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o Touristic pressure results in increased
nutrient loads injected into the aquifer.

e Karstic aquifers provide preferential
conduits of solutes injected into the
aquifer.

e Injected wastewater effluents increase
aquifer SGD-driven nutrient fluxes.

o Seagrass in Deia shows isotopic signs of
anthropogenic nutrient input from SGD.
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ARTICLE INFO ABSTRACT

Editor: Jurgen Mahlknecht Submarine Groundwater Discharge (SGD) delivers nutrients to the coastal sea triggering phytoplankton blooms,
eutrophication, and can also serve as a pathway for contaminants. Wastewater treatment plants (WWTP)

Keywords: including injection wells in coastal areas influence coastal aquifers and might impact the composition and

Submarine groundwater discharge magnitude of SGD fluxes. In tourist areas, wastewater treatment may be less efficient and larger in volume during

Nutrients

high seasons, potentially impacting nutrient fluxes from SGD and exacerbating environmental impacts. This

Eutrophication A e . . .
WWTP study analyzes the nutrient transfer from treated wastewater injection in karstic aquifers to the coastal sea via
Tourism SGD, considering the impacts of tourism seasonality. This study is conducted in Cala Deia, a small cove in the

Balearic Islands, a Mediterranean tourist destination. The findings suggest that the seasonality of tourism, leading
to variations in the volume of wastewater treated in the WWTP, influences the dynamics of the coastal aquifer.
This leads to increased SGD water and nutrient fluxes to the sea in summer, i.e. the peak tourist season. The
measured DIN, DIP, and DSi inventories in the cove are much larger in August than in April (3, 10, and 1.5 times
higher, respectively) due to higher input of nutrients in summer due to SGD impacted by the WWTP. These
elevated nutrient flows can support algal blooms in the cove, compromising water quality for local swimmers and
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tourists. Indeed, in August, shoreline stations exhibited eutrophic Chl-a concentrations, with peaks reaching
approximately 4 mg Chl-a L™'. These elevated levels suggest the presence of an algal bloom during the survey.
The anthropogenic origin of SGD-driven nutrients is traced in seawater and seagrass meadows, as evidenced by
high 9'°N signatures indicative of polluted areas. Thus, the high pressure exerted on coastal areas by tourism
activities increased the magnitude of SGD nutrient fluxes, thereby threatening coastal ecosystems and the ser-

vices they provide.

1. Introduction

Submarine Groundwater Discharge (SGD) is recognized as an
important contributor to the transfer of matter from land to ocean
(Santos et al., 2021; Taniguchi et al., 2019) and to the well-being of
coastal societies worldwide (Alorda-Kleinglass et al., 2021; Erostate
et al., 2020; Moosdorf and Oehler, 2017). The magnitude and compo-
sition of SGD is strongly linked to the anthropogenic activities developed
in coastal regions, such as agriculture, industry, and mining. The
discharge of nutrient-rich groundwaters into coastal areas has been
globally reported as a key factor in triggering high productivity of
phytoplankton blooms and, in some cases eutrophication (e.g., Amato
etal., 2016; Andrisoa et al., 2019; Basterretxea et al., 2010; Garcés et al.,
2011; Garcia-Solsona et al., 2010; Machado and Imberger, 2014;
Yoshioka et al., 2016). The process has also become recognized as an
important pathway for contaminants (Dulai et al., 2016; Johannes and
Hearn, 1985) across the globe (e.g. Korea, Hosono et al., 2012; USA,
Wada et al., 2021; or Mexico, Kanttin-Manzano et al., 2018). Among the
different sources that can pollute the aquifers and influence the SGD
fluxes, wastewater has been thoroughly studied during the last two
decades. Either due to the leakage of septic tanks, wastewater spills, or
effluents of wastewater treatment plants (WWTP), wastewater may
enter the coastal aquifer and discharge into the ocean via SGD. The
transfer of wastewater to the coastal aquifer and the sea has been traced
by detecting fecal bacteria (Adyasari et al., 2019; Boehm et al., 2004;
Knee et al., 2008; Yau et al., 2014), pharmaceuticals (McKenzie et al.,
2020), pesticides (Welch et al., 2019), chemicals of emerging concern
(Gutiérrez-Martin et al., 2023), changes in the nutrient levels or the
nitrogen isotopic signal (0'°N) and algae growth (Amato et al., 2016;
Andrisoa et al., 2019; Dailer et al., 2010, 2012). The consequences of
polluted groundwater have been reflected in the biota, endangering
coral reefs (Hernandez-Terrones et al., 2015; Prouty et al., 2017), sea-
grass meadows (Kantiin-Manzano et al., 2018), and algae for human
consumption with strong cultural bonds (Dulai et al., 2023).

Most coastal WWTPs discharge their effluents into the marine envi-
ronment through submarine outfalls or other superficial water bodies (e.
g., rivers, ephemeral streams, or small lagoons). Alternatively, effluents
of WWTP can be discharged into aquifers via injection wells, benefiting
from the natural solute filtering capacity of coastal aquifers when
groundwaters are transported through small aquifer pores. For instance,
heterotrophic denitrification and anammox play a key role in N atten-
uation (Fackrell et al., 2016), whilst in karstic aquifers chemical pre-
cipitation plays a key role in P attenuation (Cable et al., 2002). However,
coastal aquifers can be very permeable (e.g. volcanic or karst), and SGD
can thus represent a potential pathway delivering nutrients and pollut-
ants injected into coastal aquifers from WWTP effluents to the sea
(Johannes and Hearn, 1985). The injection of WWTP into high perme-
able coastal aquifers has drastic consequences on coastal waters
although wastewaters have been previously treated (Dailer et al., 2010;
Lapointe et al., 1990). During the last decade, important advances have
been made concerning the impacts of injection wells on SGD, including
the quantification of anthropogenic SGD-driven nutrient fluxes (Glenn
et al., 2013; Swarzenski et al., 2016), understanding the nitrogen re-
actions occurring in the aquifer affected by the injection of treated
wastewaters (Fackrell et al., 2016), evaluating algal 0'"°N to model
nutrient loading from injection wells (Amato et al., 2020) or assessing
wastewater management strategies to evaluate costs and water quality

(Wada et al., 2021).

Many of those WWTPs work at their maximum capacity during the
high tourism season (i.e. summer) and are often under-dimensioned for
the present tourist volume (EEA, 2019). For instance, the high perfor-
mance of WWTP in high season months can compromise their efficiency
(i.e. capacity to reduce the nutrient load), increasing the loads of nu-
trients and pollutants released into the environment (Orhon et al.,
1999). This is the case with many islands worldwide, where tourism has
provided high incomes and socioeconomic growth (Croes, 2013).
However, SGD has never been evaluated under such conditions, where
tourism seasonality can influence the SGD water flow and derived
nutrient fluxes, potentially causing a change in seawater quality. This
study aims to evaluate the potential transference of nutrients injected
into a karstic aquifer from a WWTP highly affected by tourism season-
ality, to the coastal sea via SGD, and the impacts of this process on the
quality of coastal waters. This study is conducted in Cala Deia (Mallorca,
Illes Balears), a highly touristic small village where the effluents of the
WWTP are injected into a coastal karst aquifer connected to a cove (Cala
Deia).

The Illes Balears ranks among the top touristic destinations in the
Mediterranean Sea, where 16 million tourists are received every year.
These islands are a hotspot of high-intensity tourism, an industry ac-
counting for ~50 % of the Balearic GDP (i.e. gross domestic product;
Manera et al., 2018). Among all WWTPs in these islands, there are 32
along the coasts that either discharge into ephemeral streams, or directly
inject their treated wastewater into the aquifer via injection wells. We
hypothesize that in heavily fractured systems such as karstic aquifers
located along the coastline of the Illes Balears, the preferential conduits
can rapidly transfer the solutes injected into the aquifer from WWTP to
the coastal sea, especially during the high tourism season.

2. Methodology
2.1. Study site

Cala Deia is a small cove of 80 m shore length composed of big blocks
and gravels (Pujol et al., 2017), and patched with Posidonia oceanica
meadows. The cove is located at the shores of the village of Deia, at the
end of the ephemeral spring Torrent Major, on the northwest coast of the
Island of Mallorca (western Mediterranean) (Fig. 1). The village is
located in a valley at 300 m at the Tramuntana mountain chain, which is
composed of highly karstified limestone from the Mesozoic era.
Groundwater flows through this karst system emerging as natural
springs along the mountainside and into the coastal ocean (Gelabert and
Sabat, 2002; Onac et al., 2005). The coastal karstified calcareous aquifer
of Valldemossa-Deia covers 34.66 km? and is composed of a formation
from the inferior Jurassic which is strongly eroded by the karst with 0.01
retention coefficient and 100 m? d~! transmissivity (Govern de les Illes
Balears, 2014). Such erosion creates large cavities inside the imperme-
able rock through which water travels rapidly to the ocean or flows
through artisanal springs inland (Giménez et al., 2014; PUMO, 1990).
The available knowledge on the springs from the area highlights their
rapid response to precipitations, with increased water flows lasting only
a few days after the precipitation events (Gelabert and Sabat, 2002). At
Cala Deia the bigger blooms occur during spring and summer, with 3000
and 1000 cells mL™?, respectively. Those concentrations are considered
to indicate moderate to low water quality conditions when those blooms
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occur. The composition of those blooms is dominated by ultraflagelates
and haptophytes in spring, and other ultraflagelates in summer (Puig-
server et al., 2008).

Although Deia is a village of only 700 inhabitants, it constitutes one
of the most important touristic hotspots of Mallorca due to its important
cultural and natural heritage. The main economic activities developed in
the area are based on tourism (GOIB-Observatori del treball, 2021). The
climate in Deia is governed by mild winters (~9.3 °C) and hot summers
(24.6 °C). It has a precipitation regime well differentiated between the
wet season (autumn and spring) and dry season (summer) ranging be-
tween 600 and 800 mm y~! (AEMET). The population living in the town
varies seasonally as a consequence of tourism. Indeed, there is a popu-
lation increase of up to 2.5 times in summer months relative to winter,
due to the tourism offer (475 vacancies from hotels and ~ 700 from
tourism residencies; IBESTAT, 2022; INE, 2022), resulting in high water
consumption. In Deia (as well as in most of the Illes Balears), ground-
waters flowing from natural springs constitute the main source of fresh
water (~95 %; GOIB, 2022) for the population for most of the year
(Giménez et al., 2014). Both, the demand for fresh water and the volume
of wastewater increase significantly in summer because of tourism,
resulting in an increase in the volume of treated wastewater in the local
WWTP by a factor of ~4 (Deya Tortella and Tirado, 2011; Garcia et al.,
2022). The WWTP is located 100 m above sea level between the cove
and the village. Wastewater is decanted and filtered by a bioactive film,
and treated effluents are channelized to an injection well located 50 m
below the station which introduces those waters into the karstic system
(ABAQUA, 2022). The injection well inflows an average volume of 224
m® d~!, with an average of 66 mg L™ of nitrogen and 7 mg L™} of
phosphate. According to Directive 91/271/EEC the area where the
treated waters are discharged, there is no maximum limit on the N or P
concentrations. Despite the potential contamination of aquifer waters by
injection wells associated with the wastewater treatment plant (WWTP),
the inhabitants of Deia do not directly consume freshwater from the
coastal part of the aquifer. Instead, the villagers consume their fresh
water from the groundwaters that sprout at the different springs that are
at the village of Deia (300 m asl) or from stored rainwater in cisterns.
Consequently, water consumption primarily occurs from sources located
above the village. During the summer months, the village faces a scarcity
of freshwater as the karst system dries out. Consequently, it becomes
imperative to organize cisterns to ensure the provision of essential water
supplies.
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2.2. Sampling methods

Two campaigns were conducted in April and August 2019 to assess
the influence of WWTP effluents on the magnitude of groundwater
discharge and associated nutrient fluxes to the coastal ocean. Twelve
seawater stations were distributed throughout the cove plus an extra
sample outside of the cove (OCN) for superficial seawater samples (~50
cm below the water surface) (Fig. 1). In August, additional deep samples
(ranging between 2.5 and 4.5 m depth and sampled at ~50 cm above the
seafloor) were collected at stations 5, 7, and 8. All surface and deep
seawater samples were collected directly using a submersible pump.
Groundwater was pumped using a submergible electric pump from a 20
cm depth hole manually excavated at the end of the Torrent Major
ephemeral stream (TOR). Two superficial water samples were collected
from the ephemeral stream (EPS-1 and EPS-2) and one at the WWTP
from the treated wastewater effluent (Fig. 1). The ephemeral stream
stations (EPS-1 and EPS-2) could not be sampled in August as both were
completely dry. A submarine brackish groundwater spring, located in-
side the limestone fractures that directly discharged into the cove sea-
waters was also sampled in August (LFS, Fig. 1). This spring was not
identified in April and could not be sampled.

All seawater, groundwater, ephemeral streams, and WWTP samples
were measured for temperature, salinity, pH, and ORP with a multi-
parametric probe (YSI 670). Vertical profiles of temperature and salinity
were also recorded using the multiparameter probe. In each seawater
station, 60 L, 240 mL and 20 mL samples were collected to quantify Ra
isotopes (®®*Ra, 2**Ra, 2?°Ra and *?®Ra, which are commonly used
tracers of SGD; Garcia-Orellana et al., 2021), Chl a and dissolved nu-
trients (NOy (NO3 + NO3), NH{, SiO,, PO3~, TDN, TDP), respectively.
In August, the karstic spring (LFS) was sampled for Ra (60 L), nutrients,
and Chl a. At the station TOR, located at the end of the ephemeral
stream, which was completely dry during both seasons, 25 L of
groundwater were pumped for Ra and dissolved nutrients analyses.
Superficial waters from the two different ephemeral streams (EPS-1 and
EPS-2) and the WWTP effluent were only sampled for physicochemical
parameters and nutrients. In addition, water samples to determine ni-
trogen signatures (615N), which are used as tracers to determine the N
source origin, were taken from all seawater, groundwater, ephemeral
streams, and WWTP samples in August. Furthermore, three different
replicates of leaf shoots were taken from the seagrass meadow of
P. oceanica at stations 7, 10, 12, and OCN to determine 9'°N.

Seawater and groundwater samples collected for Ra isotopes were

EPS
TOR
J WWTP

ALFS
© C. Ocean
® Ocean

Fig. 1. The study site is located at the western Mediterranean basin, at the N-W side of the island of Mallorca (Illes Balears). A) Location of the sampling site on the
island of Mallorca. B) The locations of an ephemeral streams draining to the cove (blue line), freshwater springs that nourish the stream (green diamond) and the
injection well of the WWTP (orange star) are represented. Samples were collected from the WWTP, the two freshwater springs, SGD endmembers, including the end
of the Torrent Major (TOR; yellow triangle) and a freshwater spring at the western side of the cove (LFS; green triangle). Coastal seawater stations and the offshore
station are represented with light and dark blue circles, respectively. C) Detailed location of the seawater stations, Torrent Major and karstic spring.



A. Alorda-Kleinglass et al.

filtered (<1 L min~1) through 20 g of dry acrylic fibers impregnated with
MnO; to adsorb Ra isotopes (Moore and Reid, 1973). Samples for Chl a
were filtered through GE/F filters (0.7 pm) and the filters were frozen for
further analysis. Nutrient and 0'°N samples were filtered through nylon
syringe filters (¢ 0.45 pm) and stored in 10 mL polyethylene vials, which
were immediately refrigerated and then frozen until analysis. Leaf
shoots were stored in zip-lock plastic bags and refrigerated until arriving
at the lab where they were dried at 60 °C for 48 h.

2.3. Analytical methods

After filtration, Mn-fibers were rinsed with Ra-free water to remove
particles or salt that could interfere during measurement (Sun and
Torgersen, 1998). Short-lived Ra isotopes (®**®Ra and 2?**Ra) were
counted with a Radium Delayed Coincidence Counter (RaDeCC; Moore
and Arnold, 1996). Ra-224 was quantified following the criteria and
recommendations described by Diego-Feliu et al. (2020) with un-
certainties calculated according to Garcia-Solsona et al. (2008). Ra-224
activities were corrected for 222Th and 22°Ra was not quantified due to
the significant interference between channels (cross talk) from the 224Ra
(Diego-Feliu et al., 2020). For the quantification of long-lived Ra iso-
topes (226Ra and 228Ra), Mn-fibers were incinerated at 820 °C for 16 h
and counted by gamma spectrometry using a well-type HPGe detector
after aging the samples for at least 21 days. Ra-228 and 2?°Ra activities
were determined through the photopeaks of 22Ac at 911 keV and 2'Pb
at 351 keV, respectively.

Dissolved NO3, NO3, NHJ (DIN; NO3 + NO3 + NHZ), PO3~ (DIP),
SiO5 (DSi), TDN, and TDP were determined with an Autoanalyzer AA3
HR (Seal Analytica) using colorimetric techniques (Grasshoff, 1983) at
the ICM-CSIC. The detection limits for NOy, NO5, NHj, PO%’, TDN, and
TDP in the lowest range (MDL) of the analysis were 0.006, 0.003, 0.003,
0.010, 0.071 and 0.032 pM, respectively. The lowest detectable range
for NO,, NO3, NHj, PO:O{’, TDN and TDP of the analysis were 0-4.0,
0-2.0, 0-5.0, 0-4.8, 0-71.0 and 0-22.6 pM, respectively. With a coef-
ficient variance of 0.13 %, 0.20 %, 0.30 %, 0.20 %, 0.30 % and 0.50 %,
respectively.

Water samples for 3'°N were defrosted and analyzed following the
hypobromite method by (Zhang et al., 2007) in a Thermo Finnigan
PreCon (Thermo Scientific) couplet to an isotope-ratio mass spectrom-
eter IRMS (Finnigan MAT-253) at the MAiMA-UB. Analytical repro-
ducibility of the reported 0 values, based on sample replicates, was
better than 0.3 %o for 9'°N.

Dried P. oceanica leaves were grounded (Fourqurean et al., 2007),
and 0*°N was analyzed using standard elemental analyzer isotope ratio
mass spectrometer (EA-IRMS) at the Universidad de la Coruna (Spain).
The EA-IRMS was used to combust the organic material and to reduce
the formed gases into Ny, which was measured on a Finnigan MAT Delta
C IRMS in a continuous flow mode. Analytical reproducibility of the
reported 9'°N values for seagrass leaves, based on sample replicates, was
better than 0.2 %o for 9'°N.

The sample isotopic ratios (R) are reported in the standard delta
notation (%o):

3N (%o) — KM) - 1} 1000 o)

standard

where Rsampie and Rstandard refer to the isotopic ratio of the sample and the
standard, respectively. These R are presented concerning the interna-
tional standards of atmospheric nitrogen (AIR, Ny).

3. Results

3.1. Groundwater, ephemeral stream, and WWTP

Groundwater from the final part of the ephemeral stream (TOR)
presented similar salinities in April and August with values of 9.3 and
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9.1, respectively. Waters from the upstream part of the ephemeral
stream (EPS1 and EPS2), which was only flowing in April, had salinities
of <1 and the WWTP effluent waters had salinities of 1.0 and 1.8 in April
and August, respectively. Groundwater from the karstic spring (LFS),
which was only flowing in August, had salinities of 29, mainly because
this sample was collected below surface seawater and has already un-
dergone mixing with seawater.

Radium activities presented important differences between April and
August (see supporting information (S1)). 224Ra in the ephemeral stream
(TOR) were three times higher in April (96 + 9 dpm 100 L’l) than in
August (33 £ 4 dpm 100 Lh. However, concentrations of long-lived Ra
isotopes were similar in April (41 + 1 and 27 + 2 dpm 100 L ™! for 226Ra
and 228Ra, respectively) and August (30 + 3 and 24 + 3 dpm 100 L! for
225Ra and 2?®Ra, respectively). Groundwaters from the karstic spring
(LFS) had much higher concentrations for all Ra isotopes compared to
TOR (160 + 4, 57 + 5 and 98 + 8 dpm 100 L™* for ?*Ra, 22°Ra, and
228Ra, respectively). It should also be noticed that groundwaters from
TOR and LFS have a similar and low 22*Ra/?*®Ra ratio (1.4+0.2and 1.6
+ 0.2 for TOR and LFS, respectively), suggesting that groundwater
transit time through the aquifer is long enough to reach equilibrium for
these isotopes (Diego-Feliu et al., 2021; Garcia-Orellana et al., 2021).

Groundwater nutrient concentrations and speciation also presented
important differences between April and August (see supporting infor-
mation (S2)). Regarding groundwater from the end of the ephemeral
stream (TOR), DIN concentrations were significantly higher in April
than in August (110 and 16 pmol L™}, respectively). DIN was mainly
composed of NO3 (66 %) in April, whilst NHJ (95 %) was the main
component of DIN in August. Similarly, PO}~ concentrations were one
order of magnitude lower in April than in August (0.78 and 11 pmol L™,
respectively). Focusing on August, DIN and DIP concentrations
measured in TOR (0.5 pmol L™}, 0.35 pmol L™}, and 16 pmol L~} for
NO3, NO3 and NH{ respectively, and 10 pmol L™ for PO3 ™) were lower
than those measured in the karstic spring (LFS) (1.5 pmol L™}, 0.52 pmol
L7!, and 240 pmol L7! for NO3, NO3 and NHJ, respectively and 18
pmol L1 for PO37). DIN concentrations were relatively low in both
surface waters from the stream (39 and 31 pmol L~ ! for EPS-1 and EPS-2,
respectively) and were mainly composed of NO3 (90 % and 97 %,
respectively). The highest concentration of nitrogen and phosphorous
was measured in the WWTP. Concentrations of DIN in the WWTP
effluent followed a similar pattern to that of TOR and LFS, both in
concentration and speciation. Significantly higher DIN concentrations
were measured in August (243 pmol L™!) relative to April (110 pmol
L_l); the main component of DIN was NO3 in April and NHj in August
(77 % and 75 %, respectively). PO3~ concentrations in both springs were
negligible (< 0.05 pmol L™!) and the WWTP had similar concentrations
during April and August (73 and 66 pmol L™, respectively). Concen-
trations for SiO, were comparable in TOR (9.1 pmol L™! and 16.5 pmol
L~ for April and August, respectively) and LFS (17.4 umol L™1), but they
were significantly higher in EPS-1, EPS-2, and WWTP (48, 31, 40 pmol
L*I, respectively).

3.2. Seawater

Salinities inside the cove ranged from 36.7 to 38.4 in April and were
slightly fresher in August, ranging from 36.2 to 38.0 (offshore salinities
of 38.4 and 38.1, respectively). During both seasons, seawater salinities
were fresher on the western side of the cove. The fresher salinities were
reported in samples collected in front of the end of the ephemeral stream
(TOR) in April and in front of the groundwater spring (LFS) in August
(Fig. 2). However, during August there was a clear stratification, with a
fresher layer of ~0.7 m at the surface on the western half of the cove (see
supporting information S3).

Radium concentrations in coastal waters were higher than in open
seawater (Fig. 2), except for 2?Ra in April, most likely reflecting Ra
inputs from groundwater at the stations nearer to TOR and LFS. In April,
22Ra ranged from 1 to 14 dpm 100 L ™! inside Cala Deia and showed a
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Fig. 2. Distribution of salinity and Ra isotope activities during April and August sampling campaigns. The size of the circle scales with salinity and Ra activities.
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downward offshore gradient from ST1 to the exterior of the cove.
However, 226Ra (ranging from 11.8 to 19.6 dpm 100 L_l) and 2?®Ra
(ranging from 0.8 to 6.2 dpm 100 L) had a scattered distribution along
the cove, although the highest activities were always measured at ST1
(19.6 + 0.6 dpm 100 L™! and 6.2 & 0.9 dpm 100 L™}, respectively). In
August, seawater activities of 22*Ra and ??°Ra (ranging from 1.2 to 33
dpm 100 L™} and from 1.8 to 21 dpm 100 L™}, respectively) were higher
compared to those measured in April and showed a clear gradient
starting from the western side towards the exterior of the cove (Fig. 2).
Contrarily, 2?°Ra had relatively low activities (ranging from 9.5 to 19
dpm 100 L™1) presenting a scattered distribution, except for sample
ST10 (19 dpm 100 L), which is the nearest sample to the LFS.

There is a clear relationship between nutrient concentrations and
salinity in coastal waters, with higher concentrations measured in sites
with fresher salinities and lower concentrations at offshore stations
(Fig. 3). Nutrient concentrations and speciation varied significantly
between seasons. In April there was a clear gradient of NO3 (0.4-7.6
pmol L’l) on the western side of the cove towards the open ocean (0.4
pmol L_l), with maximum values (7.6 pmol L~1) at the nearest sample to
the ephemeral stream (ST 1). Ammonia (NHj 0.2-7.4 pmol L 1) did not
show such a clear gradient and had similar concentrations to NO3
around the cove (see Fig. 4). There was no significant gradient or
enrichment for NO3 relative to open ocean (0.02-0.15 pmol L71).
Concentrations of SiO5 (0.8-5.3 pmol L Y and PO?( (0.003-0.430 pmol
L™Y) in April also presented a moderate gradient offshore, although the
concertation differences were not as large as for NO3. Concentrations of
NHZ and PO~ in seawater were one order of magnitude higher in
August than in April (Fig. 4). There was a marked gradient of NH} (1-56
pmol L™1) in August along the cove, from high levels on the western and
central areas of the cove, especially ST10, towards the open ocean
(Fig. 3). The other nitrogen species concentrations (NO3 (0.02-0.17
pmol L1 and NO3 (0.3-1.3 pmol L™ 1) were relatively low and did not
show any clear gradient or pattern. Although SiO (0.6-6.8 pmol L)
and PO?C (0.03-4.80 pmol L-1) were also enriched in nearshore
seawater (especially at ST10) relative to open ocean values, they did not
show the same clear trends as observed for NH} (Fig. 3).

Chlorophyll a (Chl a) concentrations in April were low (0.03-0.11
mg Chl a L™!) with maximum concentrations at the nearshore seawater
samples (ST1, 2 and 3). During August, the concentrations ranged be-
tween 0.05 and 4.46 mg Chl a L~! with maximum values of 45,3.6,1.5,
and 1.7 mg L~! at the shallowest stations ST 1, 2, 3, and 4, respectively.

Most water samples had low DIN concentrations that prevented the
determination of 9'°N. Isotopic signatures of 9'°N for the WWTP
effluent, the karstic spring (LFS), and the station in front of the spring
(ST10) were 15.2 %o, 10.3 %o, and 8.7 %o, respectively. Posidonia oceanica
leaves inside the cove presented a mean 0'5N value of 4.1 + 1.5 %o (n =
4) and a maximum of 6.2 %o, and samples collected in meadows farther
from the coast (ST-OCN) presented the highest 0™N value (7.2 %o).

4. Discussion
4.1. Water flows driven by SGD

To evaluate the role of SGD in Cala Deia as a conveyor of nutrients
from a WWTP, which injects its effluents into the coastal karstic aquifer,
it is necessary to identify all sources of SGD into the cove. According to
the geological karst formation of the cove and the distribution of sa-
linities, nutrients, and Ra isotopes in the cove, we have identified two
predominant discharge point sources: subterranean flows from the
stream (TOR) and inputs from the karstic spring (LFS), the latter only
inflowing to the cove in summer.

Radium isotopes are one of the most widely used tracers to estimate
SGD water flows and associated nutrient fluxes (Garcia-Orellana et al.,
2021; Taniguchi et al., 2019) and groundwater origins (Diego-Feliu
et al., 2022; Michael et al., 2011; Rodellas et al., 2017). The use of these
isotopes to assess the role of SGD in Cala Deia requires constraining all
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sources and sinks of these radionuclides in and out of the cove. A mass
balance of the long-lived 22®Ra isotope has been used to assess SGD and
associated nutrient fluxes in the Cala Deia. Notice that we have prefer-
ably used 228Ra because (1) coastal seawater is enriched in this radio-
nuclide relative to the open ocean, and (2) this radionuclide is indicative
of relatively long pathways and groundwater transit times as those
occurring at the study site (e.g., terrestrial groundwater discharge
through Karstic springs). Thus, we avoid using the short-live 22*Ra since
it may include other short-scale processes (e.g., porewater exchange)
which may play a minor role in transporting nutrients into the coastal
ocean in this system.

To estimate the flow of SGD a 2?®Ra box model was used assuming
steady-state conditions (see Egs. (2) and (3)).

(zsza(w—zx) -V

Fosgo_sop + Fsea + Fam + Fuream = -
;

+ [47Rac,-V] @

In Eq. (2), the terms found on the left represent the inputs of Ra into
the system, and those on the right the outputs. On the left, Fasp, is the
228Ra flux from SGD (dpm-d_l), F,.q is the 228Ra flux from the sediments
(dpm-d™1), Fuy is the 2?®Ra flux from the atmospheric deposition
(dpm-d’l), and Fyyean the 228Ra flux from superficial waters (dpm~d’1).
On the right we account for the Ra losses due to radioactive decay
[4-*®Ray,,-V], which depends on the decay constant of 228Ra (4;d™ 1), the
activity of 2?®Ra in the system (**Ra.,; dpm m~>) and the volume of the

system (V; ms), and the offshore outputs ((2 which depend on

28
Ra;,:,ex)-V)’
the Ra excess in the cove relative to offshore concentrations (***Rdcy,_ex;
dpm m™%), the volume of the box (V; m®) and the flushing time of the
isotopes in coastal waters (z,; d). The SGD water flow (Fsgp; m3.d™) can

be obtained by dividing the Fasp, ¢op by the 22°Ra activity in ground-

waters discharging to the system, i.e. the SGD endmember (***Raggp;
dpm m~3) (Eq. (3)).

Fasgy sop
2 Rason

Fsep = 3)

During both samplings, the ephemeral stream was completely dry,
and precipitations had not occurred during the previous 15 days (Fig. 5).
No other water inputs are known or could be identified in the cove
during the study. Thus, inputs of 22®Ra from streams can be neglected.
The flux from the sediments can also be neglected since the deeper
samples on the different samplings did not show a clear enrichment of
Ra in comparison to the surface samples. In addition, the Ra sediment
flux was also discarded due to the composition of the seabed, formed by
stones and coarse-grain sands, which can be considered to have low U/
Th content (Luek and Beck, 2014) and often represent a minor contri-
bution of Ra (<10 %) compared to total Ra inputs, particularly for long-
lived Ra isotopes such as 228Ra (Beck et al., 2007; Garcia-Orellana et al.,
2014; Rodellas et al., 2015b). The coastal waters experience a negligible
impact from tides, given that the tidal range is below 0.3 m. The at-
mospheric input was neglected as a Ra source because its contribution in
small-scale study sites is often not higher than 1 % (Garcia-Orellana
et al., 2021). Inputs of Ra in the cove are thus only dependent on the
supply via SGD, which is mainly inflowing to the cove through the
karstic spring (LFS) only discharging in summer, and subterranean flows
from the stream area (TOR). This assumption is indeed consistent with
the highest activities of Ra isotopes observed in near-shore areas close to
the ephemeral stream and the limestone fracture.

The volume of the system V was obtained from the area of the cove
(constrained by the 12 stations: 10,200 m?) and a depth determined by
the water stratification in summer (0.7 m), resulting in a more conser-
vative result. As a proxy of flushing times in the cove, we have used the
activity ratios (AR) of 224Ra/%?8Ra to estimate the apparent water age
(7). Following (Moore, 2000), we estimated the 7, using Eq. (4). We
used 2**Ra since it is the isotope with the shortest half-live (3.6 d) and
thus best suited for estimating short temporal scales as those expected in
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Fig. 3. Nutrient concentrations along the salinity gradient in the study site. Samples correspond to surface water from the ephemeral stream (EPS-1 and EPS-2)
(April), groundwater from the end of the ephemeral stream (TOR), groundwater discharge from the limestone fracture located at the western side of the cove
(LFS), water from the injection well (WWTP), coastal seawater stations and the offshore station.
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the cove, and 22®Ra to normalize for mixing.

224 224
|: Ra:| _ |: Ra:| .671224‘1, (4)
end cw

28 8
. Ra . Ra

224Ra 224Ra o eas
Where, {W} and [W] are the AR between the excess activities of
e R end e Ra| ey

224pa and %?%Ra (which corresponds to the difference between the
coastal water samples and the background concentration at the open
ocean (OCN)) in the endmember (as detailed in the next paragraph) and
coastal waters, respectively. The 7, was calculated for April (3.0 + 0.7 d)
but could not be estimated for August due to the relatively short z,.
Subsequently, we estimated the minimum 7, (1.5 d) that can be esti-
mated using Ra isotopes when considering the relative average errors
associated to the 22*Ra and 2?®Ra (d22*Ra and d22®Ra) in the coastal
stations (see Eq. (5)) (Knee et al., 2010), as follows:

ln(l —\/(@Ra)’ + (@Ra)’ >
T, = (5)

_/1224

This is the minimum time that can be estimated with Ra isotopes,
thus it represents an upper estimate of this temporal scale and we can
only infer that the flushing times are <1.5 d in August. Notice that using
1.5 d as an upper estimate of the Ra water age, we produce conservative
estimates of SGD (see Eq. (1)). Considering the temporal scales of
transport processes for Ra, this short time also suggests that steady-state
conditions are a valid assumption for the system (Rodellas et al., 2021).

As derived from the distribution of Ra isotopes and salinity, as well as
from visual identification, the main source of groundwater to the cove in
August appears to be the karstic spring inflowing at the western part of
the cove. Therefore, the sample collected in this spring (LFS) is consid-
ered the best representation of the SGD endmember for 222Ra (***Raggp).
However, since the spring discharges below the water surface, the
sample collected had a significant mixture with saline water (as derived
from its salinity: 28). Thus, the 2?®Ra concentration in this sample
cannot be used to estimate the SGD flow because the signal of Ra was
diluted. In order to provide a conservative estimation of SGD, we
extrapolated the 2?®Ra concentration to an effective zero-salinity end-
member using a linear regression (Beck et al., 2009; Tamborski et al.,
2020). The estimated zero-salinity 2?®Ra endmember concentration in
August is 3500 + 300 dpm 100 L™}, resulting in a conservative SGD flow
of 65 + 6 m® d 1. Normalizing the SGD by the length of the cove mouth
(80 m), the estimated SGD flow rate of 3.0 + 0.3 10° m® km™! y_1 is
similar in magnitude to SGD flows in other small coves in the Island of
Mallorca (Rodellas et al., 2014; Tovar-Sanchez et al., 2014). SGD flows
in April are not reported due to the low 228Ra concentrations that pre-
vent estimating an accurate SGD flow. These low 22®Ra concentrations
are however indicative of low SGD fluxes in April. It also should be
noticed that the SGD flows calculated are only representative of the
periods in which samplings have occurred (snap-shot observations) and
provide a qualitative comparison between seasons.

4.2. Influence of the wastewater treatment plant on the SGD flows

The higher 2?®Ra concentrations and the lower salinities in the cove
during August in comparison to April, suggest a higher inflow of SGD in
summer. The available knowledge on the springs from the area high-
lights their rapid response to precipitations, with increased water flows
lasting only a few days after the precipitation events (Gelabert and
Sabat, 2002). However, this result disagrees with the precipitation
regime in the area during the sampling periods, which were comparable
during both samplings (Fig. 5). 2*®Ra excess inventories inside the cove
were ~235 % higher in August than in April and thus they cannot be
attributed to changes in the natural recharge of the coastal aquifer. This
is also consistent with the visual observations of the karstic spring,
which was only flowing in August.
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Since no other process can explain the increase of SGD in summer, we
hypothesize that this difference in magnitude of SGD is likely to be
linked with the increase of the wastewater volume injected into the
aquifer during summer months (from 4400 m® in April to 12,800 m® in
August), as a consequence of the significant increase in tourism (Fig. 5).
Indeed, on the order of ~400 m® d™! are injected in the aquifer, on
average, every summer day. These large volumes are significantly
higher than the SGD fluxes to Cala Deia in August (65 + 6 m? d’l), and
thus the increase in injected wastewater volume could support the in-
crease in SGD in summer. We thus suggest that the increase in the de-
mographic pressure in the village during the high tourism season, which
results in an increase in the volume of WWTP effluents injected into the
aquifer during the high tourism season, may increase the aquifer water
table elevation and, therefore, the flow of SGD.

4.3. Nutrient fluxes driven by SGD

SGD inputs might be a relevant source of nutrients to Cala Deia,
particularly considering that groundwaters are likely influenced by ef-
fluents of the WWTP and that Cala Deia is a small and semi-enclosed
system, which may have a limited nutrient flushing. Thus, relatively
small nutrient inputs from SGD can have a significant impact on coastal
ecology. The SGD-driven nutrient flux can be directly estimated by
multiplying the Ra flux supplied by SGD by the nutrient to 2?®Ra ratio
concentration from the SGD endmember (LFS) (Cook et al., 2018; Olid
et al., 2022; Santos et al., 2008; Tovar-Sanchez et al., 2014). The esti-
mated SGD-driven nutrient fluxes for DIN, DIP, and DSi are 2.0 & 0.2
mol m~2 y~%, 0.15 + 0.02 mol m~2 y~1, 0.14 + 0.01 mol m~2 y~ !,
respectively. The calculated SGD-driven DIN fluxes in Cala Deia are
comparable with mean global estimates in carbonate coastal systems
(1.2 mol m™2 y’l; Santos et al., 2021), but they fit in the lower 25 %
fluxes estimated for local sites (<1 km?) and rocky areas. The high DIP
fluxes in Cala Deia are up to three times the top-end values reported in
other karst aquifers and are similar to the mean values in rocky areas.
DIP fluxes supplied by SGD to Cala Deia fit in the higher 75th percentile
of total reported cases in Mediterranean sites (Rodellas et al., 2015a).
Estimated DSi fluxes are in the lower ranges of the world karst or rocky
areas (Santos et al., 2021). Fluxes estimated in Cala Deia are similar or
higher to other sites influenced by WWTP or sewage in other locations of
the globe (i.e. Bishop et al., 2017; Rodellas et al., 2018; Tamborski et al.,
2020).

Besides SGD inputs, there are no other relevant inputs of nutrients
into Cala Deia, since no superficial waters were discharging into the cove
and the sediment of the cove (mostly composed of stones and coarse-
grain sands) is often considered a negligible nutrient source (Lii et al.,
2005). Atmospheric deposition could also contribute as a net supplier of
nutrients to the cove. However, considering the cove area and mean
atmospheric nutrient fluxes in the region (Markaki et al., 2010), it
produces atmospheric nutrient fluxes that would be 2 to 3 orders of
magnitude lower than SGD-driven nutrient fluxes and thus can be
neglected. Since nutrient fluxes supplied by SGD were only estimated for
August, a quantitative comparison of nutrient fluxes between seasons
cannot be conducted. A semi-quantitative evaluation can be conducted
by considering nutrient inventories in the cove for April and August,
together with the nutrient inventories that could be attributed to SGD in
August (i.e. SGD nutrient inputs multiplied by the flushing time derived
from Ra isotopes and the study area) (see Fig. 6). The measured DIN,
DIP, and DSi inventories in the cove are much larger in August than in
April (3, 10, and 1.5 times higher, respectively), potentially responding
to a higher input of nutrients in August compared to April. The nutrient
inventories that could be attributed to SGD are comparable in magni-
tude to the inventories measured in the bay for DIN and DIP, indicating
that SGD is most likely the main source of these nutrients. Regarding
DSi, SGD could only contribute to 50 % of the DSi inventories observed
in the cove, implying that another DSi source is needed to justify the
observed inventories. This missing source could be associated with the
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Fig. 6. Dissolved inorganic nutrient inventories during April (blue), August (red) and inventories attributed to SGD (orange). Speciation for DIN is also represented.

constant erosion of the stones and sand of the shore (Tréguer and De La
Rocha, 2013), a hypothesis that is consistent with the higher DSi con-
centrations measured on ST1, 2, and 3.

Focusing on the nitrogen species (Fig. 6), the DIN inventory in the
cove is mostly composed of NO3 in April (55 %), whilst the main species
is NH4 in August (96 %). The contribution of NO3 in the total DIN in-
ventories is insignificant during both seasons (<1 %). Such differences
in nitrogen speciation in cove waters can be partially explained by the
groundwater sources of these nutrients; in April, most of the N is most
likely provided from the subterranean flows from the ephemeral
streams, which are enriched in NO3. On the contrary, the most impor-
tant source of N is the karstic spring, which is mainly composed of NHZ
(99 %) most likely because of the water injected from the WWTP, which
is also rich in NHZ.

Both the seasonal pattern of groundwater discharge (i.e. higher SGD
in periods with higher WWTP injection) and the speciation of N in the
karstic spring (i.e. DIN mainly composed of NHZ) are consistent with
wastewaters injected into the coastal aquifers being the main source of N
to the Cala Deia via SGD. To better establish the potential origin of the N
concentrations in Cala Deia, we used the isotopic signature of N (0"N).
According to the published literature, 9'°N values from WWTP and
sewage waters are between +10 and + 22 %o, between +2 and + 8 %o for
groundwaters from natural systems, and 1 and 3.8 %o for western
Mediterranean seawaters (Cole et al., 2005; Kendall et al., 2007; Pantoja

etal., 2002). The 9'"°N signatures for the karstic spring (LFS; 10.3 %o) fall
within the range of waters impacted by wastewater effluents and sewage
waters (Fig. 7), suggesting that the high N loads could be released by the
WWTP effluents. This is consistent with the distribution and temporal
variability of salinity and Ra concentrations in the cove, as well as with
the observed variability of nutrient inventories and N speciation. The
relatively high values also observed in cove waters (8.3 %o in ST10)
reflect the contribution of anthropogenic sources (i.e. WWTP effluents)
in the nutrient inventories observed in Cala Deia.

The contribution of natural sources alone cannot explain the large
flux of DIP in summer in Cala Deia (0.66 mmol m~2 d™1), especially in
comparison to other carbonate karstic systems (average SGD fluxes of
0.021 mmol m~2 d~1; Santos et al., 2021) where phosphate is removed
and easily gets attached to the carbonate surfaces by co-precipitating
with dissolved Ca, Al or Fe (Cable et al., 2002; De Jonge and Villerius,
1989; Price et al., 2010; Weiskel and Howes, 1992; Zanini et al., 1998).
Considering the large amount of water injected into the aquifer from the
WWTP (412 m® d~1) and the high DIP concentrations of these effluents
(66.3 mmol m’s), the high SGD-driven DIP fluxes are also consistent
with the influence of the WWTP injection flux. The primary source of
DIP is likely human excreta, soaps, and detergents, as the area lacks
significant farms or industries employing fertilizers. Notice that we
aimed to establish a connection between injected WWTP effluents, SGD
water and nutrient fluxes into Cala Deia, prioritizing proof over precise
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Fig. 7. The 9" N from Cala Deia in comparison to average values reported in the literature (Cole et al., 2005; Kendall et al., 2007; Pantoja et al., 2002). Blue, green
and orange areas correspond to seawater, groundwater and sewage values from the literature. Diamonds correspond to samples measured in Cala Deia.

10



A. Alorda-Kleinglass et al.

SGD flow estimations. Acknowledging the semi-quantitative nature of
our SGD estimates and the inherent analytical and conceptual un-
certainties, our modeling approach consistently opts for conservative
estimates, preventing water flow and solute flux overestimations.
Despite these considerations, our results unequivocally demonstrate a
direct impact of WWTP effluents on the magnitude of SGD and solute
inputs in Cala Deia.

4.4. SGD impact on the water quality and coastal ecosystem

4.4.1. Phytoplankton blooms

In Cala Deia, the mean coastal water ratio DIN:DIP in August (31:1)
was above the Redfield ratio (16:1), indicating phosphorus as a limiting
nutrient. Therefore, inputs of DIP can be particularly relevant to sustain
productivity or trigger phytoplankton blooms in Cala Deia (as well as on
other coasts of the Illes Balears). The high SGD-driven nutrient fluxes
and the relatively low DIN:DIP ratio of discharging groundwaters (5:1 in
groundwaters from the karstic spring) can thus play a major role in
regulating the important phytoplankton blooms recurrently occurring in
the cove during summer months.

In this sense, the concentration of Chl-a can be used as an indicator of
the risk of eutrophication and thus a degradation of the seawater quality
(Colella et al., 2016). According to UN/MAP (2017) the threshold limits
for moderate/good coastal water quality for the Mediterranean north-
western islands should be below 1.20 mg Chl-a L™}, During August, Chl-
a concentrations in the closest stations to the shore, which had eutrophic
levels, were three times above those limits, with maximum concentra-
tions of ~4 mg Chl-a L™1. These high Chl-a concentrations are indicative
of an algal bloom occurring during the survey. Since the main source of
nutrients into the cove is SGD enriched in nutrients due to the injection
of WWTP effluents into the aquifer, this mechanism appears to play a
significant role in the degradation of the seawater quality according to
EU standards (UN/MAP, 2017). It should be noted that episodic blooms
during summer had already been detected in Cala Deia (Puigserver et al.,
2008) and are not exclusive to this site, but are common in Mediterra-
nean enclosed areas influenced by SGD (Basterretxea et al., 2007). Those
blooms are usually dominated by Alexandrium minutum, Dinophysis
sacculus, Karlodinium spp. and Gymnodium spp. at the shallower areas of
the coves (Basterretxea et al., 2018).

4.4.2. Seagrass meadows

The long-term effect of the SGD-driven nutrient inputs to the cove
can also be observed in the seagrass present in the cove, which integrates
the isotopic signature of the nutrient sources used to support their
growth (Andrisoa et al., 2019). Posidonia oceanica usually inhabits
pristine transparent waters, under oligotrophic conditions and carbon-
ate sediments that confer a P-limited environment (Short, 1987).
Through their roots and leaves, Posidonia oceanica can incorporate
inorganic or organic nutrients present in seawater (Garcias-Bonet et al.,
2016; Welsh, 2000). Depending on the main source of nitrogen the
seagrass will vary its isotopic ratio (9'1°N), presenting low isotopic sig-
natures (<4 %o; Illes Balears) if the main source is atmospheric (Bedard-
Haughn et al., 2003) or higher if nitrogen is mainly sourced by
anthropogenic activities (Apostolaki et al., 2012; Fernandes et al.,
2009).

The mean value reported in leaves tissues of Posidonia oceanica in this
study (4.7 + 1.9 %) is relatively high compared to the mean 9'°N signal
of 3.7 + 1.1 %o in leaves from the plant in other sites of the Illes Balears
(Fourqurean et al., 2007). These relatively high values, together with the
maximum 9'°N signature of 7.2 %o measured in the site, most likely
reflect the relevant contribution of N from anthropogenic sources (i.e.
WWTP effluents via SGD). Indeed, the mean value in Cala Deia is similar
to the signatures of seagrass meadows in highly pressured areas with
emissaries discharging near the seagrass meadows or irrigated coastal
areas with WWTP treated waters (Fourqurean et al., 2007; Garcias-
Bonet et al., 2016). The maximum in Cala Deia (615N = 7.2 %o) is almost
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as high as the two maximum values reported in the Illes Balears (7.41 %o
and 7.54 %o in Santa Eularia and Can Picafort, respectively), which
correspond to highly impacted areas. Thus, the isotopic signatures in
seagrass meadows in Cala Deia are consistent with the influence of
anthropogenic nutrient loads delivered to the cove by SGD. In addition
to acting as a nutrient source, these SGD-driven nutrient inputs can turn
into algal blooms that can affect the transparency of the waters of the
cove and/or enrich the sediment with organic matter, enhancing sulfide
toxicity and hypoxia, and therefore directly affect the Posidonia oceanica
ecosystem (Alcoverro et al., 2001; Calleja et al., 2007).

4.5. Water management potential impact on SGD ecosystem services

SGD plays an important role in the provision of Ecosystem Services to
coastal societies (Alorda-Kleinglass et al., 2021). The tourism industry
benefits from these Ecosystem Services (Apostolopoulos et al., 2002),
but the massive development of this industry endangers or even destroys
the same Ecosystem Services that it nurtures from. These Ecosystem
Services have also been reported to be endangered by high anthropo-
genic pressure on the beaches of California (Yau et al., 2014) or Hawai’i
(Knee et al., 2008), where the transference of pathogens through SGD
could endanger the swimmers’ health, and therefore their well-being. In
addition, cultural Ecosystem Services could also be negatively affected,
such as recreational activities or aesthetic values, due to the change of
perception that beach users might have from those sites. In this direc-
tion, when algal blooms develop in a frequented coastal area due to the
input of nutrients from SGD, changes of color can shape the perception
of both tourists and local villagers who might decide not to go back, with
an ultimate and direct impact on the local economy (Sanseverino et al.,
2016). The Cala Deia seems to exemplify such potential changes in
users’ perception, especially when related to cultural Ecosystem Ser-
vices. Moreover, the Ecosystem Service provided by the Cala Deia
related to developing recreational activities could also be negatively
affected, moving from the enjoyment of swimming in clean and pristine
waters to the rejection of entering such waters due to their color.
Consequently, the same industry that benefits from Ecosystem Services
threatens them through the increase of wastewater effluents injected
into the aquifer that is subsequently channeled to the cove via SGD.

Whilst this study focuses on a particular cove, the situation occurring
in Cala Deia is likely to occur in many other areas along the Mediter-
ranean coast, which is characterized by karstic coastal aquifers (car-
bonate lithologies account for 46 % of Mediterranean coastlines;
(Hartmann and Moosdorf, 2012) and by ranking among the top touristic
destinations of the world. In particular, the same situation is also ex-
pected to happen in many other sites of the Illes Balears. The four islands
from the Illes Balears have 10 WWTP with injection wells into coastal
aquifers, all of them located in sensitive touristic areas affected by its
important seasonality. Additionally, there are up to 32 WWTPs that
discharge into ephemeral streams or lagoons, which can also leach into
the aquifer or inflow to the coastal sea. SGD-driven nutrient inputs from
WWTP with injection wells not only have an important impact on the
coastal ecosystem with the proliferation of phytoplankton blooms that
reduce the seawater quality but also on the societies that live there
(Wada et al., 2021). Indeed the management of such services is crucial in
Mediterranean regions due to the scarcity and high demand of fresh-
water resources (Erostate et al., 2020).

5. Conclusions

This study highlights the importance of SGD as a pathway delivering
anthropogenic nutrients from a coastal aquifer influenced by the injec-
tion of wastewater into the coastal sea, and the potential impacts of
these inputs on coastal ecosystems and societies. A small cove (Cala
Deia) from a Mediterranean touristic area is studied in the present work.
The seasonality of touristic pressure directly translates to direct changes
in the amount of wastewater treated in the local WWTP and the volume
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of effluents injected into the aquifer, which alters the aquifer hydrology.
Such alterations are reflected in an increase in the flow of groundwater
discharge to a nearby cove and the fluxes of nutrients supplied to the
cove. Due to such inputs of SGD-driven nutrients, coastal inventories of
DIN and DIP increase by three and one order of magnitude, respectively,
in the period of higher touristic pressure, i.e. summer months. These
high nutrient fluxes may be contributing to algal blooms at the cove and
therefore to the degradation of the quality of seawater. The anthropo-
genic origin of SGD-driven nutrients can be tracked on the seawaters and
seagrass meadows of the cove, with a high 8*°N signature indicative of
polluted areas.

Submarine groundwater discharge driven-nutrient inputs have been
documented to have important implications for the coastal ocean
(Lecher and Mackey, 2018; Santos et al., 2021). This study demonstrates
that the large pressure on coastal areas produced by tourism activities
can contribute to altering these SGD fluxes, endangering coastal eco-
systems and the services they provide. This is particularly relevant for
highly touristic areas such as the Illes Balears or the Mediterranean
coast. This study presents an opportunity for researchers, managers, and
policymakers to better understand and manage coastal areas under high
anthropogenic pressure by considering the potential role of SGD.
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