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Abstract
In the present study, we show how persistent management and collection of hydrological and
geophysical data at a national scale can be combined with innovative analysis methods to generate
decision support tools for groundwater and surface water managers. This is exemplified by setting
up a regional scale groundwater model in an area with geophysical data of varying age, type, and
quality. The structure for the regional model is derived from a newly developed resistivity clayfraction cluster analysis. This modelling strategy can be used in combination with local detailed
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geological modelling thus utilizing the detailed expertise locally, while securing a cost-effective
(price vs. performance) solution to the numerical simulations of the regional scale water balance. In
this way we avoid unwanted boundary effects on the local model simulations due to the presence of
artificial numerical boundaries located proximate to the areas of interest. In this application, it is
particularly important that boundary conditions are remote, due to the presence of a dense network
of buried valley structures. Simulated impacts of groundwater abstraction from two existing wellfields spread through the valley system far beyond the local focus areas of the study.

Introduction
Water resource managers are often faced with the challenge of evaluating how their decisions
manifest themselves throughout the hydrological system. This could relate to groundwater
abstraction and the impact it may have on local streams and wetlands or to evaluating the risk of
groundwater contamination. For that purpose, groundwater models are routinely being used for
decision support. However, especially for the scenarios where groundwater abstraction is evaluated,
the areal extent of such numerical models must be large enough to avoid unwanted effects from
boundary conditions (BC). Depending on the type of BC applied, simulating the effects of
groundwater abstraction using groundwater models with too small an areal extent is prone to either
over- or underestimation of the drawdown. This problem is even more profound when dealing with
groundwater abstraction from buried valley structures. For example, van der Kamp and Maathuis
(2012) present a case where an aquifer test was conducted in a buried valley for a period of 8 days.
This resulted in a drawdown of 20 cm at a distance of 13.4 km. Had such data been evaluated in a
hydrological model, the need for distant BC would be highly important, while having a relatively
fine numerical discretization in the vicinity of the pumping well.
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Two problems can easily be identified when setting up groundwater models covering large areas.
The first is dealing with the computational demands related to the numerical setup. This limitation
has often led to the use of relatively coarse numerical resolutions in regional groundwater flow
models. This problem has been partly solved with the emergence of unstructured groundwater
model codes, such as e.g. MODFLOW-USG (Panday et al., 2015). MODFLOW-USG can have a
fine numerical discretization locally around specific areas of interest, while maintaining a coarser
discretization regionally. The second problem is setting up the hydrostratigraphy. Traditionally, this
is a manual and time-consuming task. These models often contain a large degree of detail and they
incorporate the knowledge of the geologists, who make the interpretations (e.g. Jørgensen et al.,
2013; Kessler et al., 2009; Ross et al., 2005). When managers are on a tight financial budget, it may
be hard to argue that a larger portion of the budget should be spent on defining the regional
structure despite its importance. This is especially true, when governing structural features, likely to
have a high impact on the modelled responses, exist near the study’s focus area.
Studies of regional groundwater flow in glacially dominated areas are quite common in the northern
hemisphere (Artimo et al., 2008; Atkinson et al., 2014; Herzog et al., 2003). The aquifer systems in
these areas or subparts of these areas are often dominated by the sand/clay distribution. Recently, a
cost-effective method called the clay-fraction (CF)/Resistivity clustering method was developed to
define structural input for groundwater models (Foged et al., 2014; Marker et al., 2015). In these
studies, the hydrostratigraphy was based solely on data collected using the SkyTEM system
(Sørensen and Auken, 2004). However, such dense datasets are rarely available for regional scale
areas. In Denmark, geophysical data are stored in a national database called GERDA (Møller et al.,
2009). The contents of this database have been expanded over a long period, and for the present
study area, it contains data collected over a period of nearly 30 years using five different
geophysical methods. These data are now available to groundwater managers, and collectively they
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form a rich dataset. Regional structural models can therefore potentially be developed based on this
dataset. Using the CR/resistivity clustering method, we document the value of this national
geophysical dataset for groundwater managers. This could act as inspiration to other countries to
develop similar systems or act as an inspiration to an alternative method to develop structures for
regional scale groundwater models.

Study area
The app. ~470 km2 focus area of the study is located northwest of the city of Aarhus, Denmark
(Figure 1). It has been subject to several geological and geophysical surveys (Danielsen et al., 2003;
Høyer et al., 2015; Kronborg et al., 1990; Sandersen and Jørgensen, 2003) due to its interesting
geological structures, and rich groundwater resources. A subpart of the areas has been the focus
area of the HyGEM research project, with the main goal of developing methods for direct and
automated incorporation of geophysical data into groundwater models.

Regional hydrogeology
The hydrogeology in the area is dominated by the presence of buried valley structures. Here, these
valleys can be mapped effectively using the Transient Electromagnetic Method (TEM)
(Christiansen et al., 2006) because they are incised into low resistivity Paleogene clay deposits
(Jørgensen et al., 2003). Several mapping campaigns have been conducted in the area using
conventional ground based TEM methods, PATEM (Sørensen et al., 2000), and the SkyTEM
systems. Boreholes show that the buried valleys primarily have infill containing Quaternary sand,
gravel, and till deposits. Locally, Miocene sandy units are overlying the Paleogene clay layers.
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The importance of the valley structures for the drinking water supply is evident from the fact that
approximately 70% of the screened boreholes in the area are located within known buried valley
structures (Figure 1). Minor aquifers also exist locally on the plateaus between the buried valleys.
However, these aquifers are mainly utilized for groundwater abstraction to single households or
smaller communities.
The two local focus areas of this study are shown in Figure 1 (Ristrup and Kasted). Both of these
areas are of major interest due to the presence of existing well fields. The geological structures have
been modeled in detail (Høyer et al., 2015). According to descriptions from boreholes in the eastwest running valley near Ristrup, the aquifer consists of 100 meters of coarse sand and gravel.
Despite the thick sequence of coarse grained deposits, the yield of the aquifer is limited by the
valley structure. It is therefore expected that the influence of the pumping will spread throughout
the valley system, and to a lesser extent into the aquifers located at the plateaus to the north and
south. The hydraulic connection from the well-field towards the northeast through the valley
structure is limited by the presence of a hydraulic barrier, which will further increase the drawdown.
The hydrostratigraphy near the Kasted well-field is more complex. Based on the findings of Høyer,
et al. (2015), at least five generations of valley structures are found in the area. Some valleys act as
aquifers, and others are filled up with clay acting as aquitards or aquicludes. The system of valleys
connects the well-fields near Kasted and Ristrup, which leaves the important question of how these
two well-fields interact despite their distance of 5 km, and also how the expected pumping induced
drawdown influences local streams and wetlands.
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Figure 1: Location of the regional scale study area located north-west of the town of Aarhus, Denmark. The figure also
marks the location of observation data used in the hydrological model, major streams, local areas, and major buried
valley structures.

Hydrological data availability
For the purpose of the present study, we have utilized two types of hydraulic data. Namely, steady
state head elevations and stream base flows (Figure 1). The hydraulic heads were extracted from the
Danish national well database, JUPITER (Møller et al., 2009). The quality of the head data varies
significantly between boreholes, spanning from poor quality data from water supply wells to high
quality data from wells that are part of the nationwide groundwater-monitoring program. The
uncertainty of the hydraulic heads is also affected by the accuracy of the borehole datum and
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coordinates. Boreholes mapped using differential GPS, are associated with less uncertainty than
those mapped using topographical maps. For the purpose of model calibration, the uncertainty for
each hydraulic head measurement was estimated, such that error-based weighting could be applied
in the analysis. To assist post-calibration analysis, observations were subdivided into 7 groups.
First, we excluded the boreholes that were considered to be outliers (hobssspoor) from the analysis.
Second, the boreholes were divided into two groups. Those located inside a valley structure
(hobsval) and the ones located on plateaus (hobsss). Approximately 25% of the wells are used for
groundwater abstraction (hobspw). Using these in the groundwater model calibration can be
problematic due to limitations in the numerical resolution of the model. In the present case, this will
affect the calculated head elevations in the vicinity of the pumping well, thus making the simulated
values a poor representation of the field measurements. The subset was not excluded from the
analysis, but it was down-weighted compared to the remaining observation groups. The three
remaining groups were based on either their location within the HyGEM research area (hygem), or
the two local scale well-field models (Ristrup or Kasted).
Stream discharge measurements were available from three gauging stations. Two stations had time
series spanning 20 years, while the last station had a span of 3 years. To estimate the base flow for
each of the gauging stations the methodology described by Arnold and Allen (1999) was used
resulting in base flow variation with time. These base flow records were used to estimate the
temporal average base flow, and the associated uncertainty.

Geophysical and geological data
Boreholes
Borehole information was extracted from the JUPITER database. The study area holds
approximately 4000 boreholes (Figure 2C), where app. 3000 boreholes have lithological logs. The
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majority of boreholes are shallow (<30 m), and only ~5% have a depth >100m. The JUPITER
database also holds different borehole meta-data (drill type, age, etc.). Based on the borehole metadata the quality of each borehole was rated into four groups, using the scheme presented by He et al.
(2014). Borehole ratings were used for error based weighting in the structural modeling.

Figure 2: A EM data available in the study area. TEM40 indicates single site soundings. The newest SkyTEM dataset
collected in 2014 is the dense blue “cloud” of dots in the central Eastern part of the area. B. DC data available in the
study area. C. Number of boreholes in specific depth intervals within the field area

Geophysical data
The study area has been intensely mapped with geophysical methods, primarily using electrical
(DC) and TEM methods. The DC methods resolve shallow geological variations, while TEM
methods resolve resistivity contrasts at greater depths.
The TEM data set (Figure 2A) consists of ground-based single site soundings (TEM40) and
PATEM, and two airborne SkyTEM surveys from 2003 and 2014. The TEM data were collected to
delineate the aquifers and the important buried valley structures. The PATEM-system is a towed
system providing continuous data along the drive path. Development and improvements of the
airborne SkyTEM system have resulted in a higher density and much improved near surface
resolution in the 2014 SkyTEM survey (central SkyTEM survey in Figure 2A), than the 2003
SkyTEM survey towards the west and north.
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1D layered resistivity models with 3 to 5 layers were used in the interpretation of the TEM40 data.
The PATEM data and the older SkyTEM survey were also interpreted with layered 1D resistivity
models, but in a lateral constrained inversion setup (Auken et al., 2005). The 2014 SkyTEM survey
uses a 1D sharp model formulation (Vignoli et al., 2015) in a spatial constrained inversion setup
(Viezzoli et al., 2009). In total ~3,000 TEM40, 7,400 PATEM, and 24,600 SkyTEM resistivity
models were used.
The DC data of the study area (Figure 2B) consist of two generations of the Pulled Array
Continuous Electrical Sounding data (PACES) (Sørensen, 1996), collected in the 1990’s. The
PACES system provides detailed resistivity information of the upper ~20 m, and a good spatial
resolution is achieved with a line density of approximately 300 m and a model spacing of 10 m
along the lines. The PACES data were interpreted with 1D 3-layer models in a laterally constrained
inversion setup. In total ~225,000 PACES models were used.
The combined geophysical data set was collected using at least 9 different instrument types. The
data collection spans 30 years subdivided into more than 50 individual surveys. Combining these
data into one seamless geophysical model was possible due to a strict and comprehensive quality
control in the data collection and processing phase, as well as a common database system handling
all geophysical data collected. For the TEM data this includes calibration at the Danish National
TEM test-site (Foged et al., 2013).

Methods
The applied methods comprise three different ways of delineating the hydrostratigraphy: “cluster”,
“alternative” and “local”. The first is the main method of this paper, the second is a fallback method
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in areas where there are no geophysical data available, and the third is a manual interpretation in
two main areas of interest (Ristrup and Kasted).

Cluster model hydrostratigraphy
The regional scale structural model (see Figure 1 for outline) is generated using the CF – resistivity
clustering methodology. The outcome of the CF – resistivity clustering is a subdivision of the
subsurface into a predefined number of categories. It is therefore an inherent assumption of the
concept that throughout a given category formed by the CF and resistivity values the hydrological
properties are constant. This conforms to the traditional zone based groundwater modeling
approach.
In short terms the CF-modelling is generated by translating the resistivity data into a clay-fraction
value for the model space divided into voxels. The optimum resistivity to clay-fraction translation
function is determined by lithological borehole logs. The translation function is varying spatially in
3D thereby adapting to the borehole information, the different geological environments, etc. The
basic assumption of the CF-concept is that the clay materials are more electric-conductive than the
non-clay materials. This assumption is fulfilled in the study area because the non-clay materials are
highly dominated by sand and gravel deposits, and because saline pore water has not been observed
(Søndergaard et al., 2004).
To form the structures of the hydrological model the CF and resistivity data are delineated into
zones using k-means clustering (e.g. Jain, 2010; Wu, 2012) by iteratively minimizing the squared
Euclidean distance between the data points and their cluster centers. Details on the resistivity-CF
clustering method can be found in Foged et al. (2014) and Marker et al. (2015)
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Based on the overall geological understanding of the area it was decided to subdivide the cluster
model by depth into two parts: The upper 30 meters below terrain, and the deeper parts below a
depth of 30 meters. This separation corresponds approximately to the delineation between the
shallow aquifers located at the plateaus and the deeper aquifers located in the buried valleys. The
structural model was generated as a voxel model with a horizontal discretization of 100 by 100
meters and a vertical resolution of 10 meters. The optimal number of clusters in the analysis was
determined from their success in hydrological model calibration. We thereby generated model
structures with between 2 and 7 clusters in each of the shallow and the deep subdomains. Each of
these structural model realizations were calibrated to the hydrological dataset using the groundwater
model. Here we observed a gradual improvement in data fit up until the 6 cluster model (6 cluster
each subdomain). This selection is similar to the one applied by Marker et al. (2015). A cross
section of this optimal cluster model is shown on Figure 6B.
In areas with no geophysical data coverage, like below the town of Aarhus, the CF-cluster
methodology could not be applied without interpolating resistivities and CF translations over large
distances. Such interpolation can introduce bias into the model structure. In these parts of the
model, the cluster structure was substituted by a manual interpretation adopted from the alternative
model shown in Figure 3A. Examples on how they are joined can be seen in the last part of the
profiles shown in Figure 3C and D.
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Figure 3: Cross sections for the three model setups (location shown on Figure 1). A is the model extracted from the DKmodel (Henriksen et al., 2003; Sonnenborg et al., 2003), B is the cluster model derived from the combined analysis of
borehole and geophysical data, C is the cross section with the local model through Ristrup, and D is the cross section
with the local model through the Kasted site

Alternative model hydrostratigraphy
The performance of the cluster model was evaluated by comparing it to an alternative model
structure adopted from the National water resource model of Denmark “the DK-model” (Henriksen
et al., 2003). This structural model is relatively simple and mainly based on boreholes. For the
purpose of the present study, the DK-model is slightly updated to improve the representation of the
buried valley structures. In the regional area, only 6 different geological units are available in the
model. These are: meltwater sand, clay, mica sand, quartz sand, prequarternary sand, and chalk

12

(Figure 3A). The model is a voxel model with a horizontal resolution of 500 m by 500 m and a
vertical resolution of 10 meters.

Local model hydrostratigraphy
Detailed and manually defined geological models have been incorporated into the two local focus
areas (Figure 1). The structure is extracted from the geological model developed by Høyer et. al
(2015). Examples can be seen from Figure 3, where an east-west cross section cuts through the
areas of the Ristrup well-field (Figure 3C) and the Kasted well-field (Figure 3D), respectively. Both
of the local scale models are voxel models with a horizontal discretization of 50 m by 50 m, and a
vertical resolution of 5 m. Each voxel refers to a specific type of sediment based on an
interpretation of the dominant lithology in the voxel. The lithologies comprise Paleogene clay,
Miocene sand, Quaternary meltwater sand, clay till, valley infill made up of Quaternary meltwater
sand, and valley infill made up of Quaternary meltwater clay or clay till. Based on a manual
interpretation of the individual valleys, each structure has been given a unique type of deposit, such
that sand and clay units in individual valley structures can be distinguished. Details on the model
development can be obtained from Høyer, et. al (2015).

Groundwater model setup
To utilize the higher detail of the localized well-field models, while having a coarser resolution at
the regional scale to reduce model runtime, the groundwater model was set up in MODFLOWUSG.
Major stream segments were simulated using the river (RIV) package, and the DRN package were
used to simulate shallow subsurface runoff and runoff from minor trenches and stream segments
that may run dry. Recharge was simulated using the RCH package, and pumping wells were
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simulated using the WEL package. Details on these MODFLOW BC types can be found in
Harbaugh et al. (2000).
In the present model we used the unstructured formulation for the horizontal discretization. In the
regional scale area of the model we used a discretization of 100 meters, and in the two local areas,
we used a 50 meter discretization. Vertical refinement was not used.

Voxel to layer based model structure
The vertical discretization of the groundwater model is different from that of the structural model in
a way similar to the one applied in the numerical groundwater model code MIKE SHE (DHI, 2009,
pp. 44-47). Vertical and horizontal effective hydraulic conductivities were thereby calculated within
each cell of the groundwater model depending on the relative elevation of the structural model
layers compared to the groundwater model layers. This has some advantages as the numerical layers
do not have to follow boundaries of specific geological units, and it is thus straightforward to
represent geological layers that pinch out. Because the structural models are voxel based, it can be
avoided to include more layers in the hydrological model than necessary from both a hydrological
and a computational (forward runtime) perspective. The up scaled hydro-stratigraphy model was
imported into MODFLOW using the LPF-package (Harbaugh et al., 2000).
The representation of the numerical layers in the groundwater model can be seen in Figure 3, where
the black lines represent layer boundaries of the groundwater model. The effective hydraulic
property values are vertically averaged from the structural grid to the numerical grid using the
weighted arithmetic mean value
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𝑲𝒉,𝒊 =

∑𝒏𝒋=𝟏 𝒛𝑺𝒕𝒓𝑳,𝒏 𝑲𝑺𝒕𝒓𝑳,𝒏

(1)

∑𝒏𝒋=𝟏 𝒛𝑺𝒕𝒓𝑳,𝒏

where 𝑧𝑆𝑡𝑟𝐿,𝑛 is the thickness of the part of the structural model layer number n lying within the
numerical cell number i, and 𝐾𝑆𝑡𝑟𝐿,𝑛 is the hydraulic conductivity of the unit type within the
corresponding structure. The vertical hydraulic conductivity is calculated as the geometric mean of
the vertical hydraulic conductivity of the structural units:

𝑲𝒗,𝟏

∑𝒏𝒊=𝟏 𝒛𝑺𝒕𝒓𝑳,𝒏
=
𝒛
∑𝒏𝒊=𝟏 𝑺𝒕𝒓𝑳,𝒏
𝑲𝑺𝒕𝒓𝑳,𝒏

(2)

Groundwater model calibration
The groundwater model was calibrated using nonlinear least squares inversion as implemented in
PEST (Doherty, 2016). Details on this methodology can be found in e.g. Aster, et al. (2005) or
Doherty (2015). For the present study, the objective function is formulated as
𝑛

𝑚

2

2

Φ = ∑[𝜔ℎ,𝑖 (ℎ𝑜 − ℎ𝑠 )𝑖 ] + ∑ [𝜔𝑞,𝑗 (𝑞𝑜,𝑗 − 𝑞𝑠,𝑗 ) ]

(3)

𝑖

𝑖=1

𝑗=1

where ℎ𝑜,𝑖 is the i’th hydraulic head observation, and ℎ𝑠,𝑖 is the simulated equivalents. 𝑞𝑜,𝑗 is the j’th
base flow measurement, and 𝑞𝑠,𝑗 is the simulated equivalent, 𝜔ℎ,𝑖 is the weight associated with head
observation i, and 𝜔𝑞,𝑗 is the weight associated with base flow observation j. The head weights were
assigned by taking into account the evaluated quality of the boreholes, as mentioned in section
describing hydrological data availability.
For the regional scale cluster model, the parameterization consisted of horizontal hydraulic
conductivities of all clusters except for the cluster constituting the lower limit of the aquifer
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systems. Vertical hydraulic conductivities were tied to their horizontal counterparts with a ratio of
1/10. The stream bed conductance was estimated with a linear scaling for each river cell in the
model. This was done to maintain the relative conductance between model cells containing long and
short stream segments, respectively. The spatial distribution of the recharge was taken from the
output of the national water resource model of Denmark (Henriksen et al., 2003), and it was
calibrated using a constant scaling factor.
For the alternative structure taken from the DK- model, the parameters constituted hydraulic
conductivity of each geological unit except for the Paleogene clay, which was fixed in the
inversion. Similar to the cluster structure, we used a fixed ratio between horizontal and vertical
hydraulic conductivities. The remaining parameters were the same as for the cluster structure
model.
The local scale models shown are voxel models set up with a predefined lithology subdivided into
six types. Within each local area, parameters for hydraulic conductivity were estimated for these
lithologies independently.
In cases where the applied parameterization scheme resulted in an ill posed inversion problem, the
inversion was regularized using singular value decomposition (Doherty, 2015).

Results
Calibration results
Figure 4 presents the results obtained using the two different regional structural model approaches.
Figure 4A for the DK-model structure and Figure 4B for the cluster structure. The two major groups
are hobsval and hobsss (observation count in brackets). The DK-model structure is performing
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relatively well for the observations located outside the valley structures with a mean error (ME)
close to zero, and a relatively low root mean square error (RMSE). On the contrary, poor
performance is seen for observations located inside valley structures. This is not surprising, because
the structure of the DK-model was primarily built from boreholes, which due to their low density
have a poor resolution of the valley structures. The model has a relatively high bias in the simulated
heads within the HyGEM research area. This is likely to be caused by the geological complexity of
this area.
The cluster model, performs relatively well for observations located within valley structures, but
relatively poorly for observations located outside valley structures. In the HyGEM research area,
the cluster model significantly out-performs the DK-model structure.
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Figure 4: Observed versus simulated hydraulic heads. A shows the calibration results for the DK-model structure. B.
shows the results for the regional cluster model structure C. shows the results obtained by combining the regional
cluster structure with the local structures.

The results for the cluster model, including the two locally refined areas, can be seen in Figure 4C.
Surprisingly, the model performance deteriorates in the Ristrup area. This is caused by poor
representation of a single well located at the edge of the valley structure. The hydraulic gradient
between this well and wells in the valley structure is steep, indicating poor hydraulic connection.
However, in the model this borehole is located within the valley structure. Moreover, this borehole
is constructed with three wells screening different depths, and three observation points are thereby
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available at this location, resulting in high penalty in the statistics with poor representation. The
three observations can be seen as the purple dots with observed values around 55 meters. The
remaining observations for the Ristrup area are located close to the identity line, indicating good
performance. Using the localized models, we see an improved performance in the ME, while, the
RMSE deteriorates.

Selected model forecasts
Two types of model forecasts are made using the regional cluster model containing the two locally
detailed models. The first forecast is the recovery of the hydraulic head after cessation of
groundwater abstraction at both well-fields. The simulated recovery is shown on Figure 5A. The
recovery is largest near the pumping wells, and spreads through the buried valley structures. The
recovery stretches far beyond the two local well-field models. Based on the model results, it is also
likely that the well-fields will interact. This is noticed from the simulated recovery from the Kasted
well field, which stretches through the north-west striking buried valley structure towards the
Ristrup well-field.
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Figure 5: A. Forecast of head increase caused by cessation of abstraction from the well-fields at Kasted and Ristrup.
Forecast showing an estimate of the expected increased flux to the surface after ceasing groundwater abstraction at the
two well-fields for B. Ristrup and C. for Kasted

Due to strict regulations of groundwater abstraction’s effect on surface water, it is often of interest
to analyze how this affects streams and wetlands. The second forecast is therefore the increase in
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outflow to the surface due to cessation of the abstractions. Figure 5B indicates that the abstractions
have limited influence on stream discharge around the Ristrup well field. The effect is most
profound in the vicinity of the stream, where the drawdown is largest. Figure 5C shows the result
for the Kasted well field. Based on the modelled scenario, the effect on the surface discharge is
more profound here. Figure 5C also shows the trench systems that were dug mostly before the
establishment of the Kasted well field. The simulated increase of outflow around the trenches
supports the validity of the forecast.

Discussion
We have presented an application of the CF-resistivity cluster method to generate structural input to
regional scale groundwater models. Compared to previous applications of the method, this study
applies abundant resistivity data obtained during several field campaigns using a variety of different
geophysical methods. The entire data collection spans a period of nearly 30 years. Except for the
new SkyTEM survey, the model was developed solely on the basis of existing data, this including
geophysical, geological, and hydrological data. It demonstrates the large payoffs for water resource
management by a continued effort to develop and update geological, hydrological, and geophysical
databases.
The CF-resistivity cluster method builds on the assumptions that the distribution of resistivities can
be related to the water bearing and confining units. In the investigated area, the aquifers are
primarily located in Quaternary sand and gravel deposits. These deposits tend to have high
resistivities. On the contrary, the aquitards and aquicludes are related to Quaternary till clays and
Paleogene clays that have intermediate and low resistivity values, respectively. These conditions
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conform with conditions reported previously by Mazac et al. (1985). The methodology is less likely
to be useful in areas where resistivity intervals of aquifers and aquicludes overlap.
In the case presented, the clustering was made from resistivity grids interpolated using kriging.
Such interpolation tends to create smooth transitions between points of different values. This can be
particularly problematic in areas where the distance between soundings is large. Intermediate
resistivity intervals are therefore produced when interpolating between low and high values. Such
features are therefore a product of the interpolation and not the lithology. This can cause problems
in the CF-resistivity cluster method as it is applied here when intermediate resistivity features
caused by interpolation are linked to intermediate resistivity intervals related directly to lithology.
For the present study such overlapping resistivity intervals appeared between deposits located near
terrain and interpolation artefacts generating shell-like features around the buried valley structures.
To eliminate the effect if had on the resulting model, we performed the clustering separately on the
deposits near terrain and the ones located at depth.
One of the main advantages of the CF-resistivity clustering methodology is the limited time it takes
to make a structural model directly from data. Time consumption for setting up structural models
for regional scale groundwater models can thereby be reduced to days compared to manual
interpretations that take months of preparation. This also facilitates making fast model updates in
the case where new data acquisition has been made as well as it facilitates making a direct value of
data assessment by comparing model outcomes.

Conclusion
In this paper we have shown how the CF-resistivity clustering methodology (Foged et al., 2014;
Marker et al., 2015) can be applied to generate groundwater model structure in an area covered by
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a dense geophysical dataset collected over 30 years using multiple instruments. This is possible and
straightforward due to the Danish database systems containing geological and hydrological data,
and inverted geophysical models. Hopefully, this study will act as inspiration to other countries to
develop similar systems, such that data can come to good use for groundwater management years
after collection.
Using the presented method, we could set up the hydrostratigraphy on a regional scale (~470 km2)
within days, where a manually built model covering the same area would require months. Such time
saving on defining the regional model structure frees resources that can be focused on local details
around areas of primary interest. We exemplified this by combining the regional scale groundwater
model with two embedded local scale models. These local models were based on a detailed
geological model developed in a previous study (Høyer et al., 2015).
Regional scale groundwater model simulations obtained with the generated cluster structure were
compared to simulations made by a model using a manually interpreted regional scale structure. We
found the simulation results of these two models to be comparable. For two observation
subcategories, the performance of the cluster model clearly exceeded that of the reference model.
This was particularly true in the subarea containing the newly acquired SkyTEM dataset. This
illustrates the value of the densely covering geophysical data compared to the more sparsely
collected data in the remaining area. The cluster model also outperformed the reference model in
simulation of hydraulic heads at wells located in the buried valley structures.
The study illustrates the need for a regional scale groundwater model, in areas that contain aquifers
in buried valleys subject to large groundwater abstractions. Because aquifer responses transmit
quickly through the valley systems, the outer model boundary conditions must be placed carefully
and at large distances. Using MODFLOW-USG makes it straightforward to update the regional

23

model by embedding local detailed models. The regional model can thereby be used as basis for
multiple local scale management scenarios.
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