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Abstract
Assessing groundwater vulnerability to contamination is vital worldwide, particularly in sustainable water resources 
management. That is mainly a concern in fractured media in urban areas due to a large diversity of contaminant sources 
and the complexity of recharge pathways. Thus, groundwater vulnerability assessment is essential to delineate ground-
water protection zones around springs or wellheads. Furthermore, it considers the groundwater system’s heterogeneity 
and the surrounding hydrogeological conditions, as well as provides suitable solutions to protect the resource and miti-
gate potential hazards. DISCO-URBAN index focused on urban areas was applied to evaluate the intrinsic vulnerability 
in fractured media in the surroundings of Penafiel city (NW Portugal). The analytic hierarchy process (AHP) was used to 
determine the weight of each evaluation factor. Furthermore, multi-criteria indexes were applied: GOD‐S, DRASTIC‐Fm, 
SI DISCO and DISCO-URBAN. Low to moderate vulnerability classes dominate in the combined approach of the vulner-
ability indexes. However, very high vulnerability classes occur in DISCO and DISCO-URBAN, corroborated by the water-
enriched nitrates. Therefore, the DISCO-URBAN method highlights a better delineation of groundwater safeguard zones. 
In fact, the DISCO-URBAN index is reliable in urban areas to be integrated as a tool to develop local site hydrogeological 
investigations related to springs safeguard zones.

Keywords Urban groundwater · Vulnerability · Sustainability · GIS mapping · Geovisualisation techniques

1 Introduction

Urbanisation shifts topography, vegetation, stream flows, and flooding characteristics, affecting groundwater quantity 
and quality. The groundwater systems in urban areas can provide an excellent potential source for multi-purposes, 
including irrigation of green areas. Therefore, it is necessary to evaluate groundwater vulnerability to contamination in 
fractured media to be integrated as a tool for urban planning and the sustainable management of groundwater resources 
in urban areas (e.g., [1–6]).
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The urban hydrogeological comprehensive studies are necessary to manage the interface and the interactions 
between surface and groundwater systems (e.g., [4, 7–15]). The first consequence of urbanisation around the catchments 
is the impervious cover of the ground (e.g., [16–18]). However, the vegetal zones mitigate the imperviousness effect. 
Nevertheless, there are changes in groundwater systems in recharge, piezometric levels, streamflow regime, and surface 
and groundwater quality hazards due to urban growth. Furthermore, urban infrastructure modifies interflow by creating 
barriers and preferential runoff zones, sinkholes, geotechnical issues, and new recharge water sources from public supply 
and sanitation networks (e.g., [1, 4, 7, 11, 13, 14, 16–23]). Therefore, it makes perfect sense to integrate the principles of 
urban hydrogeosciences into the concerns of integrated groundwater systems management to preserve qualitative and 
quantitative sustainable water resources. Thus, several authors underlined the importance of comprehensive studies 
on nature-based solutions for groundwater resources in urban contexts, such as springs and water mines (e.g., [24, 25]). 
Also, rural hydrogeology in peri-urban areas is a topical field to support local communities and design sustainable water 
resources management (e.g., [5, 12, 26]).

The vulnerability of groundwater systems is related to the sensitivity of groundwater to an imposed contaminant load 
and the possibility of diffusion and/or filtration of pollutants from the land’s surface into water table reservoirs under 
normal conditions (e.g., [1, 7, 27–31]). Therefore, evaluating groundwater vulnerability to contamination is essential to 
delineating potential contamination in urban areas (e.g., [10, 11, 19, 32–37]). Several authors highlighted the importance 
of assessing groundwater vulnerability to contamination to identify zones with high contamination hazards or risk to 
assess the possibility of aquifer contamination (e.g., [27, 28, 30, 34]). Groundwater vulnerability assessments are usually 
represented through maps displaying zones where the resource is vulnerable to contamination from several sources. 
Vulnerability mapping is a suitable technique for assessing hydrogeological factors, among others, with the ground-
water for potential contamination in a specific region shown on a map. Displaying zones in different colours is an easy 
and intuitive way to classify, distinguish and interpret groundwater vulnerability, and it can also be used for delineating 
protection zones (e.g., [10, 11, 13, 14, 30], and references therein). It is possible to delineate protection zones from the 
vulnerability and assess groundwater vulnerability using several methods. Typical intrinsic vulnerability indexes in fis-
sured media, with different scale approaches, are: DRASTIC-Fm, GOD‐S, SI, DISCO, DISCO-URBAN, among others (e.g., 
[34, 37–47], and references therein). Meerkhan et al. [37] highlighted that DISCO-URBAN is a reliable method for local 
investigations to delineate groundwater protection areas (springs, wellheads), high-resolution vulnerability mapping 
and support groundwater management activities in urban areas.

The Geographic Information System (GIS) based mapping approach provides an accurate approach for assessing 
groundwater vulnerability to contamination. In addition, index and overlay methods are the most suitable methods for 
groundwater vulnerability assessment (e.g., [8, 28, 48–51]). Delineating the hydrogeological conceptual site model is of 
greater interest on the correct understanding of functioning groundwater systems in a changing society, environment, 
and climate (e.g., [50, 52]).

This study aims to present an original study on a local scale-site (Penafiel urban area, NW Portugal), focused on the 
importance of the DISCO-URBAN methodology to delineate groundwater safeguard zones around springs galleries and a 
high-resolution vulnerability protection mapping based on GIS-based mapping and geovisualisation techniques. Besides, 
an index-overlay method such as DRASTIC-Fm, GOD‐S, SI was also employed to assess the groundwater vulnerability. The 
results of groundwater vulnerability mapping obtained from these methods will be compared with the DISCO-URBAN 
result, identifying which method is most accurate and reliable for delineating groundwater safeguard zones in the study 
area. That also aims to contribute to the definition of the site hydrogeological conceptual model.

2  Background of the area: Santa Marta springs

The study area is in Penafiel municipality in NW Portugal. This municipality has 22.5  km2 with 15,700 inhabitants [53], 
corresponding to a low population density (697 people/km2). Figure 1 shows the geographical, geological, and hydro-
climatological settings of the study site in the surroundings of the Penafiel municipality, NW Portugal. The Santa Marta 
springs are located in the NE part of the Penafiel municipality, mainly built in the urban fabric. A length underground 
gallery mines dug in rock media access Santa Marta springs.

The bedrock of the Penafiel is constituted by granitic rocks (fissured media), especially porphyritic two-mica 
coarse-grained granite, wide to moderate fracturing, slight to moderate weathered, and very low to low permeability 
(Fig. 1b, Table 1). The crystalline bedrock is outcropped by dolerite dykes and sedimentary cover (alluvia), related to 
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some streams [54]. Figure 1c presents the land use map of the study area, showing that forest areas are predominant 
(59%), followed by urban areas (22%) and agricultural areas (17%).

The local climatic and hydrological conditions significantly impact the regional flows supplied to irrigate green 
spaces in the Penafiel urban area. Based on the climate series from the Portuguese Water Resources Information 
System (SNIRH), the climate in the Penafiel urban area is moderate, having an Atlantic influence. According to the 
Köppen classification [55], Penafiel has a Mediterranean climate (Csb) with hot and dry summer months. The average 
annual temperature is 14 °C, ranging from 8 °C in January to 21 °C in July. The average annual rainfall is 1335 mm. 
The average monthly precipitation reaches more than 150 mm between November and March (the wettest months) 
and less than 30 mm in July and August (the driest months) (Fig. 1d).

Fig. 1  Location of Santa 
Marta springs and under-
ground water mine, Penafiel 
urban area (NW Portugal): a 
a general background and 
hydrogeological inventory; b 
local geological setting; c land 
use framework; d climatology 
features
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Figure 2 presents the Santa Marta water mine setting, which can be crucial for water supply to the main green spaces 
and public fountains in the urban area of Penafiel (Fig. 2a). The area’s groundwater flow is related to the Santa Marta 
springs [15, 49]. The Santa Marta springs are located at about 380 m, close to the water deposit of the Municipality of 
Penafiel, namely in a hillslope “Monte do Fogo” site. The underground galleries mainly trend an E-W orientation, then 
inflect to NNE-SSW. Historical and current data related to the springer flow was collected to assess the potential of 
groundwater sustainability (Fig. 2a, b). The measured flow in the summer at the Santa Marta mine is close to the recorded 
historical values, i.e., about 0.40 L/s (details in [15]).

The regional geomorphology and geotectonic framework is part of the Central-Iberian Zone (ZCI) of the Iberian Mas-
sif [56]. Locally, the study area is located in dominant tectonic lineaments towards NE-SW, mainly in the flattened area 
(Santa Marta) (Fig. 2c). That will be responsible for the regional arrangement of the relief in this region, where the entire 
urban area of Penafiel develops.

Moreover, the drainage network refers to this tectonic control, which gives the area morphostructural features. The 
mine’s entrance is at the height of 352 m (Fig. 2c) and should be found, entirely excavated in granitic rocks, namely in 
the porphyritic granite, coarse-grained, slightly to moderate weathered  (W2–W3) (Fig. 2e). The principal fracture network 
highlights the following directions: NE-SW, NNW-SSE, and ENE-WSW. In addition, at the local scale, outcrops quartz veins 
and doleritic rocks, with N50°E orientation (at the surface, dolerites are mainly found highly weathered  [W4–5], with 
orangey colour).

3  Materials and methods

To achieve a comprehensive analysis and conceptualisation of the Santa Marta springs (Penafiel urban area, NW Portu-
gal), a multidisciplinary approach using field and laboratory techniques were performed to access urban groundwater 
vulnerability to contamination and delineate safeguard zones in urban areas (Fig. 3). Using a GIS-based mapping, a col-
lection of several urban data was successfully organised, namely geology, hydrogeology, hydrogeomorphology, land 
use/cover, and urban hydraulics and sanitation. Also, GIS overlay techniques were used to integrate and analyse the 
urban geodatabases and produce all thematic maps [50, 52] and geovisualisation techniques [57]. As a result, the map-
making procedures and design and the conceptualisation of maps have developed immensely. Furthermore, new trends 
exploring geovisualisation analysis integrate approaches from different disciplines, including scientific visualisation, 
image analysis, information visualisation, exploratory data analysis and GIS science (e.g., [50, 57]). According to Kraak 
[58], geovisualisation combines the strength of the computer (automated analysis techniques and geo-computation) 
and the human (interactive visualisations for adequate understanding, reasoning and decision making).

Portugal land use/cover map (COS 2018) was used to define the land use and cover of the urban study area. Further-
more, to improve the high-resolution mapping and maintain the base structure of the COS2018, it was cross-checked and 
updated using Maxar satellite imagery (0.5 m resolution, available through the ArcGIS base map service) and fieldwork, 
following the guidelines suggested by [59]. Additionally, the inventory of potential contamination activities was mapped 
from extensive PhD research surveys during 2014–2021 [60, 61]. The geology map background was revised from the 
Portuguese Geological Survey and was updated during the fieldwork. The hydrogeotechnical surveys have followed the 
recommendations of the [62].

Moreover, a multi-scale urban groundwater vulnerability to contamination assessment in the Santa Marta water 
springs was delineated based on comparison and integration of three indexes to reach more accurate results, namely 
GOD‐S [27, 41] DRASTIC‐Fm [42], SI [46]. The previous indexes are significant for regional to local purposes. The data was 
processed, and the indexes were calculated using raster format and overlay tools in the GIS environment. The informa-
tion that served as a basis for the vulnerability assessment corresponds to the hydrogeological background. The overlay 
analysis was made by converting each layer into a raster of 4 × 4 m (16  m2). The international colour code for DRASTIC 
was applied to the vulnerability representation.

DISCO index [30, 43, 63] and DISCO-URBAN index [37] were calculated to delineate groundwater protection zones 
mapping around the Santa Marta springs and underground water mine site. The DISCO method has successfully proven 
its ability to assess groundwater’s vulnerability to contamination, especially in highly heterogeneous fractured aquifers, by 
its dependence on DIScontinuities and protective COver parameters (e.g., [30, 43]). Conversely, the DISCO-URBAN index 
is a new approach developed for urban areas with an excellent asset for local-scale investigations [37]. Table 2 shows 
the strengths and weaknesses of the groundwater vulnerability indexes in fissured rock media focused on urban areas.
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Fig. 2  Santa Marta water mine (Penafiel urban area, NW Portugal): a historical and current data related to groundwater flow; b evolution of 
rainfall vs spring discharge based on historical hydrological data (1937–1942); rainfall data after https:// snirh. apamb iente. pt and flow dis-
charge from Penafiel Municipality; c geomorphological setting; d aspects of the man-made water mine (i—entrance; ii—gallery; iii—access 
shaft); e hydrogeological cross-section of the study area

https://snirh.apambiente.pt
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DISCO index takes into consideration three main parameters [30, 43, 63]: (i) hydrogeological properties of the fractured 
aquifer “DIScontinuities”; (ii) properties and thickness of protective Cover; (iii) runoff parameters include flow phenom-
ena of surface water before infiltration (slope runoff, permanent or temporary flow water). It includes three main steps 
(details in [43, 63]):

3.1  Step 1. Assessment of the discontinuities (D) and protective cover (P) parameters

This step aims to assess and map the parameter’s discontinuities and a protective cover over the entire catchment 
region. The discontinuities parameter (D) is based on the tectonic lineaments analysis. It considers the groundwater flow 
velocity within the fractured aquifer between an infiltration point in the water catchment region and the springs under 

Fig. 3  Conceptual flowchart for delineating groundwater vulnerability with DISCO-URBAN index and protection safeguard zones mapping 
in urban areas



Vol:.(1234567890)

Research Discover Water             (2022) 2:2  | https://doi.org/10.1007/s43832-022-00011-z

1 3

Ta
bl

e 
2 

 S
um

m
ar

y 
of

 th
e 

st
re

ng
th

s 
an

d 
w

ea
kn

es
se

s 
of

 th
e 

gr
ou

nd
w

at
er

 v
ul

ne
ra

bi
lit

y 
in

de
xe

s 
in

 fi
ss

ur
ed

 ro
ck

 m
ed

ia
, p

ar
tic

ul
ar

ly
 in

 D
IS

CO
 a

nd
 D

IS
CO

-U
RB

A
N

 in
de

xe
s

G
ro

un
dw

at
er

 V
ul

ne
ra

bi
lit

y 
In

de
xe

s 
in

 F
is

su
re

d 
Ro

ck
 M

ed
ia

G
O

D
-S

D
RA

ST
IC

-F
m

SI
D

IS
CO

D
IS

CO
-U

RB
A

N

Ke
y 

re
fe

re
nc

es
Fo

st
er

 [2
7]

Fo
st

er
 e

t a
l. 

[4
1]

D
en

ny
 e

t a
l. 

[4
2]

St
ig

te
r e

t a
l. 

[2
9]

Ri
be

iro
 e

t a
l. 

[4
6]

Po
ch

on
 e

t a
l. 

[4
3]

M
ee

rk
ha

n 
et

 a
l. 

[3
7]

Vu
ln

er
ab

ili
ty

 ty
pe

In
tr

in
si

c 
vu

ln
er

ab
ili

ty
In

tr
in

si
c 

an
d 

sp
ec

ifi
c 

vu
ln

er
ab

ili
ty

In
tr

in
si

c 
vu

ln
er

ab
ili

ty
In

tr
in

si
c 

an
d 

sp
ec

ifi
c 

vu
ln

er
ab

ili
ty

Pu
rp

os
es

G
en

er
al

 g
ro

un
dw

at
er

 v
ul

ne
ra

bi
lit

y 
as

se
ss

m
en

t
G

ro
un

dw
at

er
 v

ul
ne

ra
bi

lit
y 

to
 

su
pp

or
t t

he
 d

el
in

ea
tio

n 
of

 th
e 

sa
fe

gu
ar

d 
zo

ne
s 

fo
r g

en
er

al
 

pu
rp

os
es

G
ro

un
dw

at
er

 v
ul

ne
ra

bi
lit

y 
to

 
su

pp
or

t t
he

 d
el

in
ea

tio
n 

of
 th

e 
sa

fe
gu

ar
d 

zo
ne

s 
fo

r u
rb

an
 a

re
as

 
(e

.g
., 

sp
rin

gs
, w

el
lh

ea
ds

)
Sc

al
e

Re
gi

on
al

-s
ca

le
:

Sm
al

l-s
ca

le
 m

ap
s 

to
 il

lu
st

ra
te

 re
gi

on
al

 to
 g

lo
ba

l g
ro

un
dw

at
er

 v
ul

ne
ra

bi
lit

y 
co

nd
iti

on
s 

fo
r n

at
io

na
l, 

re
gi

on
al

 o
r c

on
tin

en
ta

l s
um

m
ar

y 
m

ap
s 

(r
eg

io
na

l b
ac

kg
ro

un
d:

 1
:2

5,
00

0–
1:

50
,0

00
; g

en
er

al
 fr

am
ew

or
k:

 1
:1

00
,0

00
–1

:5
00

,0
00

; g
lo

ba
l f

ra
m

ew
or

k:
 1

:1
00

0,
00

0)
. 

Th
e 

m
ap

s 
us

e 
di

ve
rs

e 
le

ge
nd

s 
an

d 
ex

pl
an

at
or

y 
no

te
s 

to
 p

ro
m

ot
e 

a 
un

ifo
rm

 m
ap

pi
ng

 
m

et
ho

do
lo

gy
 (e

.g
., 

[3
8]

)

Lo
ca

l-s
ca

le
:

La
rg

e-
sc

al
e 

m
ap

s 
to

 h
ig

h-
re

so
lu

tio
n 

vu
ln

er
ab

ili
ty

 m
ap

s 
fo

r d
el

in
ea

tin
g 

sa
fe

gu
ar

d 
zo

ne
s 

(lo
ca

l f
ra

m
ew

or
k:

 1
:1

00
0–

1:
10

,0
00

; d
et

ai
le

d 
su

rv
ey

s:
 

ra
ng

in
g 

1:
10

0–
1:

25
0)

. T
he

 m
ap

s 
us

e 
di

ve
rs

e 
le

ge
nd

s 
an

d 
ex

pl
an

at
or

y 
no

te
s 

to
 p

ro
m

ot
e 

a 
un

ifo
rm

 m
ap

pi
ng

 m
et

ho
do

lo
gy

 (e
.g

., 
[3

8]
)

W
at

er
 s

ou
rc

es
Fo

cu
se

d 
on

 a
 la

rg
e 

nu
m

be
r o

f w
at

er
 o

cc
ur

re
nc

es
Fo

cu
se

d 
on

 d
el

in
ea

tio
n 

sa
fe

gu
ar

d 
zo

ne
s 

fo
r s

in
gu

la
r w

at
er

 o
cc

ur
re

nc
e 

(e
.g

., 
sp

rin
g)

W
at

er
sh

ed
 fe

at
ur

es
D

o 
no

t c
on

si
de

r t
he

 w
at

er
sh

ed
 li

m
it

Co
ns

id
er

s 
th

e 
w

at
er

sh
ed

 li
m

its
U

rb
an

 fe
at

ur
es

D
o 

no
t t

ak
e 

in
to

 a
cc

ou
nt

 th
e 

la
nd

 u
se

 a
nd

 im
pe

rv
i-

ou
s 

ar
ea

s
Ta

ke
 in

 a
cc

ou
nt

 th
e 

la
nd

 u
se

/c
ov

er
D

o 
no

t t
ak

e 
in

to
 a

cc
ou

nt
 th

e 
la

nd
 

us
e 

an
d 

im
pe

rv
io

us
 a

re
as

Ta
ke

 in
to

 a
cc

ou
nt

 th
e 

la
nd

 u
se

/
co

ve
r a

nd
 im

pe
rv

io
us

 a
re

as
D

o 
no

t t
ak

e 
in

to
 a

cc
ou

nt
 th

e 
hy

dr
au

lic
 a

nd
 s

an
ita

ry
 fe

at
ur

es
H

yd
ra

ul
ic

 a
nd

 s
an

ita
ry

 fe
at

ur
es

: 
w

at
er

 s
up

pl
y,

 s
to

rm
w

at
er

, s
ew

er



Vol.:(0123456789)

Discover Water             (2022) 2:2  | https://doi.org/10.1007/s43832-022-00011-z Research

1 3

consideration. The “D” rating values are in the range 0–3, with increasing values corresponding to higher residence time 
and attenuation processes.

The protective cover parameter (P) is based on soil analysis. It considers the protective effect of water flow directly 
through the soil and geological formations overlying the fractured aquifer. The rating values of “P” are in the range 0–3, 
with increasing values corresponding to each of the higher protective cover thickness and lower permeability of the 
deposits.

3.2  Step 2. Determination of the intermediate protection factor  (Fint)

The protection factor  (Fint) map is estimated by combining all the parameter maps, and it ranges from 1 to 9 related to 
the vulnerability, whereas an extremely low protection factor corresponds to a very high vulnerability. To calculate the 
intermediate protection factor  (Fint), the following formula was applied:  Fint = 2 × D + P.

3.3  Step 3. Protection zone delineation (F)

According to the DISCO methodology [43, 63] and considering the topography’s slope and the runoff area, achieving 
the final protection factor “F” is possible. Considering the watershed limits is crucial since the runoff may transport some 
contaminant load for the spring area. This contaminant load will be most damaging if it reaches areas of high vulnerability. 
Therefore, the final protection factor (F) map is converted into safeguard zones, using the inverse relationship between 
the value of the final protection factor “F” and safeguard zones “S”.

Meerkhan et al. [37] proposed that the DISCO-URBAN Index considers four main parameters. Consequently, this Index 
contemplates the same two parameters of the DISCO methodology: DIScontinuities “D” and protective Cover “P”, which 
are used in the original DISCO index and they take the same classes, and also two new parameters: Land Use/Cover 
parameter “LUC” and Urban hydraulics and sanitary features “HS” including water supply, stormwater and sewer networks. 
The general methodology and tables with weights assigned to each parameter could be found in the work of Meerkhan 
et al. [37]. First, GIS-based mapping was used to achieve the urban hydraulic and sanitary features by applying a line 
density tool considering different weights for each network: 1 × water supply; 2 × stormwater, and 4 × sewer network. LUC 
ranged from 0 (high to very high) to 3 (very low to low), and HS is also in the range of 0 (very high—lower protection) 
to 4 (very low to null—higher protection). Next, the relative weight/score for each parameter used in the DISCO-URBAN 
was calculated using the analytical hierarchy process (AHP). The AHP multi-criteria technique compares all parameters, 
assigning a weighting to each parameter according to its importance (e.g., [64–67]). Next, a proper Consistency Ratio 
(CR) is calculated by dividing the Consistency Index for the set of judgments by the Index for the corresponding random 
matrix [65]. Saaty [64] suggests that if that ratio exceeds 0.1, the set of judgments may be too inconsistent to be reliable. 
In practice, when CR < 0.1, the consistency of the judgment matrix is acceptable; when CR ≥ 0.1, the judgment matrix 
needs to be tested again (details in [65–68]).

Therefore, the understanding collected in the hydrogeological fieldwork was essential for the hierarchy of 
parameters. Then, the following formula was applied to calculate the urban intermediate protection factor  (Fint-Urb): 
 Fint-Urb = 2 × D + P + 2 × LUC + HS. Finally, the safeguard zones were computed, applying the inverse relation between 
the urban protection factor (F) and the safeguard zones (S). Once again, GIS technology was used to calculate these 
indexes and vector operations were performed using the intercept function to overlay the vector data (details of the 
methodology in [37].

Figure 3 presents a general methodological flowchart with the main steps of delineating groundwater vulnerability 
and safeguard zones mapping in urban areas and applying the DISCO and the DISCO-URBAN indexes to be effective on 
a local scale (urban areas). Finally, the integrative approach improves the urban hydrogeological conceptual site model 
in the Santa Marta springs, improving water resources management and developing environmental sustainability.

4  Urban groundwater vulnerability assessment in Santa Marta springs: results 
and discussion

Groundwater vulnerability is an intrinsic characteristic of a groundwater system that considers the hydrogeological 
system’s sensitivity to anthropogenic interactions and natural influences. Assessing urban groundwater vulnerability 
to contamination to the Santa Marta groundwater system was accomplished to meet the European and Portuguese 



Vol:.(1234567890)

Research Discover Water             (2022) 2:2  | https://doi.org/10.1007/s43832-022-00011-z

1 3

legislation defining strategies for determining protection zones around urban groundwater recharge areas (e.g., Decree-
Law 382/99; Decree-Law 58/2005; Ministerial Order P.702/2009). Therefore, several indexes were applied using GIS overlay 
techniques. By integrating and comparing these indexes’ results, it will be possible to analyse the vulnerability accurately 
to groundwater contamination in the Santa Marta water mine (Penafiel urban area).

4.1  Intrinsic vulnerability indexes: GOD‑S, DRASTIC‑Fm and SI

The Santa Marta water mine area’s intrinsic vulnerability assessment was evaluated based on GOD‐S, SI, and DRASTIC‐Fm 
indexes. Table 3 presents the synthesis of the parameters’ description and the classification adopted for each method. 
In addition, in the supplementary materials, a synthesis of the parameters’ description is presented, along with the clas-
sification adopted for the three methods (Tables S1–S3).

The GIS-based urban maps were created to assess the groundwater vulnerability to contamination in the study area. 
Figure 4 presents the urban groundwater vulnerability maps based on the study area’s GOD‐S, SI, and DRASTIC‐Fm 
indexes. In addition, an inventory of surface potential contamination activities was surveyed over 12 potential sources 
(details in Table S4 in supplementary material). The potential contamination sources are located in the vicinities of the 
Santa Marta water mine.

The groundwater vulnerability assessment based on the GOD-S Index illustrates that most of the Santa Marta water 
mine area fits in a low vulnerability category. Besides the moderate vulnerability category, which is related to the alluvial 
deposits (Fig. 4a). The DRASTIC-Fm index, which is the updated version of the DRASTIC method, taking into account the 

Table 3  Synthesis of methods for assessing vulnerability to urban groundwater contamination: GOD-S, SI and DRASTIC-Fm (details in [27, 
38, 39, 41, 42, 46])

GOD-S SI DRASTIC-Fm

Foster 1987,
Foster et al. 2002 Ribeiro et al. 2017 Aller et al. 1987a,b, 

Denny et al. 2007

Rating system model for the 
evaluation of intrinsic 
vulnerability. Adaptation of 
GOD method, where four 
parameters are considered. 
The integrated aquifer 
vulnerability index is the final 
product of component indexes 
for these parameters. The 
vulnerability classes are: 0.0-
0.1 (negligible), 0.1-0.3 
(low),0.3-0.5 (moderate), 0.5-
0.7 (high) and 0.7-1.0 
(extreme).

Point count system model for the 
evaluation of intrinsic 
vulnerability. Derived from 
DRASTIC, this method uses the 
same seven parameters as 
DRASTIC, which has 
incorporated the  "land use - Lu" 
parameter, having been 
developed to evaluate the aquifer 
vulnerability to diffuse agricultural 
pollution. The vulnerability index 
is: 
0.186D+0.212R+0.259A+0.121T
+0.222Lu. The vulnerability 
classes are: < 30 (extremely 
low), 30-40 (very low), 40-50 
(low), 50-60 (moderate to low), 
60-70 (moderate to high), 70-80 
(high), and 80-90 (very high).

Rating system model for the 
evaluation of intrinsic vulnerability. 
Derived from DRASTIC, this 
method uses the same seven 
parameters as DRASTIC (Aller et 
al. 1987 a,b), which has 
incorporated the  "fracture media" 
parameter, having been 
developed to assess aquifer 
vulnerability to contamination in 
fractured media. Is expressed by: 
DiDp+ RrRw+ ArAw+ SrSw+
TrTw+ Ir Iw+ CrCw+FmrFmw ,
where index r refers to the range 
and w  to the assigned weight. The 
Fm  parameter is derived from the 
tectonic lineaments density 
(km/km2) and other structural 
geology data.
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a D depth to groundwater; R recharge/infiltration; A aquifer characteristics (lithology, weathering grade, hydraulic conductivity, groundwater 
confinement, fracturing degree); S soil media; T topography/slope; U unsaturated zone characteristics (lithology, hydraulic conductivity; Lu 
land use); Fm fracture media
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fractured media parameter, shows that the most significant space of the study area fits in a low vulnerability category. 
The small granitic flattened area fits low to moderate vulnerability. There is also a moderate vulnerability category related 
to the alluvial deposits in the DRASTIC-Fm index (Fig. 4b). Finally, the SI index indicates that most of the study area fits 
in the low vulnerability category, where porphyritic granite and forested areas are combined. The rest of the area fits in 
the low to moderate vulnerability category. In addition to the existence of a moderate vulnerability category related to 
alluvial deposits (Fig. 4c).

In comparing the three methods, it was recognised that the GOD-S, DRASTIC-Fm, and SI indexes indicated that Santa 
Marta mine water’s surrounding area fits in a predominantly low to moderate vulnerability category. However, two areas 
should be highlighted with moderate to high vulnerability categories, corresponding to sedimentary deposits (SW and 
SSE of Crasto de Cima site).

4.2  The application of DISCO and DISCO‑URBAN indexes

DISCO method allows assessing vulnerable springs’ intrinsic vulnerability in highly heterogeneous fractured media, 
especially on a local scale [43]. This study highlights the application and the importance of the DISCO methodology in 

Fig. 4  Urban groundwater 
vulnerability assessment 
in the Santa Marta springs 
(Penafiel urban area, NW 
Portugal): GOD-S, DRASTIC-
Fm and SI
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spring protection areas. In addition, it aims to revalidate the development of the DISCO-URBAN for local-scale investiga-
tions purposes in urban areas [37].

4.2.1  The application of the DISCO index

Figure 5 presents the thematic maps of the parameters used to apply the DISCO index. Figure 5a presents the disconti-
nuities parameter in the study area. D0 is related to the highly permeable discontinuities with preferential connection 
to the spring, which fits the primary tectonic lineaments in the NE-SW orientation. D1 is related to the discontinuities 
with a relatively connected to the spring. D2 is related to the discontinuities with a relatively slow connection to the 

Fig. 5  Application of DISCO 
vulnerability index in Santa 
Marta springs (Penafiel urban 
area, NW Portugal): a disconti-
nuity parameter (D); b protec-
tive cover parameter (P); c 
intermediate protection factor 
 (Fint); d safeguard zones (S)
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spring. Finally, D3 is related to the low permeability zone. According to the distribution of the classes (Table 4), most of 
the area (87%) is characterised by low permeability, which means that the discontinuities have a slow connection to the 
springs. As such, purification processes are significant and occur in most studied areas. It should also be noted that in 
the proximity of the spring, these processes are limited due to the preferential connection between the discontinuities 
and the spring (D0).

Table 4  Synthesis of 
DISCO and DISCO-URBAN 
parameters results

D: D0—highly permeable discontinuities with preferential connection to the spring (maximum ground-
water residence time of a few tens of hours)/no significant natural purification processes; D1—disconti-
nuities with a relatively rapid connection to the spring (residence time of a few days)/limited purification 

Methods DISCO
Pochon and Zwahlen [63]; Pochon et al. 
[43]

DISCO-
Urban
Meerkhan 
et al. [37]

Parameters %

D
Discontinuities

 D0 6.21

 D1 3.69

 D2 3.08

 D3 87.02

P
Protective cover

 P1 2.9

 P2 96.9

 P3 0.1

LUC
Land use/cover

 LUC0 – 1.0

 LUC1 – 33.3

 LUC2 – 22.9

 LUC3 – 42.8

HS
Urban hydraulics and sanitary features

 HS0 – 2.0

 HS1 – 13.4

 HS2 – 67.4

 HS3 – 17.3

Intermediate protection factor

  Fint

  F very low 0.1 –

  F low 9.8 –

  F moderate 5.4 –

  F high 84.7 –

  Fint-Urb

  F very low – 4.8

  F low – 1.7

  F moderate – 47.0

  F high – 46.5

S
Safeguard zones

 S1 23.9 18.3

 S2 2.4 2.0

 S3 71.3 46.0

 S4 2.4 33.7
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According to the protective cover parameter, the study area is divided into three classes (Fig. 5b). P1 was related to 
moderate permeability soil, which fits the alluvial deposits unit. P2 is related to moderate to low permeability soils, con-
sists of porphyritic granite and represents most of the study area (97%). Finally, the P3 class was related to low perme-
ability soil, where the crystalline bedrock is interrupted by dolerite dyke.

Figure 5c presents the study area’s intermediate protection factor  (Fint). Most of the study area fits the high interme-
diate protection factor (8–10), which can be justified by the slow connection between the discontinuities (D3) and the 
spring and the occurrence of soils with moderate to low permeability constituted by porphyritic granite (P2). The low 
intermediate protection factor (2–4) is related to the main tectonic lineaments (D0 e D1). The moderate intermediate 
protection factor (5–7) is related to the alluvial deposits and discontinuities with a low connection with the spring. The 
class with the lowest representation is the very-low intermediate protection factor, occurring due to the overlap between 
alluvium and discontinuities with preferential connection to the spring.

Figure 5d presents the groundwater protection zones or safeguard zones that classify the study area into four classes 
according to the vulnerability (Table 4).  S1 zone is related to the very high vulnerability, where the main tectonic linea-
ments coexisted with porphyritic granite characterised for a moderate to low permeability.  S2 zone represents the high 
vulnerability class, and it is associated with the occurrence of secondary tectonic lineaments.  S3 zone is related to the 
moderate vulnerability, the most representative class in the study area, where discontinuities have a relatively slow con-
nection to the spring (D2/D3) coexisting with the porphyritic granite a moderate to low permeability.  S4 zone related to 
the low to very low vulnerability, which fits the alluvial deposits. Although the sedimentary deposits unit has moderate 
permeability, the discontinuities have no connection with the Santa Marta springs.

4.2.2  The application of the DISCO‑URBAN index

Considering the original DISCO methodology and the used parameters, the newly DISCO-URBAN method is helpful with 
more accurate results in the urban contexts, especially in local-scale investigations. Furthermore, DISCO-URBAN plays an 
essential role in managing and protecting groundwater resources in urban environments. So, it is essential to calculate 
the DISCO-URBAN index to determine the parameters affecting urban groundwater vulnerability.

Figure 6 and Table 4 present the application of DISCO-URBAN in the Santa Marta water mine. Figure 6a, b correspond 
to the parameters presented and used to calculate the DISCO index. Figure 6c presents the Land Use/Cover parameter, 
which ranges between 0 and 3 classes. Class LUC0 is related to the urban continuous, with an impervious surface grade 
high to very high. Class LUC1 is related to urban discontinuous, in which moderate to high impervious surface is observed. 
The rest of the study area is characterised by a low to a very low degree of imperviousness, namely those with agricul-
tural (LUC2) and forestry (LUC3) areas. Figure 6d shows the study area’s urban hydraulics and sanitary features parameter 
(HS). It ranged from 0 (very high) to 3 (low) based on the distribution of the area’s water supply, stormwater, and sewer 
networks. According to the HS parameter, most of the area has a moderate (HS2) to low (HS3) density (84.7%). Figure 6e, 
f present the urban intermediate protection factor  (Fint-Urb) and groundwater protection zones or safeguard zones in the 
Santa Marta water mine. Analysing the  Fint-Urb (Fig. 6e) distribution, it can be concluded that the D and LUC parameters 
stand out from the others. Most of the area (93.5%) fits in the moderate to high classes. In fact, it can be observed in these 
areas that the coexistence between the highly permeable discontinuities with preferential connection to the spring (D0 
and D1) and areas with an impervious surface grade vary from very high to low.

The groundwater protection zones or safeguard zones in the Santa Marta springs (Fig. 6e) split the area into 4 classes. 
The  S1 class is related to the very high vulnerability and is characterised by the highly permeable discontinuities with 
preferential connection to the Santa Marta springs. The area in the secondary tectonic lineaments is related to the high 
vulnerability class  (S2). The remaining area, which fits in the agricultural and forest area without any hydraulic connection 
to the Santa Marta spring, is related to the moderate and low to very-low vulnerability classes  (S3 and  S4).

processes; D2—discontinuities with a relatively slow connection to the spring (residence time of approxi-
mately ten days)/significant purification processes; D3—low permeability zone or discontinuities with a 
slow connection to the spring (residence time of several tens of days)/efficient purification processes

P: P1—Moderate permeability soil (silt, loam), thickness > 1 m; P2—Moderate to low permeability soil (silt, 
loam, clay), thickness 0.5—1 m; P3—Low permeability soil (loam, clay), thickness > 1 m

LUC: 0—Urban continuous; 1—Urban discontinuous, commerce areas and roads; 2—Agricultural areas; 
3—Forest areas

HS: 0—High; 1—Moderate; 2—Low, 3—Very low

Table 4  (continued)
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Comparing DISCO and DISCO-URBAN indexes shows that the DISCO-URBAN index results are more accurate and give 
more details regarding the groundwater vulnerability and protection zones. The application of the DISCO and DISCO-
URBAN indexes allowed us to conclude that the DISCO-URBAN index reflects more appropriately the hydrogeological 
conditions observed in urban areas. Table 4 highlights the most noticeable difference between DISCO and DISCO-URBAN 
indexes are in the S3 and S4 safeguard classes. Also, some S1 areas (very high vulnerability) were more accurately classified 
in DISCO-URBAN since they do not contribute to spring flow. The DISCO-URBAN methodology also allows distinguishing 
the S3 and S4 classes, incorporating the LUC and HS parameters.

In summary, it can be concluded that the purification process is limited or insignificant near the Santa Marta spring. 
Near Santa Marta spring, the area is characterised by: highly permeable discontinuities with preferential connection to 
the Santa Marta spring (D0), soils with moderate to low permeability, mainly constituted by porphyritic granites (P2); the 
land use is occupied for urban discontinuous with moderate to a high degree of imperviousness and the urban hydraulic 
and sanitary features have a moderate density (HS2). Given these conditions, the protection factor is low to very low, 
which indicates that the Santa Marta springs area has a very high  (S1) vulnerability.

The EU legislation defines a water enriched nitrate threshold of 50  mgL−1 to define Nitrate Vulnerable Zones [69, 
70]. Moreover, the regulation defines action programmes to reduce nitrate loss from agricultural uses, human health 

Fig. 6  Application of DISCO-
URBAN in Santa Marta springs 
(Penafiel urban area, NW 
Portugal): a discontinuity 
parameter (D); b protective 
cover parameter (P); c land 
use/cover (LUC); d urban 
hydraulics and sanitary fea-
tures (HS); e urban intermedi-
ate protection factor  (Fint-Urb); f 
safeguard zones (S)
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protection and water resources contamination [70]. Several works pointed out the correlation of the vulnerability indexes 
with contaminant parameters or land use (e.g., [71–73]). In the present study, the preliminary analytical NO3- data pointed 
out a value range of 65–95  mgL−1 [15]. In addition, there are recorded nitrate values (lower 40  mgL−1) in other springs in 
the surroundings of the study area included in the same hydrogeological unit (porphyritic granite coarse-grained, two-
mica). Comparing the nitrates values with the regional vulnerability mapping (GOD-S, DRASTIC-Fm, SI), the higher values 
match the low to moderate classes (Fig. 4). Conversely, in the local vulnerability mapping (DISCO and DISCO-URBAN), 
these groundwater enriched nitrates values tie in the very high vulnerability classes (Figs. 5 and 6).

Consequently, The DISCO method allows, at a local scale, a consistent evaluation to delineate groundwater vulnerabil-
ity protection zones of springs and/or wellhead zones. Thus, DISCO or DISCO-URBAN methodologies’ main advantage is 
related to the local-scale of application, i.e., it is not the best methodology for regional approaches (details in [30, 37, 43]). 
That demonstrates the applicability of the DISCO-URBAN approach underlining the local-scale to high-resolution vulner-
ability mapping to delineate safeguard zones (e.g., springs, wellheads) and urban groundwater management activities.

Comparing the several vulnerability indexes shows the benefit of detailed analysis, offering a better insight into 
intrinsic and specific vulnerability’s existence and spatial distribution, as well as contributing to the site hydrogeological 
conceptual model [47, 74]. Saida [75] pointed out several different models to assess groundwater vulnerability, i.e., there 
is no universal model for groundwater vulnerability assessment. The selection of models with which the groundwater vul-
nerability will be assessed depends mainly on the hydrogeological settings of the natural system and data availability [75].

5  Delineating safeguard protection zones of Santa Marta springs

The Santa Marta water mine may constitute one of the primary sources to supply the central gardens and fountains 
in the urban area of Penafiel [15]. Mapping groundwater vulnerability and protection zones improved the conceptual 
hydrogeological site model (Fig. 7). The Santa Marta mine’s recharge area is related to the flattened areas of Santa Marta, 
which are mainly occupied by forests. The precipitation values range between 1300 and 1350 mm/year, with infiltration 
rates of around 6%. According to the DISCO-URBAN index, the Santa Marta springs is characterised by a very high vulner-
ability. European and Portuguese legislation defines strategies to determine the protection zones around urban springs 
(Decree-Law 382/99; Decree-Law 58/2005; Ministerial Order P.702/2009). Therefore, DISCO-URBAN has been proved to 
be a valuable tool for refining the delimitation of these areas (e.g., [37]). In the Santa Marta springs area, two types of 
aquifer systems were identified that are directly connected to the springs (details in [15]):

 i. A superficial unconfined unit (5–10 m), corresponding to the alluvial deposits unit, a shallow water table (< 5 m), a 
moderate transmissivity (10–20  m2/d), a moderate permeability (< 4 m/d), and a Na–Cl to Na–NO3 hydrochemical 
facies. Thus, the vulnerability to contamination is moderate.

 ii. An unconfined to confined unit, corresponding to the highly weathered to decomposed two micas granite, coarse-
grained, with a thickness ranging from 0 to 20 m, a shallow water table (5–10 m), a low transmissivity (1.5  m2/d), a 
low permeability (< 1 m/d), and a Na–Cl to Na–Cl–SO4 hydrochemical facies. Wherein the vulnerability to contami-
nation is low to moderate.

 iii. An unconfined to confined unit, corresponding to the fresh to moderately weathered two micas granite, coarse-
grained, with a thickness ranging from 0 to 10 m, a shallow water table (5–10 m), a very low transmissivity (0.5–
1.5  m2/d), a very low to low permeability (< 0.4 m/d), and a Na–Cl to Na–Cl–SO4 hydrochemical facies. In which the 
vulnerability to contamination is low to moderate.

6  Conclusions

Evaluating groundwater vulnerability to contamination provides visual analytics and quantitative tools to help plan-
ners and decision-makers face the increasing pressure of development and residential dependency on groundwater 
systems. This study performs an integrative assessment of groundwater vulnerability to contamination in a local-scale 
urban area, namely in the surroundings of Penafiel city (NW Portugal). A multidisciplinary integrative methodology 
suitable for local-scale urban areas was used by combining local data from geology, hydrogeology, hydrogeomorphol-
ogy, hydrogeotechnics, land cover/use and urban hydraulics. GIS-based mapping technology allows the development 
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Fig. 7  Delineating vulnerability safeguard zones in Santa Marta springs (Penafiel urban area, NW Portugal) and contribution to the site 
hydrogeological conceptual model (hydrogeological data updated from [15])
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of an accurate assessment of groundwater vulnerability to contamination. Furthermore, several intrinsic vulnerability 
indexes (e.g., GOD-S, DRASTIC-Fm, SI, DISCO and DISCO-URBAN) were applied within a combined approach to define the 
vulnerability safeguard zones. Understanding the source protection areas is crucial for the urban management system 
by supporting sustainable groundwater systems.

The combined assessment of the intrinsic vulnerability maps allows us to conclude that the study area has a low 
to moderate vulnerability. In addition, the DISCO and DISCO-URBAN index application enables us to delimitate the 
groundwater protection areas around the Santa Marta springs. The comparison between the two indexes shows that 
DISCO-URBAN is more accurate for urban areas since it uses some urban parameters that significantly impact ground-
water quantity and quality. The study also underlines the DISCO-URBAN index as a consistent method for local-scale 
delineating groundwater protection areas for groundwater systems management in urban areas.
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