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• The LU–IV procedure considers the solute
transport through the aquifer catchment
area.

• Models that used the LU–IV procedure
were the best predictors of nitrate pollu-
tion.

• Including a soil parameter in the LU–IV pro-
cedure was unnecessary for good results.

• The LU–IV procedure was the best and sim-
plest method of those tested to delimit
NVZs.

• The LU–IV procedure identified twice the
area of the designated NVZs as designable.
⁎ Corresponding author at: Diffuse Pollution Group, Soil
Serrano 115bis, 28006 Madrid, Spain.

E-mail address:mercedes.arauzo@csic.es (M. Arauzo).

http://dx.doi.org/10.1016/j.scitotenv.2022.156654
Received 3 March 2022; Received in revised form 29
Available online 11 June 2022
0048-9697/©2022TheAuthors. Published by Elsevie
0/).
A B S T R A C T
A R T I C L E I N F O
Editor: Christian Herrera
 Most methods for mapping groundwater vulnerability are based on the excessively simplistic approach that aquifer
recharge is produced by vertical infiltration. The novel Land Use–Intrinsic Vulnerability (LU–IV) procedure assesses
groundwater vulnerability to nitrate pollution over the entire territory, including aquifers catchment areas. In this re-
search, it was analysed if the delineation of nitrate vulnerable zones (NVZs) would be improved by introducing a new
parameter representing the risk associated with soil permeability (parameter S) in the procedure. Different versions of
parameter S were tested: S_HC (risk associated with soil hydraulic conductivity), S_St+G+S (risk associated with the
stone, gravel and sand fraction of the soil) and S_C (risk associatedwith the clay fraction). The studywas undertaken in
the catchment areas of the Oja and Tirón alluvial aquifers (Spain). The efficacy of the following six models was
compared: Model 1 (original LU–IV procedure), Model 2 (LU–IV’ procedure using parameter S_HC), Model 3
(LU–IV’ procedure using parameter S_St+G+S), Model 4 (LU–IV’ procedure using parameter S_C), Model 5
(LU–DRASTIC–COP procedure, based on DRASTIC–COP method), and Model 6 (designated NVZ).
Catchment scale validations of the six models showed similar, highly significant correlations between the percent cov-
erages of the estimated NVZs and those of the alluvial areas polluted by nitrate for Models 1 to 4. Models 5 and 6 did
not show any significant results. In light of these results, Models 1 to 4 were considered the best predictors of nitrate
pollution and the bestmethods for NVZ delineation. Results support the idea that including a parameter S in the LU–IV’
procedure is not essential since equivalent results were obtained from the original LU–IV procedure. So, the LU–IV pro-
cedure should be considered the best and simplest method of those tested for accurately delineating NVZs.
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1. Introduction
The Nitrates Directive of the European Union (91/676/EEC; Council of
the European Communities, 1991) aims to reduce and prevent water pollu-
tion caused by nitrates from agricultural sources. It establishes that water
resources should be considered polluted when nitrate concentration
exceeds 50 mg L−1. The Directive requires the Member States to designate
nitrate vulnerable zones (NVZs), which are areas that drain into waters
polluted or at risk of pollution by nitrates. In NVZs, farmers must follow
mandatory measures within action programmes that include limiting
N–fertilization and animal manure application to prevent nitrate leaching
and runoff.

One of the difficulties in implementing the European environmental
policies for nitrate pollution control is the lack of a common standard crite-
rion for NVZ designation (European Commission, 2018). Several studies
suggest that poorly delineatedNVZs seriously compromise the effectiveness
of action programs to reduce nitrate pollution (Arauzo and Martínez-
Bastida, 2015; Arauzo et al., 2011; Orellana-Macías et al., 2020; Richard
et al., 2018; Worrall et al., 2009). It is therefore necessary to improve
accuracy in NVZ designations in order to maximise the effectiveness of
the action programmes (European Commission, 2018; Arqued, 2018).

Index–based groundwater vulnerability mapping has proven to be use-
ful tools to assist governments in establishing policies related to the plan-
ning of water resource management over the last few decades, but there
are still research gaps related to risk mapping, assessment techniques and
scientific considerations behind the inclusion/exclusion of parameters
and the relative ratings and weights assigned to the parameters (Kumar
et al., 2015). Debernardi et al. (2008) and Stigter et al. (2006) expressed
doubts about the reliability of groundwater vulnerability mapping models
due to the discrepancies that can be observed between the vulnerability
maps and the nitrate pollution maps. Arauzo (2017), Arauzo and
Martínez-Bastida (2015), and Zahid et al. (2015) attributed such discrepan-
cies to long–distance nitrate displacement by advective transport from the
highest to lowest catchment areas, in addition to the accumulation/dilution
processes within the saturated zone. Hrachowitz et al. (2016) pointed out
the importance of hydrology–controlled transport through catchment sys-
tems as the link between hydrology and water quality (whose models are
still relatively disconnected in spite of trying to understand processes in
the same spatial domain). In this sense, Machiwal et al. (2018) suggested
the need for developing robust and versatile methodologies for assessing
the intrinsic and specific vulnerability of groundwater under varying
hydrogeologic and hydroclimatic conditions, using a ‘source–pathway–
receptor’ approach that involvesmodelling at the catchment scale (intrinsic
vulnerability is based on an assessment of natural climatic, geological
and hydrogeological attributes, whereas specific vulnerability is mainly
assessed in terms of the risk of the groundwater system becoming exposed
to contaminant loading; Witkowski et al., 2007). Likewise, Nadiri et al.
(2018a, 2018b) adopted the innovative OSPRC (Origins, Sources, Path-
ways, Receptors, Consequences) framework to integrate information for
indexing risks to aquifers exposed to diffuse pollution.

The LU–IV procedure (land use–intrinsic vulnerability procedure;
Arauzo, 2017; Arauzo et al., 2019, 2020; Fig. 1) was developed to address
the above–stated challenges. It allows assessing the intrinsic vulnerability
of groundwater and its specific vulnerability to nitrate pollution over the
entire surface of the territory (including aquifers catchment areas) and,
where necessary, the accurate delineation of the NVZs. The procedure com-
bines a map of intrinsic vulnerability (IV map), based on the IV index
(Arauzo, 2017), and a map of the risk of N–loss associated with land use
(LU map) by applying the Logical Math tools in ArcGIS 10.3 (ESRI, 2015),
to generate the map of vulnerability to nitrate pollution (LU–IV map).
The LU–IV map assesses the risk of nitrate leaching associated with land
use in intrinsically vulnerable territories by analysing not just the aquifer
surface but rather the entire surface of the territory. This recent methodol-
ogy has the following differential characteristics: (1) it uses readily avail-
able parameters to feed the model, (2) it does not assign specific weights
to the parameters, (3) it allows assessing the entire catchment area that
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drains into the aquifer, (4) it permits periodical map updating as land use
changes over time, and (5) the ratings assigned to the crop types in the
LU map are fine–tuned using empirical data on the N–balance surpluses
in agriculture (Arauzo et al., 2019).

The IV index (step 1 of the LU–IV procedure; Fig. 1) evaluates the intrin-
sic vulnerability from four environmental parameters that, in turn, assess
the risks associated with the lithology of the vadose zone (parameter L),
the depth of the water table (parameter D), the topography slope (parame-
ter T) and the precipitation and irrigation (parameter P). This index proved
to be more accurate than the most widely used intrinsic vulnerability indi-
ces DRASTIC (Aller et al., 1987) and GOD (Foster et al., 2002), having been
tested on the catchment areas of 46 groundwater masses in the Ebro River
basin (Spain; Arauzo, 2017). Despite this, its algorithm does not include a
parameter for evaluating the risk associatedwith soil permeability. Soil per-
meability, however, has a significant impact on the amount of recharge that
can infiltrate into the ground and hence on the ability of solutes to move
into the vadose zone (Aller et al., 1987; Arauzo et al., 2022; Witkowski
et al., 2007). Water flow is induced by gravity and the cohesive and adhe-
sive forces set up in the soil. The rate of flow in unsaturated soils is a com-
plex function of the size, shape and distribution of the pores and fissures,
the soil chemistry and the presence of air. Soils with large pores drain eas-
ily. Silt and clay soils have small pores and retainwater, while clays that ex-
pand whenwetmay become impermeable (Franceys et al., 1992). Clay also
plays a regulatory role in nitrate availability in the soil solution (Arauzo
et al., 2022). It would, therefore, be necessary to analyse to what extent
the delineation of NVZs would improve if a new parameter evaluating the
risk associated with soil permeability is included in the IV index of the pro-
cedure. However, on the other hand, the generally scarce availability of soil
permeability georeferenced data to adequately feed this type of model
could affect the robustness of the intrinsic vulnerability maps, which
could pose a significant limitation.

In this research, it was analysedwhether the assessment of groundwater
vulnerability to nitrate pollution and the delineation of NVZs would signif-
icantly improve by including information on the soil permeability in the IV
index of the LU–IV procedure. To that aim, a fifth parameter was added to
the IV index, representing the risk associatedwith soil permeability (param-
eter S). Thus a new intrinsic vulnerability index was generated, the IV’
index, which constitutes step 1 of the new LU–IV’ procedure (Fig. 1). As
there are different parameters directly related to soil permeability and per-
colating capacity of solutes, three of them that are easily estimable were se-
lected to be tested as parameter S: the risk associatedwith the soil hydraulic
conductivity (parameter S_HC), the risk associated with the stone, gravel
and sand fraction of the soil (parameter S_St+G+S), and the risk associ-
atedwith the clay fraction (parameter S_C). Themain objective was to com-
pare the efficacy of six different parametric models for assessing
groundwater vulnerability to nitrate pollution and delineating potential
NVZs. The models tested were as follows: Model 1 (original LU–IV proce-
dure; Arauzo, 2017; Arauzo et al., 2019, 2020), Model 2 (LU–IV’ procedure
using the parameter S_HC), Model 3 (LU–IV’ procedure using the parameter
S_St+G+S), Model 4 (LU–IV’ procedure using the parameter S_C), Model 5
(LU–DRASTIC–COP procedure), andModel 6 (NVZs officially designated in
the area). The six models are described in Section 2.4, but it is advanced
here that Model 5 uses the DRASTIC index (Aller et al., 1987) and the
COP index (Vías et al., 2006) to generate the map of intrinsic vulnerability
(IGME, 2009a, 2009b). The efficacy of the intrinsic vulnerability indices
used in Models 1 to 5 to estimate NVZs was also explored.

2. Material and methods

2.1. Study area

The study area comprises the catchment areas that drain into the Oja
Alluvial Aquifer and the Tirón Alluvial Aquifer (Fig. 2), located on the
right bank of the upper Ebro River basin (north of Spain). The territory de-
pends on the Spanish regions of La Rioja and Castilla y León. It covers a total
surface area of 1397 km2 for which the general climate is continental–



Fig. 1. Flow chart showing the original LU–IV procedure (with four parameters that make up the IV index; Arauzo, 2017) and the modified LU–IV’ procedure (with five
parameters that make up the index IV’ through the inclusion of parameter S).
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Mediterranean, although a mountain climate dominates in the highest
areas.

Recharge of the Oja and Tirón aquifers depends on the infiltration from
precipitation and irrigation returns from their respective catchment areas.
Discharge occurs toward the rivers and by pumping extractions. The Oja
aquifer is hydraulically linked to the Oja and Tirón rivers and the Zamaca
and Valpierre streams (Fig. 2). The Tirón aquifer is hydraulically linked to
the mid–upper reaches of the River Tirón (Fig. 2). The Oja and Tirón rivers
meet together 9 km before draining into the River Ebro. The Zamaca and
Valpierre streams are minor tributaries of the River Ebro and remain per-
manently dry in their mid–upper sections. The two aquifers are chronically
affected by nitrate pollution (Arauzo et al., 2022). Their main characteris-
tics are shown in Table 1. Besides nitrate pollution, the Oja aquifer is
strongly affected by groundwater over–extraction during spring–summer
irrigations (Arauzo et al., 2011). Agricultural land is widespread in the
area, while forests and natural areas are maintained in the headwater
areas. As a whole, the fluvial–alluvial system discharges into the River
Ebro a water volume of about 240 hm3 year−1 and a nitrogen load of
about 2.4 kt year−1 (Arauzo et al., 2011).

Maps of lithology, topography slope, mean annual precipitation and
land use are shown in Fig. 3A, C, D and E. The prevailing soil types are
cambisols, regosols and fluvisols, mostly with slightly alkaline pH (7.2 to
7.9) except at the headwaters of the Oja and Tirón rivers (4.1 to 5.9)
(Arauzo et al., 2022). N contribution frommunicipal and industrial sewage
is not significant since wastewater is channelled to a treatment plant that
discharges into the River Ebro, outside the study area (Gobierno de La
Rioja, 2010), which made it easier to focus on N from diffuse sources.
3

To date, an area of 94 km2 has been designated as NVZ on the Oja aqui-
fer (Gobierno de la Rioja, 2006a; Fig. 2 and Table 2). This area coincides
with themost polluted zones of the aquifer (Arauzo et al., 2011), suggesting
that nitrate concentration in groundwaterwas probably the criterion for the
designation. No designations have been made in the Tirón aquifer so far.

2.2. Soil sampling, analysis and mapping

Soil sampling was carried out during April and May 2017. Soil samples
were collected at 259 sampling points (Fig. 3F, G and H) through stratified
sampling based on the soil types (Guerra et al., 1970; Fortaleza et al., 1987).
Two replicated samples were collected at each sampling point at a depth of
0–20 cm, obtaining a total of 518 soil samples. Depending on the abun-
dance of coarse elements, 3–10 kg was collected per sample.

Two in situ measurements of soil hydraulic conductivity (K) were per-
formed at the surface of each soil sampling point using a hand–held tension
Mini Disk Infiltrometer (Decagon Devices, Pullman Washington, USA;
Decagon Devices Inc., 2016). The Mini Disk Infiltrometer measures the un-
saturated hydraulic conductivity at different applied tensions (adjustable
suction from 0.5 to 7 cm). Infiltrating water under a tension prevents the
filling of the macropores and gives a hydraulic conductivity characteristic
of the soil matrix that is less spatially variable (Eversts and Kanwar, 1993).

Granulometric analysis was performed on the 518 soil samples. The
most common subdivision of soil granulometry into classes is the fine–
earth fraction (clay, silt and sand) and the coarse fraction (gravel and
stones). According to this classification, the following particle size fractions
weremeasured on the soil samples: clay (Ø≤ 0.002mm), silt (0.002≤Ø<



Fig. 2. Study area, which includes the Oja Alluvial Aquifer, the Tirón Alluvial Aquifer and their catchment areas (north of Spain). The mean nitrate concentration in ground-
water during 2017, the location of groundwater sampling points and the designated NVZ (Gobierno de La Rioja, 2006a) are shown. The five zones affected by nitrate pollu-
tion are circled in red.
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0.02 mm), sand (0.02 ≤ Ø < 2 mm), gravel (2≤ Ø < 60 mm) and stones
(Ø ≥ 60 mm). Soil samples were previously air–dried and sieved to
separate and weigh the coarse and fine–earth fractions. The sieving and
sedimentation method (ISO 11277:1998) was used for determining the
particle size distribution of the fine–earth fraction.

The thematic maps of soil hydraulic conductivity (K; Fig. 3F), the stone,
gravel and sand fraction of the soil (Fig. 3G) and the clay fraction (Fig. 3H)
were prepared from the corresponding soil datasets using the Geographic
Information System ArcGIS 10.3 for Desktop (ESRI, Redlands, CA, USA;
ESRI, 2015) and the ETRS89 UTM Zone 30 N coordinate reference system.
To prepare each thematic map, the average value of the two replicated
measurements was used for each parameter at each soil sampling point
(n=259). The stone, gravel and sand fraction was expressed as amass per-
centage of the dry soil. The clay fractionwas expressed as amass percentage
of the fine–earth fraction. The raster maps were generated using Inverse
Distance Weight (IDW) interpolation in the Spatial Analyst toolbox of
ArcGIS and a resolution of 25 m. These thematic maps were used as base
maps for preparing three different versions of the S map (Fig. 1): using
the parameter S_HC (risk associated with soil hydraulic conductivity;
Model 2), using the parameter S_St+G+S (risk associated with the stone,
gravel and sand fraction of the soil; Model 3) and using the parameter S_C
(risk associated with the clay fraction; Model 4).
4

2.3. Groundwater nitrate concentration and depth to the water table

The raster maps of nitrate concentration in groundwater (Fig. 2) and
depth to the water table (Fig. 3B) were generated using the Spline with
Barriers interpolation tool in the Spatial Analyst toolbox of ArcGIS. They
were respectively prepared from the mean nitrate concentrations and the
mean depths to the water table in 39 sampling points on the Oja aquifer
and five on the Tirón aquifer during 2017 (extracted from Arauzo et al.,
2022). During the period 2005–2017 no significant decrease was observed
in the nitrate pollution of either aquifer (Arauzo et al., 2022).
2.4. Extraction of experimental catchment areas for testing of the vulnerability
models

Six experimental catchment areas (Fig. 4) were used to analyse the effi-
cacy of the models for assessing groundwater vulnerability to nitrate pollu-
tion and delineating NVZs. Four of these catchments corresponded to the
territories that drain into the different polluted zones of the Oja and Tirón
aquifers (Fig. 2; Arauzo et al., 2022). The catchments were extracted from
a digital elevation model (DEM) of 25 m resolution using the Hydrology
toolset in the Spatial Analyst toolbox of ArcGIS. The lowest elevation



Table 1
Characteristics of the Oja and Tirón alluvial aquifers.

Parameter Oja Alluvial Aquifer Tirón Alluvial Aquifer

Hydrogeological Domain Ebro Depression (River Ebro basin, north of Spain) Ebro Depression (River Ebro basin, north of Spain)
Associated rivers Rivers Oja and Tirón; Zamaca and Valpierre streams River Tirón
Aquifer use Irrigation; human consumption Irrigation; human consumption
Extent Floodplains, alluvial fans, first terrace and lower terraces hydraulically

connected to the main aquifer
Floodplain, alluvial fans and first terrace

Lithology Coarse gravels, polygenic gravels and sands with a variable content of silt Coarse gravels and sands with a variable content of silt
Geology Quaternary alluvial deposits Quaternary alluvial deposits
Underlying geology Conglomerates, sandstones and Miocene shales Marls and Miocene gypsums
Degree of confinement Unconfined Unconfined
Regional Administration La Rioja Castilla y León and La Rioja
Total area (km2) 144 29
Depth to the water table (m) 0–10 0–4
Average thickness (m)a 12 (saturated thickness: 7.6) Not assessed
Resources (hm3 year−1)a 48–57 Not assessed
Total reserves (hm3)a 170 Not assessed

a Source: Arauzo et al. (2011).
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point of each polluted zone was used as pour point for the watershed calcu-
lation (the pour point is the cell of highest flow accumulation). Two other
experimental catchment areas were extracted corresponding to territories
that drain into non–polluted zones of the upper sections of the aquifers,
using the same methodology (Figs. 2 and 4). The surface drainage network
and the groundwater flow direction (Fig. 4) were used for catchment delin-
eations. The surface drainage network was generated from a DEM of 25 m
resolution using the Hydrology toolset in the Spatial Analyst toolbox. The
map of water table elevation was prepared from shapefiles of points of
the water table elevation using the Spline with Barriers interpolation tool
in the Spatial Analyst toolbox. The shapefiles of points of the water table el-
evation were previously generated by subtracting the depth to the water
table (see Section 2.3) from the corresponding ground surface elevation
from a DEM of 25 m resolution.
Fig. 3. Thematic maps used in the LU–IV and LU–IV’ procedures: (A) lithology, (B) dep
(F) soil hydraulic conductivity, (G) stone, gravel and sand fraction of the soil, and (H) c
G and H.

5

2.5. Models to assess groundwater vulnerability to nitrate pollution and delineate
NVZs

The thematic maps developed for the six models under study were pre-
pared with the Geographic Information System ArcGIS 10.3 for Desktop
(ESRI, Redlands, CA, USA; ESRI, 2015) using the ETRS89 UTM Zone 30 N
coordinate reference system. The raster layers were generated at a spatial
resolution of 25 m.

2.5.1. Model 1: original LU–IV procedure
The original LU–IV procedure (Arauzo, 2107; Arauzo et al., 2019, 2020;

Fig. 1) is a two–step GIS–based method that combines a map of intrinsic
vulnerability (IV map) with a map of the risk of N–loss associated with
land use (LU map). The procedure assigns ratings on a scale from 1 to 10
th to the water table, (C) topography slope, (D) annual precipitation, (E) land use,
lay fraction of the fine earth. Locations of the soil sampling points are shown in F,



Table 2
Ratings for parameters L, D, T, P and LU, which make up the LU–IV procedure (extracted from Tables 3 and 4 in Arauzo et al., 2019).

Parameter Range Rating

L: Risk associated with the Lithology of the vadose zonea Karst limestones, calcretes; gravels. 10
Chalky limestones, calcarenites. 9
Alluvial and fluvio–glacial sands; recent volcanic lavas. 7–8
Aeolian sands; volcanic tuffs; fractured igneous and metamorphic formations;
older volcanic formations; sandstones, conglomerates; peat.

5–6

Alluvial silts, loess, glacial till, loam; mudstones; shales. 3–4
Clays; residual soils; unfractured igneous and metamorphic formations; other aquifuges. 1–2

D: Risk associated with the Depth to the water table (m)b 0–1 (and all depths for karst limestones, calcretes, gravels, chalky limestones,
calcarenites and recent volcanic lavas).

10

1–3 9
3–5 8
5–10 7
10–13 6
13–20 5
20–33 4
33–50 3
>50 2
No underlying aquifer. 1

T: Risk associated with the Topography slope (%)c 0–2 10
2–3 9
3–4 8
4–5 7
5–6 6
6–9 5
9–12 4
12–15 3
15–18 2
>18 1

P: Risk associated with Precipitation and irrigation
(mm yr−1; in irrigated areas P rating was raised to high risk)

>900 10
900–800 9
800–700 8
700–600 7
600–500 6 (7)d

500–400 5 (7)d

400–300 4 (7)d

300–200 3 (7)d

200–100 2 (7)d

100–0 1 (7)d

LU: N–loss risk associated with Land Usee Horticultural crops (vegetables, root crops and flower crops); citrus crops;
irrigated herbaceous forage crops.

10

Rainfed herbaceous forage crops. 9
Fruit tree crops. 8
Irrigated cereals; vineyards; almond trees. 7
Fish farms; livestock farms; urban areas. 8–5 (7)
Rainfed cereals; irrigated dried pulses; Irrigated meadows. 6
Rainfed dried pulses; meadows and pastures; other trees. 5
Olive trees; irrigated industrial crops. 4
Rainfed industrial crops. 3
Shrubland. 5–1 (3)
Unproductive land. 5–1 (2)
Forests and natural areas. 1

a Based on the lithological character and degree of consolidation of vadose zone (Foster et al., 2002) and the hydraulic conductivity and permeability of the media (Bear,
1972).

b Adapted from Foster et al. (2002).
c Adapted from Aller et al. (1987).
d In the irrigated areas (with an additional risk associatedwith irrigation returns), cell values ranging from1 to 6 associatedwith precipitation (negligible tomoderate risk)

were raised to rating 7 (high risk associated with irrigation) (Arauzo et al., 2020).
e LU ratings were based on the N–surpluses extracted from the annual reports on N–balances in crops of the Spanish region of La Rioja during 2015 and 2016 (MAPAMA,

2017, 2018; adapted from Arauzo et al., 2019).
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for all the parameters (Table 2) and the IV and LU–IV maps, grouped into
five risk categories: negligible: 1–2; low: 3–4; medium or moderate: 5–6;
high: 7–8; extreme: 9–10.

In step 1, the procedure generates the IV map (map of intrinsic ground-
water vulnerability) from the four environmental parameters that comprise
the IV index (Fig. 1):

IV ¼ Lþ Dþ Tþ P
4

(1)
6

where L is the rating of the risk associated with the lithology of the vadose
zone, D is the rating of the risk associated with the depth of the water table,
T is the rating of the risk associated with the topography slope, and P is the
rating of the risk associated with precipitation and irrigation (Table 2).

The IV map was generated from the raster maps L, D, T and P (Fig. 2),
using the Raster Calculator in the Spatial Analyst Toolbox of ArcGIS to
run Eq. (1).

The L map was prepared from the lithological map of Spain (IGME,
2015; Fig. 3A) by assigning the corresponding L rating to each lithological
type (Table 2).



Fig. 4. Surface drainage network and map of water table elevation. Groundwater flow direction is indicated with blue arrows. The catchment areas C–1 to C–6 (extracted to
compare the models of groundwater vulnerability to nitrate pollution) are represented with different textures.
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The D map was prepared from the depth to the water table map
(Fig. 3B) by assigning the corresponding D rating to each depth range
(Table 2).

The T map was prepared from the topography slope map (Fig. 3C),
which, in turn, was generated from a DEM of 25 m resolution using the
Slope tool in the Spatial Analyst Toolbox. T ratingswere assigned according
to Table 2.

The P map was prepared from the maps of precipitation and irrigation.
Themap of precipitation (Fig. 3D) was generated from a shapefile of points
with the mean annual precipitation during 20 years (22 points of the net-
work of the Spanish Meteorological Agency; Botey et al., 2013) using the
IDW interpolation tool in the Spatial Analyst toolbox. To generate the
map of the risk associated with precipitation, the P ratings in Table 2
were assigned. The map of the irrigated areas was extracted from the
Crops and Land Use map of Spain (MARM, 2009). It was then combined
with the map of the risk associated with precipitation using the Logical
Math tools in the Spatial Analyst Toolbox so that, in the irrigated areas
(with an additional risk associatedwith irrigation returns), cell values rang-
ing from 1 to 6 associated with precipitation (negligible to moderate risk)
were raised to rating 7 (high risk associated with irrigation; Table 2).
Only those areas under sprinkler and flood irrigation were considered at
risk (Arauzo et al., 2020).

In step 2, the procedure generates the LU–IV map (map of the specific
groundwater vulnerability to nitrate pollution) by combining the IV map
7

(step 1) and the LU map using the Over tool from the Logical Math toolset
in the Spatial Analyst Toolbox (Fig. 1). For this, the original raster cell
values of the IV map were first reclassified into values 1 and 0. The value
1 represents non–vulnerable areas (cell values ranging from 1 to 4: negligi-
ble to low vulnerability), while the value 0 represents vulnerable areas (cell
values ranging from5 to 10:moderate to extreme vulnerability). The result-
ing raster (IV 1–0 map) was then used as the first entry in the Over tool,
while the raster of the N–loss risk associated with land use (LU map) was
used as the second entry. When the Over operation is performed, for cell
values in the first input that are equal to 1 the output value will be that of
the first input (representing areas in which land use restrictions do not
have to be applied). But where the cell values in the first input correspond
to 0, the outputwill be that of the second input raster (original ratings of the
LU map).

The LU map was previously generated to complete the second entry of
the Over tool. This was prepared on the basis of the Crops and Land Use
map of Spain (MARM, 2009; Fig. 3E) by assigning the corresponding LU rat-
ing to each land use type (Table 2). LU ratings (Table 2) were based on the
N–surpluses extracted from the annual reports on N–balances in crops of
Spain during 2015 and 2016, in accordance with Arauzo et al. (2019) and
adapted to the dataset of La Rioja region (MAPAMA, 2017, 2018). When
adapting LU ratings, some ratings varied slightly from those in Arauzo
et al. (2019): irrigated cereals from 8 to 7, rainfed cereals from 7 to 6,
vineyards from 6 to 7, and fruit tree crops from 9 to 8 (Table 2).



Table 3
Ratings for parameters S of the index IV’ (Models 2, 3 and 4).

Parameter S Range Rating

Model 2: Parameter S_HC; risk associated with
soil Hydraulic Conductivity (K; cm s−1)a

>0.007 10e

0.007–0.005 9e

0.005–0.003 8e

0.003–0.002 7e

0.002–0.0009 6e

0.0009–0.0004 5e

0.0004–0.0002 4
0.0002–0.00006 3
0.00006–0.00004 2
<0.00004 1

Model 3: Parameter S_St+G+S; risk associated with
the Stone, Gravel and Sand fraction (%)b, c

100–98 10e

98–80 9e

80–66 8e

66–55 7e

55–46 6e

46–38 5e

38–30 4
30–23 3
23–14 2
14–0 1

Model 4: Parameter S_C; risk associated with the
Clay fraction (%)c, d

0–17 10e

17–27 9e

27–31 8e

31–33 7e

33–35 6e

35–39 5e

39–49 4
49–68 3
68–98 2
98–100 1

a Based on FAOandUSDAhydraulic conductivity classes (FAO, 2021;USDA, 2021).
b Expressed as a mass percentage of the dry soil.
c Based on drainage data from a network of lysimeters in the study area (Arauzo

and Valladolid, 2013).
d Expressed as a mass percentage of the fine–earth fraction.
e Cell values ranging from 5 to 10 (moderate to extreme risk) were reduced to 4

(low risk) in soils with petrocalcic or clay horizons (Gobierno de La Rioja, 2006b)
and a topography slope below 5 % (petrocalcic and clay horizons limit vertical
drainage and low slopes limit subsurface runoff in the vadose zone).

M. Arauzo et al. Science of the Total Environment 840 (2022) 156654
The map of groundwater vulnerability to nitrate pollution (LU–IV map;
Fig. 1), which combines information from the physical environment and
land use, will serve as a base map to delineate the NVZs. More details on
this methodology can be consulted in Arauzo (2017) and Arauzo et al.
(2019, 2020).

2.5.2. Model 2 (NEW): LU–IV’ procedure using the parameter S_HC
The LU–IV’ procedure is similar to that of Model 1 except that, in step

1, the IV’ index is composed of five parameters instead of four (Fig. 1), as
follows:

IV0 ¼ Lþ Dþ Tþ Pþ S
5

(2)

Parameters L, D, T and P are the same as inModel 1. The new parameter
S represents the risk associated with soil permeability. Three easily estima-
ble parameters related to soil permeability were selected to be tested as pa-
rameter S: the risk associated with soil hydraulic conductivity (parameter
S_HC; Model 2), the risk associated with the stone, gravel and sand fraction
of the soil (parameter S_St+G+S; Model 4), and the risk associated with
the clay fraction (parameter S_C Model 4). The objective was to know
which would be the most effective for assessing groundwater vulnerability.

In Model 2, the S map (Fig. 1) was prepared from the map of soil hy-
draulic conductivity (K; Fig. 3F) by assigning the corresponding S rating
to each range of hydraulic conductivity (Table 3). S_HC ratings (Table 3)
were based on FAO and USDA hydraulic conductivity classes (FAO, 2021;
USDA, 2021).
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Step 2 of the LU–IV’ procedure was the same as for Model 1, but using
the IV’ index with the parameter S_HC.

S maps of Models 2 to 4 were adapted in those areas with petrocalcic
or clay horizons (that limit vertical drainage) and low slopes (that limit sub-
surface runoff in the vadose zone). For this, cell values with ratings from 5
to 10 (moderate to extreme risk) were reduced to 4 (low risk) in soils with
petrocalcic or clay horizons (Gobierno de La Rioja, 2006b) and a topogra-
phy slope below 5 % (Fig. 3C).
2.5.3. Model 3 (NEW): LU–IV procedure using the parameter S_St+G+S
Model 3 is similar to Model 2, except that the S map (Fig. 1) was pre-

pared from the map of the stone, gravel and sand fraction (S_St+G+S;
Fig. 3G) by assigning the corresponding S ratings to the different ranges
(Table 3). S_St+G+S ratings were established from drainage data from a
network of lysimeters in the study area (Arauzo and Valladolid, 2013).

Step 2 of the LU–IV’ procedure was the same as for Model 1, but using
the IV’ index with the parameter S_St+G+S.
2.5.4. Model 4 (NEW): LU–IV procedure using the parameter S_C
Model 4 is similar to Model 2, except that the S map (Fig. 1) was

prepared from the map of the clay fraction (S_C; Fig. 3H) by assigning the
corresponding S ratings to the different ranges (Table 3). S_C ratings were
established from drainage data from a network of lysimeters in the study
area (Arauzo and Valladolid, 2013).

Step 2 of the LU–IV’ procedure was the same as for Model 1, but using
the IV’ index with the parameter S_C.
2.5.5. Model 5 (NEW): LU–DRASTIC–COP procedure
Model 5 uses the DRASTIC index (Aller et al., 1987) and the COP index

(Vías et al., 2006) to assess the intrinsic vulnerability. The Geological and
Mining Institute of Spain (IGME) mapped the intrinsic vulnerability of
Spanish aquifers on a national scale using these methods. The maps of in-
trinsic vulnerability of detrital and mixed aquifers, based on DRASTIC
(IGME, 2009a), and of carbonate aquifers, based on COP (IGME, 2009b),
were used as base maps to generate the DRASTIC–COP map of intrinsic
vulnerability of Model 5 (Fig. 5).

The DRASTIC index uses seven parameters (depth to the water table,
aquifer recharge, aquifer media, soil media, topography, impact of vadose
zone and hydraulic conductivity) in an additive formulation, which are
weighted according to their relative importance to the pollution potential
(Aller et al., 1987). The COP method uses three main parameters (concen-
tration of flow, overlaying layers above the water table and precipitation
over the aquifer) in a multiplicative formulation (Vías et al., 2006). The
original ratings of DRASTIC and COP were transformed to a scale of 1 to
10 to make them comparable to those of the previous models.

As in step 2 of the LU–IV procedure, the DRASTIC–COPmap of intrinsic
vulnerability was reclassified into values 1 and 0 to generate the DRASTIC–
COP 1–0map, whichwas combined with the LUmap using the Over tool to
generate the LU–DRASTIC–COP map of specific groundwater vulnerability
to nitrate pollution.
2.5.6. Model 6: officially designated NVZ
The only zone within the study area designated as a NVZ (Gobierno de

La Rioja, 2006a) covers the most polluted sections of the Oja aquifer (Fig. 2
and Table 2), with nitrate concentration in groundwater probably being the
criterion for the designation. However, no designations were made on the
Tirón aquifer following that criterion. Although the vulnerability model
used for designations in the study area was unknown to us, it was consid-
ered necessary to compare the officially designated NVZs with those ob-
tained from the previous models to find the most effective model. For this
reason, despite not knowing the characteristics of the model, the officially
designated NVZ was defined as Model 6.



Fig. 5.Maps of intrinsic groundwater vulnerability based on the IV index (four parameters: L, D, T and P; Fig. 1) and the IV’ index (five parameters: L, D, T, P and S; Fig. 1).
Three different parameters related to the risks associated with soil permeability (parameter S) were tested: parameter S_HC (risk associated with soil hydraulic conductivity),
parameter S_St+G+S (risk associatedwith the stone, gravel and sand soil fraction) and parameter S_C (risk associatedwith the clay fraction). Themaps of the risks associated
with the environmental parameters that make up the indexes are shown at the top of the figure.
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2.6. Statistical analysis

Single–parameter sensitivity analyses of the IV and IV’ indices were per-
formed to look for possible differences between the theoretical weights
assigned to the parameters of each index (equal for all parameters) and
their effective counterparts. The following equation was used:

W ¼ Pr � Pw
V

� �
� 100 ð3Þ

whereW is the effective weight of each parameter, Pr and Pw are the rating
and theoretical weight assigned to each parameter, respectively, and V
is the value of the vulnerability index (Babiker et al., 2005). For the
IV index (four parameters: L, D, T and P; Eq. (1)), the value of Pw is equal
to ¼ for every parameter. For the IV’ index (five parameters: L, D, T, P
and S; Eq. (2)), the value of Pw is equal to ⅕. The IV’ index from Model 2
(where parameter S represents the risk associated with soil hydraulic
conductivity) was used to perform the analysis. The single–parameter sen-
sitivity analyses were conducted using the Raster Calculator in the Spatial
Analyst toolbox of ArcGIS, grid by grid, from maps L, D, T, P, S, IV and
IV’ (Fig. 1).

Pearson correlations between pairs of thematic rasters were conducted
using Band Collection Statistics in the Spatial Analyst toolbox. Correlations
between the rastermaps L, D, T and P and the rastermaps S_HC, S_St+G+S
and S_C were used to explore relationships between the parameters that
make up the original IV index and the new parameters included in the IV’
index. A Pearson correlation matrix of the raster maps of NVZs resultant
from the six models under study was also used to analyse the relationships
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between the models. The number of pairs in the correlations corresponded
to the number of pixels in the rasters (2,235,134).

The assessment of the vulnerability of groundwater to nitrate pollution
under a ‘source–pathway–receptor’ approach (Machiwal et al., 2018) in-
volves considering that nitrate can be displaced long distances from the
highest to the lowest areas of the basins (Zahid et al., 2015), not only in
the saturated zone of the aquifers but also in the vadose zone of their catch-
ment areas. If the NVZs are well delineated, a direct relationship can be ex-
pected between the area defined as NVZ in the catchment area of an aquifer
and the area polluted by nitrate of the aquifer (Arauzo, 2017; Arauzo et al.,
2019). Bearing this in mind, to compare the robustness of the six models
under study, the Spearman correlations (Rho; IBM SPSS Statistics 27.0;
IBM Corp. Released, 2020) were determined between the areas of NVZs
(extracted for each of the models) vs the alluvial areas polluted by nitrate,
using datasets extracted from the six experimental catchment areas. The
datasets were obtained, catchment by catchment, from catchments C–1 to
C–6 (Fig. 4; n = 6) using the Spatial Analyst toolbox. The correlations
were performed on the percent coverages of NVZs and alluvial areas pol-
luted by nitrate in each catchment. The percent coverage of NVZs was
expressed as the relative area at high to extreme risk (ratings 7–10) over
the catchment area. The percent coverage of alluvial areas polluted by ni-
trate was expressed as the relative area above 50 mg L−1 of nitrate over
the total alluvial area and the catchment area. The Shapiro–Wilk normality
test was used to check the assumption of normality (IBM SPSS Statistics
27.0), which was not satisfied for any of the datasets. The efficacy of the in-
trinsic vulnerability indices (step 1 in Models 1 to 5) to estimate NVZs was
also explored using Spearman correlations in the same way and under the
same conditions as stated above. In those cases, the percent coverage of
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vulnerable areas was also expressed as the relative area at high to extreme
risk over the catchment area.

3. Results and discussion

3.1. Nitrate polluted zones and their catchment areas

Nitrate distribution in groundwater is a consequence of nitrate high sol-
ubility and mobility through the vadose and saturated zones (Arauzo et al.,
2022). No significant decrease in nitrate pollution has been observed in the
Oja and Tirón aquifers since the 2006NVZ designation (Arauzo et al., 2022;
Fig. 2). The high groundwater flow velocity at the upper reaches of both
aquifers favours advective nitrate transport toward the lower reaches and
with low water flow, where it tends to accumulate in stagnation zones
(Arauzo et al., 2011). A total of five zones with persistent pollution by ni-
trate were identified (Fig. 2): (zone 1) lower reaches of the Oja aquifer,
(zone 2) branch of the Zamaca stream and upper section of the Valpierre
stream (southeastern area of the Oja aquifer), (zone 3) right bank of the
river Oja, (zone 4) left bank of the river Oja and (zone 5)mid–lower section
of the Tirón aquifer. Arauzo and Martínez-Bastida (2015), Arauzo et al.
(2011, 2022), Orellana-Macías et al. (2020), Richard et al. (2018) and
Worrall et al. (2009) noted that when NVZs are poorly delineated, expecta-
tions of significantly reducing nitrate pollution in groundwater bodies are
not met. That could be the case in the territory under study, which points
to the need to review its NVZs.

Since the main objective of this research was to compare the efficacy of
different models for assessing the vulnerability of groundwater to nitrate
pollution and delineating NVZs in the context of the hydrological catch-
ment, datasets were extracted from six experimental catchment areas
with different hydrology, lithology, topography, precipitation, catchment
size, soils, land use and degree of nitrate pollution (Fig. 4). Four of the
catchments drain into zones with persistent nitrate pollution (Fig. 2): C–1
(affecting zones 1, 3, 4 and 5, in the main body of the Oja aquifer and the
Tirón aquifer), C–2 (affecting zone 2, in the branch of the Zamaca stream),
C–3 (affecting zone 2, in the upper section of the Valpierre stream) and C–5
(affecting zone 5, in the Tirón aquifer). The two other experimental catch-
ments drain into non–polluted zones of the aquifers: C–4 (that drains into
the upper reaches of the Oja aquifer) and C–6 (that drains into the upper
reaches of the Tirón aquifer). Catchments C–1 and C–5 are the largest in
size; with mountains at the headwaters that are associated with higher pre-
cipitations. They show <45 % of the alluvial areas polluted by nitrate,
which constitutes <3% of the catchment area. More than 50 % of their sur-
face is covered by forests and natural areas at the headwaters, while rainfed
herbaceous crops are dominant in the lower zones (Table 4). Catchments
C–2 and C–3 are the smallest in size and are characterised by over 80% pol-
luted alluvial areas, covering 66 % of the catchment area. They are flat ter-
ritories, with precipitation lower than 600 mm and >69 % of the surface
covered by irrigated herbaceous crops (Table 4). Catchments C–4 and
C–6 correspond to the headwater areas. They are free of nitrate pollution,
have high slopes and precipitation and a forest cover of 92 % (Table 4).
In the following sections, datasets from all these experimental catchments,
extracted catchment by catchment, will be used to establish statistical com-
parisons between the coverages of NVZs estimated from each of the six
models under study and those of alluvial zones polluted by nitrates.

3.2. Intrinsic vulnerability

This research intends to refute the idea that aquifer recharge is pro-
duced only by vertical infiltration, on which most methods for mapping
groundwater vulnerability are based. Recharge can also come from places
far away from the aquifer (Arauzo, 2017; Arauzo and Martínez-Bastida,
2015; Zahid et al., 2015), so the entire surface of the catchment area that
drains into the aquifer should be evaluated, or better, the whole surface
of the territory. That is precisely one of the differential characteristics of
the LU–IV procedure and begins from step 1 of the procedure. Step 1 of
Models 1 to 4 assessed the intrinsic vulnerability throughout the entire
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territory (IV map and IV' maps using S_HC, S_St+G+S and S_C; Fig. 5).
Model 5, however, only evaluated the land surface above groundwater bod-
ies (DRASTIC–COP map; Fig. 5).

For Models 2 to 4, it was hypothesized that the vulnerability assessment
would improve by including a parameter representing the risk associated
with soil permeability (parameter S) in the procedure. Although Aller
et al. (1987), Arauzo et al. (2022) and Witkowski et al. (2007) highlight
the role of soil permeability in infiltration and its impact on groundwater
vulnerability, the scarcity of georeferenced data on soil permeability
could pose a limitation to correctly feeding these types of models, affecting
their robustness. To test the hypothesis, three different versions of parame-
ter S, based on the soil hydraulic conductivity (parameter S_HC), the frac-
tion of stone, gravel and sand (parameter S_St+G+S) and the clay
fraction (parameter S_C), were used. Variability of the three parameters in
the study area was high, ranging from 0 to 0.01 cm s−1, 7 % to 95 % and
0 % to 76 %, respectively (Fig. 3F, G, H).

The IV and IV’ maps (Models 1 to 4) showed a high to extreme risk for
the alluvial and carbonate deposits. In addition, they showed amedium risk
for territories without underlying groundwater bodies (Fig. 5), from which
nitrate could reach groundwater via the surface drainage network or sub-
surface runoff. The DRASTIC–COP map (Model 5) showed a medium to
extreme risk for the alluvial and carbonate deposits (with minor areas of
low risk), but did not analyse the areas without underlying groundwater
(Fig. 5).

Regarding the relationship between parameters that make up the
original IV index (L, D, T and P) and those added to the IV’ indexes
(S_HC, S_St+G+S and S_C), statistically significant correlations were
found between the two sets of parameters (Table 5). Negative correlations
of parameters S_HC, S_St+G+S and S_C vs parameter T and positive corre-
lations vs parameter P stand out as themost significant. The IV and IV’maps
show that the inclusion of the different versions of the parameter represent-
ing the risk associatedwith soil permeability inModels 2 to 4 refined results
compared toModel 1, but without any significant changes (Fig. 5). Correla-
tions between parameters (Table 5) explain this fact.

Maps of intrinsic vulnerability in Fig. 5 were reclassified into values of
1 and 0 to identify the areas at medium to extreme risk (a conservative
criterion to ensure including all possible intrinsically vulnerable areas for
step 2 of the procedure; Arauzo et al., 2020).

Reclassifications tended to homogenise the results of the five models in
the alluvial and carbonate areas but not in the rest of the territory (Fig. 5).
According to maps IV 1–0, IV’ 1–0 using S_HC, IV’ 1–0 using S_St+G+S
and IV’ 1–0 using S_C, and DRASTIC–COP 1–0 (Fig. 5), Model 1 showed a
surface area at medium to extreme risk of 514 km2 (37 % of the study
area), Model 2 of 530 km2 (38 %), Model 3 of 531 km2 (38 %), Model 4
of 881 km2 (63 %) and Model 5 of 182 km2 (13 %). Surfaces identified as
intrinsically vulnerable were similar for Models 1 to 3, although Model 3
presented a somewhat different distribution. Model 4 showed a vulnerable
area almost a third higher than the previous ones, while Model 5 only iden-
tified their third part (Fig. 5). Discrepancies between models at the end of
step 1 could lead (Fig. 5), in turn, to amplifying the dispersion of their re-
sults at step 2 of the procedure. This issuewill be addressed in the following
sections.

Unlike the DRASTIC index, the IV and IV’ indexes assign the same the-
oretical weight to their parameters tominimize the impact of the subjective
component linked to the pre–assignment of different weights (Javadi et al.,
2011). The IV index (made up of four parameters) assigns a weight of ¼ to
each parameter, while the IV’ index (made up of five parameters) assigns a
weight of⅕. Single–parameter sensitivity analyses to compare the theoret-
ical weight assigned to parameters of the IV index (Model 1) and the IV’
index (Model 2) vs their effective weight (Table 6) showed that the theoret-
ical and effective weights were similar for most of the parameters in both
models, except for parameters P and D whose mean effective weights
were, respectively, higher and lower than their theoretical weights. The
high variability observed of the effective weights of the parameters
throughout the study area (Table 6) reinforces the idea suggested by
Arauzo (2017) and Babiker et al. (2005) that the individual characteristics



Table 4
Characteristics of the six experimental catchment areas.

Parameter Catchment C–1 Catchment C–2 Catchment C–3 Catchment C–4 Catchment C–5 Catchment C–6

Receptor aquifer Tirón aquifer and
main body of Oja
aquifer (polluted)

Zamaca branch
of Oja Aquifer
(polluted)

Valpierre section
of Oja aquifer
(polluted)

Upper reaches of
Oja aquifer
(unpolluted)

Tirón aquifer
(polluted)

Upper reaches
of Tirón aquifer
(unpolluted)

Associated rivers Rivers Oja and Tirón Zamaca stream Upper reaches of
Valpierre stream

Upper reaches of
River Oja

Upper–middle
reaches of
River Tirón

Upper reaches
of River Tirón

Catchment area (km2; CA) 1295 49 8 208 675 205
Alluvial area (km2; AA) 132 34 7 2 29 5
Altitude (m; max.–mean–min.) 2270–911–433 699–56– 427 695–639–605 2270–1255–704 2039–948–547 2039–1199–730
Designated NVZ (km2) 56 38 0 0 0 0
Land usea, b Irrigated herbaceous crops,

horticultural crops
11 % 69 % 70 % 1 % 6 % 1 %

Rainfed herbaceous crops 32 % 14 % 26 % 0 % 40 % 3 %
Vineyards 3 % 9 % 1 % 0 % 0 % 0 %
Meadows, pastures 2 % 0 % 0 % 4 % 2 % 3 %
Forest, natural areas, shrubland 50 % 5 % 2 % 92 % 51 % 92 %
Unproductive land 2 % 3 % 1 % 2 % 1 % 1 %
Coverage of irrigated land
(sprinkling and furrow)

11 % 67 % 30 % 1 % 5 % 1 %

Lithologya Alluvial deposits 15 % 85 % 84 % 8 % 15 % 9 %
Limestones 2 % 0 % 0 % 4 % 3 % 4 %
Sandstones, conglomerates,
slates, schists

48 % 15 % 16 % 85 % 46 % 82 %

Marlstones 34 % 0 % 0 % 0 % 36 % 1 %
Clays 1 % 0 % 0 % 3 % 0 % 4 %

Slopea 0–5 % 34 % 82 % 100 % 5 % 31 % 7 %
5–9 % 13 % 12 % 0 % 3 % 15 % 8 %
> 9 % 53 % 6 % 0 % 92 % 54 % 85 %

Precipitationa 600–900 mm y−1 58 % 0 % 0 % 100 % 70 % 100 %
400–600 mm y−1 42 % 100 % 100 % 0 % 30 % 0 %

Soil characteristics c Dominant soil texture Clay/ Clay loam/
Loam/ Sandy loam

Clay loam/ Loam Clay loam/ Loam Loam/ Sandy loam Clay/ Silty loam/
Sandy loam

Sandy loam

Fine soil fraction:
Sand–Silt–Clay (%)

35 (18)–35
(15)–30 (15)

39 (5)–33
(4)–28 (4)

43 (2)–19
(5)–38 (2)

50 (12)–35
(8) –15 (8)

33 (20) –34
(20) –33 (19)

53 (20)–21
(14)–26 (17)

Coarse soil fraction (%) 27 (25) 25 (15) 45 (1) 51 (25) 26 (25) 47 (26)
Soil hydraulic conductivity
(K; cm s−1)

0.0008 (0.0001) 0.0003 (0.0003) 0.0001 (0.0000) 0.0008 (0.0008) 0.0012 (0.0013) 0.0015 (0.0017)

Nitrate pollutiond Alluvial area polluted by
nitrate over the total alluvial
area (% AA)

34 % 95 % 80 % 0 % 45 % 0 %

Alluvial area polluted by
nitrate over the total
catchment area (% CA)

3 % 66 % 66 % 0 % 2 % 0 %

a Percent coverage over the catchment area (% CA).
b Extracted from the Crops and Land Use map of Spain (MARM, 2009).
c Mean value from the soil sampling points; standard deviations in brackets.
d Percent coverage of the alluvial areas above 50 mg L−1 of nitrate (% AA).
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of the unit of analysis (e.g. pixel; catchment; region) can affect the resulting
effective weights. These results point to the convenience of not pre–
assigning different weights to the input parameters of the vulnerability in-
dexes in order to avoid inaccuracies (Hamza et al., 2015). They also could
explain discrepancies between Models 1 to 4 and Model 5 in assessing
intrinsic vulnerability.

3.3. Specific vulnerability to nitrate pollution

This investigation analyses and compares the efficacy in NVZ delinea-
tion of different models for assessing the vulnerability of groundwater to
Table 5
Pearson correlations between the rasters L, D, T and P and the rasters S_HC,
S_St+G+S and S_C (Fig. 5) to explore relationships between the parameters that
make up the original IV index and those added in its new versions (IV’ indexes);
degrees of freedom: 2,235,132; all the results are significant at p < 0.00001.

L D T P

S_HC −0.22 −0.24 −0.44 0.43
S_St+G+S 0.08 −0.06 −0.54 0.69
S_C 0.02 −0.01 −0.39 0.53
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nitrate pollution (Fig. 6) that combine maps of intrinsic vulnerability
(Models 1 to 5; Fig. 5) with a map of the risk of N–loss associated with
land use (LU map; Fig. 6). According to the LU map (Fig. 6), intensive agri-
culture is widely implanted in the alluvial areas and their surrounding ter-
ritories, which potentially poses a high to extreme risk of N–leaching.
Rainfed agriculture (mainly cereals) is distributed throughout the rest of
the middle and lowlands (posing a medium risk of N–loss), while forests
and natural areas are limited to the mountain areas (constituting a
protecting factor against nitrate pollution) (Arauzo et al., 2022).

Models 1 to 4 showed a surface area with high to extreme vulnerability
to nitrate pollution of 204–227 km2, Model 5 of 112 km2 and Model 6 of
94 km2 (in red, Fig. 6; Table 7). The areas at high to extreme vulnerability
were considered potentially designable NVZs. They covered 15–16% of the
territory for Models 1–4, 8.0 % for Model 5 and 6.7 % for Model 6 (NVZ
officially designated in 2006).

Results of Models 1 to 4 (original LU–IV procedure and LU–IV’ proce-
dures using the parameters S_HC, S_St+G+S and S_C) were close, not
only in terms of the percent coverage of estimated NVZs but also in their
spatial distribution. Proof of this was the highly significant correlations be-
tween their respective rasters (Table 7), although Model 2 identified a
smaller vulnerable area and Model 4 a larger one than Models 1 and 3.
The estimated NVZs from Models 1 to 4 covered most of the alluvial areas



Table 6
Effective weights from single–parameter sensitivity analyses (W; Eq. (3)) compared with theoretical weights for the IV index of Model 1 (four parameters: L, D, T and P) and
the IV’ index of Model 2 (five parameters: L, D, T, P and S).

Intrinsic vulnerability Parameter Theoretical weight (Pw; %) Mean effective weight (W; %) SD Minimum effective weight (%) Maximum effective weight (%) n

IV index
(Model 1)

L 25 27 77 7 66 2,235,134
D 25 10 66 3 56 2,235,134
T 25 24 230 3 62 2,235,134
P 25 39 222 15 87 2,235,134

IV’ index
(Model 2)

L 20 21 38 5 60 2,235,134
D 20 8 54 2 50 2,235,134
T 20 19 167 2 53 2,235,134
P 20 29 68 14 70 2,235,134
S 20 22 66 2 53 2,235,134

SD: standard deviation; n: number of values (pixels) used to compute the analysis.
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and their surrounding territories, under intensive agriculture, both in the
Oja and Tirón aquifers. The initial hypothesis that vulnerability assessment
can improve by including a parameter representing the risk associatedwith
soil permeability (parameter S) in step 1 of the LU–IV’ procedure seems,
therefore, weak. Convergent results of Models 1–4 suggest that the inclu-
sion of that parameter could be unnecessary. On the other hand, Models
1–4 also provided information on zones with medium vulnerability to ni-
trate pollution (in orange, Fig. 6), which covered a surface area of
199 km2 (14 % of the territory) for Models 1 and 2, 144 km2 (10 %) for
Model 3 and 280 km2 (20%) for Model 4. Arauzo and Valladolid (2013) re-
ported significant N–losses to groundwater from rainfed herbaceous crops
Fig. 6.Maps of specific groundwater vulnerability to nitrate pollution and estimated NV
using the parameter S_HC), Model 3 (LU–IV’ procedure using the parameter S_St+G+S
COPmodel). Maps of intrinsic vulnerability 1–0 (moderate to extreme) and LUmap (N–l
comparison, the officially designated NVZ (Gobierno de la Rioja, 2006a) is represented
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associated with precipitation as a triggering factor in the area. Therefore,
zones with medium vulnerability to nitrate pollution could also be con-
trolled for a more effective and quick recovery of groundwater quality.

NVZs estimated from Model 5 (LU–DRASTIC–COP procedure) covered
somewhat less alluvial surface area than previous models (in red; Fig. 6).
Model 5 does not analyse the territories without underlying groundwater
so that, outside the alluvial areas, only small surfaces of other detrital and
carbonate deposits were identified as vulnerable. Model 6 shows the offi-
cially designated NVZ (Gobierno de La Rioja, 2006a), which covers the
most polluted sections of the Oja aquifer, but with no designations in the
Tirón aquifer (in red; Fig. 6). It covers the zones of the Oja Alluvial Aquifer
Zs based on: Model 1 (LU–IV procedure; Arauzo, 2017), Model 2 (LU–IV’ procedure
), Model 4 (LU–IV’ procedure using the parameter S_C) and Model 5 (LU–DRASTIC–
oss risk associated with land use) that make up the procedures are shown above. For
as Model 6.



Table 7
Pearson correlation matrix of the rasters of NVZs resultant from the six models (Fig. 6); degrees of freedom: 2,235,132; all the results are significant at p < 0.00001. The area
of NVZs estimated from each model is indicated in brackets.

NNZs from
Model 1

NNZs from Model
(NEW)

NNZs from Model 3
(NEW)

NNZs from Model 4
(NEW)

NNZs from Model 5
(NEW)

NNZs from
Model 6

NNZs from Model 1 [216 km2] 1.00
NNZs from Model 2 (NEW) [204 km2] 0.96 1.00
NNZs from Model 3 (NEW) [215 km2] 0.98 0.96 1.00
NNZs from Model 4 (NEW) [227 km2] 0.97 0.94 0.97 1.00
NNZs from Model 5 (NEW) [112 km2] 0.68 0.69 0.68 0.66 1.00
NNZs from Model 6 [94 km2] 0.48 0.49 0.48 0.47 0.54 1.00
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where nitrate tends to accumulate (Fig. 2) but not its sources of origin. The
correlation matrix of the rasters of NVZs estimated from the six models
(Table 7) shows that Models 5 and 6, although statistically significant, pre-
sented weaker correlations with each other and with Models 1–4.

3.4. Model validations on a catchment by catchment basis

Scientific literature shows that the correlation between nitrate contents
in groundwater and levels of vulnerability (from rasters or simply from
datasets of groundwater sampling points) has been widely used in validat-
ing vulnerability models (Boy-Roura et al., 2013; Kura et al., 2015;
Martínez-Bastida et al., 2010). This excessively simplistic approach as-
sumes that nitrate only reaches the aquifer through vertical infiltration
from its surface, disregarding long–distance displacement of nitrate from
the highest to the lowest areas of aquifers catchment areas (Arauzo, 2017;
Arauzo and Martínez-Bastida, 2015; Zahid et al., 2015). It would be, there-
fore, more realistic to analyse the vulnerability and validate the models in
the context of the catchment, which allows considering N–transport by sur-
face runoff, infiltration, subsurface runoff in the vadose zone (in sloping
areas) and advective transport and accumulation/dilution within the satu-
rated zone. To compare the robustness of the six models of vulnerability,
validations at the catchment scale were conducted using datasets extracted
from the experimental catchment areas C–1 to C–6 (Fig. 4). Four of these
catchments drain into polluted zones and the two others into non–
polluted ones (Table 4), offering together the necessary environmental var-
iability (in size, altitude, lithology, topography, weather conditions, soil
and land use) to address model validations. Similar, highly significant cor-
relations were observed between the percent coverages of the NVZs and the
percent coverages of the alluvial areas polluted by nitrates for Models 1–4
(original LU–IV procedure and LU–IV’ procedures using parameters S_HC,
S_St+G+S and S_C, respectively; Table 8). Model 5 (LU–DRASTIC–COP
procedure) and Model 6 (official NVZ) did not show any significant results
(Table 8). In light of these results, Models 1–4 have proven to be the best
predictors of nitrate pollution in alluvial areas, showing similar fits to the
validation data, making all of them good models for NVZ delineation. As
stated in the previous section, Models 1–4 were close in their NVZ estima-
tions, which coveredmost of the alluvial areas of the Oja and Tirón aquifers
and surrounding territories under intensive agriculture. These results
able 8
alidations of the six models to assess the specific vulnerability to nitrate pollution and estimate NVZs (Fig. 6). Validation based on Spearman correlations (Rho) between the
ercent coverage of NVZs (over the catchment area) vs the percent coverage of alluvial areas polluted by nitrate (over the total alluvial area and the catchment area). Datasets
ere extracted, catchment by catchment, from the experimental catchment areas C–1 to C–6 (n = 6).

Percent coverage of NVZs (% CA) Percent coverage of alluvial areas polluted by
nitrate over the alluvial area (%AA)

Percent coverage of alluvial areas polluted by
nitrate over the catchment area (% CA)

Rho P–value Rho P–value

Model 1: NVZs extracted from the original LU–IV procedure 0.93 0.008 0.99 0.0003
Model 2 (NEW): NVZs extracted from LU–IV’ procedure using the parameter S_HC 0.93 0.008 0.99 0.0003
Model 3 (NEW): NVZs extracted from LU–IV’ procedure using the parameter S_St+G+S 0.93 0.008 0.99 0.0003
Model 4 (NEW): NVZs extracted from LU–IV’ procedure using the parameter S_C 0.93 0.008 0.99 0.0003
Model 5 (NEW): NVZs extracted from LU–DRASTIC–COP procedure 0.55 0.26 0.61 0.20
Model 6: Officially designated NVZ 0.51 0.30 0.69 0.13
T
V
p
w
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support the idea that including a parameter representing the risk
associated with soil permeability in the LU–IV’ procedure (Models 2–4) is
not essential since equivalent results were obtained from the LU–IV proce-
dure (Model 1).

On the other hand, the efficacy of the intrinsic vulnerability indices
(Fig. 5; Table 9) as estimators of NVZs was explored, also using Spearman
correlations, and compared with that of the above procedures to assess
the specific vulnerability to nitrate pollution (Fig. 6; Table 8). No significant
correlations were observed between the percent coverages of vulnerable
areas (at high to extreme risk) extracted from the IV map and the IV’
maps using the parameters S_CH, S_St+G+S and S_C (Fig. 5) and the per-
cent coverages of the alluvial areas polluted by nitrates over the alluvial
area. However, weak significant correlations were found against the per-
cent coverages of alluvial areas polluted by nitrate over the catchment
area, suggesting that the IV and IV’ indices could have some utility in esti-
mating NVZ (even though they were not specifically designed to assess vul-
nerability to nitrate pollution). The same was not observed for DRASTIC–
COP. The percent coverages of vulnerable areas extracted from the
DRASTIC–COP map (Fig. 5) against the percent coverages of the alluvial
areas polluted by nitrates showed significant negative correlations
(Table 9), revealing an unexpected inverse relationship between the areas
defined as vulnerable and the areas polluted by nitrate in the experimental
catchments. This anomalous result can be explained because the DRASTIC–
COP map assessed as at medium risk a large part of the alluvial areas
(Fig. 5), which were not included in the correlations. Correlations results
from DRASTIC–COP became positive when the surface at medium to
extreme risk was included as vulnerable areas in the analyses (Rho: 0.06,
P–value: 0.91; and Rho: 0.23, P-value: 0.66), but no significant correlations
were obtained. Nadiri et al. (2018c, 2019) andHamamin andNadiri (2018)
improved the DRASTIC system using artificial intelligence or similar tech-
niques to minimize uncertainty associated with its seven essential parame-
ters and obtain more realistic results.

In light of the above results, the original LU–IV procedure (that uses
readily available parameters) can be considered the best and simplest
method of those tested in this study for delineating NVZs. So far, it has
been applied in the Ebro River basin (Spain; tested and validated on 46
groundwater masses, of which 12 were alluvial aquifers; Arauzo, 2017;
Arauzo et al., 2019, 2020), and the middle Nile River basin (Egypt;



Table 9
Validations of the five indices of intrinsic vulnerability (Fig. 5) as potential estimators of NVZs. Validation based on Spearman correlations (Rho) between the percent cov-
erage of vulnerable areas extracted from each map of intrinsic vulnerability (over the catchment area) vs the percent coverage of alluvial areas polluted by nitrate (over the
total alluvial area and the catchment area). Datasets were extracted, catchment by catchment, from the experimental catchment areas C–1 to C–6 (n = 6).

Percent coverage of vulnerable areas (% CA) Percent coverage of alluvial areas polluted by
nitrate over the alluvial area (%AA)

Percent coverage of alluvial areas polluted by
nitrate over the catchment area (% CA)

Rho P–value Rho P–value

Vulnerable areas extracted from the IV map 0.72 0.10 0.84 0.04
Vulnerable areas extracted from the IV’ map using the parameter S_HC 0.58 0.23 0.75 0.08
Vulnerable areas extracted from the IV’ map using the parameter S_St+G+S 0.58 0.23 0.75 0.08
Vulnerable areas extracted from the IV’ map using the parameter S_C 0.58 0.23 0.75 0.08
Vulnerable areas extracted from the DRASTIC–COP map −0.93 0.01 −0.87 0.02
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Salman et al., 2019). The method should, however, be tested in more inter-
national studies.

NVZs estimated from the LU–IV procedure covered a surface area of
216 km2 (15.4 % of the study area), which contrasts with the 94 km2

officially designated as NVZ (6.7 % of the study area).

4. Conclusions

No significant recovery of groundwater quality has been observed in the
Oja and Tirón alluvial aquifers since the 2006 NVZ designation, suggesting
the need to review their NVZs.

Results of this investigation help refute the excessively simplistic idea
that aquifer recharge is produced only by vertical infiltration, on which
most methods for mapping groundwater vulnerability are based. As re-
charge can also come from places far away from the aquifer, groundwater
vulnerability should be assessed in the entire catchment area of the aquifer,
which is precisely one of the differential characteristics of the LU–IV proce-
dure. The procedure is a novelmethod that combines amap of intrinsic vul-
nerability (based on the IV index) and amap of the risk of N–loss associated
with land use (that uses the N–surpluses from the annual reports on
N–balances in crops) to generate a map of vulnerability to nitrate pollution
that covers the entire surface area of the territory. This methodology
considers the importance of hydrology–controlled transport through catch-
ment systems (an advance to solve the research gaps related to vulnerability
assessment mapping), allowing a delineation of NVZs based on more
realistic criteria.

In this research, it was analysed if NVZ delineation would be im-
proved by introducing a new parameter representing the risk associated
with soil permeability (parameter S) in the IV index of the LU–IV proce-
dure. Different versions of parameter S were tested: parameter S_HC
(risk associated with soil hydraulic conductivity), parameter S_St+ G
+S (risk associated with the stone, gravel and sand fraction of the
soil) and parameter S_C (risk associated with the clay fraction). The
efficacy of the following six models was tested and compared: Model 1
(original LU–IV procedure), Model 2 (LU–IV’ procedure using parame-
ter S_HC), Model 3 (LU–IV’ procedure using parameter S_St+G+S),
Model 4 (LU–IV’ procedure using parameter S_C), Model 5 (LU–DRAS-
TIC–COP procedure, based on the classical methods DRASTIC and
COP), and Model 6 (officially designated NVZs). Statistical analyses on
the intrinsic vulnerability maps of Models 1–4 showed that the inclusion
of different versions of the parameter representing the risk associated
with soil permeability in Models 2–4 (parameters S_HC, S_St+G+S
and S_C) refined results compared to Model 1, but without any signifi-
cant changes. This suggests that the inclusion of that parameter could
be unnecessary. The intrinsic vulnerability map of Model 5 differed
from those of the previous models, in part because it did not analyse
the areas without underlying groundwater.

Unlike the DRASTIC index, the IV and IV’ indexes for assessing in-
trinsic vulnerability assign the same theoretical weight to their parame-
ters. Results of the single–parameter sensitivity analyses point to the
convenience of not pre–assigning different weights to the input
14
parameters of the vulnerability indexes to minimize the impact of the
subjective component linked to such pre–assignment. This helps explain
the discrepancies between Models 1–4 and Model 5 in assessing
intrinsic vulnerability.

Assessment of the specific vulnerability to nitrate pollution showed
that the estimated NVZs from Models 1–4 covered most of the alluvial
areas and their surrounding territories, under intensive agriculture,
both in the Oja and Tirón aquifers. Models 5 and 6 covered smaller sur-
faces. Statistical analyses on the NVZ maps from the six models showed
that Models 5 and 6, although statistically significant, presented weaker
correlations with each other and with Models 1–4.

Catchment scale validations of the six vulnerability models showed
similar, highly significant correlations between the percent coverages
of the estimated NVZs and those of the alluvial areas polluted by nitrate
for Models 1–4. Models 5 and 6 did not show any statistically significant
results. In light of these results, Models 1–4 were considered the best
predictors of nitrate pollution and the best methods for accurate NVZ
delineation. These results support the idea that including a parameter
representing the risk associated with soil permeability in the LU–IV’
procedure of Models 2–4 is not essential since equivalent results were
obtained from the original LU–IV procedure of Model 1. Therefore, the
LU–IV procedure should be considered the best and simplest method
of those tested to delimit NVZs.
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