ASSESSMENT OF SGD IN
KARSTIC COASTAL MASSIF:
AIGUADOLC BEACH (GARRAF)

Pau Navarro Maestro

geoWASU

Environmental and
water surveys

Didac Navarro Fernandez

Tutors:

Jordi Garcia Orellana
Mario Zarroca Hernandez

Degrees:

Environmental Science and
Geology

February 2019, Bellaterra






ABSTRACT

Submarine groundwater discharge (SGD) is an important source of freshwater and nutrients to
Mediterranean Sea, but is also related with anthropic pollution. Since the last decades a new emerging
and successful ways to trace SGD appeared, as they are natural radioactive isotopes (223Ra, ’Ra, *Ra,
*?®Ra and **’Rn) and electrical surveys (electrical resistivity tomography , ERT). Other methods have been
less employed, but they have a great potential as electric induction (El). This project describes and
quantifies SGD and its nutrients driven input with these methods, never used before in Catalonia to
asses SGD, in an anthropized coastal karstic massif. The study zone is Aiguadolg beach (Spain), the most
southern beach in the Garraf massif, and the obtained SGD flows there were 9.7 £ 2.0 -10° m3-km'1-yr'1,
with the associated fluxes of DSi, DIN and DIP, which were 63 + 13 mmol-m'z-d'l, 78 £ 16 mmoI-m'Z-d'l,
and 432 + 91 pmol-m™>d™, respectively. A NH," flux of 74 + 16 mmol-m™-d™ was also estimated due to a
high concentration of NH," in groundwater. This concentration exceeds the legal limits of drinking water
legislation. This high contamination suggests an anthropogenic influence of the aquifer which could be
due to waste water leaking from urban, agricultural or livestock activity or the Garraf landfill itself. The
study also evaluates the social conflict framed in Aiguadolg due to some issues that affect the beach in
relation with SGD and outlet emergences, and propose some management actions that could improve
the situation.

KEY WORDS: Submarine groundwater discharge, nutrients, geophysical surveys, radium, Garraf massif,
karst, social conflict.
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1. JUSTIFICATION

The Garraf massif is one of the most important karstic complexes in the Mediterranean basin. The
massif is characterised by the well-developed karstic cavities and its permeable capacity, in terms of its
natural dynamics. It is an important source of freshwater that discharges into the sea, as it is evidenced
by satellite thermal images (Figure 1), where is possible to observe colder coastal waters with some
identifiable thermal plumes. However, these natural dynamics have been highly modified by the human
pressure and anthropogenic activities such as the presence of urban soils, crops and farms located
inland, an old landfill placed in the same massif, the cement industry and the presence of several ports.
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Figure 1: Thermal satellite image of the seawater surface in Garraf from the Landsat 8 satellite in April, the
showed temperature values are not contrasted with field measurements. Image code:
RT_LCO8_L1TP_198031_ 20180405 20180417 01_T1_B10. Personal communication: Sénia Jou.

There are several studies that showed the existence of a leaching of waste from the landfill that has a
direct and relevant impact on the terrestrial biota of El Garraf (Torres et al., 2006). The problem
associated with those leachings is also known because in 2018, due to the significant rainfall that had
taken place in the area, those leachings were transported by groundwater and discharged to the sea
especially through one of the main coastal springs: La Falconera.

Related with this natural altered dynamics some beaches in Sitges present outlet emergencies.
Concretely Aiguadol¢ beach has remarkable outlet emergences that become highly active at the
beginning of this century. But at the same time this beach is suffering some issues related with the
drainage processes, as they are erosion and waste of sand, small sinkholes under the sand, water
stagnation and wet sand. These problematic facts are impacting the beach quality and becoming a social
conflict in the municipality of Sitges, which main economic sector is the tourism.

On other hand the Garraf massif is a natural park protected by law, but its troubles related with human
activities are evident. Not only the terrestrial biota is endangered, but the marine ecosystem is impacted



too with the problematic consequences in the close Posidonia oceanica meadows. These processes
could be an important ecological trouble for the Catalan coastal management, and can generate a range
of possible impacts both in the ecological environments and the socioeconomical system.

Considering the existing evidence of contamination of the Garraf aquifer, the fact that this aquifer
constantly unloads to the sea and the emergent controversy in Aiguadolg, we pretend to develop a
research work in this beach, which is very accessible and easy to make a campaign. By doing this could
be possible to have a notion about what is happening in Garraf massif which is a very environmental
risky zone. By studying Aiguadol¢ may be possible to understand the social problems that could recreate
in other coastal places with outlet emergences, and have a more accurate perception of the magnitude
of Garraf water discharge; and how it could be related with the pollution. Is an objective of this study to
provide solid data that could be employed in the future for other projects, entities, administrations and
research groups. This information will be useful to establish management groundwater tools at local and
regional scale, and serving as a precedent for future research projects, helping to develop integrated
management of water resources, ecosystems and economic resources in coastal Mediterranean areas.

The main aim of this project is to describe and model this water flow from karst to the Mediterranean
Sea, in mainland (beach) and sea, to relate it with fluxes of nutrients and pollutants, with beach erosion
and with socioeconomical conflicts. With this final degree project (Treball Final de Grau; TFG) we intend
to achieve several goals, trying not to fit the project in only one science modality, but in a confluence of
them. We will try to accomplish this by using pioneering and modern methodologies never used before
in Catalonia to trace SGD processes, and combining technologies to complement several environmental
data sources. This is an attempt to present a multidisciplinary way to solve socioecological issues
through mixing geology, physics, hydrology, analytic chemistry, geographic information systems (GIS)
and social sciences.

As a double TFG framed in the double degree of Environmental Science and Geology in the Universitat
Autonoma de Barcelona (UAB) this project wants to give a transversal approach, which faces the same
issue from different modalities. The relevance of the integrator character reside in understanding the
science as a whole, by using and interpreting the several results to give a more complete answer and
solving problems in a practical way. This kind of multidisciplinary studies could help to improve
environmental field studies that have multiple interactions of several variables. The geological matrix
and the water flows are influenced by different environmental factors, and they have different
environmental impacts, this must be understood since the two modalities to give a complete answer. Is
essential to make this kind of joint projects to generate synergies between geology and other sciences
and for enhance the potential of geosciences to solve practical problems in the society.



2. INTRODUCTION

The interface between sea and land is one of the most complex systems of study due to the huge
quantity of variables that influence a large list of processes. The coastline is an essential factor in
hydrological cycle, as it is the place where the water returns from mainland to ocean via rivers and
aquifers. The riverine discharge is well documented around the world, but the groundwater discharge
from coastal aquifers is more qualitatively described than quantitatively (Trezzi, 2016; Zektzer et al.,
1973). The study and description of the Submarine Groundwater Discharge (SGD) process is one of the
pending subjects to understand more accurately the water cycle (Burnett et al., 2003). Its impacts and
implications, in different kind of natural and anthropogenic altered processes, are several and
transcendent (Garcia-Solsona, 2009).

The beginning of SGD as a major issue in the scientific community did not happen until the mid-1990s,
when the volumetric and chemical importance of this topic began to be observed and recognised
(Garcia-Solsona, 2009). Indisputably the influence of SGD in the hydrological cycle may be one of the
most important ways of water transport land to ocean and vice versa. These dynamics can be more
noticeable in more susceptible and permeable geological environments, like karstic massifs or delta
profiles. However, the significance of this process is the fact that this transport not only includes water,
but also includes its diluted, suspended and colloidal components. Rodellas (2014) noticed that it “may
represent an important pathway for material transport from land to the ocean, playing a relevant role in
coastal ecology and geochemical cycles of several compounds” as nutrients, metals, carbon, pollutants,
sediments and microorganisms. Because of this, SGD can be translated as an important source of
freshwater into the marine water and may contain elevated concentrations of nutrients or contaminants
(Garcia-Solsona, 2009). Different magnitude levels of impact could be observed, from a local point of
view to large regional basins (Burnett et al., 2003).

Several techniques can be used for detecting, describing, quantifying and modelling these processes
along the coastline. One of the most effectively methods is based on the natural environmental
223Ra 224Ra ZZGRa

and **®Ra), is useful to trace SGD processes at various time scales due to their different half-lives(Rama

radioactivity. The use of the four natural occurring radium isotopes (the radium quartet

and Moore, 1996). Another of the most successful applied radionuclides used for tracing the flow paths
of fresh water into the sea is the radon (**’Rn). But not only natural radioactivity methods are employed,
also geophysical technics has been applied to study SGD. This is the case of electrical resistivity imaging
(ERI) that consists in a direct current (DC) geoelectrical method, that generates a 2D/3D section of the
resistivity subsurface patterns and has effectively been used to detect changes in the water composition
and fresh/saltwater interfaces (Nowroozi et al., 1999; Zarroca et al., 2011).

2.1. SUBMARINE GROUNDWATER DISCHARGE

2.1.1. DEFINITION OF SGD

The Submarine Groundwater Discharge (SGD) is the flow of water through the continental margins to
the ocean (Figure 2). This water flow is composed of freshwater and seawater recirculated through
permeable materials and can be given through meters to kilometres (Rodellas et al., 2015). This process
takes place in any coastal aquifer with a positive gradient relative to sea level and that is hydraulically
connected to the sea through permeable rocks or sediments.



SGD can inflow to the coast as a mixture of three components: fresh groundwater generated in the
continent, seawater circulating in the aquifer and groundwater whose salinity has increased due to the
mixture of the two water masses.
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Figure 2: Schematic description of the SGD components in a section perpendicular to
the coast. It shows the principal pathways for submarine groundwater discharge to
the coastal ocean (Rodellas, 2014) based on Charette et al., 2008.

The area where groundwater and seawater are mixed is called "subterranean estuary" (Moore, 1999) or
mixing zone (saltwater interface in Figure 2), and they are characterized by being areas with many
biogeochemical reactions, which transfer water, nutrients, metals, carbon and other elements to the
coastal zone (Rodellas, 2014). In this zone the ionic strength fluctuates and the groundwater masses
increases this strength. The inflow into the sea of fresh groundwater frequently have significantly higher
concentrations of nutrients and trace elements than surface freshwater (Moore, 2010); the solute fluxes
that discharge into the sea may represent a great contribution to the total flux of solutes to coastal
ecosystems (Rodellas et al., 2015; Slomp and Van Cappellen, 2004).

The magnitude and location of the SGD depends on many factors related to the aquifer and the coast
morphology (fractures, porosity, permeability, aquifer homogeneity, hydraulic conductivity,
geomorphology, stream systems). The factors that influence the flow of groundwater by the coastal
aquifer include the terrestrial hydraulic gradient (Alley et al., 2002) influenced by tides, waves, large
storms and variations of sea levels (Moore, 1999) and according to the season (Michael et al., 2005),
difference in water level through permeable barriers, convective movements due to water density and
heating and ascension of groundwater due to geothermal heating (Moore, 1999).

Karstic environments and alluvial aquifers usually have high permeabilities and are expected to have the
highest SGD values (Slomp and Van Cappellen, 2004). SGD in unconsolidated sedimentary coastal areas
represents a small part of the water balance of the area; its volumetric contribution is relatively small
compared to surface water, however in karst systems SGD can lead to a significant flow of water in the
global water balance.



2.1.2.  SIGNIFICANCE OF SGD FOR MARINE ECOSYSTEMS

Determining the behaviour of groundwater in a coastal aquifer is of great importance for coastal
management. Fresh water from an underground aquifer can be extracted and used for human
consumption at a lower cost than desalinating seawater. It can also be a profitable source of fresh water
in those places where access to it is difficult. However, the use of water confined to aquifers can lead to
problems related to overexploitation, such as the salinization of the aquifer, the sinking of coastal areas
or the degradation of the aquifer (Rodellas et al., 2015). These problems affect society therefore it is
worthwhile to take them into account to avoid possible conflicts.

Besides the flow of water, the SGD is also an important source of materials from the land to the sea
(Moore, 1999). Groundwater usually has concentrations of nutrients, metals, carbon or salts higher than
inland water (Rodellas et al., 2015). Knee and Paytan (2012) defined that these elements can be both
natural (microorganisms, vegetation, soils) and anthropogenic (waste, mining, landfills, pesticides,
organic compounds). In addition, if these waters are mixed with intruded seawater, the compositions
vary, giving different fluids than groundwater and seawater (Moore, 1999).

Reactions occur such as ion desorption, dissolution and precipitation of carbonates, remineralisation of
organic matter, redox reactions of metals and exchanges of nutrients and metals (Rodellas, 2014). The
content in nutrients of groundwater can be several greater orders of magnitude than in surface waters.
This input can be a factor to be taken into account in the eutrophication of coastal (Slomp and Van
Cappellen, 2004), the entrances of water with high nitrate contents are related to algal blooms.

2.1.3. SGD IDENTIFICATION AND QUANTIFICATION

There are different methods to identify and quantify Submarine Groundwater Discharge. Among the
identification methods there are the thermal imaging methods (Johnson et al., 2008) that measure the
temperature difference of the water masses form a satellite and geoelectrical techniques (Zarroca et al.,
2014) that measure the resistivity of the materials. The methods used to quantify the SGD include direct
measurements by seepage meters (Moore, 2010), hydrogeological models (Moore, 2010; Rodellas,
2014) and tracer techniques (Garcia-Orellana et al., 2014; Moore, 1999; Rodellas et al., 2017; Slomp and
Van Cappellen, 2004) using nutrients, metals or radionuclides. The following techniques are used for
first time in Catalonia to trace SGD processes. The present project could become a pioneering work in
karstic systems in Catalonia to develop other studies in the same way and open some possibilities to
water resources research.

22.1.3.1. GEOPHYSICAL TECHNIQUES

Geophysics uses non-destructive methods to investigate the terrain. The information it provides serves
to correlate, extrapolate and verify geological information. The studied field needs to present a contrast
between some physical properties to allow its delimitation. There are many geophysical methods that
are based on different physical properties of rocks: electrical, magnetic or seismic among others
(Escuder et al., 2009), but this study is focused on electrical methods.

2.1.3.1.1. VERTICAL ELECTRICAL SOUNDING (VES) AND ELECTRICAL
RESISTIVITY TOMOGRAPHY (ERT)

Geophysics uses non-destructive methods to investigate the terrain. The information it provides serves
to correlate, extrapolate and verify geological information. The studied field needs to present a contrast
between some physical properties to allow its delimitation. There are many geophysical methods that



are based on different physical properties of rocks: electrical, magnetic or seismic among others, but
this study is focused on electrical methods (Escuder et al., 2009).

These methods are based on Ohm's law, which says that the resistivity (p) is the result of the quotient
between the electric potential difference (V) by the electrical intensity (I) multiplied by a K factor that
depends on the section of the cable and the length of it.

It consists of calculating the resistivity of the terrain by injecting a known electrical current through
electrodes stuck in the ground (A, B) and measuring the potential difference between two intermediate
electrodes (M, N; Figure 3). The value that is measured in this type of technique is the variation of
resistivity in the terrain, measured in Q-m. Sometimes the opposite of resistivity is used, which is
conductivity. In a VES, resistivity in depth is measured under the point O, in the centre. Increasing the
distance between electrodes A and B increases the depth of sounding. There are different ways to place
the electrodes to perform a sounding. Each method allows measuring with a different depth or
resolution.

Equipotential surface
Current flow line

Figure 3: Schematic section of a Vertical Electrical Sounding (VES). Where A, M, N, B are the electrodes; O is the
centre point; V is the voltmeter; | is the ammeter; the red lines represent the equipotential surface; the black arrows
are the current flow lines.

Resistivity of rocks depends on many factors: mineralogy, porosity, saturation, hydrochemistry,
temperature, fracturing or metamorphism. For this reason it is difficult to attribute a cause of the
resistivity to each type of rock. The fact that resistivity varies with water saturation and hydrochemistry
makes possible to differentiate freshwater, seawater and mixing zone. Even so, geophysical studies are
usually accompanied by other types of geological studies so that the causes can be interpreted.

Because of that, geophysical models are elaborated from the field data. The more this model adapts to
the field data, the more reliable the probing will be. In an ERT the measurements are taken as in a
vertical electric sounding (VES) but in this case the number of electrodes increases and measurements
are made continuously. The ERT technique uses the values of apparent resistivity measured at the
surface to generate images called pseudosections, which are necessary to solve the inverse problem and



obtain a model of the subsoil. To adapt the data obtained to reality an inversion process is needed. In
order to reach this, some software is needed to generate models that can adapt the interpretation to
different variables that can be modified.

This method has been used to locate and identify fresh/saltwater interfaces, due to the fact that high-
electroconductive fluid (saltwater) may produce a low-resistivity and a low-electroconductive fluid
(freshwater) may produce high-resistivity (Zarroca et al.,, 2011, 2014). The saltwater high-
electroconductive characteristics may generates a low-resistivity background masking the changes in
resistivity on account of other variables as textural and porosity oscillations (Zarroca et al., 2011).

2.1.3.1.2. ELECTROMAGNETIC INDUCTION (EM)

EM is an electromagnetic induction survey, which its most relevant physical property the electrical
conductivity, as in ERT and VES surveys, and it’s sensed by means of a time varying magnetic and/or
electric field. This method is based on the measurement of the change of conductivity between a pair of
coils on or above earth’s surface. There is a transmitter coil which is used to generate an
electromagnetic field at specific frequency, known as the primary field. The primary field causes
electrical currents to flow in conductive materials in the subsurface. This generates a secondary
magnetic field which is sensed by the receiver coil. The magnitude of this secondary field depends on
the type of material and its distribution. Both fields (primary and secondary) are detected at the receiver
coil.

The EM methods can measure from the first meters of the subsoil to kilometres of depth. As in the
electrical methods, an inversion process is also needed, with all the interpretative complications that
this entails. The expected resistivity distribution, as in ERT, would consist of higher resistivity areas
(freshwater) contrasting against low-resistivity background (saltwater). That method has been employed
to some groundwater studies (Belaval, 2003).

2.1.3.2. PHYSICOCHEMICAL PARAMETERS

The water properties such as salinity or temperature can help to differentiate different water masses,
since they do not mix due to their conditions. In the case of the SGD, salinity (fresh groundwater) and
temperature (cold and with low variability during the seasons) are especially important, because these
are the properties that contrast greatly from groundwater to seawater.

The contributions of SGD fresh water or brackish water modify salinity, making the coastal areas where
these discharges occur have salinity lower than normal. The decrease in salinity influences other
properties of seawater. For SGD studies it is especially interesting to study the different densities
resulting from the different salinities. The waters of the SGD have lower salinity than sea water, making
their density lower and therefore they are located in an upper layer of the water column. This
arrangement of layered water creates a transition zone where water properties vary markedly. This
layer receives different names according to the property that varies: Thermocline if the temperature
variation is large, which can occur when the temperature of the SGD and the sea are very different;
halocline if the variation is of salinity; pycnocline if the density varies, property dependent on the
previous two, placing the waters of the SGD in the upper layer. These properties allow differentiating
the mass of water discharged by the SGD and quantify its volume through the identification of the
pycnocline.



12.1.3.3. RADIUM

Radium is a chemical element with symbol Ra and atomic number 88, it has 25 different known
isotopes, but only four naturally occurring isotopes >2Ra (T12=11.4 d), **Ra (T4/2=3.66 d), *°Ra
(T1/2=1600 y) and *%Ra (T1/2=5.75 y). Due to the very differences between the half-lives of these
isotopes, Ra-isotopes are commonly classified between: the short-lived isotopes (223Ra and 224Ra) and
the long-lived isotopes (mRa and 228Ra).

These isotopes are present in the nature in several matrices such as soils, rocks and in water (in both
groundwater and surface water). The most naturally-occurring Ra isotope present in nature is the **°Ra.
The four mentioned isotopes conform the Ra quartet, which belongs to the 221h (T1/2=1.4-101° y), 2y
(T1/2=7-108 y) and 28y (T1,2=4.5-109 y) decay series (Figure 4). Thorium and Uranium are hardly linked to
the geological matrices, some examples of the abundance in different materials and waters are given in
the Table 1.
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Figure 4: Uranium and thorium decay chains, the radium quartet is marked in red (Rodellas, 2014).

Due to the differences in the physicochemical behaviour between parents and daughters and the
biogeochemical processes in the aquatic system compartments, a radioactive disequilibrium and
partitioning is produced (Garcia-Solsona, 2009). Ra isotopes are enriched in SGD, up to several orders of
magnitude above seawater (Charette et al., 2008). In coastal sea Ra behaves conservatively, which
means that its concentration is a function of only two variables: mixing and decay (Charette et al., 2008).

The enrichment in Ra depends on the aquifer (U-Th content of the geological matrix and transit time)
and the ionic strength derived from the mixing of fresh groundwater and recirculated seawater in the
subterranean estuary (Moore, 1999). Brackish groundwater is enriched in Ra between 1-2 orders of



magnitude compared to the lower long-lived Ra isotopic activities and typically negligible short-lived Ra
activities in seawater (Moore, 1996). Radium in SGD behaves conservatively in seawater (Garcia-
*>Th), due to which the
Ra ratio in groundwater is usually similar to the 22Th/*8U ratio in geological matrix. It is for this
228Ra/226

Solsona, 2009). Radium is in secular equilibrium with its precursors (238U and
228 226
Ra/
reason that, generally, the values of Ra in groundwater may be associated with the primary

source of radium.

Table 1: Typical concentrations of U, Th and Ra (in mass and activity units) in various terrestrial rocks and water
types (Eikenberg, 2002), applicable to the limestone of the Garraf massif.

238U ZSZTh 226Ra )
Type of sample 5 & 5
ppm mBq-g ppm ‘ mBq-g ppm mBq-g
Granite 2-10 25-120 5-30 20-120 0.5-4 25-120
Gabbro 0.5-2 5-25 2-6 5-25 0.1-0.5 5-25
Igneous
Basalt 0.1-1 1-10 0.3-4 1-15 0.02-0.2 1-10
Ultramafic <0.02 <0.2 <0.05 <0.2 <0.01 <0.2
Shales 2-4 25-50 5-15 20-120 0.5-1 25-50
. Limestone 1-3 10-40 0-3 0-10 0.2-1 10-40
Sedimentary
Coral 2-4 25-50 <0.01 <0.04 0.5-1 25-50
Clay 1-4 10-50 1-15 5-60 0.2-1 10-50
Seawater (3 3-4 40-50 <0.01 <0.05 0.01-0.1 0.5-5
Water
River water 0.1-1 1-10 <0.01 <0.05 0.01-0.1 0.5-5

(1) Values valid for secular equilibrium between all 238 U-series isotopes.

(2) Units for water samples [ppb] and [mBqg-L-1].
(3) Range of values for 226Ra from Ivanovich and Harmon, 1992.

In freshwater, Ra transport depends on the adsorption/desorption processes. Radium is absorbed onto
colloids and suspended particles (as clays and metal hydroxides), in the mixing zone the ionic strength
varies and Ra is desorbed due to ionic exchange processes (Krest et al., 1999). Short-lived Ra isotopes
are employed to estimate SGD fluxes and mixing times of near-shore waters, while long-lived Ra, which
require a long time for regeneration, isotopes are employed to comprehend the Ra sources or fluxes
(Moore, 2003). By determining all the sources and losses and establishing the radium concentration in
the groundwater, the radium flux can be directly related to the SGD and quantified (Moore, 2003). The
Ra excess calculated after defining the Ra inputs and losses is attributed to SGD (Garcia-Solsona, 2009).

In order to construct a mass balance is necessary to identify all the potential Ra sources (diffusion from
fine-grained sediments, bio-irrigation, riverine discharge, ion exchange from suspended particles,
atmospheric inputs, all the possible SGD sources and water recirculation) and sinks (radioactive decay,
water outflow to deep waters, coastal groundwater discharge (CGD), and particle scavenging) that are
shown in the Figure 5 (Moore, 1999).
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Figure 5: Box model scheme for the main radium inputs and outputs in Aiguadolg coastal area.

The contribution of the internal **’Ra, which is only available for exchange with porewater during

weathering, to the adsorbed 224

Ra for sediments with particle size between 20-60 um is negligible less
than 2.25% (Sun and Torgersen, 1998). In muddy sediments, as in estuaries, the sediments flux of short-
lived Ra isotopes may be significant, as in bioirrigation areas and particle mixing by the benthic fauna
(Garcia-Orellana et al.,, 2014). But Aiguadol¢ beach is sandy, for that reason the sediments and
bioturbation inputs are neglected. The diffusive input of radium from sediments is only a small fraction
of the total radium flux (Charette et al., 2003). Summarizing, the most relevant sources of radium are
the surface runoff and SGD, and the principal losses are the decay, the exchange with open sea and the

water recirculation through coastal sediments.

The SGD estimation using Ra mass balances was first developed by Moore (1996), and widely used in
several studies (Garcia-Orellana et al., 2014; Rama and Moore, 1996; Rodellas, 2014). If the
groundwater is the dominant source of Ra in the study area, and the only sinks are ocean exchange and
decay, is possible to assume that entrances are equal to the exits to calculate the groundwater flux for
each portion of the coastal zone (at steady state):

SGD - Cragna = Fra — Dra (2)
(3)
Cexracw * Vew
Frq — Dgrq = % — Cexracw ')\Ra “Vew

Where,

= SGD is the subterranean groundwater discharge flux (m*d™).

®  Cragna is the Ra endmember activity (dpm-m™).

= [p, is the Ra flux in the coastal water (dpm-d™).

= Dpg is the Ra decay in the coastal water (dpm-d™).

= C.racw 1S the coastal water Ra excess, which is equal to the observed Ra minus the offshore Ra
measured (dpm-m'3).

=V, is the whole volume of coastal water (m).

= tisthe residence or apparent time (d).

" Agq:is the activity of the Ra isotope (d™h.

Ratios between short-lived radium isotopes can be used to calculate water apparent ages/residence

time of the water plume. This is the time elapsed since the water sample became enriched in Ra and
was isolated from the source (Moore, 2000):
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Where,

*  AR334/2238na and ARy24 /223w are the activity ratios of ***Ra and *’Ra for the endmeber and

for coastal water respectively.

223

= A,y and A,y are the **Ra and **Ra decay constants (d™).

12.1.3.4. RADON

Radon is a chemical element with symbol Rn and atomic number 86, is a noble gas, colourless, odourless
and tasteless. Being a gas it has a great mobility and solubility in water, although it volatilizes quickly. Rn
has multiple isotopes, natural and artificial, but 22pn (T1/2=3.8 d) is the most stable of them, and it
results of *°Ra decay (Figure 6).

The Rn occurs naturally in the subsoil and emanates to the surface depending on the type of soil. The
granitic zones are where the most radon is produced. The reason is that U and Th content in the granite
is higher than in other types of rock such as sandstones or carbonates. The exhalation of radon occurs
above all in porous soils, where the gas finds easy exit to outside. In very compact or clayey soils, less Rn
is exhaled because they are less permeable. Very fractured granitic soils are also large emitters of Rn (El-
Dine et al., 2001).

Radon 222
3.82 days
o
5.49 MeV
Polonium 210 Polonium 214
138 days 164 usecs

Polonium 218
3.05 min

: Bismuth 210 : Bismuth 214
N \ 19.8 min

o 5.01 days
5.31 MeV B B
Lead 206 Lead 210 Lead 214
stable 22.3 yr 26.8 min

Figure 6: 22pn decay chain (Durridge, 2017).

Meteorology also influences Rn levels. A most, permeable soil with a low atmospheric pressure and
warm temperatures favours radon emanation while a dry soil, at high atmospheric pressure and very
low temperatures inhibit the emanation of Rn. The isotopes of Radon **Rn (Actinon), *°Rn (Thoron),

*Rn can be found in nature even though they have such a short life because they are constantly

223,224
Ra

quantity of a radioactive isotope remains constant because of its production rate is equal to its decay

and

generated by their parents Ra, and 226Ra, who are in secular equilibrium (situation in which the

rate) with long-lived isotopes 235.

12.1.3.5. NUTRIENTS

Nutrients are fundamental molecules in aquatic ecosystems, they are essential for live, but in excess
could produce the dead of an ecosystem (thought eutrophication). The most important and necessary
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nutrients for live are phosphorous (P), nitrogen (N) and silicon (Si), because are limited in many marine
environments. This limitation due to biological uptake and release generates a concentration variation,
which is why nutrients are considered as non-conservative ions. Pinet (2016) described the near-surface
nutrient concentrations in seawater for each nutrient element: P= 0.07 ppm, N= 0.5 ppm and Si= 3 ppm.
Most organisms cannot use these nutrients in the elemental form and use the ionic forms as they are
nitrite (NO,), nitrate (NO3 '), phosphate (PO43’) and silicate (SiO,).

The Mediterranean open sea has a strong oligotrophic character, these changes in coastal waters, due
to continental waters influence from rivers and SGD. Even so, compared to other seas, Catalan coastal
waters are poor in nutrients (Agéencia Catalana de I’Aigua, 2006). Nitrates have an important seasonal
variation pattern, with maximum peaks that are reached from mid-autumn to late winter and minimum
peaks during the summer; on the other hand, phosphorus does not have a clear variation pattern, but it
is rapidly exhausted by phytoplankton when there is plenty of nitrogen (Agéncia Catalana de I'Aigua,
2006). The ACA (2006) confirm that in open areas and rocky coastlines such as the coast of La Selva or
the Baix Emporda the annual average concentrations in surface water of these elements are low, usually
less than 1 |,LmoI-L'1 for nitrates and 0.1 umoI-L'1 for phosphates.

In karstic Systems the rainfall waters have a minimal filter and the transport of pollutants into the sea is
usually fast. The water-rock interactions and the biogeochemical reactions that occur in the karstic
aquifer (of calcium carbonate matrix ) eliminates the greatest amount of nutrients in the form P0O43-
due to its mineral precipitation with Ca, Al or Fe in apatite training (Charette and Sholkovitz, 2002).

SGD is an important nutrient input into the ocean (Krest, 2000). Fresh groundwater is a major source of
nutrients, which could be essential for the ecosystem. But the anthropization of the environment can
impact into the leaching and in the drainage, modifying the natural nutrient fluxes. Agriculture,
wastewaters and uncontrolled landfills, are some of the agents that could change the nutrient inputs
among other SGD parameters. Because of the fact of being a source of nutrients in an oligotrophic
environment, SGD could be detected through the nutrient analysis (Garcia-Solsona et al., 2010; Slomp
and Van Cappellen, 2004) and the dissolved Si (DSi) can be used as a tracer.
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3. INTRODUCTION TO STUDY AREA

3.1 REGIONAL GEOGRAPHY

Sitges is a municipality in Catalonia (Spain), located between Barcelona and Tarragona (Figure 7). The
town has a population of 28.527 habitants, and belongs to the Garraf region which borders the
Mediterranean Sea and the Baix Llobregat, Alt Penedés and Baix Penedés counties (Barcelona province).

The GDP per capita in the region is about 17.3K €, versus the 30,2K € in Catalonia, and the ratio of
unoccupied population per active population is the 21%, less than the 25% in the autonomous
community. The municipal district of Sitges, of 43,85 kmz, shares territory with a massif, a coastal plain
located between sea level and height 100 m with a median slope of 2,5% and the sea. The most
significant element of the region is the Garraf massif (Garraf Natural Park), due to the iconic of its
landscape and its natural resources. The region has important natural spaces and landscapes, as well
important socioeconomic development (Figure 8).

A

W Kilometers
0 15 3 [

Figure 7: Study zone location. Where: A) is the Location of Garraf in Catalonia autonomous community, B) is the location
of Sitges in Garraf and C) is the location of Aiguadolg in Sitges (in blue, Aiguadolg beach studied zone).
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Figure 8: Socio-economic and natural regionalisation of the Catalan coast, values were generated by classifying
Catalan coastal regions by using the Jenks method. The maximum value (four) indicates the highest relevance of the
characteristic and the minimum (one) indicates the lowest relevance (Brenner, 2007).

Table 2: Tourist accommodation in Sitges.

Institut  d’Estadistica de
(https.//www.idescat.cat/).

Catalunya

Table 3: Sitges population by place of birth, nationality and kind of

population placement.
(https.//www.idescat.cat/).

Institut d’Estadistica de Catalunya

Tourist accomodation, 2017

Hotels 48
Places of hotels 4807
Campsites 2
Camping sites 2238

Sitges population | Sitges population

Population by place of birth by nationality
(2017) (2017)
Catalonia 16713 22675
Rest of Spain 4195 -
Foreign 7619 5852
Total 28527 28527

Population equivalent to full annual time (2016)

Resident population
Seasonal population

Total

28478
2226
30704

Socio-economic and natural regionalisation of the Catalan coast, the values were generate by classifying

Catalan coastal regions by using the Jenks method. The maximum value (four) indicates the highest

relevance of the characteristic and the minimum (one) indicates the lowest relevance (Brenner, 2007)

and the Garraf is classified with a medium value for both factors. Sitges seafront is gifted with 3 sport

harbours along 16.5 km, and some of the beaches have been awarded for their quality (Figure 9)

becoming the 2" municipality with more quality beaches in Catalonia. The exploitation of marine

resources leaded traditionally to an important fishing activity, and currently a well-developed tourism

sector as the main economic engine. Sitges is the European LGBT capital and it results in a very
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important factor for the tourism, the hotel industry sector of Sitges leads to Garraf with almost 73% of
the places in the region with 48 hotels, most of four stars at least (Table 2).
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Figure 9: Catalan beaches by quality, the red arrow indicate Sitges. Modified from Agéncia Caatlana de I’Aigua
(http:// http://aca.gencat.cat/).

This not only translates into hotel occupancy, but the tourism sector extends to the residential. Sitges
abound in tourist residences; in fact an important part of the population is foreign. The population born
outside of Catalonia (Table 3) represents 41% of the population, with a greater proportion than in the
Garraf region (35%) and in Catalonia (22%). The seasonal population represents 7% of the total number
of people who live in Sitges during the year.

There are other very important economic sectors as restoration, souvenirs, and boutiques. Principally
the land uses are natural conservation, farming and urban. The most important part of the region can be
categorized as natural vegetation, basically the massif’s surface (Figure 10). The rest of the area is a
combination of field crops and urban soil; these land usages are located in the coastal plain and
represent 2/3 of the total area, in the table 4 the surface uses dimensions are described. In addition, in
the Garraf massif there are the cement industry and the old landfill where waste from the metropolitan
area of Barcelona was accumulated at the ending of 20" century.

Table 4: Land uses surface (Soler et al., 2012).

Land uses
Category Surface (ha) ‘ %
Natural Vegetation 12170,75 65,72
Crop fields 25781,98 13,89
Urban and urbanizable 2689,58 14,52
Anthropic 1087,69 5,87

15



USOS DEL SOL

B Vegetacis Natura
Conreus

I s

Antropic

Figure 10: Land uses map of Garraf. In green the natural vegetation, in yellow the crops, in red the urban soil
and in grey the anthropogenic soil (Soler et al., 2012).

3.2. ENVIRONMENT CHARACTERIZATION

3.2.1. FLORA AND FAUNA

Near Garraf coast a very rich ecosystem is present, in special for the 281 hectares of Posidonia oceanica
meadows, shown in Figure 11, which are in front of Sitges (Palomino de Dios et al., 2012). This area is
designated as SCI (Site of Community Importance). About 200 and 500 m offshore there are Posidonia
oceanica, Cymodonea nodosa and Corallina elongate meadows, which start in front of Aiguadolg and
extend t