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Abstract

The role of climate, geology, geomorphology, land use/cover, hydraulics and human activities are vital for the balanced
and integrated assessment of water resources in urban areas. This approach addresses the key importance on ground
field surveys at several scales, a representative hydrological inventory and an integrated groundwater mapping as useful
tools to support urban groundwater systems conceptualisation. Lately, a new emphasis has arisen, addressing issues
related to an integrated geovisualisation techniques and Geographical Information System (GIS) mapping studies on
urban water supply systems, mainly in historical cities. Some key catchments in Porto urban area (NW Portugal) was
selected to demonstrate this approach and to show the importance of groundwater GIS mapping for urban studies. The
Porto city bedrock is dominated by an anisotropic and heterogeneous fissured media. An extensive field survey yielded
data on hydroclimatology, hydrogeology, hydrogeomorphology, urban hydraulics and potential contamination sources.
The Infiltration Potential Index in Urban Areas (IPl-Urban), Urban Recharge and Vulnerability Indexes was determined
using GIS mapping techniques and hydrological inventory fieldwork. The integrated approach can be incorporated into
an urban hydrological management system to support decision making on sustainable groundwater resources and in
urban planning.
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1 Introduction documents in this development and, consequently, com-

pilation of hydrogeological maps at various scales and

In nature, urban groundwater drives many geological,
geomorphic, geochemical, ecotoxicological and hydrau-
lic processes, sustaining several ecological purposes and
services. Groundwater is the largest accumulation of fresh
water and represents 98% of the Earth’s unfrozen freshwa-
ter resources (e.g. [41,42, 46, 51, 52]).

Gilbrich and Struckmeier [38] bring up an important
issue: ‘Before the middle of the past century the increas-
ing demand for water, particularly in the industrialised
countries, called for a rational planning of water resources.
Hydrogeological maps were considered useful basic

for various purposes.... Urban groundwater maps are of
key importance in field data synthesis and communica-
tion related to several fields, such as geomatic techniques,
applied geosciences, urban hydrogeology, hydraulics and
sanitation, planning/land use and urban heritage. That
approach is the source for the key role of the urban maps
in a dual outlook focused on their main purposes and on
their end-users (e.g. [17, 21, 22, 38, 60]). Consequently, an
urban water framework consists not only of sustainable
technical-scientific studies but also socio-economic, cul-
tural, heritage and ethical challenges (e.g. [19, 20, 35, 39]).
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As discussed in Chaminé et al. [21], hydrogeological and
groundwater maps at several scales (mostly, large scale to
local and regional scales) are created by practitioners and/or
researchers for the exploration, description and evaluation
of water resources, as well as to support detailed descrip-
tions at the site investigation level. In addition, groundwater-
related tasks (e.g., hydrogeological inventory, vulnerability
issues, identification of potential contamination areas and
wellhead protection sites, water well drilling and concep-
tual site models, among others) are significantly improved
by terrain mapping methods, including unmanned aerial
vehicles (UAV), remote sensing, high-resolution photogram-
metry, geographic information systems (GIS), global position
systems (GPS), and geovisualisation techniques (e.g. [18, 21,
22,32,48,61]). In addition, groundwater maps are a reliable
approach toillustrate quantification of the urban recharge/
discharge (e.g. [37, 49, 55, 58, 65, 69]).

Hydrogeomorphology is a major interdisciplinary and
multidisciplinary field, which encompasses climatology,
geomorphology, geology and hydrology studies, among
others (e.g.[10, 26, 61-64]). Urban hydrogeomorphology is
an emerging field and operates in a multidisciplinary frame-
work focused on a comprehensive understanding of urban
hydrologic processes (including hydraulics and sanitation)
and the interaction of geomorphic processes related to the
surface water/groundwater flow regime.

In this study, we present a methodological GIS-based
mapping approach for the assessment of urban ground-
water systems focused on vulnerability, infiltration and
recharge. To illustrate that approach two catchments in the
Porto urban area (NW Portugal) were selected. This approach
was based on geovisualisation and GIS mapping techniques
related to groundwater and applied geomorphology, com-
bined with a groundwater inventory, potential contamina-
tion sources survey, and data on land cover/use and urban
hydraulics and sanitation features. The relationships with
surface and subsurface hydrology were highlighted, as
well as the effects of climate, geomorphology and geology.
Urban groundwater mapping and several derived thematic
maps were created in order to outline an integrated vulner-
ability assessment of groundwater resources. In addition,
that approach addresses key information to define the urban
potential infiltration index (IPI-Urban) and urban recharge/
discharge areas. This multi-technique mapping approach
plays an important role in the development of a hydrogeo-
logical conceptual site model in urban areas.
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2 Background of the studied area: Porto
urban area

The Porto metropolitan region is the second most pop-
ulated area in mainland Portugal and supports over
1.2 million inhabitants. The city of Porto has an area
of 41.3 km? with a population of 237,559 inhabitants
[43]. Vila Nova de Gaia urban area is located on the left
embankment of the Douro River and it is one of the larg-
est cities in Portugal, with a continuous need for urban
development and expansion.

Porto and Vila Nova de Gaia are surrounded by an out-
standing urban and natural landscape. These urban areas
were shaped on the granitic hillsides near the Douro River
during the development of the Kingdom of Portugal in
the 12th century [16, 28]. Earlier settlements on these
sites date back to the early 5th century BC, since the days
of Visigoths and Suevians. During the 1st century BC
Roman and then Moorish occupation of the Iberian Pen-
insula took place, but they were evicted definitively in AD
868, after which the area remained a Christian land and
Portuguese sovereignty was established in 1143 [29]. In
1996, the architectural and historical attributes of the old
neighbourhoods in downtown Porto were recognised by
UNESCO as a World Heritage Site.

The geotectonic background of the Porto and Gaia
region includes a crystalline fissured basement of highly
deformed and overthrust Late Proterozoic/Palaeozoic
metasedimentary and granitic rocks. The bedrock is mostly
composed of phyllites, micaschists, gneisses and granitic
rocks, while post-Miocene alluvial and Quaternary marine
deposits dominate the sedimentary cover (e.g. [1-4, 6, 23,
24]; and references therein). The granitic rocks are often
weathered to different grades, altering randomly from
fresh granitic boulder to residual soil, showing highly vari-
able conditions, resulting in arenisation and kaolinisation,
which may reach depths over 25 m (e.g.[11, 14, 23, 27]).

The Porto and Vila Nova de Gaia cities were constructed
along the rocky hillsides divided by the Douro river. The
regional morphology framework is a littoral platform with
a regular planation surface dipping gently to the West. The
Douro riverside downtown was established in a steep-
walled valley with sharp and high slopes [23, 35, 36]. The
drainage network highlights the regional tectonic linea-
ment systems (typically NNW-SSE, NE-SW, ENE-WSW).
Freitas et al. [35] pointed out that the flattened surfaces of
higher altitude (130-160 m a.s.l.) occur in the eastern part
of the urban area, enclosed by smaller flattened surfaces of
lower altitudes (80-125 m a.s.l.). The lowest level surfaces
(<25 m) are found in valley bottoms in the western sector.

Afonso et al. [1-4] states the Porto region is domi-
nated by a fissured crystalline bedrock, including diverse
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hydrogeological media such as overlying sediments,
weathered rocks, weathered-fissured zones, and frac-
tured hard-rock substratum. According to Freitas et al.
[36] the Porto urban area is characterised by a moder-
ate to low infiltration potential, the urban groundwater
recharge rate is less than 8%, and shallow aquifer poten-
tial yields are very low (<0.13 L/s/km?). Table 1 and Fig. 1
shows the general hydrogeological framework of the
studied urban area.

3 Groundwater GIS mapping for urban
areas: techniques and methodology

Additional issues in water resources sustainability and
hydrological cycle comprehension are added by urbani-
sation. Usually the anatomy of an urban underground is
constituted by an intricate network of pipes, conduits,
channels, galleries, storm sewers and other structures that
serve to change the hydraulic conductivity of the geoma-
terials (e.g.[7,9, 12, 21,40, 72]). Consequently, these urban
buried features act as favourable pathways for the flow
of urban-sourced contaminants into underlying water
resources. In addition, the surface is generally covered
and perceived as almost impervious (e.g. building, asphalt,
concrete, brick, etc.). Nowadays, environmental pressures
are affecting urban groundwater systems which are faced
with increasing urban pressure, overexploitation, contami-
nation/pollution issues and climate variability.

Figure 2 presents a flowchart of the GIS mapping meth-
odology to assess a hydrogeological conceptual model
in urban areas focused on an integrative approach. The
assessment was performed in two urban catchment basins
of Porto city using GIS mapping technology. ESRI ArcGIS
Desktop software was used for map data visualisation,
overlay analysis and layout creation. All overlay analysis
was performed using a raster file format, with a pixel reso-
lution of 5x5 m. The 3D urban hydrogeological site con-
ceptual model conceptual model was built using ArcGIS
Pro and OCAD for Cartography 11. The coordinate system
of the basic data is ETRS-1989-Portugal-TMO06.

In order to design the urban hydrogeological concep-
tual model several steps were followed, such as: collection
of basic hydrological data, evaluation of intrinsic vulner-
ability, computation of the Urban Potential Infiltration
Index (IPl-Urban) and evaluation of recharge/discharge.

Currently, the urban groundwater conceptual site mod-
els are an impressive tool to support sustainable water
resources exploration, abstraction and or management for
urban areas (Fig. 3). Maps are an invaluable way for pres-
entation and communication with practitioners, research-
ers, water-related professionals and society. Indeed, carto-
graphic reasoning, geovisualisation techniques and urban

groundwater mapping are remarkable tools for support-
ing a full-scale integrated data analysis of reciprocal global
actions, as well as to address local concerns, thus con-
tributing to balanced urban sustainable water resources
characterisation, evaluation, protection, management and
governance [21, 22].

The collection of the basic hydrological data carries
great importance in this approach, and it resulted in a
large amount of information, such as topography, land
use, geology, morphotectonics, hydrogeological features,
hydroclimatology, net recharge, urban hydraulics and sani-
tation. In addition, other data collected in the field surveys,
namely a hydrogeological inventory (Fig. 4) and potential
contamination activities inventory. A geo-database was
also created to collect, organise and analyse the spatial
data. In the fieldwork mapping special equipment was
used for measuring the groundwater quality parameters
(temperature, pH and electrical conductivity) with a port-
able multiparameter meter (Hanna HI-9828) and for geo-
referencing over 290 hydrogeological sites with a high-
accuracy GPS device (Trimble Geo-Explorer).

The Zaporozec [74] classification of potential contami-
nation activities was applied and a field inventory data-
sheet was designed. The potential contamination activities
were classified in categories by its source of origin [70, 711
urbanisation, industry, agriculture, water mismanagement
and miscellaneous.

The evaluation of vulnerability was performed using
several indexes, namely DRASTIC [5], DRASTIC-fm [30],
GODS [34], SINTACS [25] and SI [56]. The hydrogeologi-
cal background was the basis of the vulnerability assess-
ment, and the international colour code of the DRASTIC
index was used. For SINTACS, the weights of severe and
fissured strings were used for the SINTACS index [25]. The
severe string was applied in areas that are simultaneously
sedimentary cover/saprolite and in the land-use (LU)
categories “urban fabric” or “industrial, commercial and
transport units”. The fissured string was applied where
metasedimentary, granitic and gneissic rocks match with
the LU classes “green urban areas”, “forest and natural/
semi-natural areas” and “agricultural areas”. The LU param-
eter (Land Use) was considered in the calculation of the
Slindex [31]. In order to achieve the urban groundwater
mapping assessment, an evaluation integrating all the
methods was performed.

The Infiltration Potential Index in Urban Areas (IPI-
Urban) considers eight factors, and they were revised and
updated from the key literature (e.g. [3, 4, 36, 44, 45, 61,
62, 73], and references therein). The Analytical Hierarchy
Process (AHP) was used to achieve the weight for each fac-
tor. It consists in using pairwise evaluation between the
factors, comparing all the criteria to one another, evaluat-
ing the rate or the weight of each factor describing the
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Fig. 1 Porto urban area setting (NW Portugal): a general background of the urban area and drainage network; b hydrogeological setting
(adapted from [1, 4]; details in Table 1; ¢ hydrogeomorphological mapping and IPI-Urban. Adapted from Freitas et al. [36]
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Fig.2 Conceptual flowchart of
the GIS-based methodology
for the urban groundwater
assessment
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importance of each of these factors in the final analysis
(e.g.[8, 15,47, 50, 53, 57, 59]). The information collected
during fieldwork was very important in obtaining the spe-
cific weights attributed to each factor.

The maps to calculate the Infiltration Potential Index
in Urban Areas (IPl-Urban) are related to: (1) geology and
morphotectonics; (2) climate and hydrology; (3) urban
hydrogeology and hydrogeomorphology; (4) urban
hydraulics and sanitation. IPI-Urban is a weighted sum
of eight factors, namely: hydrogeological units, tectonic
lineament density, land use, drainage density, slope,
sewer network density, stormwater network density and
water supply network. Urban hydraulic sanitation was
included in the index based on the last three factors. The
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index represents the combination of all factors, ranging
from 0 to 100. The higher values represent better condi-
tions for water infiltration. The factors were represented
and analysed in GIS and resulted in a raster (a grid with
a pixel size of 5x 5 m) showing the spatial variation of
IPI-Urban values.

The weights of the factors are: hydrogeology (25.1%);
tectonic lineament density (16.2%); land use (15.8%);
water supply network (13.2%); slope (13.2%); sewer net-
work density (5.9%); stormwater network density (5.9%)
and drainage network density (4.7%). The combination
between IPI-Urban and the urban geomorphological
map yields the urban hydrogeomorphological map.
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Fig.3 Urban Groundwater conceptual site model: the role of field surveys, mapping and related techniques. Adapted from Chaminé et al.
[21]

Fig.4 Some aspects of the urban hydrogeological inventory surveys: fountain (a, c); water mine (b) and public washing place (d)
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The calculation of the urban recharge provides the
analysis of the rainfall data. Regional hydrogeological
studies in the surroundings of the study area suggest
an initial urban recharge rate of 8% [1, 3, 4]. In this study
1071.7 mm was considered as the average rainfall. The
output results using GIS tools address the production of
the urban recharge map and aquifer potential yields map
(details in Fig. 5).

4 Integrative urban mapping assessment:
Massarelos and Ribeira da Granja sites

4.1 Urban vulnerability mapping

Porto City is a densely urbanised area. To illustrate the
role of urban groundwater mapping the urban catchment
basins of Massarelos and Ribeira da Granja were selected.
The gathered information was combined into a spatial
database and a GIS platform.

In order to assess hydrogeological and groundwater
potential contamination activities, several inventories
were performed according to the described methodology.
Figure 6 presents some aspects of relevant sites identified
during the inventory of potential contamination activi-
ties. In the studied catchments, 264 groundwater poten-
tial contamination activities were found and inventoried.
The concentration of these activities may contribute to
an increase in groundwater contamination. The urban

vulnerability assessment was performed using several
indexes. On the main map, the groundwater potential
contamination activities overlay the vulnerability maps.

The intrinsic vulnerability indexes show the following
(details in Fig. 7):

1. Ribeira da Granja catchment area (1) The GODS index
has four vulnerability categories: negligible, low-mod-
erate, moderate to high. The majority of contamina-
tion sources (109) were included in the low-moderate
category; (2) The DRASTIC-fm index classifies in low-
moderate, moderate, high to very high. The ground-
water potential contamination activities are mostly in
the high category; (3) The SINTACS index shows mod-
erate, high and very high-extremely high categories.
The majority of groundwater potential contamina-
tion activities (105) are related to the high category
of vulnerability; (4) The Sl index shows the categories
very low-low, moderate-high, high to very high. The
vulnerability category high is the one with the most
occurrences of groundwater potential contamination
activities (103).

2. Massarelos catchment area (1) In the GODS index, the
groundwater potential contamination activities (60)
were include in low-moderate category. (2) In the
DRASTIC-fm most of the groundwater potential con-
tamination activities fall into the high class; (3) In the
SINTACS index, the majority of groundwater potential
contamination activities (58) were included in high

INFILTRATION POTENTIAL INDEX IN URBAN AREAS (IPI-URBAN) AND URBAN RECHARGE (FISSURED MEDIA): GENERAL METHODOLOGICAL OVERVIEW
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Fig. 6 Sites related to aspects of the field inventory of groundwater potential contamination activities: a hospital; b cemetery; ¢ repair shop

and d petrol station

class of vulnerability; (4) In the Sl index, activities occur
mostly in the moderate-high (26) and high (39) classes
of vulnerability.

The Ribeira da Granja and Massarelos catchment basins
include the following hydrogeological units (see the main
map for details): sedimentary cover (HU2, HU3), metasedi-
mentary rocks (HU4) and granitic rocks (HU6). The relation-
ship between hydrogeological units (HU) and vulnerability
indexes to groundwater contamination is shown in Fig. 8.

The GODS index roughly highlights the hydrogeological
framework. Furthermore, the sedimentary cover category
shows moderate to high vulnerability; the metasedimen-
tary rocks displays low-moderate vulnerability, while on
granitic rocks vulnerability is negligible. Supplementing
this information with the DRASTIC-fm, SINTACS and Sl
indexes was crucial for a better assessment of the vulnera-
bility, particularly to characterise the study areas according
to its geological (fracture degree rock media—fm param-
eter) and urban (land use) features. Generally, it was found
that more than one vulnerability category corresponds to
each hydrogeological unit. According to the DRASTIC-
fm index, HU2 and HU3 show high to very high vulner-
ability. Metasedimentary rocks and granitic rocks present
vulnerability ranging from low-moderate to high. Using

the SINTACS index, HU2 and HU3 are classified as having
very high to extremely high vulnerability. For micaschists,
schists and greywackes vulnerability ranges from low to
moderate. Granitic rocks were considered moderate to
high vulnerability. Finally, Sl index shows higher vulner-
ability associated to alluvia and clayey arenite-conglom-
erate deposits. Metasedimentary rocks are classified from
very low to moderate-high vulnerability, whereas granites
range from low-moderate to high.

An integrative approach of the four vulnerability
indexes is the correct and balanced way to assess the
groundwater potential contamination GIS-based map-
ping. Clearly, each index has diverse performance accord-
ing to the context. Hence DRASTIC-fm is more suitable for
a fissured hard-rocks background, while S| considers the
land use/cover features. The indexes applied individual-
ise the several hydrogeological fissured crystalline media
contexts. Finally, the porous media had the highest vulner-
ability classification according to all indexes.

4.2 Urban infiltration and recharge potential zones

The identification of the urban areas with potential
groundwater infiltration reflects a comprehensive
integrative approach of the climatologic, hydrologic,
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Fig. 8 Matrix of hydrogeological units and each of four potential groundwater vulnerability indexes for contamination in the urban catch-
ment basins of Ribeira da Granja and Massarelos (Porto city, NW Portugal)

hydrogeomorphological and impervious materials fea-
tures. Urban groundwater is a vital resource for many
human activities and drinking purposes; this is facing
threats due to the growing water demand coupled with
decreasing water availability and increased contamina-
tion/pollution (e.g. [66-68]).

The sustainable development and management of
groundwater resources requires the application of mod-
ern principles, methodologies and techniques related to
groundwater science. Thus, studies using hydrogeomor-
phological techniques, remote sensing and GIS mapping
(e.g., [3, 4, 13, 36, 54, 61, 62]) support a clear identifica-
tion of the urban areas with potential infiltration zones.
Consequently, that approach addresses an accurate
understanding of recharge/discharge processes in urban
areas [33]. In fact, urban areas are usually shaped with a
complex underground and an intricate network of bur-
ied structures, galleries, channels, storm sewers, among
others, as well as with impervious material surfaces. That
underground framework is a central problem related to
infiltration versus recharge/discharge [9, 72].

As stated before, IPI-Urban is a weighted sum of eight
factors (through the AHP approach), namely hydrogeol-
ogy, tectonic lineament density, slope, land use, drainage
density, water supply network density, sewer network
density and stormwater network density. The main factor
maps is shown in the Figs. 9 and 10.

The Ribeira da Granja and Massarelos catchments have
a dominant IPI-Urban (%) included in the low-moderate
categories: the average infiltration value is 47.4% for the
Ribeira da Granja catchment and 43.9%, for the Massare-
los basin (Fig. 11). These IPI-Urban values highlight the
importance of the parameter’s hydrogeological units and
land use. The high IPI-Urban category occurs where green
urban areas coexist with hydrogeological units UH2 and
UH3. Usually, the high IPI-Urban values occur in the valleys
of streams, and also related to a high tectonic lineament
density context.

The urban recharge was also evaluated. An initial
recharge rate of 8% was considered and supported by
regional hydrogeological studies of the Porto metropol-
itan area [1, 3, 4], as well as with average annual rainfall
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Fig.9 Urban Potential Infiltration Index (IPI-Urban) in the urban catchment basins of Ribeira da Granja and Massarelos (Porto city, NW Portu-
gal): hydrogeology, slope, tectonic lineament density and drainage density

data of 1071.7 mm. The Ribeira da Granja and Massare-
los catchments have an average recharge of 40.7 mm/
year and 43.7 mm/year, respectively. The aquifer poten-
tial yields from the studied catchments have average
values of 0.13 L/s/km? and 0.12 L/s/km?, respectively.
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demonstrate the importance of groundwater GIS-map- Figure 12 shows the role of hydrogeomorphology
ping for assessment of the urban water resources. Geo-  mapping in the urban conceptual model for the stud-
visualisation techniques and conceptualisation of urban  ied catchments, with an area of 12.1 km?. This approach
groundwater systems must be grounded on earth-based  provided an interesting insight for the development of
site models to outline predicting scenarios. the urban groundwater systems conceptual site model.
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6 Conclusions

This work highlights the GIS-based mapping importance
on urban groundwater systems. In addition, a detailed GIS-
mapping study was performed in two key urban catch-
ments (Porto city, NW Portugal). A comprehensive GIS
analysis related to the urban groundwater was performed
and an urban hydrology inventory survey and mapping
were carried out. Lately, several urban inventories have
been performed in the studied site, supported by field and
desk techniques for urban groundwater and GIS-based
mapping. The concept of the urban water cycle stresses an
integrated approach to sustainable water resources man-
agement related to climatic, geological, physiographic,
environmental, and sociocultural conditions that points
out the key importance of an integrative assessment for
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urban groundwater resources. In addition, the approach
must be grounded in balanced GIS earth-based models to
better contribute to the design of the urban conceptual
site models and understand the evolution of urban water
systems.

Groundwater-related activities are significantly
enhanced with the support of GIS-based analysis and
hydrogeomorphological/hydrogeological mapping tech-
niques for carrying out integrative sustainable urban
management of water resources. The approach cou-
ple sustainable groundwater conservation and under-
standing of the urban hydrological cycle, revealing the
comprehensive hydrological, ecological and societal
functions of an urban landscape aiming for a balanced
design with nature.
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Fig. 12 Urban conceptual site model of the Ribeira da Granja and Massarelos catchments (Porto urban area, NW Portugal)
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