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A B S T R A C T   

Groundwater protection against agricultural diffuse nitrate pollution is of paramount importance for safe-
guarding groundwater-dependent aquatic ecosystems and protecting human health by securing clean ground-
water for drinking water production. Nitrate vulnerability assessment of aquifers is the core of a scientifically 
sound strategy for management and protection of groundwater by authorities. A multitude of methods exists for 
assessing intrinsic aquifer vulnerability. The objective of this paper is to develop a nitrate-specific groundwater 
vulnerability assessment method based on the globally recognized DRASTIC method, which was developed by 
the US Environmental Protection Agency in the 1980s. We propose a new method “DRASTIC-N′′ for assessing 
aquifer nitrate vulnerability, which for the first time expands the seven original geological and hydrogeological 
parameters with a geochemical parameter for redox condition. The development of DRASTIC-N is based on the 
longstanding Danish practice of performing detailed groundwater mapping based on dense sampling of 
geophysical, geological, and geochemical data. DRASTIC-N is compared to the widely used and documented 
Danish nitrate vulnerability assessment method SCANVA in a study area where the primary aquifer used for 
drinking water production is composed of heterogeneous sandy glacial deposits. Both SCANVA and DRASTIC-N 
result in vulnerability maps, which show similar patterns of nitrate vulnerability with a fair overall agreement of 
71%. DRASTIC-N provides a framework for systematic and transparent application, which can facilitate stake-
holder involvement and help authorities in groundwater protection and decision-making with regards to nitrate 
pollution. DRASTIC-N is suitable for nitrate vulnerability assessments of glacially deposited sandy aquifers, an 
abundant and important water resource worldwide, potentially threatened by nitrate pollution from anthropo-
genic activities.   

1. Introduction 

Groundwater protection is essential as groundwater is a valuable 
drinking water resource and because it discharges to vulnerable aquatic 
ecosystems. The Danish limit for nitrate (NO3

− ) in groundwater and 
drinking water (50 mg/L) follows the drinking water guideline of the 
World Health Organization (WHO), which is almost equal to the US 
Environmental Protection Agency’s (US EPA) maximum contaminant 
level of 10 mg nitrogen (N) per L (EPA, 2016). This level is based on 
epidemiological evidence and aims to protect infants from the acute 
condition methemoglobinemia (WHO, 2011). However, lower threshold 
levels may be warranted for protecting sensitive aquatic ecosystems 
(Hinsby et al., 2012) and there is increasing evidence that the current 

drinking water guideline value may not adequately protect the general 
population against adverse chronic health effects (Espejo-Herrera et al., 
2016; Schullehner et al., 2018; Temkin et al., 2019). 

Environmental protection, and especially groundwater protection, 
has a high priority in Denmark, where the entire drinking water supply 
is based on groundwater (Hansen et al., 2017). Numerous waterworks 
and wells closed in the last 30 years because of nitrate pollution (Danish 
Economic Councils, 2015). Approximately 19% of Denmark was clas-
sified as a nitrate-vulnerable groundwater abstraction area (Danish 
Environmental Portal, 2015; Hansen et al., 2016). The Danish protection 
strategy demands remediation of groundwater pollution at the source. In 
regards to agricultural activities, this mainly concerns nitrate leaching. 
N-regulation of Danish agriculture, enforced by national and European 
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policy initiatives (the Nitrates Directive, the Water Framework Direc-
tive, and the Groundwater Directive), has been an important driver for a 
more sustainable N management in agriculture (Hansen et al., 2017). 
Since the mid-1980s, Danish agricultural N-regulation has utilised a 
large array of mitigation measures, including: maximum livestock den-
sity limit; prescriptions for manure handling; compulsory growing of 
catch crops on a high percentage of agricultural land; maximum N 
allowance for crops, below the economically optimal application; sub-
sidies for afforestation; conversion to organic farming, etc. (Dalgaard 
et al., 2014). These measures have resulted in a clear reduction of 
groundwater nitrate concentrations (Hansen et al., 2011), documented 
by monitoring data from the deeper oxic groundwater (Hansen et al., 
2017). However, recent signs of deterioration in the very young shallow 
oxic Danish groundwater have also been detected (Hansen et al., 2019). 

Groundwater vulnerability is a relative, non-measurable, dimen-
sionless property based on the fundamental concept that some aquifers 
are more vulnerable to contamination than others (Gogu and Das-
sargues, 2000), and can be differentiated further into intrinsic or specific 
groundwater vulnerability. Intrinsic vulnerability accounts for the 
inherent geological and hydrogeological characteristics of an aquifer, 
while the specific vulnerability defines the vulnerability to a specific 
contaminant or group of contaminants considering the contaminants’ 
properties and its interaction with the aquifer (Gogu and Dassargues, 
2000). Groundwater vulnerability assessment is usually site or area 
specific and according to Gogu and Dassargues (2000) there are three 
general approaches which consider 1) only the soil and the vadose zone, 
2) the groundwater flow and contaminant transport in the saturated 
zone, or 3) both the saturated and unsaturated zones. These are imple-
mented through a variety of methods, from very sophisticated 
physically-based models to empirical/statistical ones (Gogu and Das-
sargues, 2000). In a recent review, more than fifty such methods were 
identified (Broda et al., 2019). DRASTIC (Aller et al., 1987), a globally 
recognized and widely used parameter weighting and rating method, 
developed by the US EPA, was selected for a joint harmonized assess-
ment at the pan-EU and the regional scales (Broda et al., 2019). In 
contrast, the Danish national groundwater vulnerability assessment re-
lies on a qualitative site-specific approach employing expert knowledge 
in the synthesis of various extensive data sources (Hansen et al., 2016). 
It focuses exclusively on specific vulnerability to nitrate pollution from 
agriculture (Miljøstyrelsen, 2000; Naturstyrelsen, 2014a) and its prin-
cipal aim is to ensure optimal protection of present and future drinking 
water resources (Hansen and Thorling, 2008). The Site-specific Concept 
for Aquifer Nitrate Vulnerability Assessment (SCANVA) (Hansen et al., 
2016) is an example of applying the national groundwater vulnerability 
assessment principles (Miljøstyrelsen, 2000; Naturstyrelsen, 2014a). 

The overall objective of this study is to further develop DRASTIC for 
nitrate-specific aquifer vulnerability assessments based on: (1) integra-
tion of detailed 3D geology and subsurface redox conditions, developed 
from high-resolution geophysical, geological and geochemical data, and 
(2) parameter weights and ratings adjusted to the European conditions. 
The modified and extended DRASTIC is tested at a well-studied site that 
has already been assessed with SCANVA (Hansen et al., 2016; Natur-
styrelsen, 2014b). Advantage is taken of the extensive data availability, 
allowing us to develop a high-resolution intrinsic and specific ground-
water vulnerability assessments reflecting the aquifer heterogeneity. We 
demonstrate how outputs from a 3D geological model, a distributed 
groundwater flow model, and a geochemical model of the redox con-
ditions can be integrated in the DRASTIC framework. 

2. Theory 

2.1. Definition of nitrate vulnerability 

Groundwater nitrate vulnerability is defined as the sensitivity of an 
aquifer to contamination by nitrate, depending on the redox conditions 
in both the aquifer and the overlaying geological layers (Hansen et al., 

2016). The redox interface is the transition between aerobic sediments 
containing nitrate and anaerobic sediments with intact content of re-
ductants and without nitrate (Hansen and Thorling, 2008). Postma et al. 
(1991) showed that the redox interface moves slowly downwards 
through the sediment column (for sandy layers by 0.01 mm–10 cm per 
year), while the reductants in the sediment are oxidised by oxygen and 
nitrate. The velocity of this downwards movement depends on (1) the 
reactive content of the reductants; (2) the oxygen and nitrate leaching 
from the surface; (3) the groundwater flow and recharge; and (4) the 
reaction kinetics. 

The sediments’ ability to remove nitrate by microbial oxidation 
mainly depends on the availability of reductants such as pyrite (FeS2) 
and organic matter, and the microbial reactivity (Appelo and Postma, 
2005). Denitrification (nitrate reduction by organic matter) and nitrate 
reduction by pyrite oxidation are well-studied processes (Appelo and 
Postma, 2005; Jørgensen et al., 2009; Postma et al., 1991). 

The transition of groundwater chemistry through a sequence of 
different redox environments in depth, with pyrite oxidation as driver of 
nitrate reduction, is illustrated in Fig. 1a. The oxic zone (redox water 
type A) is characterized by the occurrence of oxygen and nitrate in 
groundwater, and the sediment’s low nitrate reduction capacity 
(Fig. 1b). In the nitrate-reducing anoxic zone (redox water type B), ox-
ygen has been depleted and nitrate is undergoing reduction, while Mn2+

appears as a reaction product. The extent of this zone varies from a 
microscopic scale to more than several meters (Appelo and Postma, 
2005). The upper part of the weakly-reduced zone (redox water type C) 
can be affected by the appearance of nitrate reduction products such as 
Fe2+ and SO4

2− , while the deeper parts can be affected by SO4
2− reduction 

and the disappearance of both Fe2+ and SO4
2− . The strongly reduced zone 

(redox water type D) is dominated by the appearance of H2S and CH4 . A 
practical way of classifying groundwaters with respect to their redox 
type (A-D) is based on the observed concentrations of O2, NO3

− , Fe, and 
SO4

2− (Hansen and Thorling, 2018; Kim et al., 2019). The sequence of 
redox conditions observed within the aquifer and the overlying 
geological layers are the basis for the Danish principles for assessing 
aquifer vulnerability to nitrate pollution (Miljøstyrelsen, 2000; Natur-
styrelsen, 2014a) and SCANVA (Hansen et al., 2016, 2015). 

2.2. SCANVA 

SCANVA is a qualitative, dynamic, and site-specific concept for 
nitrate-specific groundwater vulnerability assessments (Hansen et al., 
2016). It synthesizes detailed site-specific geological, geophysical, 
hydrogeological, and hydrogeochemical data and defines nitrate 
groundwater vulnerability based on the redox conditions in the aquifer 
and the ability of the overlaying clay layer to protect the aquifer from 
nitrate pollution. Hansen et al. (2016) defined three nitrate vulnerability 
classes: high, medium, and low. Aquifer parts containing A or B redox 
water types and overlaid by a protective clay layer < 5 m thick were 
classified as highly vulnerable to nitrate. Moderate nitrate vulnerability 
was assigned where groundwater is weakly reduced (redox water type 
C) with signs of nitrate reduction, and the protective clay layer thickness 
was between 5 and 30 m. These locations could also be characterized by 
increasing sulphate concentrations in time (due to pyrite oxidation 
coupled with nitrate reduction) and occurrence of pesticides indicating 
vulnerability to surface pollution. Finally, where groundwater was 
slightly or strongly reduced (redox water type D), with no signs of nitrate 
reduction, and protective clay layer thicker than 30 m, that aquifer part 
was classified as having low vulnerability to nitrate. 

2.3. DRASTIC 

DRASTIC is a parameter weighting and rating method developed by 
the US EPA (Aller et al., 1987) including seven factors identified as the 
most important for groundwater vulnerability: depth to groundwater 
table (D), net recharge (R), aquifer media (A), soil media (S), topography 
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(T), impact of the vadose zone media (I), and hydraulic conductivity of 
the aquifer (C). The DRASTIC vulnerability index is calculated based on 
a ranking system containing weights, ranges, and ratings for each of 
these factors. The underlying assumptions are that the contaminant has 
the mobility of water, it is introduced at the ground surface, and flushed 
into the groundwater by precipitation (Aller et al., 1987). The area 
under assessment should be larger than 100 acres (0.405 km2 or 40.5 
ha), because DRASTIC is evaluating the pollution potential from a 
regional perspective rather than site-specific (Aller et al., 1987). 
DRASTIC does not focus on a specific contaminant, i.e. it does not assess 
the specific vulnerability of the aquifer. Instead, it provides a relative 
measure of the intrinsic vulnerability. Intrinsic vulnerability classes 
were not defined in the original formulation of the method. However, 
different site-specific class break rules have been used across the world, 
usually for three or five vulnerability classes (respectively: low, mod-
erate, high or very low, low, moderate, high, very high vulnerability). 
The DRASTIC Index is calculated by eq. (1) (Aller et al., 1987): 

DRASTIC =
∑

PRPW = 5DR + 4RR + 3AR + 2SR + 1TR + 5IR + 3CR (1)  

Where PR is the classified raster for each parameter with rating values 
ranging from 0 to 10 (Table 1), PW is the specific parameter weighting 
coefficient ranging from 1 to 5. The seven parameters of this model are: 
depth to groundwater (D, with DW = 5), net recharge (R, RW = 4), 
aquifer media (A, AW = 3), soil media (S, SW = 2), topography (slope) 
(T, TW = 1), impact of the vadose zone media (I, IW = 5), and hydraulic 
conductivity of the aquifer (C, CW = 3). We modified few of the original 
rankings and rates (Table 1, details in section 3.4) to accommodate data 
specifics and as a result of a harmonization effort across Europe (Broda 
et al., 2019). 

3. Materials and methods 

3.1. DRASTIC-N 

Following the definition of nitrate vulnerability of groundwater, we 
extended DRASTIC from an intrinsic method to a nitrate-specific 
vulnerability method (DRASTIC-N) by adding a geochemically rele-
vant parameter, namely, the redox state of the aquifer: 

DRASTIC − N = DRASTIC + NW NR = DRASTIC + 5NR (2)  

Where NR and NW are the rating and the weight for the additional 
parameter N (Table 1). The new N-parameter indicates the nitrate redox 
interface depth with respect to the top of the aquifer, providing infor-
mation on the redox state of the aquifer. 

3.2. Study site 

The study site is located in the southwesternmost part of Denmark, at 
the border with Germany (Fig. 2a). It has an area of 293 km2, 80.3% of 
which is arable land used for intensive agriculture. The average nitrate 
leaching in the period 2009–2012 was estimated to vary from 25 to >
100 mg NO3

- /L for specific fields (Naturstyrelsen, 2014b). The forest 
cover is patchy and primarily coniferous (4.5%), with minor contribu-
tion of deciduous forests (1.5%) (Fig. S1). Other natural land cover types 
are dominated by peatbogs (2.6%) and inland marshes (1.5%). The area 
is not densely urbanized; low density built-up covers 2.2% and 2.3% is 
covered by buildings in the open land, i.e. farmland housing. The largest 

Fig. 1. Conceptual diagram showing: a) depth sequence of groundwater chemistry changes due to reduction processes and redox water types (modified from Appelo 
and Postma (2005); Hansen et al. (2016)); b) nitrate reduction capacity and aquifer vulnerability in depth (modified from Hansen et al. (2016)); c) the geology in the 
Glaciotectonic complex with a complex redox architecture (conceptualised) and nitrate aquifer vulnerability (modified from Hansen et al. (2016, 2015)). 
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town is Tønder with 7600 inhabitants.1 The topography is relatively flat 
with gentle slopes (mostly 0–2%) and a maximum elevation of 62 m 
above sea level (m a.s.l.). The climate is coastal temperate with an 
average precipitation of 1000 mm/y (Hansen et al., 2016) and an 
average groundwater recharge of 394 mm/y for the period 1991–2010 
(Rasmussen and Sonnenborg, 2015). 

This area has already been studied extensively as part of a nitrate 
vulnerability assessment (Hansen et al., 2016; Naturstyrelsen, 2014b). A 
detailed 3D geological model (Jørgensen et al., 2015), a groundwater 
flow model (Rasmussen and Sonnenborg, 2015), and a hydro-
geochemical model (Hansen et al., 2015) have been developed. Fig. 1c 
presents the conceptual geological model for the area. According to 
Jørgensen et al. (2015), the bedrock (Cretaceous limestone) is 500–600 
m below terrain (m.b.t.). It is overlaid by Paleogene clay, followed by a 
Miocene succession of alternating sandy and clayey formations, cut by at 
least three generations of glacial buried valleys (up to 470 m depth). The 
buried valleys (1–3 km wide) are with undulating floors and filled with 
glaciofluvial deposits. They are overlaid by a Glaciotectonic complex, 
composed of heavily deformed sediments of Miocene and glacial origins 
(extending to depths of 40–150 m) (Jørgensen et al., 2015). The shallow 
subsurface is composed of undisturbed outwash unit (Sandur) with a 
maximum thickness of 40 m, and a thin layer of Holocene deposits (<12 
m thick) (Jørgensen et al., 2015). To add to the complexity of the sub-
surface (glaciotectonic deformation and deep buried tunnel valleys), a 
deep-seated graben structure crosses the area southwest to northwest 
bounded by faults and/or flexures (Jørgensen et al., 2015). 

A large part of the study area is categorized as a “particularly valuable 
groundwater abstraction area for drinking water production” by the Danish 
authorities (Naturstyrelsen, 2014b). The sandy units within the Gla-
ciotectonic complex are the primary drinking water aquifer. The 
Miocene layers are often unsuitable for abstraction due to high dissolved 
organic matter content and high salinity, while the Sandur has been 
contaminated with nitrate and other anthropogenic pollutants (Hansen 
et al., 2016). Our assessment focuses on the Glaciotectonic complex, 
delineated from the 3D geologic model (cross-sections in Figs. 2b and 
2c). It reaches maximum depths of 60 m a.s.l and has a maximum 
thickness of about 90 m. Our conceptual understanding of the complex 
redox conditions in the sub-surface is visualized in Fig. 1c. 

3.3. Data sources and processing 

Fig. 3 provides a flow diagram of our methodology. The input data 
for the DRASITC came from the detailed 3D geologic model (Jørgensen 
et al., 2015) and the groundwater flow model (Rasmussen and Son-
nenborg, 2015), as well as from freely accessible national digital maps. 
For DRASTIC-N we used also output from the hydrogeochemical model 
(Hansen et al., 2015). 

Since most of the input data came from these three models, we kept 
their native resolution (100 m × 100 m). The parameter specifics are 

Table 1 
Original and modified DRASTIC and DRASTIC-N parameter ranges (or classes) 
and ratings.  

Ranges/classes used in this 
study 

Ratings Original ranges/classes 

D ranges [m]a DR D ranges [m] 

<1.5 10 0–1.5 
≥1.5–5 9 1.5–4.6 
>5–10 7 4.6–9.1 
>10–15 5 9.1–15.2 
>15–25 3 15.2–22.9 
>25–50 2 22.9–30.5 
>50 1 >30.5    

R ranges [m]a RR R ranges [m] 

<50 1 0–50.8 
≥50–100 3 50.8–101.6 
>100–175 6 101.6–177.8 
>175–250 8 177.8–254 
>250–500 9 >254 
>500 10 –    

A ranges [% sand] AR A classes (ranges) 

– 2 Massive Shale (1–3) 
– 3 Metamorphic/Igneous (2–5) 
= 0 4 Weathered metamorphic or igneous 

(3–5) 
>0–20 5 Glacial till (4–6) 
>20–40 6 Massive or bedded sandstone and 

limestone (4–9) 
>40–60 7 – 
>60–80 8 Sand and Gravel (4–9) 
>80–100 9 Basalt (2–10) 
– 10 Karst Limestone (9–10)    

S classesb SR S classes 

Gravel 10 Gravel OR Thin/absent 
Sand 9 Sand 
Peat 8 Peat 
– 7 Shrinking or aggregated clay 
Sandy till 6 Sandy loam 
Gyttja or marsh 5 Loam 
Alternating sandy marsh 4 Silty loam 
Clayey till or alternating 

clayey marsh 
3 Clayey loam 

– 2 Muck 
Clay 1 Clay    

T rangesa [% slope] TR T ranges [% slope] 

0–2 10 0–2 
>2–6 9 2–6 
>6–12 5 6–12 
>12–18 3 12–18 
>18 1 >18    

I ranges [m] IR I classes (range) 

– 10 Karst Limestone (8–10) 
= 0 9 Basalt (2–10) 
>0–5 8 Sand and Gravel (6–9) 
>5–10 6 Sand and Gravel with sign. silt and 

clay (4–8) OR Limestone (2–7) OR 
Sandstone or bedded limestone, 
sandstone and shale (4–8) 

>10–15 4 Metamorphic or igneous (2–8) 
– 3 Silt/clay (2–6) OR Shale (2–5) 
>15–30 2 – 
>30 1 Confining layer    

C ranges [m/s]a CR C classes [m/s] 

<5.0 × 10− 7 1 4.7 × 10− 7–4.7 × 10− 5 

≥5.0 × 10− 7–5.0 × 10− 5 2 4.7 × 10− 5–1.4 × 10− 4 

>5.0 × 10− 5–1.5 × 10− 4 3 – 
>1.5 × 10− 4 –3.5 × 10− 4 4 1.4 × 10− 4–3.3 × 10− 4 

>3.5 × 10− 4–5.0 × 10− 4 6 3.3 × 10− 4–4.7 × 10− 4  

Table 1 (continued ) 

Ranges/classes used in this 
study 

Ratings Original ranges/classes 

>5.0 × 10− 4–1.0 × 10− 3 8 4.7 × 10− 4–9.3 × 10− 4 

>1.0 × 10− 3 1.0 × 10− 2 9 – 
>1.0 × 10− 2 10 >9.3 × 10− 4 

N ranges [Redox interface 
position] 

NR – 

>5 m above aquifer top 1 – 
Within ±5 m of aquifer top 5 – 
>5 m below aquifer top 10 –  

a HOVER harmonization exercise. 
b See Table S4 for further details, partially modified from original DRASTIC. 

1 In 2019, according to Danmarks Statistik (https://www.dst.dk/da). 

D.D. Voutchkova et al.                                                                                                                                                                                                                         

https://www.dst.dk/da


Journal of Environmental Management 277 (2021) 111330

5

Fig. 2. Study site location (a) with two cross-sections through the Glaciotectonic aquifer: (b) north-south (NS), (c) east-west (EW). The accumulated thickness of the 
protective clay layer (inset above terrain) and the SCANVA (1) and DRASTIC-N (2) vulnerability aquifer assessments (top of the plot) are shown with the cross- 
sections. The background map in (a) is from ©EuroGeographics. 
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presented next, but methodological details about the models, including 
descriptions of primary source data, are given in Supplementary Mate-
rials (SM). 

3.4. DRASTIC and DRASTIC-N parameters 

The input for parameters “Aquifer media” (A) and “Impact of the 
vadose zone” (I) came from the 3D geologic model (Jørgensen et al., 
2015), while the inputs for “Depth to groundwater” (D), “Net recharge” 
(R), and “Hydraulic conductivity” (C) were from the groundwater flow 
model (Rasmussen and Sonnenborg, 2015). 

3.4.1. Depth to groundwater (D) 
We used the simulated hydraulic head (groundwater potential) 

reflecting the actual groundwater abstraction volumes for 2012 (Ras-
mussen and Sonnenborg, 2015). The model layer at elevation − 29 m a.s. 
l. was chosen as representative for the “primary aquifer” (the Glacio-
tectonic aquifer) since this depth corresponds to the average abstraction 
depth of waterworks wells in the study area. The hydraulic head was 
converted from m a.s.l. to depth below terrain (m.b.t.) (Fig. S1d). The 
class-modification, stemming from the European harmonization effort, 
included rounding of the class-breaks after unit conversion (US 
customary to SI units). The most substantial difference was in the classes 
with ratings 1 and 2 (Table 1). 

3.4.2. Net recharge (R) 
The input data was centroids of the model grid cells (point shape file) 

from Rasmussen and Sonnenborg (2015) with simulated vertical flow to 
the representative aquifer level (− 29 m a.s.l.). This approximates the 
recharge to the top of the Glaciotectonic complex and differs from the 
net recharge at the terrain surface. The shape file was rasterized to 100 
m × 100 m resolution and the units were converted from m/d to mm/y 
(Fig. S1e). For the reclassification, we used the HOVER modification 
including rounding of class breaks and an additional class with rating 10 
(Table 1). 

3.4.3. Aquifer media (A) 
The Glaciotectonic complex would be classified as either “Glacial 

till” or “Sand/Gravel” according to the original DRASTIC (Table 1). The 

rating ranges for these two classes overlap and span from 4 to 9; the 
higher the rating, the coarser the texture (Aller et al., 1987). To reflect 
the aquifer heterogeneity in depth, and to assign ratings in a less sub-
jective manner, we developed a “sandiness” measure. We calculated the 
proportion of voxels with dominating sand fraction (vs clay) in depth 
within the Glaciotectonic complex (Fig. S1b). To do this, the 25 
litho-stratigraphic units, present within the aquifer portion of the 3D 
geologic model, were grouped into units with dominating sand or clay 
content (Table S1). This grouping is identical with the one done for the 
protecting clay layer (I-parameter) and follows the logic in grouping 
sediment textures for the hydro-facies of the groundwater flow model 
(Rasmussen and Sonnenborg, 2015). The resulting “Aquifer media” 
raster (100 m × 100 m) has values indicating the proportion of sandy 
voxels in depth (in %). Only the voxels of the Glaciotectonic aquifer, 
delineated from the 3D geological model (Jørgensen et al., 2015) for 
Hansen et al. (2016) were considered. The aquifer thickness (Fig. S1a) 
was calculated based on the number of voxels between the top and 
bottom aquifer surfaces (see Fig. 2). 

Raster gaps were filled through interpolation with a maximum 
search radius of seven grid cells (Fig. S1b) and reclassified according to 
Table 1. The modified parameter is within the original range of values 
(4–9). 

3.4.4. Soil media (S) 
We used Denmark’s digital surface geology map v.4 (1:25.000)2, 

which provides a lithological description and indication of geological 
age to a depth of 1 m (below the ploughing and culture layers). It is a 
result of systematic geological mapping since 1888 (Jakobsen et al., 
2015). According to the metadata, the actual accuracy of the map is 
variable, since the original field maps have been compiled over a long 
period, have been rescaled, redrawn, etc. The sharp boundaries between 
two sediment types (polygons) are not present in reality, where the 
transitions between sediment types is gradual. Two attributes (JSYM1 
and JSYM2) provide surface geology description for each polygon. We 
used JSYM2 which describes the lower part of the 1 m column, while 
JSYM1 describes the upper part (Jakobsen et al., 2015). The JSYM2 
polygons (Fig. S1h) were reclassified (Tables 1 and S4), rasterized to 
100 m × 100 m resolution, and the gaps were filled through interpola-
tion with a searching radius of maximum five raster-cells. The class 

Fig. 3. Flow diagram visualizing the input data for DRASTIC, DRASTIC-N, and SCANVA vulnerability maps; References: 3D geological model (Jørgensen et al., 
2015), Groundwater flow model (Rasmussen and Sonnenborg, 2015), Hydrogeochemical model (Hansen et al., 2016, 2015); 
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modification (Table 1) concerned only the loam-classes as these are not 
used in the Danish surface geology map. We distributed the different 
glacial tills, the gyttja, and some of the classes with alternating small 
layers in this range. This class conversion was based on expert knowl-
edge about the local surface geology. The original classes “Tin or ab-
sent”, “Shrinking &/or aggregated clay”, and “Muck” are not relevant in 
the study area. The processing steps did not affect the areal proportions 
in a significant way (the absolute change on a class-basis ranged from 
− 0.25 to 0.14 percent points, Table S4). 

3.4.5. Topography (T) 
We used the official digital terrain model (DTM) of Denmark2 to 

derive the slope (%). This DTM has a 0.4 m grid-cell size with horizontal 
accuracy 0.15 m and vertical accuracy 0.05 m. It was derived from 
LiDAR data collected in the period 2014–2015 with an average density 
of 4–5 points/m.3 We resampled the resolution from 0.4 × 0.4 m to 100 
× 100 m with upscaling option “Mean Value (cell area weighted)” 
(SAGA, QGIS) and clipped the raster to the extent of the study area. The 
slope (Fig. S1g) was calculated with Raster Analysis/GDAL (QGIS) and 
reclassified according to the original DRASTIC classes and ratings 
(Table 1). 

3.4.6. Impact of the vadose zone (I) 
The vadose zone in the study area could be classified in three of the 

original DRASTIC classes with overlapping rating ranges: "Confining 
layer" (rating: 1), “Silt/clay” (rating range 2–6; typical rating 3), “Sand/ 
Gravel with significant silt/clay” (range: 4–8; typical rating 6), and 
“Sand/gravel” (range: 6–9; typical rating 8) (Table 1). To minimize the 
subjectivity of assigning ratings in the range 1–9, we used the thickness 
of the protecting clay layer from Hansen et al. (2016) as a proxy 
(Fig. S1c, see cross-section in Fig. 2). The clay layer covering the aquifer 
has an important protective function against groundwater pollution 
introduced at the surface. This modification was within the original 
range of values (Table 1). Due to the 5 m vertical resolution of the 3D 
geological model, the modified classes were defined in multiple of 5 m 
steps. 

3.4.7. Hydraulic conductivity of the aquifer (C) 
The dominating groundwater flow direction according to the 

groundwater model (Rasmussen and Sonnenborg, 2015) is horizontal, so 
we used the calibrated horizontal hydraulic conductivity (Kx) (Ras-
mussen and Sonnenborg, 2015). Table S2 presents the Kx values for each 
of the eight hydro-facies. We used the Kx values from the representative 
model layer at − 29 m a.s.l. (Fig. S1f) and reclassified them according to 
Table 1. 

3.4.8. Redox state of the aquifer (N) 
The new N-parameter (used for DRASTIC-N) was derived from the 

aquifer top surface (Fig. 4a) and the redox interface surface (Fig. 4b) 
from the hydrogeochemical model (Hansen et al., 2016, 2015) in 
accordance to our definition of nitrate vulnerability (see section 2.1). 
High nitrate pollution potential (rating 10) was assigned where the 
redox interface was more than 5 m below the aquifer top surface, i.e. the 
aquifer has oxic or anoxic conditions. Medium nitrate pollution poten-
tial (rating 5) was assigned to the areas where the redox interface was 
within ±5 m of the aquifer top surface (uncertainty band). Finally, the 
low nitrate pollution potential (rating 1) was assigned to areas where the 
redox interface was more than 5 m above the aquifer top surface 
(Fig. 4c), i.e. the aquifer had reduced conditions. 

The redox interface surface was developed from sediment colour logs 
and the groundwater redox state, inferred from the groundwater 
chemical composition (based on O2, NO3

− , Fe2+, and SO4
2− concentra-

tions) (Hansen et al., 2016, 2015). More details about the process of 
developing the redox interface is provided in SM. The redox interface 
raster grid did not match the rest of the rasters, thus we used the cen-
troids from our regular raster grid (100 × 100 m), created 50 m radius 
buffers, calculated zonal statistics (mean) for these buffers from the 
redox interface, and rasterized the result (Fig. 4b). The top surface of the 
aquifer was obtained from the 3D geological model (Fig. 2). Raster gaps 
were filled with interpolation using a search radius of maximum seven 
raster cells. After these pre-processing steps, we calculated the relative 
vertical location of the redox interface with respect to the aquifer top 
surface (Fig. 4d) which was then reclassified according to Fig. 4c and 
Table 1. 

3.5. Statistical methods and software 

We explored formally the overall parameter importance with a 
sensitivity analysis considering the weights for each parameter. We used 
Napolitano and Fabbri (1996) single-parameter sensitivity analysis to 
compare the actual (i.e. effective) weight of each DRASTIC parameter to 
the theoretical weight (eq. (3)). This method was used for assessing 
DRASTIC parameters’ sensitivity by Kazakis and Voudouris (2015) and 
Saidi et al. (2011). 

PEW =
PRPW

Vulnerability index raster
× 100% (3)  

where PEW is the effective weight of a specific DRASTIC or DRASTIC-N 
parameter P, expressed in %; PR and PW are respectively the param-
eter rating and weighting. The resulting raster (PEW) provides informa-
tion on the relative contribution of each parameter to the DRASTIC/ 
DRASTIC-N index for each raster cell. The actual weight of each 
parameter is expressed as mean ± SD and evaluated with respect to the 
theoretical weights. 

The DRASTIC vulnerability map is the reclassified DRASTIC index 
raster in five vulnerability classes: very low, low, moderate, high, and 
very high intrinsic vulnerability. Different class-breaks were tested, and 
since the actual intrinsic vulnerability of the aquifer is unknown, we 
decided that the most objective solution is to use class breaks defined 
based on equal intervals from the theoretically possible range of values. 

DRASTIC-N classes were calibrated against SCANVA since both 
methods are for nitrate-specific vulnerability. We based the class-breaks 
of the three vulnerability classes (low, moderate, high) on the mean and 
standard deviation of DRASTIC-N pixels falling within the three 
SCANVA vulnerability classes. In theory, these class-breaks should 
produce a nitrate-vulnerability map that is a best fit with the SVANVA 
map. We discuss this calibration further in section 4.3. 

The noise in the DRASTIC and DRASTIC-N vulnerability maps is 
reduced by sieving algorithm (QGIS). Isolated raster groups, smaller 
than a selected threshold, were replaced with the pixel value of the 
largest neighbouring area. Different combinations of threshold values 
and isolation definitions (four- or eight-sided) were tested. Four-sided 
isolation with a threshold equal to three pixels was most appropriate 
for our site. Thus, single pixels or groups of two pixels, isolated in four 
sides, were replaced. The smallest resolved area with different vulner-
ability than the surrounding areas is 3 ha (30,000 m2). 

The agreement between the resulting final DRASTIC-N (after noise- 
reduction) and SCANVA vulnerability maps was quantified based on 
Cohen (1960) methodology. The proportion of raster cells, classified in 
each vulnerability class by the two methods, is shown in an agreement 
matrix (i.e. contingency or cross-classification table). The matrix diag-
onal is where the two methods agree in their classification. Based on the 
agreement matrix, we calculate Cohen (1960) coefficient of agreement 
(κ), which is the proportion of agreement after chance agreement 

2 “Spec_DHM/T_V2.0” is freely available geoTIFF product provided by the 
Danish Agency for Data Supply and Efficiency (https://download.kortforsynin 
gen.dk/).  

3 The map is available for free download through the GEUS webshop 
(https://frisbee.geus.dk/geuswebshop/). 
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removal: 

κ =
po − pc

1 − pc
(4)  

Where po is the proportion of raster cells for which we have agreement 
between SCANVA and DRASTIC-N vulnerability classification (sum of 
the matrix diagonal) and pc is the proportion for which agreement is 
expected by chance, where pc =

∑
piApiB and piA is a column total, piB is 

a row totals, and i is for each of the 3 vulnerability classes). If the 
agreement between the two vulnerability maps is due to chance, κ = 0, 
and when there is a perfect agreement, κ = 1. The standard error of κ 
(σκ) and the 95% confidence interval (CI) are also calculated based on 
(Cohen, 1960): 

σκ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
po(1 − po)

N(1 − pc)
2

√

(5)  

95% CI = κ ± 1.96σκ (6) 

Raster operations, summaries, and mapping were done in QGIS 
Desktop 3.6.1 (QGIS Development Team, 2019). Scatter plots and sta-
tistical tests were made in R 3.6.0 (R Core Team, 2019) using RStudio 
Desktop 1.2.1335 (RStudio Team, 2018) and the following R packages: 
‘base’, ‘stats’ (R Core Team, 2019), ‘data.table’ (Matt and Srinivasan, 
2019), ‘dplyr’ (Wickham et al., 2019), ‘tidyr’ (Wickham and Henry, 
2019), and ‘ggplot2’ (Wickham, 2016). Inkscape 0.92.4 (Inkscape 
Project, 2019) was used for vector graphics, e.g. for producing diagrams 

and composite figures. 

4. Results 

4.1. DRASTIC parameters 

Fig. 5 shows the DRASTIC parameter rasters, while the pixel statistics 
and distribution for each rating are provided in Table 2. 

Almost the entire study area (98.3%) is classified with the highest 
rating (10) for the T-parameter (“Topography”) reflecting the flat 
topography (mostly < 2% slopes). For the A, D, I and S-parameters, 
about half of the area is classified with the highest rating (9). Further-
more, for the D-parameter, another 36% of the area are with rating 10. 
The lowest rating (1) dominates the study area for the R-parameter 
(64%), while about 70% of the area is with rating 2 for the C-parameter. 
Ranked by mean rating from high to low, the parameters follow the 
order: T > D > A > I > S > R > C (Table 2). 

This ranking does not take into account the parameter-weights, i.e. if 
the weights were all equal, that would be the order of importance of 
each parameter for the intrinsic vulnerability at our study area. Napo-
litano and Fabbri (1996) sensitivity analysis allowed us to explore 
formally the parameter importance considering the weights as well (SM, 
section 3). Fig. S6a shows that for T, S, A, and I-parameters the effective 
and theoretical weights are similar (within the ±SD), while the actual 
relative influence of D is higher and that of C and R is lower than the 
theoretical weight. Thus, ranked by their relative importance to the 
DRASTIC index map, the parameters follow in the order (from high to 

Fig. 4. The top surface of the aquifer (a) and redox interface (b) were used as shown in the cross-sectional scheme (c) to derive the redox interface location relative to 
the aquifer top surface (d). In (d), red: the redox interface is above the aquifer, grey: the redox interface is within the aquifer and below the top surface. The N- 
parameter (“Redox state of the aquifer”) is (d) reclassified as shown in (c). 
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low): D > I > A > S & R > T > C. Therefore, the most influential pa-
rameters for the intrinsic aquifer vulnerability for our study area are 
“Depth to water table” (D), the modified “Impact of the vadose zone” 
based on the protective clay layer thickness (I) and the modified 
“Aquifer media” based on the “sandiness” of the Glaciotectonic aquifer 
(A). The T-parameter has one of the lowest overall influences, even 
though it has high rating for our study area. This can be explained by the 
low weight (TW = 1) combined with the low variability of the rating 
(CV = 2.3%), meaning that this parameter contributes almost equally to 
the entire area (+10 index points). The local influence of each parameter 
can be seen on the effective weights rasters in Figs. S4 and S5. 

4.2. New N-parameter 

Our N-parameter reflects the aquifer redox state (Fig. 4), and thereby 
the nitrate pollution potential. The N-parameter raster can only take 
three ratings (1, 5, and 10). Fig. 5h shows the spatial distribution of 
these values, where the largest part of the study area (74.1%) is with the 
lowest rating (Table 2), because the redox interface lies five or more 
meters above the top of the Glaciotectonic aquifer, meaning that the 
aquifer is with reduced conditions. Only 3.2% of the area is with the 
highest rating (10), while the rest (22.7%) is with rating 5, which re-
flects the uncertainty band of ±5 m (Table 2). We gave this parameter a 
maximum weight (5), because the redox conditions have major impor-
tance for nitrate reduction. However, due to site-specific conditions, its 

Fig. 5. DRASTIC and DRASTIC-N parameter ratings.  
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mean rating is relatively low (2.2 ± 2.19) and the effective weight places 
it together with the T parameter in importance (effective weights from 
high to low: D > I > A > S & R > N & T > C) (Figure S6 b). However, the 
N-parameter differs from T due to its high relevance at some locations, e. 
g. the north-western part of the study area and at localized patches 
scattered throughout the rest of the area (Figs. S4). The effective weight 
for N-parameter ranges from 2.5% to 38.5%, but the maximum value is 
like those for I and R parameters. 

4.3. DRASTIC and DRASTIC-N indices and vulnerability maps 

The DRASTIC index at our study area ranges between 79 and 199 

with a mean ± SD of 149 ± 19.8 (CV = 13.3%) (Table 2, Fig. 6a). Fig. 6a 
shows the relative intrinsic vulnerability of the Glaciotectonic aquifer, 
where the darker areas (with higher DRASTIC index) have higher 
intrinsic vulnerability. The DRASTIC-N index raster is shown next to the 
DRASTIC index in Fig. 6b. The two maps exhibit similar patterns, 
however the area with high index in the north-eastern part of the site is 
larger in the DRASTIC-N map, reflecting the influence of the new N- 
parameter. The overall effect of the additional N-parameter is that 
DRASTIC-N index range (85–241), mean ± SD (160 ± 24.6), and vari-
ability (CV = 15.4%) are higher than in DRASTIC. 

More than half of the study area (52%) was classified with high or 
very high intrinsic vulnerability. The other half is dominated by 

Table 2 
Pixel statistics and distribution all DRASTIC and DRASTIC-N parameters; with bold is the dominating rating; Abbreviations: SD is standard deviation, CV is coefficient 
of variation, expressed in percentages.   

Pixel distribution (%) for each rating Pixel Statistics 

1 2 3 4 5 6 7 8 9 10 min max mean SD CV (%) 

D 0 0 <0.1 – 0.3 – 7.9 – 55.5 36.3 3 10 9.2 0.84 9.1 
R 64.0 – 6.4 – – 9.7 – 8.5 11.4 1.3 1 10 3.2 3.18 99.2 
A – – – 12.1 1.3 3.1 6.2 9.9 67.5 – 4 9 8.0 1.71 21.2 
S 0 – 31.9 0.6 8.3 1.1 – 7.5 50.0 0.6 3 10 6.6 2.74 41.3 
T 0 – 0 – 0.1 – – – 1.6 98.3 3 10 10.0 0.22 2.3 
I 0.5 9.1 – 8.9 – 13.6 – 16.9 51.1 – 1 9 7.3 2.35 32.1 
C 8.5 70.5 21.0 0 – 0 – 0 – 0 1 3 2.1 0.53 24.9 
N 74.1 – – – 22.7 – – – – 3.2 1 10 2.2 2.19 99.8 
DRASTIC 79 199 149 19.8 13.3 
DRATIC-N 85 241 160 24.6 15.4  

Fig. 6. Aquifer vulnerability: a) DRASTIC index map, b) DRASTIC-N index map, c) DRASTIC-N histogram with pixel distribution within SCANVA vulnerability areas, 
d) Intrinsic vulnerability map (classified and sieved DRASTIC), e) Nitrate-specific vulnerability (sieved DRASTIC-N, classified according to c), f) Nitrate-specific 
vulnerability from SCANVA method (Hansen et al., 2016). 
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moderate vulnerability, while low intrinsic vulnerability is present at 
<5% of the area. No part of the study site is with very low intrinsic 
vulnerability (Table 3). The DRASTIC-N classes were calibrated against 
SCANVA; such that the mean ± SD of DRASITC-N index for each of the 
three SCANVA classes were calculated (Table 4) and the class- 
boundaries were placed in the middle of the SD overlaps, visualized in 
Fig. 6c. Areas with DRASTIC-N index < 123 were classified with low 
nitrate-specific groundwater vulnerability, DRASTIC-N index ≥ 154 – 
with high, and in between those boundaries was the moderate class. As a 
result, about 61% of the study area was with high, 31% with moderate, 
and the rest (8%) with low nitrate-specific groundwater vulnerability. 

Both the intrinsic and the specific vulnerability maps exhibited 
noisiness after the classification, i.e. a single pixel (100 m × 100 m) or 
small isolated pixel groups differed in their vulnerability class from the 
area surrounding them. Such small-scale heterogeneities (the noisiness) 
may be an artefact of 1) the high resolution of this assessment, 2) the 
inherent variability of the input data and their classification to derive 
DRASTIC and DRASTIC-N parameters, and 3) the sharp vulnerability 
class-breaks, e.g. two pixels with one unit of DRASTIC/DRASTIC-N 
index difference will fall within two different vulnerability classes. We 
chose to do a minimal noise reduction, as described in section 3.5, so the 
smallest resolved area is 3 ha (30,000 m2). On a class basis, the noise 
reduction affected less than 0.5% of the study area (Table 3). Figs. 6d 
and 6e show respectively the final intrinsic and nitrate-specific 
groundwater vulnerability maps after noise reduction. 

4.4. Comparison of the final DRASTIC-N and SCANVA 

We compared and quantified the difference between the two nitrate 
specific vulnerability maps (Figs. 6e and 6f). Visually, both maps show 
similar spatial patterns, with dominating high vulnerability in the 
northern and southern parts of the study area and patchy moderate 
vulnerability areas in the central part (from east to west). The only area 
with low SCANVA vulnerability (eastern part) is also present in the 
DRASTIC-N map, however in DRASTIC-N there are also other low- 
vulnerability areas, which according to SCANVA are with medium 
vulnerability. We compared the two nitrate vulnerability assessments 
based on the two cross-sections (Figs. 2b and 2c) and an agreement 
matrix (Table 5). 

The percent overall agreement between DRASTIC-N and SCANVA is 
71% (po = 0.71). Based on Cohen’s κ = 0.402 (95% CI: 0.399–0.404) 
(equations (4)–(6)) we can conclude that there is a fair overall agree-
ment between the two nitrate groundwater vulnerability maps after 
accounting for the agreement by chance. In practice, the agreement (or 
disagreement) on a class-by-class basis is more interesting because it 
shows in what way the two maps differ. Depending on which method we 
use, either 70% (SCANVA) or 61% (DRASTIC-N) of the area is highly 
vulnerable to nitrate pollution, 29% (SCANVA) or 31% (DRASTIC-N) 
moderately, and 1% (SCANVA) or 8% (DRASTIC-N) are with low 
nitrate-specific groundwater vulnerability (Fig. 5). The disagreement is 
also mapped, so areas where either method provides higher vulnera-
bility class can be identified (Fig. S7). 

21% of the total study area was classified one class lower with 
DRASTIC-N than with SCANVA (i.e. moderate instead of high; low 

instead of moderate) (Table 5 and Fig. S7). The opposite disagreement 
where DRASTIC-N classified with one class higher is present at 7% of the 
area. We can conclude that although they use the same input data, 
SCANVA produced somewhat more conservative groundwater vulnera-
bility assessment of the Glaciotectonic aquifer than DRASTIC-N. 
DRASTIC-N, however, provides more detailed assessment due to its 
high resolution. Another advantage is that the DRASTIC-N vulnerability 
map derivation is more transparent and reproducible. While SCANVA is 
a qualitative/cognitive concept, DRASTIC-N is based on a simple and 
quantitative method, which is easily reproduced. DRASTIC-N and 
SCANVA can be used concurrently at the local scale, so Fig. S7 could be 
used as an uncertainty indication of the nitrate-specific groundwater 
vulnerability assessments (i.e. where the two methods agree, the results 
of the assessment are less uncertain). 

5. Discussion 

5.1. Positioning DRASTIC-N within the existing literature 

Most DRASTIC studies focus on optimization, calibration and/or 
validation with groundwater nitrate concentrations, and, in some cases, 
parameters were removed, substituted, and/or added. Our work fits 
within this research field, but it also presents a different way of thinking 
about assessing nitrate-specific groundwater vulnerability, where the 
subsurface redox conditions have a major importance. 

DRASTIC validation involves either qualitative comparison (Saidi 
et al., 2011, 2010; Secunda et al., 1998), or correlation analysis between 
groundwater nitrate concentrations and DRASTIC index (Kazakis and 
Voudouris, 2015; McLay et al., 2001; Panagopoulos et al., 2006) and/or 
the resulting vulnerability classes (Ahmed et al., 2017, 2015; McLay 
et al., 2001). Saidi et al. (2011) compared cross-sections through the 
DRASTIC index map and an interpolated nitrate map, while Pan-
agopoulos et al. (2006) correlated a zonal spatial mean of the vulnera-
bility index with nitrate. Nitrate was in some cases used first for 
calibration of DRASTIC (parameter weights, ranges, ratings) and then 
again for validation of the final vulnerability map, e.g. (Kazakis and 
Voudouris, 2015; Panagopoulos et al., 2006; Saidi et al., 2011). As a 
contrast to these approaches, in DRASTIC-N we use the redox interface 
surface (Hansen et al., 2016, 2015) which synthesized (1) groundwater 
quality data covering redox-sensitive elements (including, but not 
limited to nitrate), and (2) sediment colour interpretations throughout 
the study area. 

A plethora of DRASITC modifications for nitrate-specific vulnera-
bility or pollution risk assessments exist, including land use (LU) and/or 
groundwater nitrate (Ahmed et al., 2017; Al-Adamat et al., 2003; 
Kazakis and Voudouris, 2015; Panagopoulos et al., 2006; Pórcel et al., 
2014; Saidi et al., 2010; Secunda et al., 1998; Stigter et al., 2006). De-
tails on the modified DRASTIC formulas are provided in SM, section 5. 
As opposed to all these DRASTIC modifications, we used a geochemi-
cally relevant parameter to extend DRASTIC from intrinsic to 
nitrate-specific groundwater vulnerability method. To the best of our 
knowledge, this is the first such attempt. We note that although 
vulnerability and pollution risk were used interchangeably in the liter-
ature (see references above), our focus is specifically on aquifer 
vulnerability to nitrate pollution from agricultural practices. Hazard and 
risk assessments were beyond the scope of our study, but in our opinion, 
correlating LU with groundwater nitrate is a very simplistic approach to 
describing a hazard or pollution potential. 

5.2. Strengths and limitations 

DRASTIC is globally recognized and applied with various modifica-
tions as discussed above, but it is also widely criticized. Panagopoulos 
et al. (2006) summarized the main criticism points of DRASTIC: 

Table 3 
Percent of the study area falling in different vulnerability classes before and after 
the noise reduction for both DRASTIC and DRASTIC-N.  

Vulnerability class 
DRASTIC (%) DRASTIC-N (%) 

before after before after 

Very low 0.0 0.0 – – 
Low 4.8 4.5 8.0 7.7 
Moderate 42.4 42.6 31.2 31.0 
High 52.3 52.7 60.8 61.4 
Very high 0.5 0.3 – –  
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1) too many variables (n = 7), some of which may be of little relevance 
in the specific area  

2) subjective and largely qualitative variable selection and 
parameterization 

3) omission of important factors (sorption capacity, travel times, dilu-
tion, etc.)  

4) difficult to test the accuracy of the model in a non-modelling 
environment. 

To address the first point, we performed a sensitivity analysis and 
determined the effective weights for each parameter. The analysis 
showed that all parameters contribute to the model to varying, but 
significant, extend. Hydraulic conductivity (C) has the smallest contri-
bution at our site, but this is explained by the relatively low Kx values. 

To limit the subjectivity (point 2), we modified the qualitative A and 
I parameters with the quantitative measure of “sandiness” and thickness 
of the protective clay layer, respectively. Kazakis and Voudouris (2015) 
proposed another exchange of A and I with quantitative parameters. 
They postulated that porous aquifers would have uniform rating for A, 
so aquifer thickness should be used instead (Kazakis and Voudouris, 
2015). Our porous aquifer, however, is very heterogeneous in x, y and z 
directions with respect to its clay/sand fraction (see Figs. 2b and 2c), 
therefore it was more appropriate to introduce a “sandiness” measure. 
We agree with Kazakis and Voudouris (2015) that the vadose zone 
characteristics (I) are the most important for groundwater protection. 
This is also reflected in the Danish nitrate groundwater vulnerability 
assessment criteria and in SCANVA, where the protective clay layer 
thickness has a major importance. Thus, we substituted the I-parameter 
with accumulated thickness of the protective clay layer, determined 
from the 3D geologic model. Kazakis and Voudouris (2015) on the other 
hand, used an estimation of transit time through the vadose zone. Our 
modifications of these two parameters present a simple way forward in 
incorporating outputs from 3D geological models. We incorporated also 
output from a distributed physically-based groundwater flow model in 
three of the other DRASTIC parameters (D, R, C). Gogu and Dassargues 
(2000) foresaw the combination of vulnerability assessment frameworks 
with the outcomes of process-based models as one of the main future 
challenges. Our DRASTIC modification is suitable for vulnerability 
assessment of glacial aquifers with high density of geological, hydro-
geological, and geochemical primary data, where detailed 3D geological 
models, groundwater flow models, and extended hydrogeochemical 

understanding can be developed first. 
Testing DRASTIC’s accuracy (point 4) is limited due to the definition 

of DRASTIC as an intrinsic characteristic of the aquifer and an indicator 
of relative vulnerability. It is impractical to perform field experiments 
spreading uniformly with a constant rate non-reactive chemical element 
over a long period at a large study area. As a model performance eval-
uation, we quantified the agreement between the two nitrate-specific 
groundwater vulnerability methods, DRASTIC-N and SCANVA. 

Another inherent limitation of DRASTIC (and consequently 
DRASTIC-N) is the dimension reduction. Highly heterogeneous 3D 
hydrogeological features are represented by 2D surfaces (rasters). We 
account for some of the heterogeneity displayed in the 3D geological 
model (Jørgensen et al., 2015) with the modified A and I parameters. 
However, the rest of the DRASTIC parameters represent the subsurface 
at a specific depth. For example, the parameters derived from the 
groundwater flow model (Rasmussen and Sonnenborg, 2015)− hydrau-
lic conductivity (C), groundwater potential (D), and the aquifer recharge 
(R) − are all from the “representative” layer of the physically distributed 
model (− 29 m a.s.l.). The soil parameter (S) represents the surface ge-
ology at 1 m depth, while the topography parameter (T) represents the 
terrain level with the calculated slope. The new N-parameter, describing 
the redox state of the aquifer, reflects the position of the redox interface 
with respect to the top of the aquifer. With this parameter, we address 
the omission of geochemical processes driving nitrate attenuation in the 
aquifer in the original DRASTIC (limitations point 3). We have, however, 
introduced the assumption that our area has a planar redox architecture 
(single continuous redox interface surface within the sediment column), 
while Kim et al. (2019) demonstrated that in glacial deposits the redox 
architecture can be much more complex. A viable question for future 
development in groundwater vulnerability assessment is if methods 
relying on dimension-reduction should be used if we have the tools, 
knowledge, and the required data coverage to develop 3D assessments. 

Groundwater vulnerability maps are useful decision-support tools for 
groundwater management and protection, which in general require co- 
operative efforts of all stakeholders, incl. policy makers, natural 
resource managers, technical and scientific experts (Gogu and Das-
sargues, 2000). Our modified DRASTIC and its extension for 
nitrate-specific vulnerability assessment (DRASTIC-N) could facilitate 
this process by providing a framework that can be applied in a system-
atic and transparent way. We relied on a good initial understanding of 
the sub-surface, based on extensive primary data that was already 
incorporated in high-resolution models of the study area by Jørgensen 
et al. (2015), Rasmussen and Sonnenborg (2015), and Hansen et al. 
(2015). An additional advantage was the possibility to calibrate and 
compare the DRASTIC-N model to the nitrate-specific cognitive and 
qualitative method SCANVA by Hansen et al. (2016). 

6. Conclusion 

Vulnerability maps are important tools for groundwater manage-
ment and protection. Because Denmark relies entirely on groundwater 
for drinking water production, groundwater protection is a major na-
tional priority. Nitrogen pollution of groundwater, specifically, can lead 
to detrimental effects on ecosystems’ and human health, thus we focused 
on nitrate vulnerability assessment. We modified the well-known 
groundwater vulnerability assessment method DRASTIC and extended 

Table 4 
Pixel statistics for DRASTIC-N index within the high, medium, and low SCANVA vulnerability areas; Abbreviations: SD is standard deviation, CV is coefficient of 
variation, expressed in percentages.  

SCANVA 
DRASTIC-N index (pixel statistics) 

n % Mean SD median min max mode CV (%) 

Low 411 1.4 113.9 11.6 112 95 150 112 10.2 
Moderate 8212 28.8 140.2 20.1 140 85 208 145 14.3 
High 19925 69.8 168.6 20.3 165 96 241 160 12.1  

Table 5 
Agreement matrix of areal proportions for the final DRASTIC-N (after noise 
reduction) and SCANVA vulnerability; piA and piB are the probabilities of the 
marginals for SCANVA and DRASTIC-N, respectively (i index is for the categories 
low, moderate, high).   

DRASTIC-N piB  

Low Moderate High 

SCANVA Low 0.01 (0.00)a 0.00 0.00 0.01 
Moderate 0.06 0.16 (0.09) 0.07 0.29 
High 0.01 0.15 0.54 (0.43) 0.70  
piA  0.08 0.31 0.61 

∑
pi = 1   

a Parenthetical values are the chance expectancy for the agreement diagonal 
(piA × piB). 
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it from intrinsic to nitrate-specific (DRASTIC-N) by accounting for the 
redox state of the aquifer through the introduction of a new redox 
parameter. DRASTIC parameter modifications were a result of (1) a 
European harmonization effort, (2) accommodating data specifics, (3) 
reducing the subjectivity in assigning ratings by exchanging the quali-
tative DRASTIC parameters with quantitative ones. 

Our high-resolution intrinsic and nitrate-specific groundwater 
vulnerability maps can resolve areas as small as 3 ha (30,000 m2). The 
comparison between DRASTIC-N and the locally established nitrate- 
specific concept SCANVA showed that there was a fair overall agree-
ment between the two vulnerability maps. On a class-by-class basis, 
SCANVA provided a more conservative vulnerability assessment, while 
DRASTIC-N provided more details due to its high resolution. We 
demonstrated how geochemical information (redox interface depth) can 
be incorporated in DRASTIC and in that way making it suitable for 
assessing nitrate-specific vulnerability. 

Future work could explore what the optimal resolution of vulnera-
bility maps is with respect to both input data (and local knowledge) and 
application needs of groundwater managers and other stakeholders. For 
example, different operational accuracies (smallest resolved area) can 
be set within a stakeholder-participatory framework, where DRASTIC-N 
and SCANVA could be used concurrently. 

DRASTIC-N is a simple and transparent approach for nitrate 
vulnerability assessment of aquifers, which is easily accessible for au-
thorities, policy makers and stakeholders as it synthesizes very complex 
data, interpretations, and modelling exercises. 

DRASTIC-N performance depends on the density and quality of the 
input parameters: the hydro-geophysical, hydrogeological, and hydro-
geochemical data. We demonstrated that DRASTIC-N is suitable for ni-
trate vulnerability assessment of heterogeneous glacially deposited 
sandy aquifers. Such aquifers are an abundant and important water 
source worldwide, potentially threatened by nitrate pollution from 
anthropogenic activities. 
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