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The Porto settlement (Northwest Portugal, Iberian Peninsula) was originally built in the twelfth century and has been developed on granitic
hill slopes of the Douro riverside, being one of the oldest cities in Europe. In the urban area of Porto, the second most important city of
the Portuguese mainland, there is a population of about 216,000 inhabitants. This study highlights the importance of urban speleological
mapping applied to groundwater and geo-engineering studies. All the water that flows from the so-called Paranhos or Arca D’Agua springs
is captured by catchwork galleries and their utilization date back around 1120 AD. Paranhos spring galleries catchworks (c. 3,3 km extension
and a -21m below ground level) was one of the main water supplies to Porto City for more than six centuries and, nowadays, these waters
are still appropriate for irrigation uses. Topographical, geological, geophysical and hydrogeological data were collected and interpreted,
allowing the definition of a hydrogeotechnical zoning. All these features were mapped and overlaid using GIS mapping techniques. This
multidisciplinary approach offers a good potential for reliable urban speleological and geo-engineering studies of Arca D’Agua site.
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URBAN GEOSCIENCE AND GROUNDWATER

Many urban planners in developing countries are
turning to their potentially valuable groundwater
resources as a water supply source because
the available surface water is very polluted, and
groundwater is seen as a reliable and easily accessible
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substitute. Nevertheless, whilst groundwater sources
are being tapped for water supply, at the same time the
bedrock is used as a filtering medium for human waste
and grey-water disposal. Since water is an integral
part of the environment, the hydrogeology of cities
should be seen as a vital key issue in all successful
urban planning. A settlement cannot exist without
fresh water and obtaining it in sufficient quantity and
good quality, both for domestic and industrial use,
is a primary civic service (e.g., Legget, 1973; McCall
et al.,, 1996). The significant role that groundwater
plays in the urban cycle is well established in many
countries around the world, both in terms of quantity
and quality (Chilton, 1997, 1999; Lerner, 2004).
Urbanization has a deep and often detrimental
impact on the hydrological cycle at different scales.
The urban subsurface includes a network of pipes,
conduits and other ground structures that modify
the natural hydraulic conductivity of the geological
materials. Those infrastructures were dug to facilitate
transportation, drainage, sewerage and to provide
a water supply system for the population. Harmful
impacts on groundwater quality in urban centers can
occur from numerous point and diffuse sources. The
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impacts can derive from industrial sources (accidental
and/or deliberate), pipe infrastructure, impacts
related to declining or rising water tables, land
use and storm-water impacts, and so on. Aquifers
characterized by the presence of abundant, but very
vulnerable, groundwater are in many cases located
below major cities, where the poor knowledge of
aquifer characteristics, uncontrolled exploitation and
indiscriminate effluent and waste disposal practices
contribute to groundwater resources degradation
(e.g., Legget, 1973; Chilton, 1997, 1999; Foster et al.,
1999; Petri et al., 2007).

Urban geology or more broadly urban geoscience
can be described as an interdisciplinary field in
geo- and socio-economic sciences addressing Earth-
related problems in urbanized areas (Legget, 1973;
CERF, 1994; McCall et al., 1996). Apart from the
more traditional disciplines such as petrography,
geochemistry, structural geology and geomorphology,
some applied interdisciplinary fields such as
hydrogeology, engineering geology, applied geophysics,
geological hazards and environmental geotechnics
play a dominant role in urban geosciences. Urban
geosciences can provide to engineers, planners, land
decision makers, and the general public sensitive to
Earth Sciences, significant information required for
sound regional planning in densely populated areas.
The increasing worldwide pressure on groundwater
resources under conditions of global anthropogenic
and climatic change often requires an integrated
multidisciplinary approach to address the scientific
issues involving water resources. Therefore, all these
disciplines have to be integrated with a thorough
knowledge of the regional and local geological
conditions, being more suitable for the human
communities that make use of water and land in
urban areas (Mulder et al., 2001).

Over the centuries, acquisition of water from rivers,
lakes, wells or springs has been a daily task for
mankind. The fresh water supply network emerged
along the construction of cities and villages. The
Romans, strongly rooted in Iberian Peninsula,
developed an organized system of aqueducts,
fountains, siphons, cisterns, sewers, channeling water
to create public bath sites and temples dedicated
to gods of healing (e.g., Ashby, 1935; de Oliveira
Marques, 1972; Hodge, 1992; Koloski-Ostrow, 2001;
Petri et al., 2007; Parise et al., 2009). In the middle
Ages, water was distributed by human intervention,
partly by private water carriers. After the empirical
methods of the nineteenth century, the first modern
societies with regard to water supply were arising
(Bouguerra, 2005; Garden, 2005). In the past, public
fountains were a social assembly point, while people
fetched water for drinking or bathing.

The present study, developed on the so-called
Paranhos or Arca D’Agua spring galleries (Porto, NW
Portugal), describes some aspects about the geo-
engineering mapping of the ancient granitic galleries
catchworks, specially referred to underground
topographical constraints. The Arca D’Agua galleries
and shafts although being for a long time known by

the technical and scientific community (e.g., Gavand,
1864; Bourbon e Noronha, 1885; Carteado Mena,
1908; Fontes, 1908), lacked, as much as we know,
an actualized and detailed underground topographic
map. The topographical surveys were conducted to be
the fundamental support for the groundwater and geo-
engineering studies performed at Arca D’Agua spring
galleries catchworks, in Porto. This interdisciplinary
methodology has been valuable to improve our
hydrogeological understanding of the ancient network
groundwater galleries catchworks of Porto (figure 1).

REGIONAL FRAMEWORK FROM PORTO
URBAN AREA
Historical outline

Porto urban area and its sprawling suburbs are the
second largest in Portugal, having a population that
approaches one million. The city of Porto has an area
of 41,3 km? and an estimated population of around
216,000 inhabitants (INE, 2008). It’s one of the oldest
cities in Europe and is surrounded by an outstanding
urban landscape.

The earlier settlements, date back at least to the
early fifth century BC since the days of Visigoths and
Suevians and grew up near the rugged north bank
of the Douro River (de Oliveira Marques, 1972). The
Romans established a village there in the first century
BC, under the name of Portus (Port), which became
very important as an administrative and trading
centre. The so-called Portus Cale (later Portucale
and, in its non-Latin form, Portugal) was previous
designation for the Porto and Gaia settlements (Rebelo
da Costa, 1788). Although it had changed hands
more than once during the Moorish occupation in the
Iberian Peninsula, the Arabs were evicted definitively
in 868 AD, after which it remained Christian. Porto
became an important settlement since the twelfth
century and has been developed along the granitic
hillsides overlooking the mouth of the Douro River.
The architectural and patrimonial attributes of its
old neighborhoods led the Historic Centre of Porto to
be recognized by UNESCO as World Heritage Site in
1996.

Geological and geomorphological background

The northwest portion of the Iberian Massif is
transacted by a regional major displacement zone,
the Porto-Tomar-Ferreira do Alentejo shear zone
(Chaminé et al., 2003a,b; Ribeiro et al., 2007). The
segment Porto-Coimbra-Tomar is a regional strike-
slip fault zone that acts as the boundary between
two major geotectonic domains of the Iberian Massif:
the Portuguese northernmost domain of the so-called
Ossa-Morena Zone and the Central-Iberian Zone
(Chaminé et al., 2003b).

The Porto urban area is located along the Porto-
Coimbra-Tomar shear zone and is enclosed within
the so-called Western Iberian Line, a tectonic corridor
stretching out from Finisterre (Galicia, NW Spain) to
Tomar region (Chaminé et al., 2003b; Gomes et al.,
2007). The regional tectonic framework comprises
a crystalline fissured basement complex of highly
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Fig. 1. Satellite image of Porto urban area (NW Portugal, Iberian Peninsula) and the main ancient spring galleries catchworks network (adapted

from Amorim & Pinto, 2001. COBA, 2003)

deformed and overthrusted Late Proterozoic/Paleozoic
metasedimentary and granitic rocks (e.g., Sharpe,
1849; Carrington da Costa, 1938; Almeida, 2001;
Chaminé et al., 2003a, and references therein), figure
2. It defines some main orientations: NNW-SSE and
NE-SW lineaments are dominant, with subordinate
ENE-WSW; the predominant dip of the discontinuities
is vertical to sub-vertical. The geomorphological
setting of the Porto region consists of a littoral
platform characterized by a quite regular planation
surface dipping gently to the west. This platform
was cut by the Douro River in a steep-walled valley
with sharp and high slopes that constitutes the so-
called riverside downtown with its typical entrenched
morphological context.

DESCRIPTION OF THE ARCA D’AGUA SITE

In Porto municipality, the public fountains were
installed at least since c¢. 1390. Otherwise, the most
oldest historical know record about Arca D’Agua springs
(previous called Arca das Trés Fontes [Three Fountains
Masonry Reservoir]) for public use dates back to 1120
(Fontes, 1908; Amorim & Pinto, 2001). For more than six
centuries, the fresh water supply of Porto was possible
through fountains that were fed by numerous springs
(e.g., Sousa Reis, 1867 , Bourbon e Noronha, 1885;
Fontes, 1908; CMP, 1932; Alves, 2005). During the
centuries, several underground galleries and tunnels
were excavated throughout the granitic rock mass to
gather the groundwater for public use (figure 3).

The Arca D’Agua spring galleries catchworks
constituted one of the main ancient water supplies
to the population of Porto City. All the water that
flows from the Arca D’Agua [Water Masonry Reservoir]
is captured by an intricate network of catchworks

galleries, which has been used to supply domestic
fresh water since 1607 (Bourbon e Noronha, 1885;
Fontes, 1908). It was a fragile water conduit, full of
obstructions and leakage and was therefore subject
to repairs. In fact, the priest D. Balthazar Guedes,
the founder of College for Orphans, reports in his
chronicles, on 17 October 1669, that he was charged
(on 1666) by the Porto municipal authorities to
supervise the implementation of the repair works
on Paranhos underground stone pipes and masonry
aqueducts (Silva, 2000, 2004). Nowadays, due to the
quality degradation, the groundwater is no more used
for public purposes.

The natural conditions of most groundwater
systems located in Porto urban area had not been
seriously degraded by human interference until
the early nineteenth century. These resources
were utilized only locally, and the negative effects
were generally compensated by natural recharge.
However, during the late nineteenth century and
early twentieth century the resources have become
progressively more endangered, both in quantity and
in quality (Bourbon e Noronha, 1885; Ferreira da
Silva, 1889; Fontes, 1908; CMP, 1932; Lima, 1936).
Sewerage arrangements were inadequate and often
fetid water was fed into the water supply. Since then,
several studies were developed, particularly related to
sanitary analysis for the potable water supply (e.g.,
Bourbon e Noronha, 1885; D’Andrade Junior, 1895;
Carteado Mena, 1908; Fontes, 1908; Guedes, 1917).
A remarkable aspect of its importance is shown by
the fact that during the eighteenth century there
were close to 100 public fountains in Porto (Rebelo da
Costa, 1788).

At that time water was provided using a new
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system of masonry aqueducts and metal pipes. At
considerable costs, an adequate sewage system was
built with excellent sewers leading to land purchased
by the city for safe disposal. These works were mainly
undertaken between 1882 and 1887. Since then
advances in domestic supply to most modern homes
have significantly reduced the need for public drinking
fountains in cities.

The water supply to the city of Porto was contracted
in 1882 with a French private company, owned by the
Compagnie Générale des Eaux pour I’Etranger. The
French company invested very little in the waterworks,
and its response to the difficulties generated by
the First World War was lowering the quality of the
provided service. In Porto, the Companhia das Aguas
do Porto was municipalized in 1927 (e.g., Amorim &
Pinto, 2001; Silva, 2004; Silva & Matos, 2004). It was
a long process, which started in 1920 with the creation
of a committee to analyze the water supply conditions
in the urban area of Porto. The municipality paid an
indemnity to the French company to take over the
waterworks. Public pipes, aqueducts, reservoirs and
fountains remained under city control and the water
was used both for municipal services consumption and

for providing the population with public fountains. Only
provision of piped water to households by Porto City
council was forbidden. After the 1920’s, with respect
to municipal control over the water supply, both public
and private infrastructures were consolidated under
unified management (Silva & Matos, 2004).

MATERIAL AND METHODS

Theunderground constraints of the Porto groundwater
systems, namely Arca D’Agua spring galleries
catchworks, were assessed on a multidisciplinary
urban geo-environmental approach. The present
study integrated several techniques: urban speleology,
geomorphology, applied geology, hydrogeology and
applied geophysics. All cartographic subjects were
further refined through the application of Geographical
Information System (GIS) tools (Johnson, 2009) and
using methodologies and techniques proposed, namely,
by IAEG (1981), CFCFF (1996), Day (2002), Assaad et
al. (2004) and ISRM (1978, 1981, 2007).

For this purpose, the following steps were taken:

1) Underground topography and cave surveying in
ordertodescribe the cartographic aspects of the ancient
granitic galleries catchworks. Urban speleological
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alignment and highly urbanization area.

and mining topography techniques were used. The
grading for a cave line survey and for recording cave
passage details proposed by the British Cave Research
Association (BCRA) was followed (Day, 2002). The
main equipments used for the urban speleological

surveys performed at the Paranhos narrow spring
galleries catchworks were (AES, 2008): a) Suunto
Tandem compass and clinometer, a liquid-filled
precision instrument to measure directions, vertical
angles and slopes, with great speed and accuracy; b)
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S50m fibber-glass tape class Il and a laser range meter
Disto Hilti, with a accuracy + 2mm, were used to the
measurement of distances. Otherwise, on the large
spring galleries catchworks and ground were used an
electronic Total Station PowerSet 2000 Sokkia, with
tree tripod methods to observe the transverse loops on
the large galleries. Distance was read to the nearest
centimeter and angles to the nearest degree. Survey
stations were placed temporary mainly on basement
of granitic rock mass gallery or gutter masonry pipe.
Occasionally, the survey stations were marked with

dye spots. The figure 4 shows several features from
the underground topographic constraints and urban
speleological techniques performed during the gallery
surveys.

2) Surface geomorphological and geological,
hydrogeological and geophysical surveys were
performed regarding the general framework of the
galleries catchworks. The fieldwork surveys allowed
to identify major tectonic accidents responsible for
groundwater circulation paths and toassesslithological
and structural heterogeneities. A high-precision GPS

Fig. 4. Underground topographic constraints and urban speleological techniques performed during the gallery surveys (a. to e., k. — electronic total

station survey with tree tripod methods to observe the transverse loops on the large galleries and surface; f., g. — topographic data recording; h.

— compass survey technique; i. — exploration and inspection of narrow gallery; j. — caving measurements with fibber-glass tape; I. — inspection of

underground gallery, resulting in the partial interruption of gallery wall).
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(Trimble® GeoExplorer) was utilized for the surface
fieldwork surveys. Two dipole-dipole profiles were
carried out in the Arca D’Agua Garden in order to detect
the underground cavities. The dipole-dipole resistivity
array has been successful used in cave detection (e.g.,
Richard, 1977; El-Qady et al., 2005; Monteiro Santos
& Andrade Afonso, 2005). In this array, two current
electrodes (AB) are kept fixed while the potential
electrodes (MN) are moved collinearly to the current
ones. The spacing between current electrodes and
potential electrodes is a multiple of the electrode
spacing a. The depth of penetration is a function of
the distance a (Edwards, 1977). In the present study
an electrode spacing of 5 m was adopted in order
to investigate the shallow subsurface structures.
The apparent resistivity (p,) was calculated by

AV
p,=rman(n+1)(n+2)

where n is the number of dipoles separating current
electrodes from potential electrodes (n level), AV is
the electrical potential difference measured between
the electrodes M and N and I is the electrical current
through the electrodes A and B;

3) Underground geological/geotechnical mapping
(scale: 1/500 and 1/1000) enabled characterization
of the Paranhos rock mass underground area (Arca
d’Agua — Arca de Sd Noronha sector). For the rock mass
characterization, the scanline sampling technique of
discontinuities has been applied to the granitic rock-
mass faces. The scanline technique involves laying a
tape along the length of an outcrop and determining its
orientation. All the discontinuities intersected by the
tape, as well as their geologic and geotechnical rock
mass parameters proposed by ISRM (1978, 1981), were
recorded. Quantitative discontinuities measurements
were obtained using two principal survey methods.
Geological structures were sampled from a map of the
underground sections of the rock exposure, and rock-
mass geotechnical features were characterized using
scanline surveys. Weathering grade of rock material
are used following the proposal by ISRM (1978, 1981).

4) Description of groundwater quality, by using
hydrogeochemical analysis. Hydrogeological fieldwork
campaigns were performed and in situ determinations
included: temperature (°C), pH and electrical
conductivity (uS.cm!). Sixteen sampling sites were
established for hydrogeochemical evaluation. The
hydrogeochemical analysis were acquired at a
certified laboratory (Centro de Estudos de Aguas do
ISEP, Porto, Portugal). All water samples have been
analyzed for major element concentration

RESULTS AND DISCUSSION

Underground topography and urban geophysics

Among ancient techniques, constructing a tunnel
between two distant points involves mastering several
scientific fields, including topography, engineering,
architecture, hydraulics, and geology (e.g., Frumkin
& Shimron, 2006; Brick, 2009). We performed a
comprehensive study of Arca D’Aguatunnels, comprising
over 38 vertical shafts in the Porto granite bedrock. The

primary gallery surveyed of Paranhos tunnel is 3,289
km long and has a maximum depth of -21 m below
ground level (b.g.l.), it goes from Praca de 9 de Abril
(Arca D’Agua site) to Praca de Gomes Teixeira (Arca de
Sa Noronha site). The tunnel has an internal diameter of
2,20 m, with a maximum cover of 21 m and a minimum
of 1 m. A total of 77 survey legs were made (AES, 2008).

Reducing long tunnels into short segments
allowed easy underground connection and man-
made intermediate ventilation shafts. This can be
systematized into three main groups: i) masonry
shafts; ii) rocky shalfts; and iii) rocky-saprolite shafts.
The shafts resemble vertical tubes in shape, tapering
downward into tunnel under unconfined conditions.
While active, such shafts act as vertical conduits
carrying vadose water down, towards the regional
water table. In the studied tunnel, individual shafts
are commonly some 21 m deep maximum.

The Paranhos tunnel can be subdivided into three
main sections and is mainly traced in the densely
populated area of Porto. The first section stretches 948
m from Praca de 9 de Abril (or Arca D’Agua Garden) to
Rua Nova do Regado, with 3 exit/entrance gates and 9
shafts. This section has a maximum cover of 20 m and
a minimum of 1 m close to the end of the gallery. The
second section is 1817 m long and runs from Rua Nova
do Regado to Rua dos Bragas, with 3 gates, 19 shafts
and a maximum overburden of 21 m. Finally, the third
section has 524 m of length, from Rua dos Bragas to
Praca de Gomes Teixeira (Arca de Sa Noronha), with 3
main exit doors, 10 shafts and a maximum cover of
9 m. The BCRA cave surveying standards, the most
used in Europe, were applied in Paranhos tunnel. The
surveys should reach for the section one and two of
the Paranhos tunnel the standards of BCRA grade XD
(with the exception of the first 107m that is grade 5C).
The surveys in the third section achieve the grade 5D.
Figure 5 illustrates several longitudinal cross-sections
of the topographic survey.

A geophysical survey was applied aiming to detect the
presence of caves and voids below the surface. Figure 6
(ines L1_A, L2_B) shows the apparent resistivity pseudo-
section obtained at lines 1 and 2, respectively. The line 2,
carried out to the North of the main structure (tunnel) does
not show any evidence of anomalous structure in depth.
In opposition, line 1 shows evidences of two anomalous
structures: one at the beginning of the profile and a second
one approximately at the middle of the profile. The resistivity
models obtained by inversion (Monteiro Santos et al., 2007)
of the dipole-dipole data are showed in Figure 6 (lines L1_B
and L2_B). In the model corresponding to line 2, resistivity
values decrease with depth suggesting more weathered
rocks in depth. As the air-filled tunnel has a near-infinite
electrical resistance compared to the environmental rocks,
it will produce readily recognizable anomalies. The resistivity
model obtained by inversion of the line 2 data shows two
high-resistivity anomalies that can be correlated with the
old (at the beginning of the profile) and the new Arca D’Agua
masonry reservoirs (in the central part of the profile).

Geo-engineering and hydrogeological constraints
The description of the underground area (ca. 3,3 km
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Fig. 5. Longitudinal cross-sections of the topographic survey along the first section of Paranhos tunnel (Praca de 9 de Abril to Rua Nova do
Regado): an example from underground speleological survey (A1. Paranhos main spring; A2. Arca D’Agua masonry reservoir; A3. Arca D’Agua
bifurcation galleries; A4. ventilation shaft; B1./B2. stone-walling gallery with granite gutter pipe; B3. concrete support gallery).

long and -21 m depth b.g.l.), mainly comprising granitic
rocks, was done by means of subsurface geological/
geotechnical and hydrogeological mapping (scale 1:500).
The local discontinuities network is intense and defines
some dominant fracture sets, which trends NNE-SSW
to NE-SW (namely N15°-35°E, dipping 70°-80° towards
NW), with a minor cross-cutting WNW-trending set.
Other fault sets were also recognized with a mean
orientation of NW-SE and also, a sub-horizontal set.
Crush-zones of intensely fragmented granitic matrix,
approximately 5-10cm wide are commonly associated
with the faults and shear zones.

The crystalline bedrock of the study area consists mainly
of granitic rocks and sheared metagranitoids, representing
the so-called Porto granite facies (s.L), i.e., syntectonic with
the third regional phase (D,) of Variscan deformation with
an isotopic age of 318 million years (Almeida, 2001). It
consists of a two-mica, medium to fine grained, grayish
in color, changing to yellowish when weathered and in
several sectors is slightly deformed. A set of rather small-
scale metagranitoid bodies were identified and they are
usually closely associated with major overthrust planes.
The metagranitoids are leucocratic and well foliated, which
is conspicuously defined by alternating bands of micas
and felsic minerals. The granite is randomly crossed by
quartz and aplitic/pegmatic veins, which display much
less weathering features.

The galleries provided a unique cross-section through

zones of intensive weathering within two-mica granites.
The granitic facies in this area is generally weathered
to different grades, altering erratically from fresh-rock
mass to residual soil (i.e., W ,to W, after ISRM, 1978,
1981), showing highly variable conditions, resulting in
arenization and kaolinization, which may reach depths
of more than 25 m (e.g., Begonha & Sequeira Braga,
2002; Gaj et al., 2003). The evolution from one weathered
zone to another is neither progressive nor transitional.
It is thus possible to move abruptly from a good granitic
boulder rock-mass to a very weathered soil like mass
(Babendererde et al., 2004). Weathered material, either
transported or in situ, also occurs along discontinuities.

Almost all aquifers of this region are in fissured
hard rocks and comprise a weathered material zone
that may have a high thickness. This soil-like layer
seems to have an important role to the recharge of
the aquifers underneath (Afonso et al., 2007a). The
other aquifers are related with sedimentary deposits
(particularly, alluvial material constituted mainly by
clayey sediments and sands) that are often found above
the weathered granite due to the presence of several
water courses, most of all actually covered due to the
intense urbanization of the area (Gaj et al., 2003).

The water table is located 3-10m above the
tunnel, and roughly follows the shape of the surface
topography. A large number of ancient shallow wells
and hand-made water tunnels are present in the
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Figure 6. Geophysical survey around Arca D’Agua garden. (A) Surface geology setting; (B) Location of the two geo-electrical lines, L1 and L2; (C) some aspects
of the field geophysical survey; (D) L1_A: apparent resistivity pseudo-section obtained at L1; L1_B: resistivity model obtained by inversion of the dipole-dipole data
for L1; L2_A: apparent resistivity pseudo-section obtained at L2; L2_B: resistivity model obtained by inversion of the dipole-dipole data for L2.
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surrounding tunnel area, which were responsible for
modifying the groundwater features of the ground.

The hydrogeotechnical units in the surrounding
area of the ancient Paranhos spring galleries are (some
data compiled and revised from Begonha & Sequeira
Braga, 2002; COBA, 2003; Afonso et al. 2007a,b) —
figure 7:

1) Sedimentary deposits (recent alluvia): although these
deposits may outcrop, they were not recognized inside

the galleries, probably because of their small thickness
along with the depth of the galleries and, particularly, by
the fact that in the areas where the galleries should cross
the alluvia, the tunnel is supported by stone-walling and /
or concrete. They are mainly constituted by siliceous
silty and sandy soils with a low to moderate permeability
(<1.7m/d);

2) Granitic rocks (Porto granite): this unit occurs
weathered to different grades, from fresh-rock to

B 36407

HYDROGEOTECHNICAL UNITS

Allvla
- silliceous silty and sandy salls;
lowy b moderate parmeabiity (< 1.7mid)

: R kaolinitic sifty sands;
E very low to low permeability (< 0. 1mdd)
Granite

[ v4-5: F1-2; very low to low permeabilty (< 0.3mJd)
[ we: £3 10 Fa-5: low 1o moderate permeaility (< 0.6mid)
[_] w1-2 F4-5: low to moderate permeatiity (< 0.8mid)

=" Tectonic lineamants & Paranhos Main Spring

0 100 200

T - Arca DtAgua Tunnel M
[ ———

Fig. 7. Hydrogeotechnical zoning for the surrounding area of Arca D’Agua spring galleries catchworks. Some aspects of Paranhos or Arca d’Agua
spring galleries: (a) Arca d’Agua ancient fountain (after Fontes, 1908); (b) Arca d’Agua masonry reservoir (c. XVI century); (c) granitic gutter pipe
that collects spring waters; (d) aspect of a stone-walling and concrete support.
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slightly weathered (W, ,) to highly weathered (W, ), but
predominantly, moderately weathered (W,). Its fracturing
intercept degree is, dominantly, moderate (F,) to close
(F, o). Crushed quartz veins ranging from millimeters to
several centimeters in thickness intersect the granite. The
permeability of the fresh-rock to moderately weathered
(W, , to W,) ranges from low to moderate (ranging from
0.6 to 0.8m/d). The granite highly weathered (W, ), wide
fracturing intercept (F ), with very low to low permeability
(<0.3m/d).

3) Saprolite soils: this unit is closely related with
Porto granite weathering; most of these soils are
kaolinitic silty sands with a very low permeability
(<0.1m/d).

Groundwater studies

In order to understand how human activities may
interfere with the chemical composition of this groundwater,
sixteen sampling points were selected. The results of the
physico-chemical analyses of local groundwater samples
are presented in Table 1. From a hydrogeochemical point
of view, most of the sampled groundwater presented near-
neutral pH values (median = 6.8), the lowest rate being 5.4
and the highest 7.9. Regarding the electrical conductivity
(EC), most of the samples presented medium electrical
conductivities (median = 434 pS.cm), with a minimum
value of 369 puS.cm! and a maximum of 530 pS.cm.
Concerning chemical signatures, the studied groundwaters
show a wide range; cations are dominated by Ca?* followed
by Na* and SO,* and CI are the most important anions.
By observing the Piper diagram of Figure 8, one can
conclude that most of the groundwater’s are “mixed”
SO,*/CI - Ca*/Na* waters. All water samples have been
analyzed for NO,’, presenting a median value of 60 mg/L,
and displaying minimum and maximum values of 13 and

86 mg/L, respectively. According to the Portuguese and
European legislations, the majority of these samples
exceed the maximum admissible value (50 mg/L) for this
element. The Wilcox diagram shows that these waters
induce a low risk to alkalization and a medium risk to
salinization (Figure 8). Afonso et al. (2007b) report a
naturally low to moderate vulnerability to pollution of the
Paranhos groundwaters. These spring groundwater have
high concentrations of sulphate and nitrate, which may
be due to sewage contamination.

CONCLUDING REMARKS

The crystalline substratum of the Porto urban
area consists mainly of granitic rocks and sheared
metagranitoids. The bedrock is weathered to different
grades, altering erratically from fresh-rock mass to residual
soil, showing highly variable geomechanical conditions. A
large number of ancient shallow hand-made water galleries
were excavated in the ground in the past six centuries. The
underground topographic surveys performed on the Arca
D’Agua spring galleries (ca. 3,3 km long and -21 m b.gl.),
mainly comprised rocky galleries, stone-walling galleries,
masonry shafts, rocky and saprolite shafts.

The field hydrogeological study carried out at Arca D’Agua
spring galleries allowed to define a hydrogeotechnical zoning
for the surrounding area of the catchworks. The groundwater
flow of this area are in fissured hard rock comprising a
weathered material zone that may have a high thickness.
This soil-like layer seems to have an important role to the
recharge of the groundwaters. Hydro-geophysical survey
performed on Arca D’Agua sector has shown evidences of
anomalous structures underneath. The resistivity model
suggested that granitic bedrock mass is more weathered in
depth. Moreover, detected high-resistivity anomalies can be
correlated with the Arca D’Agua masonry reservoirs.

Table 1. Physico-chemical data for the 16 groundwater samples collected during the fieldwork campaign.

Sample Site EC Na K Ca Mg HCO3 Cl S04 Sio2 NO3 NO2 NH4
designation | description | (uScm?) | PP (mgL?) | (mgL?) | (mgL?) | (mgL?) | (mgL?) | (mgL?) | (mgL?) | (mgL?) | (mgL) | (mgL?) | (mgL)
HA1 ar 435 5.5 32 9.7 35 54 39 35 66 6.6 57 <13 <0.04
H2 ar 423 54 32 9.8 31 4.8 16 38 65 6.5 64 <13 <0.04
H3 g 435 5.7 32 9.9 35 4.8 33 37 7 6.9 60 <13 0.10
H4 g 437 5.9 33 9.8 33 4.8 32 37 68 6.1 59 <13 <0.04
H5 g 434 6.0 34 10.0 34 4.9 32 37 69 6.8 60 <13 <0.04
H6 g 434 6.4 33 10.0 35 4.8 32 37 69 6.9 60 <13 <0.04
H7 g 430 6.8 32 10.0 33 4.9 35 37 67 6.1 60 <13 <0.04
H8 g 430 7.4 34 11.0 34 4.9 33 37 69 6.8 61 <13 <0.04
H9 g 434 7.7 31 9.8 32 5.0 35 37 68 6.3 59 <13 <0.04
H10 g 434 7.7 32 9.6 33 5.0 34 37 69 6.2 60 <13 <0.04
H11 g 497 7.9 35 11.0 39 6.1 49 43 76 7.4 63 24 <0.04
H12 r 369 7.6 19 9.6 47 4.0 106 24 49 5.9 13 <13 <0.04
H13 r 490 7.0 35 24.0 56 3.9 129 37 55 6.0 35 145 0.81
H14 r 405 6.6 23 18.0 51 3.4 97 27 48 6.2 36 <13 <0.04
H15 r 530 6.8 47 13.0 47 4.1 48 47 68 7.3 86 <13 <0.04
H16 r 460 7.9 29 20.0 57 3.5 106 31 54 8.4 49 <13 <0.04
Median 434 6.8 32 10.0 35 4.8 35 37 68 6.6 60 n.d. n.d.
Minimum 369 5.4 19 9.6 31 3.4 16 24 48 5.9 13 <13 <0.04
Maximum 530 7.9 47 24.0 57 6.1 129 47 76 8.4 86 145 0.81

Site description: ar - Arca d’Agua masonry reservoirs; g — granitic gutter pipe; r — rock discontinuities; n.d. — not determined; EC — Electrical Conductivity.
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diagram (B) for the 16 water samples collected during the fieldwork
campaign.

Hydrogeochemical analyses showed a nitrate and
sulphate-enriched composition for these groundwaters,
probably resulting from intense urbanisation, sewer
leakage and some agricultural practices. The results
obtained in this study suggest that some of the Porto
urban groundwater can be suitable for irrigation
uses, but additional tests must be carried out to verify
its compliance with existing standards of quality.
Specifically, geo-environmental studies are required to
assess potential variations in water composition with
seasonal changes in climate and human activities.

In recent years, a new theme has emerged among
speleology in Europe (e.g., Italy, France, Spain and
Greece, among others), the so-called urban speleology,
urban caving and mining speleology (e.g., Day, 2002;
Brick, 2009). This caving approach uses essentially
mining topographic and speleological techniques and
the spirit of cavers to the rediscovery of many forgotten

underground structures made by mankind throughout
his history. Frequently the urban speleologists support
the development of scientific and geo-engineering
studies or heritage projects related to scientific societies
(e.g., documentary video named “subterranean Rome”
by National Geographic, or the video “Retour a la
Mine” from French Speleological School; Marchand &
Duseigne, 2007). In addition, speleologists are many
times evolved in underground exploration and mapping
of many structures that occur beneath cities. Different
authors (e.g., Monteiro Santos & Andrade Afonso, 2005;
Frumkin & Shimron, 2006; Brick, 2009) in diverse
fields, mainly engineering, geotechnical, hydrogeology
and environmental research, have mentioned
the significance of detecting and locating ancient
underground galleries or caves. Multidisciplinary
approaches offers the best starting point for reliable
speleological and geo-engineering studies (e.g., CERF,
1994; Day, 2002; Brick, 2009). Therefore combined
reliable local data (underground topography, geology,
hydrogeology, geophysics) in a geographical information
system mapping environment, present a better
understanding of the functioning of urban areas.
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