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Abstract

In this study, we upscale and simplify hydrostratigraphic information from a detailed model for Denmark to a pan-European scale. This is part of a larger project to develop a harmonised overview of the volume and depth of groundwater resources in a quasi-3D European groundwater resource model. A 10 km grid and a maximum of c. 10 hydrostratigraphic layers were chosen as the common scale for the European database. The Danish information is based on the national water resources model (the DK-model), where the information is significantly more detailed (100 m grid and up to 26 layers). Information was transferred from the DK-model to the quasi-3D model by a method involving computations of mean volumes and expert assessment to reduce layers in each cell. In this process, detailed hydrostratigraphic information is lost, which could otherwise be used for local groundwater flow modelling in Denmark. However, the strength of the quasi-3D model is that it still contains the volumes of all hydrostratigraphic units, both the saturated and unsaturated parts. Hence, the upscaled model can contribute to a relatively precise calculation of European groundwater resources for the quantitative assessment of groundwater status across Europe at a 10 × 10 km scale.
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Introduction

In a changing climate, there is an increasing need for a 3D pan-European harmonised overview of European groundwater resources that includes supplementary information on the depth and volume of exploitable groundwater resources, as well as water balance and groundwater mean residence time of the aquifers. The aim of this study was, therefore, to upscale the Danish national water resources model (referred to as the DK-model) to contribute to a pan-European quasi-3D groundwater resources model developed as part of the European project RESOURCE (Pan-EU Groundwater Resources Map). The DK-model is significantly more detailed than the required input for the European model. Hence, the information in the DK-model had to be simplified and upscaled. Upscaling models is a challenging task, which has been managed in different ways by the many researchers dealing with this task (Zhang et al. 2021). These studies have typically been conducted to simulate flow and transport processes in oil or groundwater studies to reduce computational time and power. However, in this first approach of upscaling local models to create a pan-European model, the focus is only on groundwater resources and not on flow or transport processes.

In this study, hydrogeological information was transferred from a 100 m grid to a 10 km grid, and from 26 to 13 layers, using a mean-volume approach. The results are discussed and exemplified by one of the 10 × 10 km cells in Denmark.

The RESOURCE (Pan-EU Groundwater Resources Map) project was part of the European programme GeoERA, in which hydrogeologists and groundwater scientists from more than 30 European geological surveys developed a pan-European harmonised overview of the volume and depth of groundwater resources (Hollis et al. 2022). Two examples of the harmonised pan-European groundwater resources map (Kivits et al. 2021) are shown in Figs 1A and B. The examples show the aquifer types and the total depths of the freshwater systems in the contributing areas of Europe (EGDI 2022). Both parameters show great variation not only across Europe but also within Denmark.

Fig. 1Examples of mapped features from the pan-European groundwater resources map (EGDI 2022). (A) Aquifer types. (B) Total depth of aquifers below the surface. The blank areas (grey shading) reflect the countries or regions that did not participate or finalise the grid. Denmark is situated within the black square.
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Geological setting

The pre-Quaternary surface in Denmark dips stratigraphically towards the north-east, such that the pre-Quaternary is composed of the youngest sediments (Pliocene, Miocene and Palaeogene) in the south-west and oldest (Danian and Upper Cretaceous limestone) in the north-east. The aquifer type (Fig. 1A) and the total depth of aquifers across Denmark (Fig. 1B) are closely related to the setting of the pre-Quaternary layers.

Overlaying these layers, the Quaternary deposits are mainly composed of clayey and sandy tills, interglacial deposits and meltwater sand and clay deposits. The Quaternary sequence is generally highly complex due to glacial tectonism (e.g. Høyer et al. 2013) and buried glacial valleys (Sandersen & Jørgensen 2017).

Danish drinking water supply is almost entirely sourced from groundwater and, due to the geology, is extracted from different types of deposits across Denmark. In the south-west, groundwater is primarily extracted from Miocene sand deposits (highly productive intergranular aquifers; Fig. 1A); in central areas, it is primarily from Pleistocene meltwater sand deposited in buried valleys; and in the east and north, it is primarily from chalk and limestone of Maastrichtian and Danian age, respectively. The hydraulic characteristics of the upper part of the chalk and limestone are strongly affected by fissures, brecciation and other features caused by glacial overpressure and glaciotectonics (Pedersen et al. 2018), which increase the permeability and hence make them important carbonate aquifers (highly productive fissured aquifers; Fig. 1A).

The DK-model

The main information for the map of the European groundwater resources was derived from the DK-model (Stisen et al. 2019). The DK-model is based on four individual models for Jylland (Jutland), Fyn (Funen), Sjælland (Zealand) and Bornholm. Together, these models represent the aquifers and aquitards in the majority of Denmark.

The DK-model has been developed to provide a nationwide overview of groundwater resources, defined on a grid of 100 × 100 m. The number of layers vary according to hydrogeology, such that most layers are present in Jylland (26 layers; see Fig. 2). The number of pre-Quaternary layers on top of the limestone increases from the north, where limestone is present close to the surface, and towards the south-west, where limestone is situated at great depth. The model encompasses up to six sandy aquifers in the pre-Quaternary and six sandy aquifers in the Quaternary deposits. Some of the layers appear regionally extensive, whereas others, such as the uppermost pre-Quaternary clay layer (PC1, Fig. 2), only have a local appearance. In the Quaternary layers, valley deposits (QC7, QS6, QC6 and QS5, Fig. 2) primarily occur locally in individual valleys, whereas layers in the plateaus are regionally extensive. Each of the layers in the DK-model is associated with distinct lithology types.

Fig. 2Principal sketches for the layers in the DK-model for Jylland, modified from Stisen et al. 2019. QS: Quaternary sand. QC: Quaternary clay. PS: Pre-Quaternary sand. PC: Pre-Quaternary clay.
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The DK-model is used for dynamic simulation of all major parts of the hydrological system, using a Mike She/Mike1D engine for groundwater calculations. The estimated hydrological parameters for each of the hydrostratigraphic units are optimised during the calibration of the model (Stisen et al. 2019).

Methods

Our goal was to upscale and simplify the 100 × 100 m DK-model with 26 layers to a 10 × 10 km quasi-3D groundwater resources model with 10 layers without losing information. For example, important aquifers in Denmark, such as the buried Quaternary valleys, are elongate erosional features (much less than 10 km wide) that cut the prevailing stratigraphy filled with younger sediments (Sandersen & Jørgensen 2017). The buried valleys are challenging to recreate when upscaling the model to a grid wider than the extent of the valleys, hence a special method is developed (see Figs 3 and 4).

Fig. 3Example results from a representative cell (cell no. 433_358, for location see Fig. 4). (A) Representative 2D profile through the DK-model in the cell. (B) Extent and calculated mean thicknesses of the saturated and unsaturated part (black bars) of each layer in the cell – here seen in 2D but representing the entire 3D cell (10 × 10 km).
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Fig. 4Calculated mean thicknesses (A) and mean extents (B) for layer 6 (corresponding to valley sand) in 10 × 10 km cells covering the island of Fyn. Overlaying this are the exact position and thickness of the valley sand layer extracted from the DK-model, shown as a coloured contour map (colour scale in A). The position of the profile in Fig. 3A and the cell in Fig. 3B are marked on the map.
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The quasi-3D model is based on an INSPIRE (Infrastructure for Spatial Information in Europe) grid from the European Environment Agency, consisting of cells each with a unique cell ID. Several geological and hydrological parameters were applied to each cell, such as total depth of active layers, boundary definition of the active depth and surface level altitude. Other layer information included thickness and extent of the unsaturated and saturated zones, hydrogeofacies, geological age, type of layer (aquitard or aquifer) and indications of the presence of palaeo-, artesian- or thermal groundwater. Hydrological parameters included porosity and horizontal and vertical conductivities for a maximum of c. 10 layers (Kivits et al. 2020).

Simplification of the information in the DK-model was initially performed in Jylland, by grouping near-surface Quaternary layers (QS1, QC2, QS2; Fig. 2) and deeper Quaternary layers (QS5, QC6, QS6; Fig. 2). This was based on experience with modelling of groundwater mapping in Denmark where layers of similar hydraulic properties are grouped together in the DK-model. For both Sjælland and Jylland, the lower most Quaternary till unit (QC7; Fig. 2) was grouped together with the top pre-Quaternary clay unit (PC1; Fig. 2). To further reduce the number of layers, a threshold for the mean thickness (3 m) and the mean extent (5%) of each layer in each cell was defined, as this was considered to be the minimum volume of interest at the European scale. Even after this reduction, 190 cells still had more than 10 layers. It was therefore decided to allow for up to 13 layers to reduce the number of cells that should be handled manually. Layers in the remaining 88 cells that had more than 13 layers were manually reduced by expert judgement. Where possible, layers were grouped to ensure only a limited impact on the final resource evaluation, for example, in areas where two aquifers or aquitards were situated directly on top of each other. Hydrological parameters were defined based on optimised parameters from the calibrated DK-model (Stisen et al. 2019). However, the hydrological parameters had to be adjusted to the new layer grouping. Generally, most grouping was performed between aquifers and aquitards, respectively. In these cases, the hydraulic parameters were calculated as a mean value if the parameters were not identical. The other type of grouping was performed in areas with thin layers which have been neglected in the final model result. This is the case, for example, where thick Miocene clay layers surround thin Miocene sand layers. In these cases, the hydraulic conductivity of the sand layer has not been considered because the final conductivity was dominated by the thick clay layers.

Next, a Python script in ArcGIS was programmed to extract the mean thickness and extent from the layers in the DK-model to the cells in the quasi-3D model. The unsaturated and, hence, the saturated parts were calculated using 500 × 500 m simulations of depth to the phreatic surface from the DK-model.

The total depth of the groundwater system in Denmark was defined as the depth to a hydrogeological base, a layer with very low vertical hydraulic conductivity. The top of the hydrogeological base in the western part of Denmark was defined as the Palaeogene clay, and in the northern and eastern parts was defined as the depth to the compact (non-fissured) Cretaceous limestone, estimated to be present at depths below 50 m of the top of the limestone (Fig. 1B). Metadata and methods used for upscaling the DK-model in the rest of Denmark are described by Andersen et al. (2021).

Results

The results of the conversion of the DK-model from a hydrostratigraphic layer model to a quasi-3D groundwater resources column model can be seen in Fig. 3. A profile crossing one of the 10 × 10 km grid cells on the island of Fyn shows nine layers in the DK-model numbered in chronostratigraphic order (Fig. 3A). In Fig. 3B, the same cell is shown in the quasi-3D model. Here, the calculated mean thickness and extents of each layer are also arranged in chronostratigraphic order. The unsaturated parts of the layers are shown with black bars on top of the layers – only the three topmost layers are partly unsaturated. In the final quasi-3D model, layers 7 and 8, which are both clay layers, have been joined. Note that layers in Fig. 3B represent the entire 3D cell. For instance, layer 4 occurs in the entire profile length (10 km; Fig. 3A), but not in the entire cell (10 × 10 km; Fig. 3B) where the extent is less than 100%. Naturally, the mean thicknesses are typically most representative for layers of great extent and little thickness variation (e.g. layer 4) compared to layers of little extent and great thickness variation (e.g. layer 6, a sand layer in a buried glacial valley with a mean thickness less than 10 m; Fig. 3B). In practice, though, the thickness of the valley sand varies up to 40 m along the profile (Fig. 3A, approx. distance 3000 m). However, the strength of the pan-European quasi-3D groundwater resources model is that the volume of all layers is equally well represented, no matter how extensive the layers are in the 10 × 10 km cell.

In Fig. 4 we zoom out and see the quasi-3D model for the entire island of Fyn with the mean thickness (Fig. 4A) and extent (Fig. 4B) of layer 6. The two maps are overlaid by the actual occurrence and thickness of the valley sand layer (layer 6 in Fig. 3A). The figure illustrates how the local occurrence and thickness of a layer in the DK-model is extrapolated to the entire cell in the quasi-3D model. For example, layer 6 in the DK-model has a local maximum (>25 m, red) where the profile crosses the cell (Fig. 3A). However, in the entire cell in the quasi-3D model, it is green, as the thickness when extrapolated to the entire cell is only 5–10 m.

Because the layer numbering is individual for each 3D cell (Kivits et al. 2020), the stratigraphy of layer 6 might vary within the map. However, the stratigraphy is relatively uniform at Fyn, and layer 6 therefore almost corresponds to the valley sand in the entire area.

Discussion

The upscaled hydrostratigraphy has been constructed to gather an overview of the groundwater resources on a pan-European scale. But simplifying the hydrogeology from a 100 m grid to a 10 km grid does have implications on the use for hydrological simulations, as the flow resolution from the DK-model is likely to be sensitive to hydrogeological structures at scales less than 10 km. Because the layer numbering is individual in each cell (Kivits et al. 2020), the quasi-3D model cannot be used directly for groundwater flow and recharge across all cell boundaries. The method of numbering layers is, however, important for all volumes to be represented in the model and placed in the right chronostratigraphic order, regardless of different geological regions and structures. The saturated parts of the aquifer volumes were used in the calculation of the groundwater resource (Schoonderwoerd et al. 2021).

The most challenging part of the upscaling has been to reduce the number of layers from 26 to 13 in each cell. The decision of 13 layers was based on our definition of ‘the minimum volume of interest on a European scale’ – a definition that will be more consolidated when the pan-European model has actually been used for decision-making in the EU. In the process of reducing the layers, expert judgement played an important role. As this was manually assessed, it was the most time-consuming part of the process, which could have been reduced by increasing the minimum volume.

The quasi-3D model cannot be used for detailed groundwater flow simulations. However, simulations of water balance and groundwater mean residence time and assessments of water stresses and climate change impacts are likely to make reasonable sense at a 10 km scale.

Conclusions

We have upscaled and simplified the hydrostratigraphy of the DK-model from the current 100 m grid to 10 km grid for use in a pan-European quasi-3D model. If we had used a traditional hydrostratigraphic model, all details about geological structures smaller than 10 × 10 km would have been lost. However, the upscaled model used here is a groundwater resources column model, showing the extent and thickness of each layer in the cell. Therefore, the volumes of features of a small extent, but large thickness, for example, the buried Quaternary valleys in Denmark, are still represented.

Further, since the structure of the model has changed from a hydrostratigraphic layer model to a quasi-3D resource model, the upscaling most likely has implications for the types of detailed groundwater flow simulations that the DK-model was originally used for, for example, in groundwater models when analysing contaminant transport or groundwater travel time distributions.

As the quasi-3D model considers both the saturated and unsaturated parts of the aquifers, it contributes to a relatively precise calculation of the European groundwater resources and the quantitative status across Europe in a 10 × 10 km grid.
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