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Abstract Submarine  Groundwater  Discharge
(SGD) has been frequently ignored as a nutrient
source to marine ecosystems because it is difficult to
identify and quantify. However, recent studies show
its ubiquity and ecological importance to the coastal
zone, particularly when associated with contaminated
continental aquifers. The Ria Formosa is a coastal
lagoon located in the south of Portugal and sur-
rounded by an intensely farmed area. Following a
12-month field study using seepage meters, we
identified groundwater discharge in the intertidal
zone of the lagoon. The seeping fluid was a mixture
of two water types: one with low salinity and high
nitrate concentration and another similar to local
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seawater. Based on the integration of monthly
seepage rate measurements throughout the year, we
estimate the mean discharge of submarine ground-
water into the lagoon to be 3.6 m® day ™' per linear
meter of coastline with freshwater contributions (per
volume) ranging from 10% to 50%. The results of
this study suggest a continental origin for the
freshwater component, thus linking the biogeochem-
ical cycles in the lagoon to anthropogenic activities
taking place in the neighboring coastal plain. We
further identify SGD as an important nutrient source
to the Ria Formosa, estimating annual loads of
36.2 mol (0.507 kg) of Nitrogen, 1.1 mol (0.034 kg)
of Phosphorus and 18.6 mol (0.522 kg) of Silicon per
meter of coastline. Based on these results, we suggest
that SGD is a potential contributor to the observed
nutrification status of the Ria Formosa lagoon.

Keywords Submarine Groundwater Discharge -
Seepage meters - Nutrification - Permeable
sediments - Ria Formosa - Nitrate

Introduction

The increased human settlement of the continental
fringe is promoting the contamination of water and
sediments in the coastal zone, particularly in coastal
lagoons. As the fraction of anthropogenic nutrients that
is annually injected surpasses that originating
from local ecological processes (Nausch et al. 1999;
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Garcia-Pintado et al. 2007), important changes in
local biogeochemical cycles are observed (Smith and
Atkinson 1994). Globally, nutrient loading into
lagoons is thought to occur mainly through terrestrial
runoff (in which rivers are included), atmospheric
deposition and exchanges with the ocean (Smith and
Atkinson 1994). However, growing evidence suggests
that Submarine Groundwater Discharge (SGD) may
also be an important source of nutrients to the coastal
zone, particularly when originating from contaminated
continental aquifers (Lee and Olsen 1985; Valiela and
Costa 1988; Cable et al. 1997a; Chanton et al. 2003;
Finkl and Krupa 2003; Ullman et al. 2003).

The term “Submarine Groundwater Discharge” has
been used over the years with different meanings since
some authors consider only freshwater discharge
while others also include recirculated water seepage
(Taniguchi and Iwakawa 2004). Nowadays, the most
consensual definition is the one put forward by Burnett
et al. (2003), in which “submarine groundwater
discharge is any and all flow of water on continental
margins from the seabed to the coastal ocean, regard-
less of the fluid composition or driving force”. SGD
has been shown to occur every time a non-confined
aquifer contacts the ocean and its hydraulic head is
above sea level (Johannes 1980; Burnett et al. 2001).
Because of its “invisibility” (Finkl and Krupa 2003)
and unpredictability in time and space, its presence is
often suggested only by its effects, i.e. nuisance algae
blooms and massive fish mortality (Finkl and Krupa
2003; Verhoeven et al. 2006). These characteristics
also hinder the quantification of the actual dimension
and intensity of the discharge and, therefore, SGD is
frequently ignored in local and regional nutrient mass
balances (Burnett et al. 2003).

This study was conducted in the Ria Formosa, a
coastal lagoon surrounded by a highly urbanized and
intensively farmed area. The lagoon sustains high
primary productivity during the whole year, but
shows evidence of nutrient enrichment when com-
pared to the adjacent coastal zone (Newton and
Mudge 2005). During the past 15 years, some
evidence of changes in its trophic status has surfaced
in the literature, including decreasing bivalve har-
vests (Dinis 1992), the increase in the occurrence of
algal blooms (Baptista 1993), the replacement of typ-
ical salt marsh vegetation by macro algae (Padinha
et al. 2000) and increasing incidence of fish kills
during summer months (Newton et al. 2003).
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These changes may arguably be linked to nutrient
enrichment, thus promoting research focused on
nutrient loading pathways to the system. Until present,
the major nutrient sources to the lagoon were consi-
dered to be urban effluents and agriculture-derived
terrestrial surface runoff (Ferreira et al. 2003). Other
suggested nutrient sources included atmospheric depo-
sition, torrential runoff, imports from the adjacent
coastal ocean and internal mineralization of excess
organic loading (Falcdo and Vale 1990, 1998; Newton
et al. 2003; Newton and Mudge 2005). However, those
potential contributions have never been properly
quantified in-situ and major uncertainties remain,
frequently leading to the presence of unidentified
diffuse-source parameters in efforts to produce mass
balances (Ferreira et al. 2003).

Here, for the first time, we identify SGD as an
important internal source of nutrients into the lagoon
and link the phenomenon to contaminated upland
aquifers. Based on a complete year of sampling, we
present preliminary estimates of the relative contri-
bution of SGD to the internal nutrient loading by
providing quantitative estimates of the seepage fluxes
per meter of coastline.

Study area

The Ria Formosa is a coastal lagoon located in the south
of Portugal (Fig. 1) and separated from the Atlantic
Ocean by a chain of five barrier islands and two
peninsulas (Salles 2001; Andrade et al. 2004). It is
approximately 55 km in length, has an average depth of
2 m and a total area of 170 km?, as well as an intertidal
surface of more than 50 km? (Andrade et al. 2004). The
contiguous coastal area has a semi-diurnal mesotidal
regime with an amplitude range of 1.35-3 m for neap
and spring tides, respectively (Salles 2001). The fresh-
water input to the lagoon is negligible, being reduced to
the Gildo River, in Tavira. During spring tides, ~50% to
70% of the lagoon’s internal water volume is renewed
on a daily basis, thus supporting its high dilution
capacity. Consequently, salinity inside the lagoon is
similar to that of adjoining coastal waters and ranges
between 35.5 and 36.9 psu (Ferreira et al. 2003).

The south of Portugal boasts a Mediterranean
climate, with hot and dry summer months and dry
moderate winters. The mean temperature is 16.3°C and
the mean annual rainfall varies between 480 mm in
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Faro and 580 mm in Tavira, on the eastern part of the
lagoon (Stigter et al. 1998; Salles 2001). The main
primary producers are the macrophytes Zoostera noltii
and Spartina maritima, but periodic macro algae
blooms of the genera Ulvae (Machas and Santos
1999; Salles 2001) occur in winter (Anibal 2004).

Ferreira et al. (2003) estimated the annual nutrient
load originating from urban and industrial effluents to
be421 ton (3.0 x 107 mol) of Nitrogen (N) and 83 ton
(2.7 x 10° mol) of Phosphorus (P). However, accord-
ing to the same authors these only represent part of the
total supply which is estimated to be 1,028 ton
(7.3 x 10" mol) and 164 ton (5.3 x 10° mol) of N
and P, respectively. These numbers are based on the
reported efficiency of local wastewater treatment
plants and on population-based estimates of nutrient
equivalents according to the World Bank. No precision
estimates of these numbers are available in the
literature.

The Ria Formosa supports a local economy based
on tourism through natural resource harvesting and is
thus strongly affected by human activities on the
surrounding watershed. Two intensely farmed areas,
Campina de Faro and Campina da Luz, are located
north of the lagoon: both overlie nitrate-contaminated
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Fig. 1 Location of the Ria Formosa and the study site

aquifers classified as Nitrate Vulnerable Zones
(NVZ) according to the EU’s Nitrate Directive. The
aquifer’s hydraulic head varies between 2 and 40 m
above mean sea level (MSL) in the southern and
northern limits respectively, and thus, preferential
groundwater flow occurs from north to south (Stigter
et al. 1998). From the hydrologists’ point of view,
these facts have already suggested that contamination
of the lagoon might be possible (Stigter et al. 1998,
2006a, b) while Newton et al. (2003) have suggested
the intensification of agriculture as a potential
explanation for the perceived increase of the nutrient
load to the Ria.

The study site is in the Ancao peninsula, located in
the western part of the Ria Formosa, approximately
1.5 km southeast from the access bridge to the “ilha
de Faro”. Field sampling took place on the inner side
of the peninsula, facing the major water channel
leading to Faro—“Esteiro do Ramalhete” (Fig. 1).
The beach profile at the site shows a moderate slope
at the high and intermediate parts of the beach, which
decreases at the lowest part, near low tide level
(Fig. 2). The sampling profile is limited at the lower
end by a major tidal channel running parallel to the
beach.
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Fig. 2 Median beach profile at the study site

Methods

In order to identify seepage locations and quantify
groundwater discharge, 12 monthly field trips were
carried out, from January to December 2006. Field
work was conducted during spring tides and 2 succes-
sive tidal cycles were sampled during each sampling
trip, adding up to a total of 525 direct seepage
measurements, complemented by water and sediment
samples. Sampling focused on the intertidal area and
was continuous during the ebb tide half period, the low
tide and the flood tide half period. During each field
trip, four to six Lee-type (Lee 1977) seepage meters
(SM) connected to water collecting bags were
deployed along the beach profile, with one meter
placed slightly below the highest discharge boundary
(SM 1), one or two positioned near the lowest low tide
level (SM 4 and 4'), where the beach slope was less
pronounced, and another two or three placed at an
intermediate position (SM 2, 2’ and 3), as seen in
Fig. 2. After the seepage meters were deployed,
sampling was not carried out for the following half-
tidal cycle to allow stabilization of the system.

The water collected from the meters was analyzed
in situ with an YSI 600 multi-parameter probe
(Yellowspring Instruments) for salinity, temperature,
total dissolved solids, pH and redox potential. Water
samples from the collecting bags were also taken
with ultra-filtration membrane samplers (Rhizon
SMS, Eijkelkamp Agriresearch Equipment) with a
pore diameter of 0.1 um, connected directly into
vacuum tubes (BH Vaccutainer), for posterior nutri-
ent analysis. The samples were stored at 4°C until
analysis, carried out within 2 weeks at most. Nutrient
concentrations were quantified following the
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spectrophotometric methods described in Grasshoff
et al. (1983) for NO,~, NH,", PO43_ and SiO,4, and
according to Jones (1984) for NO;3 ™.

Water and nutrient fluxes were integrated along
the three beach profile levels in which seepage meters
were located. Subsequently, a Gaussian peak curve
was adjusted to the water fluxes, for each month, in
order to obtain an estimate of the total discharge per
meter of coastline. The beach nutrient fluxes were
calculated by multiplying the integrated nutrient
concentration in the area delimited by the seepage
meters by the total discharge per meter of coastline.
The numbers obtained were crossed-referenced with
rainfall and public accessible water quality data
available for continental boreholes (INAG—National
Water Institute), aiming to establish annual patterns
and potential relationships between field seepage
observations and continental aquifer characteristics.

Results and discussion
Identification and behavior of SGD

Groundwater seepage occurred at the beach face
throughout the 12-month sampling period. The dis-
charge rate increased during ebb, peaked during low
tide, and was significantly lower or absent during the
high tide peak. Its temporal distribution strongly
suggested that seepage rates depend on the tide
(Fig. 3). The discharge intensity showed no great
variations during the whole year with the exception of
two discharge peaks in July and November and a
minimum discharge in February (Fig. 4). The highest
monthly discharge rates were measured at the interme-
diate and lower positions (SM 3 and SM 4), with values
of 190.6 and 185.0 cm day ', in July and November,
respectively. The lowest observed discharge was
1.7 cm day~ !, measured in February at the seepage
meter placed the highest on the beach profile (SM 1).
Salinity and nutrient concentrations measured in the
collected water evidenced some variation throughout
the year (Table 1). The range of measured salinity was
lower during summer, varying between 24.5 and
37 psu and showed a higher low limit, while during
the rest of the year the range widened to fall between
16.8 and 37.7 psu. However, this seasonal pattern was
more evident in the evolution of nutrient concentra-
tions in the seepage meters. Nitrate, phosphate and



Biogeochemistry (2008) 88:185-194

189

Tide height (m)

Fig. 3 Comparison
between discharge and tide =
height in February and June = 200 1
(left-hand side) and o
September and December E
(right-hand side) g) 100 1
©
=
Q
L2
(=]
o]
-~ 300
.
©
o
5 2001
(]
2
©
5 100 4
L
(=]
0

Tide height (m)

Time (minutes)

2009 oo SMA

— — sm2

——— sm2 A

— swm3 A

——— SM4 1A

- sM4 ;o
Average

_\ _‘
o o
s s
: .
|
|

Discharge (cm day'1)

a
o
L

0 T T T T T T T T T T |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time (months)

Fig. 4 Averaged discharge per seepage meter per month and
monthly averaged discharge from January until December

silicate concentrations decreased in the early summer
months of June and July, but increased during late
summer (August and September). Ammonium was
either absent or present at very low concentrations
throughout the whole year, but levels also increased,
albeit slightly, during early fall (September and
October), although the apparent decrease during the
summer months was not as clear as the pattern
observed for the other nutrients.

For each sampling period, a significant decrease in
salinity was observed as the tide ebbed, with peak
lows measuring between 16.8 and 32.9 psu, while
maximum values ranged between 36.2 and 37.7 psu,

1200 0 200 400 600 800
Time (minutes)

within typical levels for the Ria’s water column. High
temporal and spatial variability of the discharge was
observed during the year. In some cases, the
discharge measured at the same seepage meter was
different for the two sampled low tide periods (albeit
within the same range). On the other hand, two
seepage meters placed next to each other (with a
maximum distance of 2 m) also showed dissimilar
discharge rates from time to time.

Presence of two water masses

The average discharge per meter of coastline was
estimated to be 3.6 m> day_], which is within the range
of literature values for SGD elsewhere: 2.04.2 m’
day ' m~' (UNESCO 2004), 0.6-35.0 m* day ' m™"
(Cable et al. 1997b), 4.5-23.0 m> day™' m™" (Bochm
et al. 2006). The seepage meter method was adequate
for the purposes of this study. Unlike other methods used
to quantify SGD fluxes, seepage rates measured with
Lee-type meters, if coupled with measurements of
salinity in the outflowing water, allow for the separate
quantification of freshwater discharge and recirculated
seawater seepage (Oberdofer 2003), thus facilitating the
establishment of correlations between salinity and
nutrient levels. In fact, the differences in the characte-
ristics of the discharged water revealed the presence of
two distinct water masses (Fig. 5): one with high salinity
and low nitrate concentration (water type 1) and another
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Table 1 Salinity and nutrient concentration range for each month

Months Salinity (psu) NO;~ (uM) NH,* (uM) PO~ (uM) Si02~ (UM) Number samples
January 36.4-16.8 13.9-2.5 6.5-0.0 1.6-0.0 51.2-13.2 38
February 36.4-24.7 64.94.5 25.1-0.0 2204 34722 43
March 36.8-18.7 60.0-3.6 11.7-0.0 1.5-0.0 5.7-1.8 55
April 36.2-25.9 25.7-0.6 5.6-0.0 1.8-0.0 27.2-0.4 38
May 36.5-26.5 23.1-2.5 8.8-0.0 1.9-0.0 25.6-0.0 29
June 37.0-32.9 12.9-0.0 4.9-0.0 1.0-0.0 12.7-1.8 59
July 37.0-31.1 14.4-0.0 16.8-0.0 1.0-0.1 0.03-0.0 64
August 36.7-25.9 120.6-0.0 7.9-0.0 1.3-0.0 31.0-24 44
September 35.5-24.5 187.1-0.0 39.5-0.0 2204 15.5-0.4 36
October 36.5-22.4 176.0-0.0 40.0-0.0 2.9-0.5 42.1-3.9 32
November 37.4-21.3 88.1-2.3 2.3-0.0 2.3-0.0 34.4-39 58
December 37.7-30.9 49.4-13 0.0-0.0 na? 59.9-14.8 29
? n.a., not available
Wr—————————————— T water type 1 originates from the drainage of infil-
g trated water sensu Horn (2002) during flooding and
\ high tide (recirculated water). Water type 2, however,
| ry | | corresponds to brackish water, resulting from a
= 40 4 A | . .
= . a) mixture of infiltrated seawater and fresh groundwater
E | ¥ v, | seeping through the sediment.
8 | v e L O Mixing curves (Fig. 6) show that nitrate concen-
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with low salinity and high nitrate concentration (water
type 2).

Spatial analysis of the data allowed us to separate
the beach face into two distinct areas, according to
the two types of discharged water. Water type 1 was
associated with the highest part of the beach profile
while water type 2 was found at the intermediate and
lower parts of the beach. Considering its salinity,
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Salinity

Fig. 6 Comparison between salinity and nitrate concentration
with a mixing curve between seawater and brackish water: A)
(from August to December) y = —11.52x + 422.06, n = 55,
p <0.0001 and B) (from January to July) y = —2.94x +
110.08,n = 70, p < 0.0001. Note periodic pattern on the nitrate
concentration levels
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an approximately semi-annual pattern in the nitrate
concentration of the freshwater end-member, with
lower levels of contamination present from January
until July and higher contamination levels from
August until December.

Freshwater origin and contribution

A comparison between the freshwater discharge rate
at the beach and pluviometry in the drainage basin,
on a monthly basis, suggests they are linked, with the
higher discharge rates coinciding with the major
rainfall peaks (Fig. 7). This suggests a continental
origin for the freshwater, since the discharge appears
to be directly related with rainfall that occurred over
the drainage basin. The relative contribution of
freshwater to the total discharged volume reached a
maximum of 50%, but in general, varied between
10% and 30% of the total volume, as already noted
elsewhere (Burnett and Dulaiova 2006; Moore 2003,
2006; Schiavo et al. 2006). By integrating the mea-
sured freshwater fluxes along the length of the beach
profile, we estimate the average rate of freshwater
discharge to be approximately 0.3 m® day™' m™'.
Based on this figure, we extrapolate an annual
freshwater discharge rate of 109.5 m® per linear
meter of coastline.

Periodic pattern of water seepage rates
and associated nutrient fluxes

Submarine groundwater discharge links soil use in
the coastal plain to the nutrient status of the Ria
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Fig. 7 Plot of monthly rainfall in S. Bras do Alportel
according to data available from the Instituto Nacional da
Agua (INAG), compared to measured freshwater discharge at
the sampling site

Formosa. Based on our results, we estimate the
annual nutrient input, per meter of coastline, to be
~ 1.1 mol phosphorus (P) and 18.6 mol silicon (Si).
However, the most important contribution to the
internal nutrient load is the total dissolved inorganic
nitrogen (DIN), with an annual input of
36.2 mol Nm~'. Annually, the fraction of DIN
discharged per meter of coastline as nitrate is
32.9 mol N, while ammonium and nitrite contribute
only 2.2 and 0.7 mol N, respectively. Therefore, as
seen on Fig. 8, nitrate is clearly the most abundant
form of nitrogen, along the year, with ammonia
representing 10% of the monthly load only in
September and October. Just considering the fresh-
water source, the estimated annual N input in nitrate
form by groundwater seepage is 28.6 mol m™'.
However, it is important to consider that these
represent lower-limit estimates, since they are based
on the extrapolation of the nutrient load to the
perceived width of coastline with preconditions to
host SGD (i.e. the area of sandy sediment exposed at
low tide or located under a water column shallow
enough to allow seepage while submerged).

High nitrate fluxes were observed from August
until November, which is in tune with the variation of
contamination levels calculated for the freshwater
source (Fig. 6). This leads us to argue that the higher
nutrient fluxes observed during the second semester
are not exclusively related to the total discharged
water volume, which depends on the hydraulic
gradient, in turn controlled by the tide and aquifer
recharge dynamics. Instead, this annual pattern may
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(o]
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Fig. 8 Relative contribution of each measured N species to the
total N monthly discharge
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reflect the periodicity of agricultural practices in the
surrounding watershed.

Implications and future research

The Ria Formosa is a highly productive ecosystem
where signs of nutrification have been reported by
several authors. Different hypotheses have been put
forward to justify these signs, but major uncertainties
remain concerning both the identification and quan-
tification of the relevant sources.

The nutrient concentrations measured in the seepa-
ge water are in tune with the Ria’s annual primary
production cycle (Fig. 8). The spring/early summer
bloom observed within the lagoon (Anibal 2004) is in
synch with the first peaks of groundwater-borne
nutrient flux. A decrease in the nutrient concentration
beginning in spring is followed by an increase in
concentration during late summer, a fact that concurs
with the decline of the benthic primary producer
community and consequent enhanced remineralization
rates (Anibal 2004). Nitrogen concentrations also
decline in early winter months, matching the behavior
of macro algae blooms (Ulva sp. and Enteromorpha
sp.) in the intertidal zone observed and described by
Anibal (2004). These parallelisms may indicate that
SGD-borne nutrients are being consumed by primary
producers during the seasonal algae blooms described
by Anibal (2004). Consequently, SGD might be an
important modulator of local primary production,
sustaining the occurrence of nuisance blooms during
winter and eventually local benthic production during
spring and summer. However, more evidence is needed
to support this argument more fully.

When compared with the annual diffuse source for
the whole Ria proposed by Ferreira et al. (2003) of
~4.3 x 10’ mol N, SGD-borne nutrients appear to
be significant in terms of the lagoon’s mass balance.
Using our estimate of 36.2 mol N year ' m~' and a
coastline length of 100 km, corresponding to the
internal land water contact zone length, the nitrogen
input justified by SGD is 3.6 x 10° mol N year ", or
~10% of the previous figure, which might be
ecologically important, when considering the main
discharge period. In truth, due to the very high tidal
flux of the lagoon, the fact that the measured
discharge is directly related to tide level leads to
some important ecological implications. The higher
seepage rates observed at the peak of low tide will, in
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effect, increase the residence time of the discharged
nutrients, since most of the nutrient load will be
naturally trapped within the lagoon by the incoming
flood tide. The other anticipated nutrient sources will
have lower residence times, since (1) Urban effluents
are discharged by the waste-water works during
peak high tide to unsure rapid dilution during ebb;
(2) River load is only important during winter, and
even then, most of the surface freshwater flow is
torrential, the effect of which is negligible, when one
looks at the annual salinity variation within the
lagoon (max 1 psu) and finally (3) The average annual
rainfall for the whole drainage basin, already cor-
rected for evapotranspiration is just 1.2 x 10°® m?
(Salles 2001), and represents a very minor fraction of
the tidal prism, which is 115 x 10° m? for mean tide
periods (Ferreira et al. 2003).

However, our estimate is still very preliminary. One
of the questions related to the accuracy of our numbers
is that seepage meters are prone to measurement
artifacts, sometimes leading to imprecise results
(Taniguchi et al. 2003). The main one is the “Shaw-
Prepas” effect, which refers to an anomalous increase
observed in the seepage rates due to the mechanical
properties of the collecting bags. This artifact may be
controlled by pre-filling the bags with a known volume
of reference water (Shaw and Prepas 1989). However,
in this study, no bag pre-filling was performed, due to
the need for fast and frequent sampling needed to
comply with our sampling strategy. However, as
shown by Shaw and Prepas (1989) the artifact is
marginal when studying high seepage rates (above
0.51h ' m™?) and considering the high seepage
rates observed in this area (the minimum was
0.7 1 h~" m™?) we are confident that there was no
substantial error associated with the procedure. Even
so, the need for some kind of error estimate in these
studies, obvious in general literature, is paramount.

Following the analysis of Bokuniewicz (1992), we
considered that the discharge assumed the shape of a
Gaussian curve, with a maximum discharge peak at
the intermediate/lower beachface decreasing both in
offshore and inland directions. Due to the steep depth
increase resulting from the presence of the tidal
channel, we assumed that the seepage became zero in
the margins of the channel.

Concerning the nitrate concentration of the fresh-
water member, the year can be divided in two parts,
with concentrations ranging between 110 puM, in the
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Fig. 9 Borehole location in the area surrounding the study
site: QL—Quinta do Lago; MN—Montenegro; GB—Gambe-
las; VV—Vale da Venda; PT—Patacio; MG—Mar e Guerra;
CF—Campina de Faro and QA—Quinta do Amendoal

first 7 months of the year (from January until July) and
420 puM, in the last 5 months (from August until
December) (Fig. 6). These calculated concentrations
are lower than the ones available at the INAG database
for the study site’s closest borehole, Montenegro.
Moreover, other boreholes located close by like Mar e
Guerra, Vale da Venda and Quinta do Amendoal, also
show much higher concentrations than those we
estimated for the freshwater source (Fig.9 and
Table 2). Apparently, since the lower nitrate concen-
trations measured at the beach are not the simple result
of dilution with seawater, there must be some nitrogen
removal at the beach and/or along the aquifer,
evidencing the balancing task performed by wetlands
and, especially, by sandy sediments. However, in spite
of this apparent mitigation, when the nutrient input is
too high, some unpleasant effects may occur in the

Table 2 Extrapolated nitrate concentration range in the
freshwater source calculated from the study site and nitrate
concentrations in several boreholes located in the surrounding
area from 1995 until present

Location Nitrate concentration (uLM)
SGD “freshwater source” 483.0-12.9

Quinta do Lago 16.1-0.5

Gambelas 177.4-0.5

Montenegro 2274.2-361.8

Patacdo 403.2-108.7

2803.2-1164.0
1762.9-1209.7
3282.6-246.5

5612.9-3902.6

Mar e Guerra
Vale da Venda
Campina de Faro

Quinta do Amendoal

ecosystem, including losses of biodiversity and green-
house gas release (Verhoeven et al. 2006).

Further studies are thus vital for a full understanding
of the contribution of SGD to the Ria Formosa
ecosystem. The priorities should be on determining
the area of discharge, e.g. the contact area between
upland aquifer systems and coastal sediments, the
study and modeling of the mitigation capacity offered
by sandy sediments and the determination of the fate of
the discharged nitrogen inside the lagoon’s system.
The implementation of the European Water Frame-
work and the establishment of new European rules
concerning the maintenance and/or recovery of the
environmental quality of coastal systems attribute high
importance to research of coastal nutrient inputs and,
therefore, future mass balance studies should take this
potentially significant contribution into account.
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