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Resumo

A capacidade da detecdo remota para detetar parametros superficiais em resolucdes temporais e
espaciais adequadas abre perspetivas sobre a possililida estimar a humidade subsuperficial
baseada nos atributos da medidos a superficie. Este trabalho investiga a possibilidade de estimar a
humidade ao longo de um perfil de solo e as relagdes fisicas e ambientais que a influenciam no estado
de Nebrasca @ados Unidos) que é maioritariamente agricola. A humidade na zona das raizes é
estimada a partir de cinco modelos baseados na fracdo evaporativa, humidade superficial,
temperatura e indices de vegetacdo. Com base em 45 estacdes que representam difipestds

solo existentes em todo o estado, é realizada uma avaliacdo do indice de humidade do algoritmo de
estimacao da evapotranspiracdo ETLook, calculado pelo espectometro ASCAT. Sdo também estimados
trés outros indices de humidade do solo na zona desabaseados em modelos que relacionam a
humidade do solo e a frac¢do evaporativa. A profundidade da zona do solo é calculada através da
comparacao do perfil de humidade do solo com o calculado pelo modelo SWAT para trés locais.

Os trés casos de estudosrfiecem uma base para avaliar o desempenho dos modelos em varias
situacdes de uso da terra e de utilizacdo da agua, e que podem ser utilizados para estimar a humidade
da zona radicular por monitorizagdo remotos.

Palavras-chave: Root zone soil moisture, SWAP, ASCAT SWI, ETLook, Evaporative fraction






Abstract

Detailed hydrogeochemical and isotopic studies indicate high baseline concentrations and salinities in
groundwater bodies of Porto Santo volcanic island limiting the water uses for domestic, agriculture and
tourism supply. Natural groundwater salinity in the weathered volcanic and carbonate rich aquifers is
usually the combined effect of geological and tectonic evolution, climatic forcing in the form of sea salt
aerosol, meagre rainfall, high evapotranspiration and eventually, locally induced sea water intrusion.
Dominant Na -CI-HCOs groundwaters with short residence times are found in freshening aquifers with
Na /Cl molar ratio values above the sea water mixing line. Results obtained from the stable isotopes of
the water confirms that groundwater has undergone significant evaporation. Natural high salinities are
also associated with an increase in concentration of minor and trace elements (As, B, F, and Si). High
fluoride content in the groundwater samples above the drinking water limit value of 1.5 mg/L gestures

towards the prevailing fluorosis disease in the population of the island.

Keywords: hydrogeochemistry, baseline, salinity, coastal aquifers, islands
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CHAPTER

1

Introduction

Availability of fresh water resources on volcanic islands located in semiarid climatic regions are limited
and extremely susceptible to climate changes and management practices. Water in rivers and streams
are often confined to the high relief areas of the islands and/ or to short periods after the heavy rainfall
events, which occasionally occur during the wet season. Shortage of surface water and less rainfall
leaves groundwater resources are usually the principal source of fresh water for local population and
agriculture use. However, due to the trivial water scarcity problems that affect these regions, the
attention is placed on groundwater quantity rather than quality and groundwater resources face an

increasing risk of contamination.

Salinization of groundwater is one of most prominent cause of groundwater contamination on volcanic
islands, which may result from natural rock-water interaction processes (cation exchange, dissolution,
surface complexation) between circulating groundwaters and volcanic materials that are enriched in
several geochemical elements (Cl, Na, Si, As, F); or, from seawater intrusion due to non-sustainable
groundwater abstraction. High evaporation rate may also contribute for salt accumulation in areas with

shallow water levels.
1.1 Study Area

Porto Santo is a volcanic island part of the Madeira archipelago that is situated in the Atlantic Ocean,
west of southern Europe and northern Africa (Figure 1). Itis a small island (42.2 km?) extending between
32U 59060a@Ndp&B3r3d)l | el s of | a16 W ud4ed aw dmelr6iUdaddbogsthamfd | on g i
with the volcanic archipelagos of Madeira, Azores, Canary and Cape Verde is part of the Macaronesia
biogeographical region. It is quite a flat island but characterized by two distinct regions, the northeast
part where some of the highest peaks are located is rugged, while the southwest corresponds to a low
lying coastal plain with a nine-kilometer-long white sand beach. The island has a semi-arid climate and
average annual rainfall is less than 500 mm, occurring often as short heavy events that may produce
flash floods and strong | ands c arpesoileforagidulure ar¢darmdg al | y c a
and poor in nutrients and the island has very scarce freshwater resources relying mostly on groundwater

for irrigation and seawater desalination for public water supply.

Porto Santo is inhabited by 5000 year-long residents of which the majority lives in the capital (Vila
Baleira) but the population significantly increases during the summer months. Tourism has given Porto

Santo an economic dynamism that has been growing year by year. The warm climate and sea, the
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quietness and remoteness of the island, the therapeutic qualities of its sands that are proved to help
treat skin, orthopedic and rheumatic problems are bringing many tourists to the island and contributing
decisivelytothe i sl and&6s e c o nexpansion. Aowddays, dhe popuation of tourists and
part-time second house residents fluctuates between 500 in the winter months and 15,000 in the
summertime, exceeding three times the resident population and increasing significantly the pressure

on local water resources and services.

e (0
Terranova
Azores
2 2 Porto Santo
e ”1 Madeira O
300 N
- St &
Atlantic Ocean Canary

\ islands
) -
-
205 =

)
e Sl Cape Verde

Figure 1. Location of Porto Santo island (adapted from Silva, 2003).

Porto Santo has very limited availability of water resources due to both geological (predominant low
permeability volcanic formations), geomorphological (size and low altitude) and climatic conditions
(meagre rainfall and high evapotranspiration rates). Most surface water circulation occurs in small
str earibesros 6i n Portuguese) and are in close relation t
levels. Groundwater resources are limited in general to the principal sedimentary formations in the
central part of the island tapped by shallow wells (< 30 m deep), as most of the volcanic formations are
low permeability and just occasionally have perched aquifer formations that feed some of the springs
and fountains around the island. Moreover, groundwater resources in Porto Santo are strongly
constrained for human consumption and irrigation by their high salinity that can occur naturally or result

from human activities.
1.2 Previous investigations

From the hydrogeological point of view there have been very few investigations in Porto Santo. Lobo
Ferreira et al., (1981) wrote a techinical report on the water resources of Porto Santo island, Ferreira &
Neiva, (1996) are the authors of the geological and hydrogeological maps of the island and Duarte,
(1988) presented a conference paper about prospection of groundwater resources in the Madeira
archipelago. Condesso de Melo et al., (2008) carried out the first detailed investigation about the
groundwater quality and source of groundwater salinity on the basis of major geochemical patterns,
ionic ratios and stable isotopic measurements. Antunes et al., (2008) authored one the few selected
researches on the island which deals with soil physical and chemical characteristics . Soil samples from

nine different locations ranging in altitude of 20 meters above mean sea level to 330 meters above sea
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level were collected for the measurement of electrical conductivity, pH, water and organic matter content
measurement. Almost all sampling sites were identified as alkaline in nature and the highest electrical

conductivty value of 558 £ S/cm was recorded during summer months.

Most important research in the Porto Santo island have been concentrated on the geological,
geomorphological and ethnopharmacological aspects. Morais (1943) presented the first study of Porto
Santo geology, Schmincke & Weibel (1972) and Schmincke & Staudigel (1976) carried out a preliminary
chemical study of Porto Santo rocks. Féraud et al., (1981) reported new K-Ar ages, chemical analysis
and magnetic data of Porto Santo island, Ferreira et al., (1988) have studied the geological and
geochronological sequence using an extensive programme of K-Ar dating. The lithological succession
of the base complex which consist of basanitic hyaloclastites, tuffites, pillow basalt and reef limestones
has been identified in the study. The K-Ar dating established the age of visible section between 18.8 to
13.5 m.y. Rivera & Obon (1995) has studied about the peculiarities of the medicinal flora from Porto
Santo and Madeira. A total of 259 species of medicinal flora has been identified from both islands and
discussed about the importance of culture and biogeographic features of the island in making it center
of medicinal plant diversity. Cachdo et al., (1998) carried out a preliminary study using of the
biostratigraphy and palaeoenvironmental interpretation of the Neogene in Porto Santo and later
(Cachéo, et al., 2003) investigated the island geological evolution and its palaeoenvironments. Schmidt
& Schmincke (2002) investigated the rise of the Porto Santo island. The study focussed on emergence
of the shallow water seamount of Porto Santo, and identified numerous dynamic processes that
contributed to growth and stabilization of the edifice in its present form. The authors showed that the
processes included submarine and subaerial phreatomagmatic and pyroclastic explosions, submarine
explosive imploding, and quench fragmentation of extrusive domes, as well as submarine and subaerial
effusive activity. Silva (2002,2003) studied in detail the origin, genesis and evolution of the sands in
Porto Santo. Cordeiro et al., (2010) has discussed the surface properties of the local bentonite clay
found on the island and their potential value, achieved through their incorporation in products for
dermopharmacy and dermocosmetics. Ribeiro & Ramalho, (2010) wrote a detailed geological tour of
the Archipelago of Madeira which includes details on Porto Santo and Mata et al., (2013) presented

another very good and detailed geological synthesis of the Porto Santo island.
1.3 Scope and objectives

Numerous hypotheses can be related to the development of salinity in the semi-arid landscape of the
Porto Santo island (Figure 2). High evaporation, remnant sea water entrapped in the sedimentary
sediments at the time of their deposition, airborne oceanic aerosols (cyclic salts) transported inland into
basins by rainfall or a combination of rock weathering and marine aerosol accession are the probable
causes of salinity in the semi-arid regions has been discussed so far (Bonython, 1956; Wopfner &
Twidale, 1967; Chivas et al., 1991; Mazor & George, 1992; Custodio, 1993).

Rock weathering involves natural mixing between water and aquifer materials that give rise to a wide
diversity in the mineral character of groundwater. The minerals prove to be very much decisive in

imparting intrinsic properties such as hardness and softness, salinity and even bitterness and
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sweetness. Groundwater quality evolves quickly as it advances through the subsurface pathways within
the soil and the vadose zone, and thence to the saturated zone of the aquifer. The mineral assemblage
of the host rock, the relative abundance of individual minerals, solubility, crystallinity and purity are
major governing factors of the water quality. However, even a less dominant mineral which dissolve
rapidly, such as calcite (in veins or as a cement) may dominate the water quality even in some silicate-
dominated lithologies (Cook, et al., 1991).

4 Y E
*Low Rainfall
Climatic Issues *High Evapotranspiration
*Desertification
R S 8
4 N )
(- +Erratic Rainfall
: *High Runoff
Hydrological Issues -Dry Streams
+Limited Water Resources
\ . R
4 RS I
*Highly Saline Groundwater
Hydrogeological Issues *Seawater Upconing Near Coast
*High As, F
A _J

Figure 2 Summary of the main issues concerning groundwater quantity and quality in the Porto Santo

island

Accumulation of salt is another reason for inland groundwater salinization. Deficit in water budget
caused by high evaporation rates and low precipitation in semi-arid and arid regions is very often
combined with the severe contamination of the available water resources by dissolved inorganic salts
to an extent that their utilization for any purposes is impossible. In undrained or poorly managed basins,
the salts get concentrated either on the surface or in soil profiles, which serves as a potential source of
dissolved materials that can be carried down to groundwater following a rainy or water level fluctuation
phenomenon. Residual brines and leachates are another source that increase the groundwater salinity
after encountering the percolating water (Datta et al., 1996; Gilfedder et al., 2000). The formation of
saline water often results from salt leaching, when groundwater circulates along the evaporites bearing
soils or rocks (Cooper, 2002; Simpson & Herczeg, 1991).

Primary salinization of groundwater also occurs through sea salt aerosols (SSA), which are produced
via the bursting of bubbles at the air-sea interface during low to medium speed winds. SSA are
geochemically important for the transport of several trace species between ocean and the atmosphere
(Weisel et al., 1984; Savoie & Prospero, 1982). The production and transport of SSA is generally
thought to be directly related to wind speed, thus those regions of the world ocean that experience

relatively high wind speeds are also areas of high atmospheric sea-salt production (Blanchard, 1985).
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Rainfalls wash out the accumulated SSA, which can reach groundwater determining consequently an
increase of salinization. Number of studies pertaining to quantify the volumes (Erickson & Duce, 1988;
Gong et al., 2002) and the size of aerosol particles depending on wind velocity in laboratory experiments

(Martensson et al., 2003; Fuentes et al., 2010) have already been carried out.

The increasing demand of fresh water resources in Porto Santo and the opportunity to include
groundwater resources in the water management practices to minimize costs of water supply for
irrigation and touristic activities, requires a detailed study of the groundwater quality and quantity in the
island. The study of groundwater quality origin and evolution is the main objective of this research.

Other objectives of the present work include:

- ldentification of groundwater types based on aquifer lithology
- Major geochemical patterns in the groundwater evolution

- Groundwater salinity source identification

- Minor and trace elements identification

- Groundwater recharge estimation

- Recommendation for improving water conservation practice on the island to face global change.

The methodology adapted to carry out the study followed several steps summarised in the flow chart
illustrated in Figure 3. The study has been initiated with the identification of the main research goal,
which is to provide a new insight that may be used for both interpretative and descriptive purposes
about the origin of salinity in the groundwater of Porto Santo. The study may have its significance in

wake of changing climate and the measures to mitigate the effects.
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Figure 3 Flow chart describing methodology followed during the study
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CHAPTER

2

Geology, Geomorphology and Hydrogeology

The island of Porto Santo is deep seated in the ocean floor, which was generated by the separation of
the African and American tectonic plates known as Mid-Atlantic Rift (Ribeiro & Ramalho, 2010) (Figure
4). The island, for that reason, is typical example of oceanic ridge basalt volcanism. Emplacement of
the volcanic rocks on the surface differs in age. Trachyte from the submarine mount has been dated by
several workers and K-Ar chronology dates varies from 12.3+0.4 (Feraud, et al., 1981) to 16.4 m. y
(Macedo, et al., 1974). Majority of exposed eruption in Porto Santo is expected to have occurred in mid
Miocene approximately 12.5 to 13.8 m. y., and thus the basement rocks are found synchronous in age
with Gran Canaria whose sub aerial mount dates to 13.5 to 14.0 m. y (McDougall & Schmincke, 1976).
Varying dates proposed by authors led to no specific conclusion about submarine volcanism of Porto

Santo rather gave a general statement about underwater orogeny process.

400

N American Plat = X urasian Plat

rores - Gibraltar Fracts

200

frican Plate

40° 10°W

Figure 4 Location of the Archipelago of Madeira within the major geological units of the submersed
part of the African plate. In red: The Mid-Atlantic Ridge and major active faults. The ocean depths are
represented by: green (07 2,000m), light blue (2,000 7 4,000m), dark blue (4,000 7 6,000m) and dark

gray (more than 6,000m depth) [from (Ribeiro & Ramalho, 2010)].
The oldest geochronological ages, known so far, do not exceed the 5.2 million years (lower Pliocene)
on Madeira isalnd. Thus, despite some uncertainties regarding the ages of these islands, all authors

acknowledge that the island of Porto Santo preceded the island of Madeira by several million years and
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a conscientious regarding migration of the volcanism towards SSW, from the island of Porto Santo to

the island of Madeira, between the Miocene and the Pliocene.

Various theories have been put forward regarding source and depth of hotstop generating the magma,
and the height of water column above the volcanic rocks emplacement on ocean floor. The geochemical
and isotopic study of the alkaline sequence has been done by Mata et al., 1998 to know the depth at
which magma originated. Mata et al., (1998) concluded that the magma that has formed the island of

Porto Santo originated from hotstop plume formed within asthenosphere at depth of about 125 km.

Study of fossils assemblage, conglomerate sequence, vesicularity of juvenile particles and volatile
content of fresh volcanic glass has the potential to give conclusive evidence about the water depth of
submarine volcanism. Based on vesicles in juvenile particles from the lower and upper scoria cones,
Fisher & Schmincke (1984) have concluded shallow water depth of submarine volcanic and depositions.
Presence of conglomerate capping near the upper scoria cone indicates shoreline depositional
environment at water depth of not more than a few tens of meter (Schmidt & Schmincke, 2002). Sulphur
concentration in the sideromelane particles from the scoria cone conglomerates ranges between 200
to 600 ppm (Schmidt, 2000), indicating shallow water to subaerial eruptions (Moore & Clague, 1992).
Based on Schmidt & Schmincke (2002), hermatypic corals are the the main constituent of the small

patch reef embedded in the upper scoria cone, which points to growth with in the photic zone.

2.1 Geology

The geological formation of Porto Santo consists of mainly of two rock types: igneous rocks, mainly

basalts, directly linked to the volcanic origin of the island itself, and sedimentary rocks (Figure 5).
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Figure 5 Geological map of Porto Santo [from (Ferreira & Neiva, 1996)]
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2.1.1 Sedimentary Deposits

Sedimentary rocks cover about one third of the Porto Santo island, and include limestone rocks
containing various fossils. Sedimentary deposits have been mostly formed by the marine platform
developed around the island, from the Miocene to the end of the Wirm glaciation (Ribeiro & Ramalho,
2010). Warm ocean water temperature and calcium rich basaltic rocks were the main factors leading to
the growth of benthic organisms with a carbonate shell or skeleton (Ribeiro & Ramalho, 2010). The
shells and skeletons of benthic organisms once accumulated at the base of the marine platform, driven
by ocean water currents, were fragmented and deposited in specific locations, along with blocks of
igneous rocks, forming breccias with limestone matrix. On the other hand, erosion led to disintegration
of shell, and formation of bioclastic sands. Finally, the wind from the north direction, transported

sediments to the sheltered regions of the onshore part of the island (Ribeiro & Ramalho, 2010).

Several types of sedimentary rocks with a wide range of importance are present on the island. The
geological map (Figure 5) from Ferreira & Neiva (1996) illustrates the distribution of deposits
contemporaneous with the submerged phase of the island. The fossiliferous limestone breccias and the
sandy limestones and marls, as well as deposits from the Quaternary: carbonate eolianite, sands from
unconsolidated dunes, limestone crusts and beach, slope and alluvial deposits are major sedimentary
rocks present on the island. Calcarenite eolianites and sand from unconsolidated dunes are best suited
to have aquifer properties. Limestone, if weathered can allow preferential pathways for water flow.

Beach sands may be permeable depending on the compaction level of grains.
2.1.1.1 Fossiliferous Limestone Breccias

Fossiliferous limestone breccias with high coral content occur throughout the island in outcrops
distributed along the same altitudes attached to volcanic rocks. These are formed by the accumulation
of detritic elements from those same rocks and bioclastic elements, with carbonate cement. These
rocks contain large amounts of fossils, mostly corals that can reach of significant size (Ribeiro &
Ramalho, 2010). The fossils geochronology suggested that fossiliferous limestone breccia dates to
Miocene. The reported fossils correspond to warm and shallow waters marine organisms, and the
sediments resulted mainly from the accumulation of their skeleton fragments (Ribeiro & Ramalho,
2010).

2.1.1.2 Sandy Limestones and Marls

The sandy lime stones and marls are very locally present on the island. They outcrop at Ribeira da
Serra de Dentro, close to the village of Serra de Dentro. The site has thick layer of sandy limestones
(Figure 6) and yellowish marls, with fossils (Figure 7) and spherical concretions of calcified algae [locally
known as friguer8p mgarang dranges], followed by levels of conglomerates, mudstones and

conglomeratic limestones.

24



Figure 7 Sandy Limestone with Calcified algae

2.1.1.3 Dunes

The consolidated and unconsolidated units of calcareous dunes are the biggest sedimentary formation
of the island. The consolidation of dunes has occurred by dissolution of calcium carbonate from the
marine calcite rich shells and its deposition in the spaces between grains, and cementing them. The
consolidated dunes are present at several sites in the central zone, although the best places where its
internal structures can be seen are the coastline outcrops, particularly in the north and south sectors of

Porto dos Frades and near Fonte de Areia (Figure 9). The unconsolidated carbonate dunes of fine to
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medium size grains, consists mostly of shell fragments and minerals weathered minerals from volcanic

rocks.

Figure 8 Calcified Limestone, locally named as "Laranjas" on the island

Figure 9 Eolianites of Fonte De Areia, wind eroded faces are distinctly visible

26


























































































































































































