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• Groundwater management seldom
accounts for geological conceptual un-
certainty.

• The study combines a hydrogeological
and a stakeholder approach to model
uncertainty.

• The dominant barrier to account for
geological uncertainty is financial costs.

• The dominant driver is safer and more
stable drinking water protection.

• We propose measures to integrate geo-
logical uncertainty in groundwater
management.
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The geological conceptual model is considered amajor source of uncertainty in groundwatermodelling andwell
capture zone delineation. However, how to account for it in groundwater policy and management remains
largely unresolved. We explore the drivers and barriers to account for geological conceptual uncertainty in
groundwater protection amongst decision makers and stakeholders in an agricultural groundwater catchment
in Denmark. Using a groundwater model, we analyze the impact of alternative geological conceptual models
on capture zone delineation. A focus area, which covers multiple modelled capture zones, is defined and consid-
ered for groundwater protection. Model uncertainty and focus area are discussed at two workshops, one with
local and national stakeholders and another with local farmers. The drivers to account for model uncertainty in-
clude: i) safer drinking water protection by considering a larger area for protection than identified from a single
geological model; and ii) stability over time of management plans. The main barrier is the additional cost to the
stakeholders for the protection of a larger area.We conclude that integration of geological uncertainty in ground-
water protection plans may be improved through: i) better communication between the research community
and the national water authority; ii) more constraining guidelines regarding the estimation of geological uncer-
tainty; and iii) the development of a framework ensuring knowledge transfer to the local water authorities and
detailing how to integrate uncertainty in management plans.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Agricultural use of nitrates in fertilizers continues to be a major
source of groundwater pollution across Europe (European Commission,
2010). Solutions are required which balance the need for food
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production with the protection of drinking water resources. Accord-
ingly, the EuropeanWater Framework Directive (WFD) prescribes deci-
sion makers to develop water management plans in collaboration with
stakeholders including the wider public (European Commission, 2014).
A wide range of numerical modelling tools have been developed to sup-
port the implementation of the directive, from evaluation of manage-
ment strategies to design of monitoring programmes (Bouraoui and
Grizzetti, 2014; Cherry et al., 2008; Højberg et al., 2007; Yang and
Wang, 2010). Using models in collaboration with stakeholders can in-
crease public acceptability of management plans (Brugnach et al.,
2007; Hojberg et al., 2013). However, stakeholders can lose trust in
model-based management plans due to model uncertainty, and deci-
sion makers may be reluctant to rely on uncertain model results
(Borowski and Hare, 2007).

Decision makers in groundwater management, including local, re-
gional and national water authorities, commonly rely on groundwater
models for well capture zone delineation (Ceric and Haitjema, 2005;
Frind et al., 2002; Sousa et al., 2013). A well capture zone is defined as
the geographical area from where all infiltrating water will flow to the
groundwater abstraction well through the subsurface. Capture zones
can be used to delineate well head protection areas that serve the pur-
pose of protecting the drinking water quality by means of restrictions
within the well head protection area. Capture zone-based protection
areas are regulated in several countries, including the United States
(U.S. Environmental Protection Agency, 1987, 1997), and the Province
of Ontario, Canada (Province of Ontario, 2004, 2006). In Denmark, the
national water authority is responsible by law for delineating well cap-
ture zones and nitrate vulnerable zones for groundwater protection
(Ministry of Environment and Food of Denmark, 2018).

Uncertainties in groundwatermodel simulations and predictions are
inherent and mainly stem from; i) incomplete data, (ii) inadequate pa-
rameter estimation, and (iii) conceptual model errors. It is well-
established that the conceptual uncertainty often can be the dominating
factor (Bredehoeft, 2005; Neuman and Wierenga, 2003; Poeter and
Anderson, 2005). Uncertainties in the hydrogeological interpretation,
the geological conceptual model, can be a major source of uncertainty
in predictive groundwater simulations (Højberg and Refsgaard, 2005;
Nilsson et al., 2007; Refsgaard et al., 2006; Seifert et al., 2012;
Sonnenborg et al., 2015).

Traditionally, uncertainty analyses rely on a single deterministic
model and address mainly parameter uncertainty (Højberg and
Refsgaard, 2005). However, if only one geological conceptual model is
used, the uncertainty arising from the geological structure is unac-
counted for (He et al., 2015). Methods to develop conceptual models
can be divided into two main categories: the consensus approach and
the multi-model approach (Enemark et al., 2019). The consensus ap-
proach integrates all available data into a single conceptual model that
represents the current consensus on system behaviour (Brassington
and Younger, 2010). Conversely, in the multi-model approach, alterna-
tive plausible conceptual models are developed in parallel, evaluated
and some are removed from the ensemblewhen they are falsified by in-
creased knowledge or data (Enemark et al., 2019; Neuman and
Wierenga, 2003).

The multi-model approach can be considered superior to the con-
sensus approach as a strategy for evaluating the effects of model struc-
ture, as it is transparent and explicitly accounts for conceptual
uncertainty by defining multiple likely conceptual understandings of
the natural system. The multi-model approach has been advocated for
as a framework for dealing with structural uncertainty in uncertainty
analysis (Enemark et al., 2019; Poeter and Anderson, 2005; Refsgaard
et al., 2006), to develop advocacy models that represent stakeholders'
interests (Ferré, 2017), and to improve model acceptance and decision
making in consulting (MacMillan, 2017).

While much effort is and has been devoted to quantifyingmodel un-
certainty, the implications of geological conceptual uncertainty for
groundwater protection from a practical policy and management
perspective has received relatively little attention. Model-confidence
amongst water managers and the public requires communication and
transparency about model uncertainties (Borowski and Hare, 2007;
Brugnach et al., 2007; Olsson and Andersson, 2007). However, it is
also found that what policy makers want is “one model, one answer”
(Brugnach et al., 2007). Lack of certainty contained in models can
cause lack of trust in models, as water managers may prefer model un-
certainties reduced rather than better represented (Borowski and Hare,
2007).

This study is motivated by the contradiction between on one hand,
the epistemic uncertainty related to geological model conceptualiza-
tions and the methods to evaluate its effects, and on the other hand,
the demand from decision makers and stakeholders for simplicity over
complexity. The objective of our paper is to identify drivers and barriers
for taking account of geological conceptual uncertainty in groundwater
management amongst key stakeholders and decision makers on local
and national level. Drivers and barriers are here understood as the fac-
tors that either facilitate or impede the integration of conceptual geo-
logical uncertainty analysis in groundwater management and policy
making as well as in the modelling framework. As a basis for the analy-
sis, we demonstrate the implications of geological conceptual uncer-
tainty for capture zone delineation, exemplified by a limited number
of alternative models developed for a case study of Vester Hjerk water-
works in Denmark. Data, model results and capture zone uncertainty
are presented and discussed with key local and national stakeholders
and decision makers at two workshops where their response and opin-
ions are investigated. The results of these workshops form the basis for
discussion to identify barriers and drivers for integration of conceptual
geological uncertainty analysis in groundwatermanagement and policy
making.

2. The case study: Vester Hjerk

2.1. Danish drinking water supply and groundwater protection

Located in northern Europe, Denmark covers a total area of
~43,000 km2 between 54.5 and 57.8°N and 8.1–15.2°E, of which agricul-
tural land use accounts for 61% (Statistics Denmark, 2017). About 99% of
theDanish drinkingwater originates from groundwater that is provided
through a decentralized supply system. Out of the 2500 water utility
companies in Denmark 97% are privately owned, mainly by the con-
sumers, and account for one third of the total drinkingwater production
(Miljøstyrelsen, 2019). Despite declining fertilizer application since the
1980s, groundwater nitrate concentrations still exceed environmental
and human health thresholds in many locations in Denmark (Hansen
et al., 2017).

The legal framework for managing water resources in Denmark is
characterised by a hierarchical (Graversgaard et al., 2018) and model-
based (Miljøstyrelsen, 2000) decision-making system. Approximately
40% of the country has been included in a national groundwater map-
ping programme resulting in more than 200 groundwater models.
Based onmodel simulations, the national water authority is responsible
for delineating well capture zones. National guidelines on geological
and hydrogeological modelling have been developed to ensure that
state-of-the-art methods are used, and to streamline the modelling
tasks carried out by various model experts. The guidelines emphasize
that uncertainty analysis should be an integrated part of the modelling
process. Experiences are that the guidelines are effectively embedded
in the model studies and have improved the quality (Hojberg et al.,
2013; Refsgaard et al., 2012).

Capture zone results from the groundwater models are provided by
the national water authority to the Danish municipalities, who, in their
capacity as local water authorities, are responsible for designing local
action plans to secure the drinking water resource. Following national
legislation, the local action plans must involve local stakeholders
through a public hearing.
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2.2. Study area

The Vester Hjerk waterworks, located on the Salling Peninsula in the
north-western part of Denmark, is a representative example of a small-
scale, consumer-ownedwaterworks (Fig. 1a-b). Thewaterworks has an
abstraction license of 35,000 m3/year and supplies water to 80 house-
holds. Since 1980, nitrate concentrations at Vester Hjerk waterworks
have been increasing, and the drinking-water threshold of 50 mg
NO3

−/l (World Health Organization, 2017, p. 183) was exceeded in
2008 and 2013.

Topography on the Salling Peninsula varies from flat to moderately
undulatingwith amaximumelevation of 53mabove sea level. The shal-
low subsurface is largely dominated by buried valleys (Fig. 1b), mostly
formed as tunnel valleys under the Quaternary glaciations by
pressurised meltwater eroding into the substratum of Pre-Quaternary
mica clay and silt. The buried valleys are partly or completely filled
with a variety of glacial and interglacial deposits, most commonlymelt-
water sand and gravel, glaciolacustrine clay and silt and clay till
(Jørgensen and Sandersen, 2006).

Large parts of the drinking water supply in Denmark and Northern
Europe are based on buried valley aquifers. Buried valleys have been ob-
served to strongly influence groundwater flow paths (Sandersen and
Jørgensen, 2003). Hence, the delineation and the hydrogeological de-
scription of buried valleys are crucial for calculating well capture
zones. Vester Hjerk waterworks abstracts groundwater from a sandy
buried valley aquifer located around 5–50 m below ground level
(mbgl) (Fig. 1c). The two wells are screened in the aquifer with a filter
depth of 24–30 mbgl. The aquifer is moderately protected against sur-
face pollutants by an overlayingmoraine clay layer of varying thickness,
in many places less than 5 m (Miljøministeriet, 2011). The overlaying
clay layer is likely to be heterogeneous and discontinuous due the gen-
erally complex internal structure of buried valleys (Sandersen and
Jørgensen, 2003).

2.3. Vester Hjerk capture zone uncertainty

The latest local action plan for Vester Hjerkwaterworks is based on a
regional groundwatermodel of the Salling Peninsula developed in 2010,
SAL10, for the national water authority (DHI, 2010). The SAL10 well
capture zone covers a south-north oriented area of 1.66 km2 (Fig. 1c).
In 2013 the local water authorities requested a new model, SAL13, de-
veloped by a consultancy that merged SAL10 with four small local
groundwatermodels (Alectia, 2013). Although the geology surrounding
Vester Hjerk remained unchanged, the SAL13 well capture zone
Fig. 1. a Location of the Salling Peninsula in Denmark. b The Salling Peninsula and groundwater
wells (cross), and buried / partly buried valleys of different infill (orange) (Sandersen and Jørge
partly buried valley of different infill (orange), Vester Hjerk abstraction wells (cross), SAL10 an
(1.74 km2) intersects the SAL10 well capture zone by only 0.64 km2

(Fig. 1c). In response to this, the chairman of the local farmers' associa-
tion stated during the public hearing of the local action plan November
2017–March 2018:

“With such a high degree of uncertainty, it is very hard to defendmaking
a local action plan, as it can give the landowners unjustified uncertainty
if they are within the designated areas [capture zones].”

[(Skive Kommune, 2018, pp. 7–8)]

Consequently, the local water authorities are challenged to develop
a local action plan that can be accepted by all stakeholders.

3. Methods and data

The first section explains the methodology applied to assess the im-
plications of conceptual geological uncertainty on capture zone delinea-
tion for Vester Hjerk waterworks using a groundwater model. The
second section explains how these results were presented at twowork-
shops to key stakeholders and decision makers on local and national
level and used as basis for discussion.

3.1. Geological conceptualizations, capture zone delineation and focus area

Vester Hjerk waterworks is abstracting water from a buried-valley
aquifer, however the simulated capture zones for SAL10 and SAL13 do
not indicate that the valley is hydraulically active (Fig. 1c). To evaluate
this, we review existing geological data fromwhichmultiple interpreta-
tions of the geological structure are developed. We use newly collected
field data to evaluate these conceptual geological models. Finally, a
groundwater model is used to analyze the changes in capture zone de-
lineation as a result of the geological model structures and to define a
focus area for groundwater protection.

3.1.1. Geological conceptual models
The geological data were extracted from the national borehole data-

base (JUPITER) and consist of lithological borehole logs (Møller et al.,
2009). Geophysical data are stored in the national geophysical database
(GERDA) from which Transient ElectroMagnetic (TEM) surveys were
extracted (Rambøll, 2004). The different conceptual geological models
are presented in Table 1 and Fig. 2.

In the SAL10 and SAL13 models the buried valley is conceptualized
as a non-continuous sand unit intersected by a clay unit along the
southeast-northwest axis (Fig. 2a). The few data points along the
edges of and between the two sand units (Fig. 2a) are not enough to
model domain (bold black line), investigation area (dashed line), Vester Hjerk abstraction
nsen, 2015). c Zoom of investigation areawith river network (blue lines), mapped buried /
d SAL13 well capture zones (hatched).



Table 1
Conceptual geological models: name, description of buried valley geology and hydraulic conductivities (K-value) for the buried valley infill and overlaying layers. SAL10 and SAL13 are the
existing models and SAL13A, SAL13_Ktop and SAL13A_Ktopval are models developed for this study. The model parameters of SAL10 are unknown.

Name Buried valley geology K-value (m/s)
Buried valley sand
infill

K-value (m/s)
Overlaying clay
layer

K-value (m/s)
Overlaying sand
layer

SAL10 Disconnected – – –
SAL13 Disconnected and highly conductive (coarse sand) with primarily clay overlaying layer. 5.3·10−3 9.0·10−6 1.4·10−5

SAL13A Connected and highly conductive (coarse sand) with primarily clay overlaying layer. 5.3·10−3 9.0·10−6 1.4·10−5

SAL13A_Ktop Connected and highly conductive (coarse sand) with more permeable (sandy clay)
overlaying layer.

5.3·10−3 1.4·10−5 7.0·10−5

SAL13A_Ktopval Connected and less hydraulically conductive (sand) with more permeable (sandy clay)
overlaying layer.

5.3·10−5 1.4·10−5 7.0·10−5
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verify the interpretation of a non-continuous buried valley. Based on
this observation, we hypothesize that the buried valley is one continu-
ous unit along the southeast-northwest orientation which is repre-
sented in SAL13A (Fig. 2b).

Additionally, the hydraulic conductivity of the valley infill and the
overlaying layers are expected to influence the capture zone. The over-
laying layers of the buried valley are of varying thickness and likely het-
erogeneous and discontinuous. The hydraulic conductivity of the buried
valley infill in SAL13 is high (5.3·10−3 m/s) compared to the typical
range for clean sand (10−2 to 10−5 m/s) and silty sand (10−3 to
10−7 m/s) (Freeze and Cherry, 1979). Therefore, two conceptual geo-
logicalmodels are added to the ensemble: The SAL13A_Ktopmodel rep-
resents a connected buried valley with more permeable (sandy)
overlaying layers than SAL13A, and the SAL13A_Ktopval model repre-
sents a connected and less hydraulically conductive (less coarse) buried
valley combined with the more permeable overlaying layers (Table 1
and Fig. 2b).

3.1.2. Collection of geophysical field data
Multi Electrode Profiling (MEP) resistivity data was obtained using

the IRIS Syscal Pro unit with a Wenner array of 96 electrodes in 5 m
spacing (total profile length 475 m). The MEP method allows, through
inversion of the resistivity data, to distinguish between different types
Fig. 2. a Top view of the area surrounding Vester Hjerk wells (cross) with TEM data points (as
(dashed line) and conceptualmodel of the disconnected buried valley (dotted). b Conceptual illu
Thin arrows indicate low hydraulic conductivity, bold arrows indicate high hydraulic conducti
of subsurface materials. The MEP profile was established at the location
where clay intersects the sand unit in the hydrogeological model of
SAL13 (Fig. 2a). As no existing data supported the interpretation of a
disconnected buried valley, aMEP investigation in this area had the pur-
pose to determine whether there is a sandy layer between terrain and
the substratum of Pre-Quaternary clay (connected valley), or if the sub-
surface consists primarily of clay (disconnected valley).

3.1.3. Groundwater model
We use a groundwater model to calculate capture zones for the geo-

logical conceptual models SAL13A, SAL13A_Ktop and SAL13A_Ktopval.
The groundwater model is based on the SAL13 model including the
calibrated parameter values. The SAL13 model was calibrated against
observations of groundwater head and discharge for the period
1990–2000 (Alectia, 2013). The model covers the Salling Peninsula
(497 km2) bounded by a constant head (0 m) along the coastline and
along the river to the south (Fig. 1a). The horizontal discretization is
a 100 × 100 m grid. The vertical discretization is based on
hydrostratigraphic units identified from borehole logs and geophysical
data (Møller et al., 2009), resulting in 10 hydrostratigraphic vertical
layers. The buried valley is represented as a sand unit at depth 5–50
mbgl, with two overlaying layers of sand and clay. The numerical
model is constructed in the integrated surface-water/groundwater
terisk) and bore-hole datapoints (plus sign), MEP profile (dash-dotted line), cross-section
stration of the different conceptual geologicalmodels drawn along the cross section in (a).
vity.
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finite-difference code MIKE SHE and Hydro1D (Abbott et al., 1986;
Graham and Butts, 2005).

We delineate the well capture zone for Vester Hjerk abstraction
wells using the conventional forward random walk particle tracking in
the saturated zone. 100 particles were introduced in the two uppermost
layers (total depth 3 m) in each grid cell within an area of 155 km2

around the wells. A maximum travel time of 200 years was applied,
which is the cut-off value used by the national water authority.
3.1.4. Identification of the focus area
Based on an integrated analysis of the model results and field data, a

focus area is identified as a target area for groundwater protection. The
conceptual geological models listed in Table 1 and the capture zone re-
sults are compared with expected groundwater age. If a model can be
falsified by data, it is removed from the ensemble. The focus area is
then delineated based on the particle tracking results from conceptual
geological models that are all considered valid based on available data.
As the focus area includes results from multiple models, it covers a
larger area than each of the individual capture zones.
3.2. Stakeholder response to model uncertainty and focus area

Two stakeholder workshops were held to identify drivers and bar-
riers for taking account of geological conceptual uncertainty in policy
making and management for groundwater protection. The first work-
shop involved stakeholders that represent a variety of interests on the
topic of groundwater management on a local and national level (Work-
shop A). The second workshop addressed the local farmers who own
land within the focus area (Workshop B). At both workshops, field
data, captures zones and the focus area were presented as background
for the discussion about conceptual geological uncertainty.
3.2.1. Workshop A: Local and national level stakeholders in management
and decision making

The stakeholders atWorkshop Awere part of the core-group for the
EU Horizon 2020 research projects Waterprotect and Fairway and in-
cluded: local farmer-owned advisory companies, hereafter referred to
as “local farmers' associations”; national farmers' interest organisations
including the farmers' research centre, hereafter in common referred to
as “national farmers' association”; national waterworks associations;
local waterworks board; national water authority; local water authori-
ties; and research institutions in hydrogeology and agricultural science.

Prior to the workshop the participants were asked four open ques-
tions (see Supplementary material) about their knowledge of uncer-
tainty in capture zone delineation, and how it is accounted for in the
local action plans. The questionnaire served to prime the participants
about the content of the upcomingworkshop and to collect information
on the knowledge level amongst stakeholders.

At Workshop A, the discrepancy between the SAL10 and SAL13
capture zones was introduced to the participants as an example of
how model uncertainty can cause distrust amongst stakeholders
(Section 2.3) and as a motivation to address model uncertainty in
groundwater management. The sensitivity of the capture zone to the
different geological conceptualizations of the buried valley was ex-
plained, and on that basis the focus areawas presented as an alternative
target area for groundwater protection which accounts for conceptual
geological uncertainty. Following the presentation, the workshop was
arranged as a focus group interview guided by a predefined set of ques-
tions (see Supplementary materials) with possibilities for an open dia-
logue and interactions between the participants. The participants were
asked to 1) respond to using multiple conceptual geological models
for delineation of groundwater protection zones, and 2) identify drivers
and barriers for using this approach in practice.
3.2.2. Workshop B: Local farmers
Local farmers were included as they are directly affected by the

groundwater protection strategies designed by the local water authori-
ties. The farmers' acceptance of the local action plan is essential for its
successful implementation. Workshop B served multiple purposes out
ofwhich onewas related to this study: it included a presentation of cap-
ture zone uncertainty at Vester Hjerk waterworks and the focus area to
which the farmers' responses are reported in this paper.

The geology in the areawas explained to support the relevance of in-
vestigating the buried valley's impact on groundwater flow, and it was
emphasised that field data had been collected. The presentation con-
cluded that groundwater flow at Vester Hjerk is controlled primarily
by two physical entities, the topography and the buried valley, and
that it is not possible to verify which entity is dominant due to uncer-
tainty in the groundwater model and with the current data available.
On this background, the focus area was presented as a potential area
for targeting groundwater protection and the farmers were invited to
engage in a discussion about land use management within the focus
area.

4. Results

In the first section, the field data and particle tracking results for
multiple geological conceptual models are presented along with the
focus area. The model results reported here provide the background
for the information presented at the two stakeholder workshops. In
the second section, the response and opinions of the stakeholders to
the model results are described, and drivers and barriers for taking ac-
count of conceptual geological uncertainty in groundwater manage-
ment are identified.

4.1. Geological conceptual model evaluation and focus area delineation

4.1.1. Field data
The MEP data was obtained during a field campaign in June 2018.

The penetration depth of the MEP survey was approximately 80 m,
and the layer boundary between high and low resistivity was found at
15–20 m depth throughout the profile. Above this depth, resistivity
values were above 60 Ω.m. Below this depth, resistivity values de-
creased below 10 Ω.m. These resistivity values were interpreted as
sandy deposits (below groundwater table) on top of Pre-Quaternary
clay. This finding supports the hypothesis of a connected buried valley.
Furthermore, the MEP profile did not show consistently low resistivity
values near the surface, indicating that the overlaying clay layer is of
varying thickness and extent.

4.1.2. Groundwater model results
SAL13A,with a connected buried valley, results in an infiltration area

3–5 km from the abstractionwells along the southeast axis of the buried
valley, and a particle age distribution with a mean travel time of
171 years. Thus, the groundwater flow to thewells mainly occurs inside
the buried valley.

SAL13A_Ktop, with a more permeable capping layer than SAL13A,
gives similar spatially distributed particle tracking results compared to
SAL13A, except that part of the infiltration takes place down to 1 km
from the wells and the mean travel time is 75 years.

For SAL13A_Ktopval, that represents a less hydraulically conductive
buried valley combinedwith themore permeable overlaying layers, the
particles follow the topography 2.5 km south and 1 km north of the
wells with a mean travel time of 65 years. These results coincide with
the capture zone for SAL10, where the buried valley is discontinuous
(Fig. 3a).

To summarize, for a continuous and highly hydraulically active bur-
ied valley the groundwater flow to thewells primarily takes place inside
the buried valley with an infiltration area of varying distance from the
wells (1-5 km) and varying age distribution (mean travel time



Fig. 3. a Conceptual illustration of the disconnected buried valley (pink) and SAL10 and SAL13 capture zones (hatched). b Conceptual illustration of the connected buried valley (blue) and
the focus area (hatched). The focus area is based on the results frommultiple conceptual geological models, as it includes the two governing features identified to control the capture zone
delineation: the topography (north and south of the wells) and the geology of the buried valley (south-east of the wells).
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75–171 years), depending on the permeability of the overlaying layers
(SAL13A and SAL13A_Ktop). If the buried valley is less hydraulically
conductive relative to the overlaying layers, the groundwater flow to
the wells primarily follows the topography (SAL13A_Ktopval).
4.1.3. Focus area delineation
Based on the MEP data, we reject the conceptual geological models

with a disconnected buried valley, i.e. SAL10 and SAL13. The remaining
models, SAL13A, SAL13A_Ktop and SAL13A_Ktopval, are evaluated
against relevant field data.

The high nitrate concentrations observed at the Vester Hjerk wells
likely reflect a period during which nitrate leaching from agricultural
practice was high, approximately 50 years ago. Such young groundwa-
ter ages may suggest that water is primarily infiltrating close to the ab-
straction wells, as is the case for SAL13A_Ktopval. However, the results
of SAL13A_Ktop show that a realisticmean travel timeof 75 years can be
achieved even for infiltration areas further from the wells, when the
overlaying layers are more permeable. SAL13A_Ktop is considered
more consistent with data than SAL13A, because the mean travel time
of 75 years better reflects the nitrate pollution scenario than the
171 yearsmean travel time for SAL13A. Furthermore, due to the hetero-
geneity and discontinuity of the overlaying clay layer, infiltration is con-
sidered likely to occur in the entire area over the buried valley through
sandwindows or fractures in the clay, corresponding to the less perme-
able capping layer in SAL13A_Ktop. No other field data available was
found suitable to further evaluate the models, groundwater potentials
included. We thus conclude that without further investigations it can-
not be rejected that the groundwater flow to wells primarily follows
the topography nor that it primarily follows the buried valley.
Table 2
Number of stakeholders, in each category,who replied to the survey and/or participated in
Workshop A.

Stakeholder category No. of survey
replies

No. of participants at
Workshop A

Local farmers' association 1 2
National farmers' association 1 2
Local waterworks board 1 0
National waterworks association 2 1
Local water authority 3 3
National water authority 1 3
National NGO nature conservation 0 1
National research institution 2 3
Consequently, the focus area is delineated based on the topography-
driven particle results of SAL13A_Ktopval and the SAL13A_Ktop parti-
cles infiltrating above the connected buried valley (Fig. 3b). The focus
area (6.89 km2) covers 5.97 km2 farmland owned by 18 farmers: nine
crop producers, fivemilk producers and four pig producers. The average
farm size is 2.46 km2 ranging from 0.17 km2 to 11.1 km2. The share of
each farm located within the focus area varies from 1 to 100%.

4.2. Stakeholder knowledge and perceptions of model uncertainty

4.2.1. Workshop A: Drivers and barriers in decision making
Prior to Workshop A, 11 stakeholders responded to the questions,

and 15 stakeholders participated in the workshop. All stakeholder cate-
gories, except national NGO nature conservation, were represented in
the survey responses (Table 2).

All stakeholders participating in the questionnaire showed a basic
understanding of model uncertainty sources, while the level of under-
standing varied considerably. The geological model together with accu-
rately simulating the groundwater table were the uncertainty sources
related to capture zone delineation mentioned by most stakeholders
(Table 3). The stakeholders that mentioned the geological model as an
important uncertainty source (local water authorities and researchers)
all have a background in geology or engineering at MSc level. Other un-
certainty sources stated include variations in well pumping, lack of and
quality of data, climate variability, model setup (e.g. parameters, bound-
ary conditions) and experience of the modeler.

On the question about how uncertainty is accounted for in the local
action plans, survey responses showed that local water authorities pri-
oritize groundwater protection measures close to the wells, where
Table 3
Uncertainty sources related to capture zone delineation as stated in the survey by stake-
holders prior to Workshop A.

Source of uncertainty No. of stakeholders to
mention
uncertainty source

Geological model (interpretation of geological data) 4
Groundwater flow path/groundwater table 4
Variations in pumping at wells 3
Model setup (model parameters, model choices, boundary
conditions, grid size)

3

Lack of and quality of data 2
Variation in climate 1
Experience of modeler 1
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they consider the capture zone uncertainty to be the lowest. The local
authorities expressed a wish for additional groundwater mapping in
areas of high uncertainty. In a case likeVester Hjerkwheremultiple cap-
ture zones are available, the local waterworks representative suggested
to use the overlapping area for groundwater protection, because he con-
sidered multiple capture zones untrustworthy. A research representa-
tive pointed out that uncertainty zones should be added to the
capture zones, and the difference between infiltration area and projec-
tion area of the well capture zone should be clarified.

Workshop A took place 2 May 2019 in Aalborg, Denmark. Out of 15
stakeholders present at the meeting 10 participated actively to the dis-
cussion and with at least one active speaker in each stakeholder cate-
gory, except national NGO nature conservation. The first point of
discussionwas capture zone uncertainty and the stakeholders' response
to considering multiple geological conceptualizations. A national
farmers' association representative pointed out that it was problematic
if the administrative basis of the national groundwater protection po-
tentially could look very different due to geological uncertainty. Follow-
ing, the current practice on identifying a small capture zone and
imposing hard restrictions within it vs. identifying a larger focus area
with less strict regulation was discussed.

The representatives from the national water authority acknowl-
edged that uncertainty is prevalent in groundwater modelling, but gen-
erally they did not consider conceptual geological uncertainty to be the
most important uncertainty source. The national water authority stated
that groundwatermapping is a process which requires continuous inte-
gration of new data and knowledge by which they consider models to
approach, but never reach, “somethingwhich is true”. While such an iter-
ative process will improve the technical basis for the management, the
national water authorities also stated that this may in return change
the model outcome. Considerable investments in data collection and
modelling efforts have been made by the government. Accordingly,
the national water authority considers well capture zone delineation
to be carried out on the best possible scientific foundation, and further-
more the national authority must balance the efforts spent on quantify-
ing uncertainty compared to implementing action plans:

“We can also use a sledgehammer to crack a nut, we can go out and
make way too many surveys that will cost way too much so that we
cannot afford making the protection.”

A farmers' association representative pointed out that both con-
sumers and farmers (who are also consumers) want clean drinking
water, and that they share an interest in identifying the designated
land as accurately as possible, in order to reduce costs for both farmers
and consumers. This viewwas shared by representatives from the local
water authorities and national waterworks association.

A local water authority representative pointed out that it is not a pri-
ority in the local planning process to assess uncertainties in the national
groundwatermapping, partly due to lack of funding. The local water au-
thorities are aware that well capture zones hold uncertainties, but they
are lacking a detailed uncertainty description in the material provided
from the national authority. Thereby, they have limited opportunities
to account for uncertainties in the planning process, e.g. to minimize in-
vestments in areas of high uncertainty.

In response to the presented focus area, twomain driverswere iden-
tified for using it to target groundwater protection:

1) Safer drinking water protection
2) Stability for long-term planning and investment

A research representative stated that generally areas larger than cap-
ture zones should be considered for sufficient groundwater protection,
because the capture zones may change over time due to variability in
climate and pumping strategies. A national waterworks representative
highlighted a need for protection of “reserve areas”, i.e. protection of
areas that are not yet used for drinking water production, which
would favour protecting a larger area. However, it was detailed that
the reserve areas should be identified based on a balancing of cost and
effect.

Stability for long-term planning and investment was pointed out as
an advantage of the focus area by both local water authorities and local
and national farmers' associations. If the existing protection of the
drinking water resource is insufficient, new well-fields must be devel-
oped at large costs for the waterworks and consumers. Farmers need
stability for long-term planning and investment, and therefore they
are not only interested in the target area being as small as possible,
but also that it does not change over time (e.g. change with every new
model update). It was suggested by a farmers' association representa-
tive that areas of high uncertainty could be kept as potential areas for
protection in the future planning process.

Three main barriers were identified for targeting groundwater pro-
tection within the focus area:

1) Financial costs to stakeholders

2) Complication of the local planning process
3) Time constraints to doing uncertainty analysis

Almost all stakeholder groups identified financial costs to stake-
holders as a barrier to implement groundwater protection in the larger
focus area (6.98 km2 vs 1.74 km2). If the local water authorities cannot
make voluntary agreements with the farmers, they must impose oblig-
atory restrictions, e.g. no or reduced nitrogen application or afforesta-
tion, which will be more costly on a larger area. The drinking water
consumers must pay for the financial compensation of the farmers.
One stakeholder from the national farmers' association expressed con-
cern and doubt whether uncertainty analysis was done well enough
by modellers due to budget limitations.

A local water manager pointed out that communicating uncertainty
to stakeholders, particularly farmers and their interest organisations,
can be challenging when the local water managers must negotiate
with farmers about implementing groundwater protection on their
land.

Making uncertainty analysis is very time consuming, and the water
managers need to balance time and money spent on data collection,
mapping and modelling vs. doing the actual protection. A local water
manager pointed out, that at some point in time action is simply re-
quired out of urgency due to water pollution, despite uncertainties.

4.2.2. Workshop B: Knowledge and awareness about model uncertainty
Workshop Bwas held 5March 2019 in Roslev, Denmarkwith partic-

ipation of 12 out of the 18 farmers who own land within the focus area.
Initially, the farmers appeared sceptical and reluctant to engage in

the workshop. One farmer strongly opposed the use of models for deci-
sion making, claiming that model uncertainty was too high, and more
measurements were needed. Following the presentation, one farmer
asked what the implications of the focus area would be. After the
farmers had been reassured that the local water authorities would not
impose land use regulations, such as fertilizer application rates, within
the focus area they slowly but surely engaged in a dialogue by asking
questions about the direction of the groundwater flow.

The farmers took part in a dialogue aboutwater quality and land use
management within the focus area, without questioning the validity of
the focus area. Two farmers referred to the buried valley, which had
been unknown to them prior to the workshop. With reference to their
own field observations, the farmers showed understanding of the com-
plexity and heterogeneity of the hydrological system. They had ob-
served differences in nitrate concentrations from 0 to 90 mg/l
between neighbouring water wells, and they had noticed unexpected
water pressure differences in drain wells. Most of the farmers were
also aware of the differences in nitrate concentrations measured at the
two wells at Vester Hjerk waterworks. One farmer pointed out, that
the groundwater protection measures would not improve the drinking
water quality within their lifetime. Thereby they would not benefit



8 E. Bjerre et al. / Science of the Total Environment 746 (2020) 141045
themselves from making voluntary agreements for groundwater
protection.

The twomain findings ofworkshop B is that 1) the farmers accepted
the focus area as a premise for discussing land use management after
the uncertainty had been explained and linked to landscape features
(topography and buried valley), despite initial opposition against
model calculations, and 2) the farmers could relate to uncertainty in
the natural system with reference to their own field observations.

5. Discussion

5.1. Implications of geological conceptual uncertainty: Groundwater
modelling and management

The implications of geological conceptual uncertainty on well cap-
ture zone delineation is demonstrated for a waterworks abstracting
groundwater from a buried-valley aquifer. We show that modifying
the geological structure to a continuous buried valley alters the capture
zone considerably, with an infiltration area up to 1–5 km from thewells
(Fig. 3). This is not unrealistic for high-permeable buried valleys where
the flow of deep groundwater will likely take place inside the valley
(Sandersen and Jørgensen, 2003). This finding contradicts the approach
taken by the local water authorities who prioritize groundwater protec-
tion measures in areas close to the wells, as specified in the survey,
which they consider to have the “highest certainty”, and where the ef-
fects of groundwater protection are expected within “our lifetime”.

Various approaches can be applied to study geological conceptual
uncertainty (Enemark et al., 2019; Refsgaard et al., 2012). In this study
weuse a limitedmulti-model approach,where three alternative geolog-
ical conceptual models of the buried valley are added to the existing
SAL10 and SAL13 models. Many other interpretations could be made
of the geological structure in the study area that would have impacted
the capture zone delineation differently. However, the selected models
will always be a subset of the entire space of alternative conceptual
models (Refsgaard et al., 2012).

The focus area presented in this study represents a precautionary ap-
proach as for every geological conceptual model that is added to the
analysis, the resulting target area can only become larger or remain
the same. In contrast, the main risk of delineating a groundwater pro-
tection area based on a consensus-approach derived capture zone is un-
derestimation of uncertainty. As identified at Workshop A, this
precautionary nature of the focus area can lead to safer drinking water
protection (driver 1), but it comes at a financial cost to the stakeholders
(barrier 1).

While the focus area accounts for geological conceptual uncertainty,
to an extent limited by the number of models included in the ensemble,
it does not reduce model uncertainty. However, from a management
perspective, usingmultiplemodelsmay reduce the risk of changing cap-
ture zones with future model updates, which in return could provide
more long-term stability for the farmerswhomust adapt to the local ac-
tion plans (driver 2). On the other hand, the practical implications of ac-
counting for conceptual geological uncertainty complicates the local
planning process (barrier 2), because protection must be made on a
larger yet uncertain area.

A key finding of Workshop A is that most stakeholder groups have
conflicting interests to balance regarding the (larger) focus area as a
groundwater protection area. The farmers and the local water authori-
ties have an interest in small and stable target areas. However, this
can be considered contradictory when defining a small capture zone
may carry a higher risk of instability due tomodel uncertainty, including
geological conceptual uncertainty, and variability in pumping strategy
and climate. Furthermore, it can be complicated for water managers to
publicly address uncertainty, as model uncertainty may be used as an
argument against the use of models for decision making in the first
place. Therefore, further uncertainty analysis may not be in demand
from the administrators' side, and it can seem like a better solution
not to communicate about the uncertainty to the public/stakeholders,
as pointed out by Pappenberger and Beven (2006). Although the local
water authorities recognize the importance of geological uncertainty
(see survey response) and identify potential benefits of the focus area
(driver 1 and 2), they do not have the tools to handle the implications
of it in the local planning process. This is in line with the results of
Borowski and Hare (2007) who found that water managers prefer un-
certainty in models to be reduced rather than better characterised and
quantified.

Workshop B showed that the farmers understand the complexity of
the natural systems from their daily experiences. By presenting the
physical explanations behind the different capture zones, the discussion
with the farmers was centred on finding solutions relating to land use
management rather than disputing the validity of the model and the
focus area. This finding suggests that it could be beneficial to communi-
cate about capture zone uncertainty to farmers with reference to phys-
ical landscape/geological features for improved understanding and
acceptance.

From a practical groundwater protection perspective, we hypothe-
size that delineation of a larger focus area with less strict regulation
could facilitate a more flexible protection strategy, where farmers are
able to maintain production by prioritizing crops with low nitrate loss
in the focus area.
5.2. How can geological conceptual uncertainty be integrated in the future
management of drinking water protection in Denmark?

Although the national water authority representatives recognize
that geological conceptual uncertainty influences capture zones,
they consider the current data and modelling framework sufficient
for capture zone delineation. The national water authority resolves
model uncertainty by continuously updating models by collecting
more data (the consensus approach), and they accept that this may
lead to changes in the capture zones. This approach is founded on
1) the perception that geological conceptual uncertainty is not the
primary uncertainty source, and 2) a balancing of resources for
modelling, data collection and uncertainty analysis vs. implementa-
tion of groundwater protection measures.

Uncertainty and communication about uncertainty has been in focus
of the research community for the last 15 years in Denmark, where na-
tional best practise guidelines in geological and hydrological modelling
have been developed as part of the national groundwater mapping pro-
gramme. Based on cross-European experiences (Henriksen et al., 2009),
these guidelines stress that uncertainty assessments, including geologi-
cal uncertainty, should be conducted and communicated to managers
and stakeholders. But the discrepancy in perceived importance of quan-
tifying and accounting for conceptual geological uncertainty indicates a
need for improved communication between the research community
and the policy makers. Additionally, more constraining guidelines
about the estimation of conceptual geological uncertainty could be
envisioned, as it is currently only optional.

Motivation for increased communication about uncertainty between
the national and local water authorities was expressed by a representa-
tive from the national water authority:

“We would really like to deliver all of our […] uncertainty calculations
that are done as part of the groundwater mapping, so it can be a work-
ing tool for the municipality [local water authority] also in relation to
where to prioritize [groundwater protection]..”

Thus, the national guidelines could be improved with specific rec-
ommendations about knowledge transfer from the national water
authority to the local authorities. Furthermore, the local water authori-
ties are not adequately equipped to handle uncertainties in the local
planning process. Thus, it could be beneficial to provide the local
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water authorities with an implementation framework for handling geo-
logical uncertainty in the local action plans and in the communication
with local stakeholders.

6. Conclusion

In this study we explored the drivers and barriers amongst deci-
sion makers and stakeholders to account for conceptual geological
uncertainty in groundwater protection. For a waterworks in
Denmark, we used a groundwater model to investigate the impact
of different conceptual geological models on capture zone delinea-
tion. Considerable variations were found in simulated capture
zones which illustrated how a consensus approach may underesti-
mate geological conceptual uncertainty. We then defined a focus
area, based on the results from multiple conceptual geological
models, to be considered for groundwater protection. The focus
area was presented, and the impact of conceptual geological uncer-
tainty discussed, during two workshops with key stakeholders and
decision makers on a local and national level and local farmers.
With local and national stakeholders, we identified the main drivers
and barriers for taking account of geological conceptual uncertainty.
We identified two drivers: protecting a larger area than specified by
a consensus model could provide a safer drinking water protection
plan, and at the same time, allowmore stability over time of manage-
ment plans. We identified three barriers: the additional financial
costs to stakeholders required for groundwater protection over a
larger area, the complication of the local planning process, and fi-
nally the time constraints already applying on local water authori-
ties. While the farmers were sceptical of model calculations, we
still found positive response when linking capture zone uncer-
tainties to landscape features the farmers could relate to.

Currently, national guidelines recommend including geological
conceptual uncertainty in the modelling framework. Yet, there is
general agreement amongst stakeholders from local and national
water authorities, farmers' associations and waterworks representa-
tives to identify the capture zone using a consensus approach, as
they consider it to be the best possible scientific foundation and con-
venient for management purposes. This approach inherently carries
a higher risk of underestimating geological conceptual uncertainty
than the multi-model approach.

We identify key ideas that could improve the integration of con-
ceptual geological uncertainty in groundwater protection plans in-
cluding: i) improving communication between the research
community and the national water authority about model uncer-
tainty; ii) defining constraining guidelines for national authorities
when estimating model uncertainty; iii) developing a framework
that ensures knowledge transfer on model uncertainty between na-
tional and local authorities, and details how to integrate this uncer-
tainty into the local action plans and in communication with local
stakeholders.
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