high geological complexity that is difficult to model satisfactorily 75 

with the layer modelling approach (Høyer et al. 2015). It is assumed that because the heterogeneity of the voxel 76 

model is not limited by an initial choice of number of layers, it is more appropriate in areas of complex geology, 77 

whereas the layer modelling approach is only appropriate in areas of layered sedimentary strata.  78 

Given the characteristics and limitations of the two approaches, the two geological modelling techniques will 79 

produce different results. The aim of this study is to investigate the impact of layer modelling and voxel 80 

modelling techniques on groundwater model predictions. As field site, the Egebjerg area, Denmark, is selected. 81 

This area is characterized by an abundance of geological and especially geophysical data in a typical glacial 82 

geological setting dominated by Quaternary deposits on top of Miocene, Paleogene and Cretaceous deposits. 83 

The geological structure is rather complex with several buried valleys, cross cutting each other, glacial tectonic 84 

disturbances and a deep tectonic fault zone in the catchment. The landscape is characterized partly by some of 85 

the steepest slopes in Denmark, partly by end moraines and dead-ice reliefs. Both a layer model (Andersen and 86 

Sandersen 2020) and a voxel model (Jørgensen et al. 2010) have been developed for the area. Groundwater 87 

models are developed based on the two different geological models. Results from the groundwater modelling of 88 

hydraulic head, flow budget, recharge area for a well field and particle tracking ages are compared for the two 89 

geological models. To our knowledge, a comparison study of the impact of the geological modelling approach 90 

on groundwater flow predictions has not been presented before. 91 

The remainder of this paper is organized as follows. First, the area in which this study has been performed is 92 

presented. In Section 3, the methodology by which the geological models have been developed and how they are 93 

compared is presented. In Section 4, the results of the direct comparison of the geological models and the 94 

groundwater models of the different geological models are presented. Finally, the presented results are discussed 95 

as well as the limitations and implications of the study in Section 5. The conclusions are presented in Section 6. 96 

2 Study area and data 97 

The 127 km2 Egebjerg area is situated in the western part of Denmark (Fig. 1d). The catchment is delineated by 98 

the topography, ranging from 0 m a.s.l in the south to 170 m a.s.l. in the north (Fig. 1a). The catchment drains 99 

towards Lake Nørrestrand and Horsens fjord in the south. Approximately 2.7 M m3/year of groundwater is 100 

abstracted for drinking water supply from Quaternary meltwater sand. Højballegård well field, situated in the 101 

middle of the catchment (Fig. 1a) is responsible for about 90 % of groundwater abstraction.  102 
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 103 

Fig. 1 a) Topography of the Egebjerg study area, with the location of Nørrestrand lakes, Horsens Fjord, and the wells of 104 
Højballegård well field. b) Location of buried valleys (Sandersen and Jørgensen 2016) and complex geological structural 105 
areas. c) Data in the model area used in the geological modelling. The available data consist of boreholes, seismic surveys, 106 
Airborne Electromagnetic data (AEM) and Pulled Array Continuous Electrical Soundings (PACES). d) Location of the study 107 
area, Egebjerg. The location of the vertical profile in Fig. 5 is shown in b) and c).  108 

2.1 Conceptual model 109 

A conceptual sketch of the geology in Egebjerg is shown in Fig. 2. The southern part of the study area is 110 

influenced by a deep graben structure (Fig. 1b), which is particularly visible on the surface of the Danian 111 

limestone (Top Chalk Group) (Fig. 2). According to Lykke-Andersen (1979), the graben structure is related to 112 

either salt movement or tectonic movement along faults in the Ringkøbing-Fyn High during the Cenozoic. Low-113 

permeable Paleogene clays and marls that show great thickness, except where tunnel valleys have been eroded 114 

into the deposits, overlay the limestone. Miocene deposits are present as erosional remnants in parts of the study 115 

area and consist of Miocene sand, silt and clay (Jørgensen et al. 2010). The Quaternary deposits constitute 116 

glacial deposits of till, glaciofluvial clay and - sand as well as interglacial deposits. The area is characterized by 117 

multiple buried tunnel valleys that show a complex cross-cut relationship with two preferred orientations; 118 

WNW-ESE and NE-SW (Fig. 1b, Fig. 2) (Sandersen and Jørgensen 2016). The valleys are eroded to different 119 

depths where the deepest one penetrates all the way through the Paleogene deposits and into the limestone. Parts 120 

of the area have been glaciotectonically disturbed (Fig. 1b, Fig. 2). The deformed deposits can occasionally be 121 

recognized in the topography. Generally, the terrain reflects a clayey moraine landscape with dead-ice relief, 122 
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tunnel valleys and an end moraine.123 

 124 

Fig. 2 Conceptual sketch of geological features in the model area. Profile length approximately 15 km, height 450 m.  125 

2.2 Data used for hydrogeological modelling 126 

Geologic information in the area includes borehole information and geophysics (Fig. 1c). The borehole 127 

information originate from a data extraction from November 2009 in the Danish borehole database, Jupiter 128 

(Møller et al. 2009). The database contains information from a total of 794 boreholes within the study area. The 129 

information regards both the drillings (e.g. drilling method, drilling depth, purpose and age) and the samples 130 

(e.g. lithology, stratigraphy and geochemistry). The majority of the boreholes are shallow and only nine 131 

boreholes are deeper than 150 m. The deep boreholes are clustered along a deep buried valley in the central part 132 

of the region and most of them are connected to the Højballegård well field.  133 

Within the study area, three types of geophysical data are available. In the southwest, a short vibroseismic line 134 

(Vangkilde-Pedersen et al. 2006) collected by Aarhus University in 2001 penetrates the area, whereas the 135 

northernmost two-thirds of the area is covered by airborne transient electromagnetic measurements (AEM) 136 

(Sørensen and Auken 2004) from 2007 and Pulled Array Continuous Electrical Soundings (PACES) (Sørensen 137 

1996) from 2009. The AEM and PACES data are extracted from the National Danish geophysics database, 138 

Gerda (Møller et al. 2009). Both AEM and PACES data deliver resistivity information to be used for lithological 139 

interpretation. The AEM information is available as smooth and few-layer inversions, whereas the PACES data 140 

were inverted as three-layer models. 141 

3 Methodology 142 

This section first presents the geological modelling methodology. Next, the model setup and the simulation 143 

method for the groundwater model are presented.  144 

3.1 Hydrogeological models 145 

The layer model and the voxel model are based on the same conceptual model (Section 2.1) and data (Section 146 

2.2). They have been constructed using the geological modelling software GeoScene3D (I-GIS 2021), where 147 

data is visualized and interpreted. Borehole data are color-coded according to lithology (Fig. 5a). The seismic 148 
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line has been depth converted and is shown as a bitmap and the AEM and PACES resistivity information is 149 

shown both as 1D soundings and 3D resistivity grids of the inversion results. Since borehole information at 150 

depth is sparse, the interpretation of the deeper parts of the models are mainly based on geophysical data. The 151 

PACES data provide the best resolution in the topmost 30 m, while the AEM data are used for interpretation of 152 

the layers below. 153 

3.1.1 Layer modelling  154 

The layer model has been constructed following the national guideline (Sandersen et al. 2018). The layer model 155 

is constructed as a hydrostratigraphic model, focusing on layers relevant for groundwater modelling, such that 156 

hydraulically connected geological units with comparable hydraulic properties are interpreted as the same units. 157 

The model contains 14 surfaces from the surface of the Top Chalk Group to the terrain surface with alternating 158 

layers of aquitards and aquifers, respectively. The surfaces Top Chalk Group and Top Paleogene are based on 159 

the corresponding units in the voxel model (Jørgensen et al. 2010) and have only been subject to minor 160 

modifications. 161 

The data are interpreted along an approximately 1x1 km grid of stationary cross sections that are carefully 162 

placed in order to show data optimally and such that they cross important geological features. Moreover, 163 

moveable cross-sections are used to interpret borehole data between the stationary cross sections. Interpretation 164 

points placed at layer boundaries with assigned uncertainties are placed along the profiles. Where possible, the 165 

interpretation points are snapped to layer boundaries in the boreholes or resistivity models. The distance 166 

between interpretation points is a function of data density. In areas with no data, there is a typical maximum 167 

distance of 1 km between the points. The interpretation points are interpolated using kriging with a grid 168 

discretization of 100 x 100 m and later adjusted in GeoScene3D such that no layer overlaps occur. Layers are 169 

defined as the volume between the upper and the lower bounding interpolated surfaces.  170 

3.1.2 Voxel modelling 171 

The Egebjerg voxel model (Jørgensen et al. 2010) was a manual cognitive voxel model developed in the 172 

modelling software GeoScene3D (Jørgensen et al. 2013). The voxel model was constructed as a 3D stratigraphic 173 

voxel model, where the geological history of the model area was in focus. Thus, in the stratigraphic model, 174 

geological elements, structures, and stratigraphic boundaries were modelled and subdivided according to their 175 

origin. The stratigraphic model covers 72 units, where for instance meltwater sand in the different buried valleys 176 

have their own individual categories. An effort was made to model the infill of the buried valleys individually 177 

based on the geological understanding of the tunnel valley generations in the area as mapped by Jørgensen and 178 

Sandersen (2009).  179 

Layer boundaries found during layer modelling were interpreted and used to delimit the main units in the model, 180 

while voxel modelling tools (Jørgensen et al. 2013) were applied to fill the geology between the boundaries. The 181 

model covers the interval from 250 m below sea level to terrain and is discretized voxels with dimensions of 100 182 

m laterally and 5 m vertically. Attributes, such as lithology, stratigraphy and uncertainty were assigned to each 183 

voxel in the voxel grid. The voxel modelling tools for selecting the voxels include, e.g., digitizing of polygons 184 

on cross sections and in horizontal view and tools to select voxels based on the values in the corresponding 185 

resistivity grids (Jørgensen et al. 2013).  186 
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3.1.3 Translation of geological model structures 187 

When constructing the groundwater model, the grid and the subdivision of geological units are modified. An 188 

illustration of the translation of the models is seen in Fig. 3 showing a random profile through the models. The 189 

top row represents the original voxel and layer model, whereas the second row represents the modified versions 190 

of the two models. 191 

The number of geological units is reduced to six from 14 and 72 units in the layer model and voxel model, 192 

respectively (Table S1 of the electronic supplementary material (ESM)). The justification for reducing the 193 

number of units to six is that this is the largest number of common units, which will allow for a direct 194 

comparison of the lithological units. Hence, the parameterization of the modified models is the same. In the 195 

layer model, five Quaternary sand units, four Quaternary clay units and two Miocene clay units are respectively 196 

grouped together, while the remaining units are described by separate categories. Using a comparable approach, 197 

the voxel units are grouped according to these six categories. The Quaternary sand unit is a combination of 61 198 

voxel units and the Quaternary clay is a combination of six voxel ids, while the remaining voxel ids are 199 

described by dedicated categories. 200 

In models LL (Layer model-Layer grid) and VV (Voxel model-Voxel grid) the grid of the original models have 201 

been preserved in the modified models. To ensure that the differences between the model responses are not an 202 

artifact of the model discretization, model LV (Layer model-Voxel grid) has been developed. Here, the layer 203 

model is translated into the grid of the voxel model. Hence, the numerical grid in layer model LV and voxel 204 

model VV is the same. In this translation, layers with a thickness of less than a voxel grid cell will not be 205 

represented (compare model LL to model LV in Fig. 3). Finally, the extent of all models is adjusted to the area 206 

of the groundwater model, both vertically and horizontally (Section 3.2.1).  207 

 208 

Fig. 3 Conceptual illustration of the original and modified model structures for a random profile through the models. The top 209 
row represents the original layer model (Andersen and Sandersen 2020) and voxel model (Jørgensen et al. 2010). The model 210 
structures in the bottom row are modified in terms of geological configuration and grid. The colors represent different 211 
geological units. From the original models to the modified models grey units and green units are lumped together. Three 212 
groundwater models are developed based on the modified geological structures.  213 

3.2 Groundwater models 214 
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3.2.1 Model setup 215 

To evaluate the impact of the chosen geological model structure on groundwater model predictions, a 216 

groundwater model is developed for each model structure visualized in the second row of Fig. 3Error! 217 

Reference source not found.. Steady-state groundwater flow models using MODFLOW-NWT (Niswonger et 218 

al. 2011), are constructed within the open-source Python framework FloPy (Bakker et al. 2016).  219 

 220 

Fig. 4 Egebjerg MODFLOW model setup. The model includes a stream network through the Drain (DRN) package, lakes 221 
and coastline through the General Head Boundary (GHB) package, drains and smaller ditches through the Drain (DRN) 222 
package and abstraction wells through the Well (WEL) package. Observations include hydraulic head observations (HOB) 223 
and stream discharge observations (DROB).  224 

3.2.1.1 Parameterization 225 

The geological models are imported into MODFLOW using the Upstream Weighting package. Each geological 226 

unit is parameterized by a horizontal hydraulic conductivity, a vertical anisotropy and a porosity. The vertical 227 

anisotropy is set to 3, while the porosity is set to 0.3 for all hydrogeological units. 228 

3.2.1.2 Model discretization 229 

The horizontal discretization is specified to 100 m by 100 m based on the grid of the geological models. 230 

Depending on the applied model structure (Fig. 3) the number of grid layers in the groundwater model is either 231 

83 (LV and VV) or 17 (LL) from 165 m a.s.l. to -250 m a.s.l. The vertical extent is based on the extent of the 232 

voxel model. In the voxel grid (LV and VV), the vertical discretization is 5 m. The thickness of the topmost 233 

active numerical layer is set to a minimum of 5 m and the top is defined at the terrain. In the layer grid (LL), the 234 

vertical discretization is based on the vertical extent of the hydrostratigraphic units of the layer model. Each 235 

geological layer represents a single numerical layer in the model except for Paleogene clay, which is subdivided 236 

into three numerical layers, and limestone, which is subdivided into two layers, resulting in 17 layers in total. 237 

These two geological units are subdivided as they have a relatively large thickness compared to the other units, 238 

and initial runs showed that the convergence rate increased by subdividing these units. 239 
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3.2.1.3 Boundary conditions 240 

The extent of the model is based on the configurations of hydraulic head and the distribution of aquifers in the 241 

geological voxel model. The eastern and western boundaries are placed perpendicular to isopotential lines and 242 

are therefore assumed to represent no-flow boundaries and the same assumption is made for the groundwater 243 

divide in northern area. In the southern part of the model area, at the coast and in Lake Nørrestrand, a head 244 

dependent flux boundary is specified through the General Head Boundary (GHB). The boundary is specified in 245 

the top-most active layer with a head specified at 0 m a.s.l. The total model area is 127 km2.  246 

The recharge package (RCH) is used to simulate groundwater recharge to the topmost active cell. The specified 247 

recharge to the saturated zone is retrieved from the Danish Water Resources Model (DK-model) (Henriksen et 248 

al. 2003) for the period 2000-2004. The grid size is downscaled from the original 500 m by 500 m to 100 m by 249 

100 m through bilinear resampling to match the discretization of the model.  250 

The well package (WEL) is used to simulate groundwater abstraction from 50 wells. For the period 2000-2004 251 

the average annual pumping rate was 7322 m3/d (2.7 mio. m3/year), where 90 % is pumped from the 252 

Højballegård well field (Fig. 1a).  253 

The drain package (DRN) is applied to simulate inflow to both streams (DRN-riv, Fig. 4) and subsurface tile 254 

drains and smaller ditches (DRN-drn, Fig. 4). The drain cells representing subsurface drains and smaller ditches 255 

are specified in all of the topmost active cells. The elevation at which the drain becomes active is specified to 1 256 

m below elevation.  257 

3.2.1.4 Observations 258 

The observation data consists of hydraulic head and stream discharge. Hydraulic head observations are obtained 259 

from the Jupiter database (Møller et al. 2009). Observations within 500 m of the edge of the catchment outline 260 

or a well field have been excluded, as the model may not give realistic simulations at these locations. 261 

Additionally, a few observations of poor quality have been excluded, resulting in 109 observation wells (Fig. 4). 262 

Most of the observation wells are screened in the Quaternary units. 263 

A single station located in the southwestern corner of the catchment (Fig. 4) measures stream discharge. The 264 

daily average discharge for the period 2000-2004 is 0.68 m3/s (21.5 M m3/year).  265 

3.2.2 Simulations  266 

Current practices for groundwater modelling is often based on a single, best-fitting model with a single set of 267 

parameters (Barnett et al. 2012; Henriksen et al. 2017). The best-fitting model may be found by auto-calibration 268 

in a least-squares sense, e.g., by using the parameter estimation software PEST (Doherty, 2015). The optimized 269 

parameter values may be accompanied by an estimate of the influence of the parameter uncertainty by assuming 270 

that the model behaves linearly for parameter values around the calibrated values and that the uncertainty can be 271 

approximated by either normal or log-normal distributions. However, the calibrated set of parameter values is 272 

commonly only one of many sets of parameter values that obtain similar performance but could give rise to 273 

different predictions.  274 

For the insights gained in this study to be beneficial to current practices, a number of best-fitting models are 275 

compared. To ensure a comprehensive comparison of the model structures, an ensemble of best-fitting 276 
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realizations for each model will be considered rather than a single, arbitrary, best-fitting model for each model 277 

structure.  278 

To obtain an ensemble of best-fitting models, a Generalized Likelihood Uncertainty Estimation (GLUE) 279 

approach is applied (Beven and Binley 1992). GLUE is a Monte Carlo simulation technique that seeks to 280 

identify a number of behavioral models. In GLUE, it is assumed that many parameter sets will provide equally 281 

good representations of the observed response. Parameter sets are sampled from a prior range of possible values 282 

and the model responses are compared to observations. Based on a subjective threshold, behavioral models are 283 

separated from non-behavioral models. 284 

3.2.2.1 Parameters 285 

The values defining the prior parameter distributions are presented in Table 1. Uniform distributions are 286 

assumed described by maximum and minimum values both defined from experience and literature values. These 287 

distributions represent our prior understanding of the plausible values of the parameters. For parameters ranging 288 

over several orders of magnitude, sampling was performed from log-uniform distributions.  289 

Table 1 Parameter value ranges and distributions used in the groundwater model evaluation of the geological model 290 
structures. Kh refers to horizontal hydraulic conductivity, while cond refers to conductance.  291 

Parameter Alias Minimum Maximum Unit Transform 

Kh Quaternary sand Kh QS 1 100 m/d Log 

Kh Quaternary clay Kh QC 0.01 2 m/d Log 

Kh Miocene sand Kh MS 1 100 m/d Log 

Kh Miocene clay Kh MC 0.001 1 m/d Log 

Kh Paleogene clay Kh PC 0.001 1 m/d Log 

Kh Limestone Kh LS 0.1 10 m/d Log 

Drain cond DRN-drn cond 0.005 0.1 m2/d None 

General Head Boundary cond GHB cond 0.005 0.1 m2/d None 

River cond DRN-riv cond 0.5 10 m2/d None 

 292 

3.2.2.2 Sampling 293 

The parameter values for the realizations are sampled from the prior parameter distributions using the Latin 294 

hypercube approach implemented using lhs class from the open source Python framework pyDOE (Baudin 295 

2013). The latin hypercube designs obtained from pyDOE are transformed to uniform and log-uniform 296 

distributions using the values in Table 1 by applying the classes uniform and log-uniform, respectively, from 297 

the open source Python framework scipy.stats.distributions (Jones et al. 2001).  298 

Parameter values are sampled from the prior parameter space until the predictive distribution of the retained 299 

realizations has stabilized for the predictions of interest. An analysis of the stabilization of the predictions of 300 

interest (Fig. S1 of the electronic supplementary material (ESM)) shows that predictions stabilized in less than 301 

500 retained realizations for all models. 302 
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3.2.2.3 Thresholds 303 

The threshold values between behavioral and non-behavioral models are set at a predefined value based on the 304 

Danish groundwater modelling guidelines (Henriksen et al. 2017). A threshold on mean error of hydraulic head, 305 

root mean square (RMS) error of hydraulic head and river observation error (Criteria 1, 4 and 6, respectively, in 306 

Henriksen et al. (2017)) is applied. Table 2 presents the suggested values in the groundwater modelling 307 

guideline based on two ambition levels: detailed modelling and screening modelling. Detailed modelling is used 308 

in situations where new initiatives of great social significance are to be implemented as well as in planning 309 

situations. Screening modelling is less ambitious, used in situations where only rough assessments are needed.  310 

Based on initial model runs, it was found that the RMS criteria for detailed modelling would be difficult to 311 

achieve. The main reason for this is probably a relatively high degree of heterogeneity, both on the geological 312 

model structure with buried valleys, fault zones, and end moraines, and on the hydraulic properties within layers 313 

or units that could be expected to show a high degree of variability. Therefore, only the detailed modelling 314 

threshold on mean error and river observation error is applied. For the root mean square error, the model 315 

screening threshold value is used. 316 

Table 2 Performance criteria based on the Danish groundwater modelling guidelines (Henriksen et al. 2017). The value of 317 
mean error and root mean square error is based on the assumption that the maximal spatial variation in hydraulic head is 90 318 
m. The applied thresholds are indicated in italics. 319 

Criteria Criteria Model Screening Detailed modelling 

1 Mean Error [m] 4.5 0.9 

4 Root Mean Square Error [m] 9 2.25 

6  River Observation Error [%] 15 5  

 320 

3.2.3 Particle tracking 321 

Based on the retained, behavioral realizations for each model, particle tracking is performed using MODPATH 322 

6 (Pollock 2012). In each cell containing the groundwater table, 20 particles are tracked forward to the discharge 323 

points. The number of particles is based on initial runs showing that the recharge area to the Højballegård well 324 

field stabilizes around 20 particles per cell (Fig. S2 of the electronic supplementary material (ESM)). Only 325 

particles that obtain a travel time of less than 200 years are considered. 326 

The differences in the particle tracking predictions from model LL and those of models LV and VV may be 327 

attributed to the numerical grid (Section 3.1.3). The layer grid in LL consists of vertically distorted layers that 328 

varies in thickness in space. The grid therefore does not align with the orthogonal coordinate system assumed in 329 

MODPATH, which may lead to inaccuracies (Zheng 1994). This is opposed to the grid of models LV and VV 330 

that only feature cells of the same thickness. Therefore, the particle tracking predictions from models LV and 331 

VV will be compared, but the predictions from model LL are also presented.  332 

3.2.4 Statistical significance test  333 

To test whether the predictions of the different models are significantly different, the Kolmogorov-Smirnov 334 

statistical test is applied. The null hypothesis is that the two sets of predictions from the two models are samples 335 
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drawn from the same continuous distribution. For a p-value higher than 5 %, it is assumed that the null 336 

hypothesis cannot be rejected, and thus the two prediction samples are considered to be drawn from the same 337 

distribution. The p-value is calculated using the stats.ks_2samp class from the open source Python framework 338 

SciPy. The results of the analysis will be used as guidance when interpreting the results of the groundwater 339 

models. 340 

4 Results 341 

4.1 Hydrogeological models 342 

In this section, the layer and voxel models are compared independently of the groundwater model. The 343 

comparison of the geological model structures is based on vertical profiles, the volumes of the lithological units 344 

and a cell-to-cell comparison of the lithological units.  345 

4.1.1 Profile comparison 346 

Vertical cross sections of the two original hydrogeological models (top row, Fig. 3) are presented in Fig. 5. The 347 

layer model is shown with colored ‘solid’ layers delimited by the top and bottom surfaces. The voxel model is 348 

shown in a simplified manner, where the individual colors represent several units with similar hydraulic 349 

properties in the stratigraphic model. For instance, 48 different units of Quaternary meltwater sand are all shown 350 

with the same red color. When the voxel model is shown in this simplified manner, the model results become 351 

more comparable. 352 

As the Limestone and Paleogene units have mostly been based on the same interpretation points, the differences 353 

between the two models are mainly limited to the Miocene and Quaternary units. Three general differences can 354 

be observed (Fig. 5b-c): 1) Layers are more coherent in the layer model than in the voxel model, where the sand 355 

appears as smaller isolated bodies, e.g., profile distance 8-12 km. An analysis of the changes in lithology, 356 

horizontally and vertically, shows that this is general in the entire area (Fig. S3 of the electronic supplementary 357 

material (ESM)). 2) In the voxel model, a larger number of lithological categories are used, e.g., at profile 358 

distance 11 km the geological configuration is generally more detailed. The voxel model enables the definition 359 

of local units, while in the layer model the interpretation is limited to predefined units present in the entire area. 360 

In other cases, different units are grouped into one category in the voxel model, e.g. at profile distance 12-14 361 

km, where the upper deposits are interpreted as glaciotectonically disturbed mainly sand and clay units in the 362 

voxel model, but as separately interpreted Miocene and Quaternary sand and clay units in the layer model. 3) 363 

The layer model always follows the same stratigraphic order, whereas the voxel model can deviate from the 364 

order. E.g., at profile distance 11.5 km, the voxel model shows glaciotectonically displaced Miocene deposits 365 

within the Quaternary layer series, which cannot be resolved in the layer model.  366 

Other differences between the profiles include, e.g., the small valley around profile distance 7 km filled with 367 

varying layers of mainly sand in the voxel model, but clay in the layer model. These differences between the 368 

two models can be attributed to the fact that the models are interpreted by two different geologists.  369 
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 370 

Fig. 5 A selected NW-SE profile through a) the 3D resistivity grid, b) the layer model and c) the voxel model. The resistivity 371 
grid is based on the smooth inversion of the AEM data. The layer model is shown as a ‘solid layer’ model, where layers 372 
between the surfaces are colored. The voxel model is shown in a simplified manner, where multiple units are grouped and 373 
shown with the same colors (see text). Position of the profile is shown in Fig. 1b. Boreholes are shown within a buffer of 200 374 
m. The deep boreholes around profile distance 8-8.5 km belong to the Højballegård well field (Fig. 1a). Vertical 375 
exaggeration is 10.  376 

4.1.2 Relative volumes of the lithological units 377 

The relative proportions of lithologies in the modified model structures (bottom row, Fig. 3) are shown in Fig. 6. 378 

Model LL and LV are both based on the layer model and the difference between them is therefore a result of the 379 

translation from a layer grid to a voxel grid. The Paleogene clay and the limestone occupies a similar proportion 380 

of all models with almost 50 % and 20 %, respectively. For the Quaternary, the proportion of sand units 381 

compared to clay units is slightly higher in the layer models than in the voxel model. The proportion of Miocene 382 

units is small in all models, taking up less than 5 % of the total volume. However, a significant difference is 383 

seen for Miocene units between the layer models and the voxel model. The layer models contain about 50 % 384 

more of the Miocene units. This difference can mainly be explained by the three tectonic units of mixed layers 385 

in the voxel model, which have been interpreted into Quaternary and Pre-Quaternary layers in the layer model 386 

but have been subscribed to being solely Quaternary units in the modified VV model.  387 
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 388 

Fig. 6 Histogram of percentage of the lithological units of the total volume in model LL, LV and VV. The lithologies in the 389 
models have been categorized into six categories: Quaternary sand and clay, Miocene sand and clay, Paleogene clay and 390 
limestone. The Paleogene clay takes up a little less than 50 % all models, plotting beyond the range of the y-axis. 391 

4.1.3 Cell to cell comparison of model structures 392 

A comparison of the layer model LV and the voxel model VV (Fig. 3, bottom row) is shown in Fig. 7 based on 393 

the Quaternary and Miocene lithological units. The count of cells that do not agree between the two models are 394 

normalized to the number of grid cells in that column. Paleogene clay and Limestone are excluded from this 395 

analysis as these units in the layer model are based on the corresponding units in the voxel model. 396 

The white areas represent zones of good agreement between the layer model and the voxel model, while the 397 

green areas represent zones where the geology has been interpreted differently in the two models. Green areas 398 

are especially correlated with data sparse areas (Fig. 1c) that are subject to subjective interpretation decisions in 399 

both geological modelling techniques. However, differences between the geological models also exist in areas 400 

with data, indicating that the modelling technique influences the resulting geological model. The largest 401 

difference between the two models is found in the southernmost part of the area in the fault zone and in the 402 

glaciotectonic deformed area (Fig. 1b). In the voxel model, these areas have been interpreted as mixed layer 403 

zones, while in the layer model these layers have been interpreted as either Miocene or Quaternary sediments, 404 

and has no mixed layers defined in the model. 405 
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 406 

Fig. 7 Normalized comparison of the Quaternary and Miocene lithological units in the layer and voxel model. The number of 407 
different cells in each column is normalized to the number of Quaternary and Miocene cells in the column.  408 

4.2 Groundwater models 409 

For each model structure 20 000 realizations have been run and 500 realizations are retained based on the 410 

thresholds defined in Section 3.2.2.3. In the following, the results of the 500 retained realizations will be 411 

presented. Further, the results of the realization obtaining the lowest RMS error for each model structure will be 412 

shown corresponding to the model parameterization which would be obtained if traditional calibration was used. 413 

4.2.1 Model performance 414 

The statistical performance of the realizations of the three models are shown in Table 3. The convergence rate is 415 

similar for model LV and VV that contains the same grid, while it is lower for model LL. This may be because 416 

the grid of model LL is vertically distorted causing a higher rate of convergence problems. The number of 417 

models that achieves a performance better than the defined threshold values are on the other hand lowest for 418 

model VV and highest for model LL. The number of behavioral realizations for model LV is similar to that of 419 

model LL, but the frequency of behavioral realizations to converged realizations is lower. The range of mean 420 

error of both hydraulic head and river discharge are similar for all models, while the minimum root mean square 421 

of hydraulic head is higher for model VV than for the two other models.  422 

Table 3 Statistical performance of retained realizations of the groundwater models for the three geological model structures 423 
LL, LV and VV. 424 

Model Ensemble 

size 

Convergence 

rate [%] 

Behavioral 

realizations 

Retained 

realizations 

RMS error 

[m] 

(min/max)  

ME [m] 

(min/max) 

Stream obs 

error [%] 

(min/max) 

LL 16175 80.88 1066 500 5.93 / 8.04 -0.89 / 0.90 -4.97 / 2.90 

LV 18515 92.57 1041 500 6.00 / 8.03 -0.90 / 0.90 -4.98 / 2.59 

VV 19497 97.48 556 500 6.50 / 8.00 -0.89 / 0.90 -5.00 / 3.75 
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 425 

4.2.2 Parameters 426 

In Fig. 8 the values of the sampled parameters (grey line), parameters values of converged realizations (dark 427 

blue line) and the parameter values of the retained realizations (colored bars) for each model structure are 428 

shown. All histograms are normalized to one by the number of samples in that category, showing the probability 429 

density of parameter values. Further, the parameter values of the model obtaining the lowest RMS error within 430 

each model structure is shown as a vertical, red line. 431 

As indicated by the grey line, in most cases hidden by the dark blue line, the same parameter samples have been 432 

applied for the three models. However, not all realizations have converged for all models (dark blue line). 433 

Especially high values of horizontal conductivity of Quaternary sand (Kh QS) and low values of horizontal 434 

conductivity of Miocene clay (Kh MC) and Paleogene clay (Kh PC) have difficulty converging in model LL, 435 

which is a pattern echoed to a lesser degree in model LV.  436 

Non-uniform probability densities of the parameter values of the retained realizations (colored bars) indicate a 437 

preference or disfavor towards a certain parameter interval. Uniform probability density distributions for 438 

converged models indicate no preference.  439 

Conductances and horizontal conductivities of the Miocene units have preserved the uniform shape of the 440 

sampled distribution in all models. Similar for all models is also that they prefer lower horizontal conductivities 441 

of Paleogene clay (Kh PC) and limestone (Kh LS). The remaining parameters show a slightly diverse pattern in 442 

the models. For the horizontal conductivity of Quaternary sand (Kh QS), slightly higher values are preferred in 443 

model VV than in models LL and LV where the distributions are similar. For the horizontal conductivity of 444 

Quaternary clay (Kh QC), slightly higher values are preferred in model LV than in model LL and higher still in 445 

model VV. 446 

The realization obtaining the lowest RMS error achieves different parameter values for all model structures. 447 

Model LL and LV attain higher values for horizontal conductivity of Quaternary sand (Kh QS) than model VV, 448 

but lower values for horizontal conductivity of Quaternary clay (Kh QC).  449 

The result of the Kolmogorov-Smirnov tests are shown by the crosses between the rows in Fig. 8. The test 450 

indicate that the distributions of the retained parameters values are significantly different for the horizontal 451 

conductivity of Quaternary clay (Kh QC), Quaternary sand (Kh QS) and Miocene sand (Kh MS) between model 452 

LL and LV. Between model LV and VV the distributions are significantly different between the horizontal 453 

conductivity of Quaternary sand (Kh QS), Quaternary clay (Kh QC) and Miocene clay (Kh MC). For the 454 

remaining parameters, the differences in distributions are insignificant.  455 
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 456 

Fig. 8 Probability density of parameter values of all sampled parameter values (grey line), converged realizations (dark blue 457 
line) and of the retained realizations (colored bars) of the groundwater models for the three model structures LL, LV and 458 
VV. The vertical, red line indicates the parameter value of the realization obtaining the best RMS error in the three models. 459 
Between the rows, red and green crosses indicate whether the sample of predictions are expected to be drawn from the same 460 
population (two-sample Kolmogorov-Smirnov test p > 0.05 is green, while p < 0.05 is red). The test is performed between 461 
predictions of LL and LV and between predictions of LV and VV. 462 

4.2.3 Hydraulic head 463 

The median hydraulic head of the retained realizations for each model is shown in Fig. 9. Further, the dots show 464 

whether the observations are within or outside the simulated range of the retained realizations. A yellow dot 465 

shows that the observation is within the simulated range, while the red and blue triangles indicate that the 466 

observations are above and below the simulated range, respectively.  467 

The median hydraulic head appears quite similar for all models and the errors are generally distributed in the 468 

same manner. A systematic error is found in the middle of the catchment to the east. Generally, the hydraulic 469 

head is simulated too low in the southern part but is then simulated too high towards north. None of the models 470 

catches the transition that is observed within a relatively short distance. The problem might be explained by 471 

errors in the description of the buried valleys in this area, which is relatively complex with crosscutting 472 

structures of various ages, infill and dimensions. In addition, in the southeastern part, three observations show a 473 

mount in the groundwater table which is not represented in any of the models. In this area, the layers are 474 

disturbed by glaciotectonic deformation, and hence challenging to model. The spatially uneven distribution of 475 

errors in all of the models could indicate an error in the conceptual understanding of the area.  476 
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 477 

Fig. 9 Simulated median hydraulic head of 500 retained realizations of the three models and distribution of errors. 478 
Observations within, below and above the simulated range are indicated. Obs. = observation.  479 

The results of the significance test of hydraulic head distributions from the 500 retained realizations in all 480 

catchment cells between model LV and LV and between model LV and VV is shown in Fig. 10. The 481 

significance test shows that for most cells in the catchment the difference between the simulated hydraulic head 482 

distributions is significant. The figure also shows that more cells obtain significantly different distributions 483 

between model LV and VV than between model LL and LV.  484 

  485 

Fig. 10 Kolmogorov-Smirnov test of hydraulic head. The colors indicate whether the sample of predictions are expected to 486 
be drawn from the same population (two-sample Kolmogorov-Smirnov test p > 0.05 is green, while p < 0.05 is red). The test 487 
is performed between predictions of LL and LV and between predictions of LV and VV. 488 

4.2.4 Groundwater budget 489 

Histograms of the groundwater budget terms drain outflow, general head boundary (GHB) outflow and river 490 

outflow for the retained realizations of the three models are shown in the three first columns of Fig. 11. For LL 491 

and LV, the difference between predictions of drain outflow and the river outflow is not significant, while the 492 



20 

 

difference for GHB outflow is significant. Comparing predictions of model LV and VV, all groundwater budget 493 

terms are significantly different. The overall magnitudes of the different groundwater budget terms are similar 494 

for the three models, with symmetric histograms peaking around 150 mm/y, 37 mm/y and 65 mm/year for the 495 

drain, GHB and river outflow, respectively. However, the variance of the predictions from VV is smaller than 496 

for the two other models, which makes the difference between the distributions significant from a statistical 497 

point of view. The lowest RMS error realizations (red line) of the three models, however, obtain very similar 498 

results for the three groundwater budget terms. 499 

 500 

Fig. 11 Histograms of groundwater budget terms, median particle travel time and recharge area to the Højballegård well 501 
field of the 500 retained realizations in models LL, LV and VV. The extent of the boundaries for the groundwater budget 502 
terms is show on Fig. 4. The red lines within the plot represent the value obtained in the realization of each model that 503 
obtained the lowest RMS error. Between the rows, red and green crosses indicate whether the sample of predictions are 504 
expected to be drawn from the same population (two-sample Kolmogorov-Smirnov test p > 0.05 is green, while p < 0.05 is 505 
red). The test is performed between predictions of LL and LV and between predictions of LV and VV.  506 

4.2.5 Particle tracking 507 

Histograms of the median travel time and recharge area to the Højballegård well field in the 500 retained 508 

realizations of the three models are shown in the last two columns in Fig. 11. Further, vertical red lines indicate 509 

the result of the realization obtaining lowest RMS error in the three models. The Kolmogorov-Smirnov test 510 

indicate that the predictions of both median travel time and recharge area are significantly different both 511 

between model LL and LV and between LV and VV. 512 

The median travel times of model LV and VV are similar in range, and similar in the sense that they are left-513 

skewed and covers the same range of ages from 70 years to 180 years. However, the histogram of median travel 514 

time peaks around 100 years for model LV, while it peaks around 80 years for model VV. The histogram of 515 

model LL is also left-skewed but the range of ages is lower covering ages from 90 years to 190 years. The peak 516 

of the histogram for LL is around 110 years, similar to that of LV. For the realization obtaining the lowest RMS, 517 

the median travel time is 180 years, 125 years and 90 years, respectively for models LL, LV and VV.  518 

The histograms of the recharge area of the models are right-skewed with peaks around 6.5 km2 for all models. 519 

Models LL and LV covers almost the same range between 5 km2 to 7 km2, while model VV covers a larger 520 
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range between 4 km2 to 8 km2. For the realization obtaining the lowest RMS, the recharge area is 5.8 km2, 6 km2 521 

and 5.5 km2 for model LL, LV and VV, respectively.  522 

The recharge area to the Højballegård well field in percentage of the retained realizations is shown in Fig. 12. 523 

The recharge area occupies a similar extent in all three models, extending towards east almost reaching the 524 

boundary for some of the realizations. Also, the recharge area of some realizations (<20 %) extends towards 525 

northeast in all models. The black line represents the recharge area in the realization obtaining the lowest RMS 526 

error. The realization in model LL obtains a more elongated area, than models LV and VV whose recharge area 527 

are wider and more in proximity to the pumping wells. 528 

 529 

Fig. 12 Recharge area to the Højballegård well field in percentage of the 500 retained realizations in models LL, LV and 530 
VV. The black line indicates the recharge area in the realization obtaining the best RMS error in the three models. 531 

5 Discussion 532 

A geological model based on the layer-based modelling strategy is compared to a geological model based on a 533 

voxel modelling strategy and their impact on groundwater model predictions. The two hydrogeological models 534 

are based on the same geological conceptualization and data; the differences between the two models are 535 

therefore attributed entirely to modelling techniques and the subjective element related to different geological 536 

interpreters.  537 

5.1 Interpretations 538 

5.1.1 Dissimilarities between model predictions 539 

The voxel-modelling technique leads to Quaternary sand lenses isolated in the Quaternary clay to a higher 540 

degree than the layer modelling approach (Fig. 5). The less continuous sand layers of the voxel model lead to a 541 

lower volume of Quaternary sand found in the voxel model (Fig. 6). Given less continuous layers and the lower 542 

volume of Quaternary sand, higher values of hydraulic conductivity of both Quaternary sand and clay are 543 

preferred in model VV compared to those preferred in models LL and LV (Fig. 8) to obtain the same average 544 

hydraulic conductivity. The translation of the layer model into a voxel grid (Fig. 3) has the same effect, as layers 545 

become less continuous. Model LV thereby prefers higher values of the hydraulic conductivity of Quaternary 546 
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clay (Kh QC) than model LL. Hence, the choice of modelling technique has an impact on the preferred 547 

hydraulic conductivity values, regardless of the subjective decisions made by different geological interpreters. 548 

The number of models that achieves a better performance than the predefined threshold values are lowest for 549 

model VV and highest for model LL (Table 3). This indicates that the prior parameter distributions are most 550 

appropriate for model LL and less so for model VV. This is also indicated by the horizontal hydraulic 551 

conductivity of Quaternary clay being slightly more constrained in model VV than in the other models (Fig. 8). 552 

The differences in parameters in the retained realizations affect the predicted groundwater budget terms and the 553 

particle tracking predictions. The more constrained parameters of VV causes less variance of the predicted 554 

groundwater budget terms compared to LL and LV (Fig. 11). The higher hydraulic conductivity of model VV 555 

than in model LV increases the ratio of conductivity of upper layers to the conductivity of lower layers. 556 

Thereby, the higher hydraulic conductivity of model VV leads to a simulated median travel time for model VV 557 

that is shorter (Fig. 11).  558 

All predictions using the best fitting models of each model structure obtain quite different results, except for the 559 

groundwater budget terms. The differences between the results from the best performing realizations are appear 560 

to be quite arbitrary.  561 

5.1.2 Similarities between model predictions 562 

A cell-by-cell comparison of the hydrogeological models (Fig. 7) showed that the differences between the 563 

models are scattered, which can be attributed to the fact that the conceptual model is the same. This is with the 564 

exception of a fault zone in the southernmost part of the area and a zone of glaciotectonics in the southeast that 565 

was not interpreted in the same way in the two models. However, the three models obtained similar spatial 566 

distributions of errors (Fig. 9). 567 

A spatially uneven distribution of errors on hydraulic head observations indicate that the same conceptual error 568 

was present in all models. Large errors were located in the central part of the catchment to the east as well as in 569 

the southeastern corner of the catchment where several observation values fall outside the range of the predicted 570 

heads (Fig. 9). In the central part of the catchment to the east, many buried valleys are present, and the uneven 571 

distribution of errors suggest that the correct hydrostratigraphic relationship of the sediments in the valleys have 572 

not been found. In the southeastern corner of the catchment, the large errors may be associated with perched 573 

groundwater tables in the glaciotectonic complex. However, the uneven distribution of errors may also be 574 

because the models are constrained by the same hydraulic head observations and under the same global rejection 575 

thresholds. Under a global rejection threshold, large deviations from the observations may be balanced by 576 

smaller deviations at other locations.  577 

Finally, the fact that all models were based on the same conceptual model probably caused the simulated 578 

recharge area to the Højballegård well field to extent to a similar area in all models (Fig. 12). 579 

5.2 Implications 580 

The layer based modelling approach is often thought to be inappropriate for complex geological settings (e.g., 581 

Henriksen et al., 2017; Jørgensen et al., 2013; Turner, 2006). For the Egebjerg area, a voxel model approach was 582 

initially selected because the area was thought to be too complex for a layer model because of the many 583 

generations of buried valleys, fault zone and glaciotectonics characterizing the area (Jørgensen et al. 2010). One 584 
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reason for this is that the layer model is constrained by the stratigraphic order of units initially defined. Based on 585 

our results, the models result cannot substantiate that the voxel model is a better representation of the 586 

hydrogeology in the area (Table 3). It can only be concluded that the geological modelling technique does have 587 

an impact on predictions of the groundwater model.  588 

The results confirm existing evidence (Rojas et al. 2010; Neuman and Wierenga 2003; Troldborg et al. 2007) of 589 

the dominating importance of the conceptual model for groundwater model predictions. The modelling 590 

techniques were shown to give rise to differences in interpretation even in areas that are data dense (Fig. 7). 591 

However, the differences between the model structures are scattered and does not relate to larger conceptual 592 

elements in the area, e.g., the location of a buried valley. This is with the exception of a fault zone in the 593 

southernmost part of the area and the zone of glaciotectonic in the southeast that have been interpreted in two 594 

different ways in the geological models because of lack of data and because of different model concepts. 595 

If parameter uncertainty is not considered, the differences between the obtained predictions were even more 596 

conspicuous. This corresponds with existing understanding that realizations obtaining equal performance can 597 

lead to significantly different predictions (Beven 2006) and that not one set of parameters will represent the 598 

“true” parameter set, because all model structures and measurements are associated with uncertainty.  599 

5.3 Limitations 600 

The same parameterization was used for both the layer model and the voxel model and some units were 601 

therefore lumped together in the translation from geological model to hydrostratigraphic model. In other words, 602 

the description is simplified by reducing the number of units and information is therefore lost. Most information 603 

was lost in the voxel model where the number of units was reduced from 72 to 6. The reason for the massive 604 

difference in number of units in the two models relate to the purpose with which the models have been 605 

developed. The layer model was developed with groundwater modelling in mind and units of comparable 606 

hydrological properties have therefore been correlated. The voxel model on the other hand was developed with 607 

the geological history in mind. In general, information lost from lumping together units of a stratigraphic model 608 

may not be pertinent to groundwater model predictions in general if the units have comparable hydrogeological 609 

properties.  610 

The results may have been different if more lithological units were retained in the groundwater models, as 611 

structural noise potentially increase by reducing the number of parameters or fixing their value (Doherty and 612 

Welter 2010). The goal of this study was, however, to investigate the effect of the layer and voxel modelling 613 

technique on the model structure and to isolate this effect; thus, the models were parameterized in the same way. 614 

The effect of lumping together different zones of homogeneous hydraulic conductivity have already been 615 

investigated (e.g., Engelhardt et al., 2013; Foglia et al., 2007; Poeter and Anderson, 2005).  616 

Geologically, the Egebjerg area is very complex, and therefore the voxel approach was initially chosen as the 617 

most appropriate. In geologically more simple areas, i.e., undisturbed sedimentary environments, it is expected 618 

that the layer model will be able to resolve the geology even better and therefore it is expected that the 619 

difference between a layer model and a voxel model, would be even less.  620 
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The results presented here is likely to be dependent on the scale of the geological models. The cell size of the 621 

geological model will determine how many geological details the geological model can resolve. The precision 622 

of the layer model can however be approached in the voxel model with a sufficiently fine vertical discretization. 623 

Therefore, it is expected that for a lower vertical discretization in the voxel model, it will be more similar to the 624 

layer model. On the other hand, the detail of the layer model is constrained by an initial choice of the number of 625 

units to be resolved in the model. The detail of the voxel model can however be approached in the layer model 626 

with a larger number of lithological units. Therefore, it is expected that for a higher number of lithological units 627 

in the layer model, the layer model will be more similar to the voxel model. Finally, the groundwater model 628 

predictions investigated here are all of global nature at catchment scale. It is expected that for groundwater 629 

model predictions at more local scale, the details of the hydrostratigraphic models would become more 630 

important because differences in the models have less chance of cancelling out over smaller distances. 631 

From a statistical perspective, a Kolmogorov-Smirnov test showed that many of the groundwater model 632 

predictive distributions between the models were significantly different. Compared to the difference in 633 

predictions caused by the uncertainty of parameters, the differences between the predictions caused by the 634 

different geological models, are however limited. 635 

6 Conclusion 636 

As the hydrogeological conceptual model controls the storage and movement of water and solutes, it is essential 637 

to understand how different translation techniques from a conceptual geological model to a hydrostratigraphic 638 

model affects groundwater model predictions. The conclusions in this study are based on hydrostratigraphic and 639 

groundwater models for the Egebjerg area, Denmark. 640 

Based on the same conceptual geological model and data, two hydrostratigraphic models were constructed. One 641 

based on layer approach and one on the voxel methodology. Groundwater models based on the same 642 

parameterization and assumptions were developed for each model as well as for a layer model translated into the 643 

voxel model grid. Differences in the hydrostratigraphic models independent of the groundwater models were 644 

analyzed and their impacts on groundwater model predictions were investigated.  645 

This study reveals that the differences between the two models are mainly related to the continuity of 646 

lithological units caused by differences in the hydrostratigraphic modelling techniques. However, only marginal 647 

differences between the volumes of the different lithologies and the overall geological structures were found as 648 

the hydrostratigraphic models were based on the same conceptual geological model.  649 

By comparing groundwater modelling predictions based on the different hydrostratigraphic models, this study 650 

found that the obtained sensitive model parameters, hydraulic head, groundwater budget and particle tracking 651 

results were significantly different from a statistical perspective. When only considering a single best fitting 652 

realization of each model structure, the differences in model predictions are even more significant. 653 

This study thereby establishes that the chosen geological modelling technique being layer- or voxel-based does 654 

have an impact on the groundwater model predictions given the applied scale, geological setting, discretization, 655 

and parameterization applied here. The impacts on groundwater model predictions should therefore be 656 

considered before choosing the geological modelling technique for groundwater modelling.  657 
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