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Abstract: Groundwater discharge is an important vector of chemical fluxes to the ocean environment,
and as the concentration of nutrients is often higher in discharging groundwater, the deterioration
of water quality in the receiving environment can be the result. The main objective of the present
paper is to estimate the total NO; flux to coastal water bodies due to groundwater discharge in
the volcanic Azores archipelago (Portugal). Therefore, 78 springs discharging from perched-water
bodies have been monitored since 2003, corresponding to cold (mean = 14.9 °C) and low mineralized
(47.2-583 uS/cm) groundwater from the sodium-bicarbonate to sodium-chloride water types. A set
of 36 wells was also monitored, presenting groundwater with a higher mineralization. The nitrate
content in springs range between 0.02 and 37.4 mg/L, and the most enriched samples are associated
to the impact of agricultural activities. The total groundwater NOj flux to the ocean is estimated
in the range of 5.23 x 103 to0 190.6 x 10% mol/km?/a (3 =~523 x 103 mol/km2/a), exceeding the
total flux associated to surface runoff (¥ = ~281 x 10 mol/km?/a). In the majority of the islands,
the estimated fluxes are higher than runoff fluxes, with the exception of Pico (47.2%), Corvo (46%)
and Faial (7.2%). The total N-NOj flux estimated in the Azores (~118.9 x 10% mol/km?/a) is in the
lower range of estimates made in other volcanic islands.
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1. Introduction

Submarine groundwater discharge is a major vector of chemical fluxes to the ocean
environment [1,2], and in the upper entire Atlantic Ocean it can be estimated as approximately
80% to 160% of the river discharge [3]. The concentration of nutrients from discharging groundwater
is often higher than in coastal receiving waters [4], as shown for nitrates which present levels that
are two to three orders of magnitude higher than typical coastal waters [5]. Therefore, transport of
nutrients toward coastal waters through groundwater discharge can be a driver to the deterioration
of water quality in these receiving environments, leading to ecosystem changes [6-9]. Besides
agriculture-derived nutrient loads, sewage fluxes resulting from the increasing average population
density in the near coastal-area, which nowadays is three times higher than the global average [10],
also results in higher nutrient discharges to the coastal environment, leading toward the widespread
eutrophication of coastal waters [11-15], as well as pointing out the need to reduce pollutant
fluxes [16,17].

Several cases studies have been approached using geochemical tools to quantify nutrient
fluxes from groundwater discharge both in continental areas [4,9,18,19] or in islands [20-24].

Water 2017, 9, 125; d0i:10.3390/w9020125 www.mdpi.com/journal /water


http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/journal/water

Water 2017, 9, 125 2 of 15

These contributions showed that the nutrient load due to groundwater coastal discharge can be
higher than the one associated to surface runoff [19,25,26]. Therefore, nutrient-derived groundwater
contribution can be higher than expected when considering only the overall water budget in a specific
area in particular [27,28], resulting from the fact that groundwater bodies are often enriched in nutrients
relative to surface waters [29], often due to agriculture impact. In the European Union (EU), a study
has shown that the nitrogen leaching to groundwater derived from agricultural activities results in
a general surplus in EU-27 member-states [30]. Groundwater pollution due to agriculture-derived
pollutant loads has been studied around the world [31-34], and high nitrogen loads may result both
from the application of fertilizers and from the leaching of grazed pasturelands [35,36].

The archipelago of the Azores (2322 km?) is an autonomous region of Portugal, with nine
volcanic islands spread along a WNW-ESE-trending strip in the North Atlantic Ocean (Figure 1).
The Azores are located between latitudes 37° to 40° N and longitudes 25° to 31° W, and have a total of
246,353 inhabitants (2014). In the year 2013, agriculture explained about 9.4% of the gross value added
to the Azores regional product, with livestock being the main agricultural activity, with 267,000 bovines
identified (year 2014). A recent study using LANDSAT 7 imagery has shown that about 56% of the
land use corresponds to agriculture, which far exceeds the land use by forests and natural vegetation,
that corresponds respectively to about 22% and 13% of the land surface [37]. Pasture lands are also by
far the main agricultural land use.
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Figure 1. Geographical location of the Azores archipelago in the North Atlantic Ocean. The three main
groups of islands are also shown: Western (islands Corvo and Flores), Central (islands Terceira, Pico,
Faial, Sao Jorge and Graciosa) and Eastern (islands Sao Miguel and Santa Maria) groups.

Studies conducted in the Azores archipelago have shown that surface water and groundwater
pollution due to agriculture may be a major concern to water authorities. In fact, through both the
application of synthetic and organic fertilizers and the leaching of pasture lands, nutrient enrichment
in waters occurred, sometimes associated to microbiology pollution, which led to the failure to comply
with EU and national water quality regulations [38-43]. Due to the hydrogeological setting and
nitrogen pollution loads, groundwater pollution risk was also considered a major concern in some
areas along the archipelago [44]. Nevertheless, from the 59 bathing waters that have been analyzed
in Azores through 2015, 13.6% are good bathing water quality and 86.4% are excellent according to
EU criteria [11,12]. Accordingly, the 20152021 Azores River Basin Management Plan showed that
from the 30 coastal water bodies delimited, 89% have an excellent status and 11% have a good status
according the EU Water-Framework Directive requirements [45]. The physical setting of the Azores
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favors the dispersion of pollutants due to the absence of a continental shelf, which explained why the
coastal zone was considered as less sensitive according the EU urban wastewater directive.

The objectives of this paper are (1) to characterize the content of nitrates in a set of spring
discharges spread all over the nine islands of the Azores archipelago; (2) to estimate the total NO3
flux to coastal water bodies due to groundwater discharge; and (3) to compare groundwater derived
fluxes to NO3 and total N fluxes in surface runoff. The NOj fluxes to coastal water bodies are the first
estimates in the Azores archipelago, and to the best of our knowledge the first in the biogeographic
area of Macaronesia.

2. Hydrogeological Setting

2.1. Geology Outline

The Azores archipelago is located near the triple junction between the American, African,
and Eurasian plates [46,47]. The islands are all of volcanic origin, and at least 28 eruptions have
taken place since the settlement of the archipelago in the late 15th century [48], the last episode
corresponding to a submarine eruption in 1998-2000 [49].

The volcanic history of the Azores depicts numerous events with different eruptive styles and
magnitudes, from predominantly effusive to highly explosive eruptions. As a result, a large array of
volcanic forms and deposits are found in the Azores, such as basaltic to trachyte lava flows, fall and
flow pyroclastic deposits and trachytic domes [46].

Santa Maria is the oldest island of the archipelago, being aged from about 8.12 Ma [49], and besides
being made from lava flows and pyroclastic deposits of basaltic nature, it is the only one that has
sedimentary formations found interbedded in the volcanic sequence. Islands such as Pico (~240,000 a)
and Sao Jorge (~550,000 a) are also mainly made by basaltic rocks from Hawaiian and Strombolian
eruptions. The remaining islands show more evolved volcanic rocks, ranging from basalts to trachytes
lava flows, fall and flow pyroclastic deposits, such as pumice fall deposits, ignimbrites and other
types of flow deposits, and trachytic domes. This latter group of islands is made up of Sao Miguel
(~4.01 Ma), Flores (~2.16 Ma), Faial (~730,000 a), Corvo (>~710,000 a), Graciosa (~620,000 a) and
Terceira (>300,000 a) [46].

2.2. Hydrogeology Outline

The total groundwater appropriation in the Azores is about 47 x 10° m®/a, comparing to a total
surface water abstraction of about 793 x 10% m3/a [45]. Therefore, groundwater is a strategic natural
resource, which accounts for about 98% of the water supply in the Azores archipelago [43], and several
islands are totally dependent on aquifers for water supply.

Two major aquifer systems can be found in the Azores archipelago, namely the basal aquifer
system and perched-water bodies [50,51]. The former corresponds to coastal aquifers presenting a very
low hydraulic gradient, and the latter corresponds to confined or leaky aquifers at altitude, explaining
the numerous springs in the volcano slopes [50,51]. Specific well capacity is in the range of 1.40 x 102
t0 266.67 L/s.m (median = 32.29 L/s.m). The higher values are observed in drilled wells located in
islands such as Pico and Graciosa, which abstract groundwater from thin fresh and fractured young
basaltic lava flows, frequently interbedded with clincker levels [51].

The average precipitation at the Azores is 1930 mm/a, with values showing a high variability
along the archipelago, ranging between 966 (Graciosa island) and 2647 mm/a (Flores). Nevertheless,
the average precipitation exceeds by far the average actual evapotranspiration (581 mm/a), the latter
with a much lower variability in the archipelago (502 mm/a in Sao Jorge to 632 mm/a in Graciosa
island) [52].

Recharge rates range from 8.5% to 62.1% of the average precipitation, the higher values being
observed in areas characterized by a sparse soil cover over young basaltic lava flows that are frequently
fractured [45,51]. Groundwater resources are about 1580 x 10° m3/a, ranging from 8.3 x 10°
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(Corvo island) to 582 x 10® m3/a (Pico island; [51]), and values above the median (101.3 x 10° m3/a)
are computed for islands such as Sao Miguel, Sao Jorge, Terceira and Flores.

3. Material and Methods

A set of 78 springs and 36 wells spread along the nine islands of the Azores archipelago were
sampled since 2003 in order to comply with the monitoring requirements derived from the EU
Water-Framework Directive (Figure 2). The springs discharge from perched-water bodies while wells
are all drilled in the coastal basal water bodies. Surface water and groundwater bodies monitoring
is coordinated by the Directorate-Regional for the Environment (Azores Regional Government).
The development of the monitoring network was made according to a phased approach, and the
criteria for the selection of springs and wells, as well as an insight into the constraints and major
achievements, are described in [41,45]. The development of the monitoring programme, as well as
a full description of the field and analytical procedures, is presented in [41].
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Figure 2. Location of the several springs and wells that have been monitored in the Azores archipelago
(springs—black dots; drilled wells—red triangles) (map not to scale).

The studied springs are mainly located between 201 and 400 m above sea level (asl) (51.2%),
but are spread along a wider altitudinal range (Figure 3A): 6.4% of the springs discharge below
100 m asl, while 7.7% are located at an altitude higher than 700 m asl. As a result of spring capture
infrastructures, discharge was measured in only 89.7% of the 78 springs. For these springs, the average
discharge value is usually not higher than 1.6 x 1072 m3/s (1000 m?/day; 95.7% of the springs),
and only 2.9% and 1.4% corresponds, respectively, to values in the range between 3.47 x 1072 and
5.79 x 1072 m3/s (3000-5000 m3/day) and higher than 6.94 x 10~2 m3/s (7000 m3/day; Figure 3B).
However, a total of 54 springs have discharges lower than 1.34 x 1073 m?/s (120 m?®/day), from which
50% present a discharge lower than 2.31 x 10~* m3/s (20 m3/day; Figure 3C), and 16.7% in the range
7.06 x 1074-9.26 x 10~* m3/s (61-80 m>/day).

The drilled wells are mainly located near the coast, at an altitude between 33 and 263.5 m
(mean = 138.7 m) and presenting depths between 41 and 284 m (mean = 143.2 m). The volume of
water abstraction ranges between 48 and 1807 m3/day (mean = 604 m3/day).
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Figure 3. Attributes of the sampled springs according to: (A) altitude range; (B) discharge—all springs;
(C) discharge—springs with values lower than 120 m3/day; (D) water electrical conductivity.

4. Results and Discussion

4.1. Data Presentation

Groundwater composition is reported in Table S1 (mean value for temperature, pH, electrical
conductivity, dissolved CO,, major-ion and NOj3 content).

Spring waters have temperatures in the range between 12.2 and 18 °C (mean = 14.9 °C).
Water temperature depicts an inverse relationship regarding spring elevation (r = —0.751), suggesting
the influence of the colder air temperature observed at higher altitude in the islands (Figure 4A).
A similar pattern is observed in other volcanoes worldwide [53] as well as in detailed studies carried
out in specific central volcanoes in the Azores [54]. The mean pH values range between 6.1 and 8
(mean = 7.1), showing that waters range from slightly acid to slightly basic.

Electrical conductivity (EC) ranges between 47 and 583 pS/cm, and waters can be considered
as poorly mineralized, with 47% of the samples being in the range between 101 and 200 uS/cm and
about 91% of the samples presenting EC values as high as 300 uS/cm (Figure 3D). This low overall
mineralization is common in springs located in perched-water aquifers in the archipelago [54,55];
an inverse relationship is presented by water conductivity and spring elevation (r = —0.566) which
points out that discharges located at higher altitudes correspond to groundwater with a low residence
time (Figure 4B).

Groundwater sampled in wells depicts a higher mineralization comparing to spring discharges,
as shown by the EC values (128-2775 uS/cm; mean = 856 uS/cm). Wells with EC measurements
higher than the median value (644 uS/cm) are mainly from Graciosa and Pico islands, where several
groundwater bodies were classified as having poor status according to the EU Water Framework
Directive criteria.

Groundwater is mainly from the sodium-bicarbonate to sodium-chloride water types (Figure 5).
Drilled wells are mainly from the sodium-chloride water type, while spring water types present a wider
range. The highest correlation coefficients between EC and major-ion in water are depicted by Cl
(r =0.977; Figure 6E), Mg (r = 0.950; Figure 6C), SO4 (r = 0.921; Figure 6F) and Na (r = 0.918; Figure 6A).
Instead, a low correlation coefficient is computed for HCOs (r = 0.502; Figure 6G). Presented data
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points to the main drivers of the groundwater chemistry in the Azores already identified in previous
studies [43,54,56], namely: (1) a marine source, through seawater spraying in springs and seawater
intrusion in a few wells; and (2) silicate dissolution.
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Figure 4. Bivariate plots between (A) spring elevation and water temperature (best fit line:
y = — 0.0058 + 17.039); and (B) spring elevation and water electrical conductivity (best fit line:
y = — 0.2849 + 277.3).
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Figure 5. Durov-type diagram depicting major-ion relative composition in studied springs (spr)
and wells.
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Figure 6. Bivariate plots between electrical conductivity (in uS/cm) and major-ion in groundwater
(values in meq/L; best fit lines are shown). Spring and well references according to Table S1.

The former explains the higher EC observed in drilled well waters, and is depicted in the several
plots (Figure 6). The influence of the seawater composition is also shown by the high correlation
coefficient between Na and Cl (r = 0.827; Figure 7), however samples reveal a Na-enrichment besides
a marine source-derived signature as depicted by the deviation from the seawater line in the plot.
This enrichment can be due to silicate dissolution, as well as to cation exchange with Ca. The latter
process also explains that the majority of the samples define an alkali metals enrichment trend regarding
the alkali-earth metals content, as shown by the deviation from the Na + K = Ca + Mg line (r = 0.546;
Figure 8). Nevertheless, through Figure 8, it is possible to show that springs from islands such as Santa
Maria, Graciosa, Pico and Sao Jorge—where it is expected that the volcanic sequence is dominated
by basaltic rocks—show higher alkali-earth metals content comparing to samples from Sao Miguel,
Terceira and Faial, where springs discharge mainly from more evolved volcanic rocks.
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Figure 7. Bivariate plot between Na and CI content in spring waters (values in meq/L).
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Figure 8. Bivariate plot between alkali and alkali-earth metals content in spring waters (values
in meq/L).

4.2. Nitrates Occurrence and Fluxes

The content of nitrates in springs ranges between 0.02 and 37.4 mg/L (mean = 7.1 mg/L) and also
contributes to the overall groundwater chemistry (r = 0.497; Figure 6H). From this plot, it is possible to
show a group of samples that present a NOs-enrichment (springs 3, 15, 26, 28, 41, 43, 48, 53). The higher
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mean values are observed in Graciosa (16.77 mg NOs /L), Sao Jorge (13.15 mg NO3 /L), Santa Maria
(11.84 mg NO3 /L) and Terceira islands (10.72 mg NO3 /L), while the lower mean values are computed
for Faial (0.57 mg NO3 /L) and Pico (1.30 mg NO3/L). Through the computation of a nitrate enrichment
factor (EF), as suggested by [57] and [58], and taking in account a natural background level equal to
8.46 mg NOs3 /L [59], the set of springs with a higher content of nitrates present an enrichment factor in
the range of 2.15 to 4.42.

The majority of springs comply with the maximum recommended content (25 mg NO3/L)
according to the Portuguese water quality regulatory framework, all being under the 50 mg NO3/L
admissible value (Figure 9). Previous studies have shown that the NO3 enrichment is closely associated
with agriculture-derived pollution [43]. Agriculture non-point pollution sources also explain that,
in some springs, total and faecal coliform microbial content exceeds EU and Portuguese water quality
regulations [41].
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Figure 9. Cumulative frequency plot depicting the distribution of NOj3 content in spring discharges.
Vertical line corresponds to the 25 mg NO3;/L maximum recommended value in the Portuguese
water quality standards for groundwater (Decree-Law n°® 236/98; 50 mg NO3/L is the maximum
admissible value).

Nitrate content in wells ranges between 1.4 and 66.2 mg/L (mean = 11.99 mg NO3 /L), and in not
computing wells it ranges between 38 and 41—values which exceed the admissible values—the mean
is equal to 9.67 mg NOs3/L. Nevertheless, the majority of the waters present low nitrate content as
shown by the median value (6.7 mg NO3/L). The EF ranges from 0.2 to 7.8 (mean = 1.4), but excluding
wells 38 and 41 the maximum value is equal to 3.1, being in the same order of magnitude as the spring
data. Therefore, the nitrate content measured in springs can be considered as representative of the
groundwater chemistry for the purpose of computation of the NO; fluxes in the several islands.

The flux of NO; in groundwater was estimated using an approach similar to that proposed
by [60], and already applied in the Azores archipelago in order to estimate other solutes fluxes [56,61].
This approach requires data on the average precipitation and recharge rate for each island, compiled
from [52], the latter value being computed as the weighted average of the recharge rate of aquifer
systems in each island and their surface area. The total recharge value is estimated based on the
area of each island times the net recharge, the latter resulting from the average precipitation times
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the recharge rate. The nitrate content times the spring discharge, determined with the current set of
data, is computed for each spring, allowing the determination of a mean NOj3 discharge as well as the
standard deviation for each island, and after the computation of the overall NOj3 flux.

Results are shown in Table 1, pointing to an overall NOj flux of about ~523 X 103 mol/km?/a
(143 x 10° mol NOj3/a), and values for each island range between ~5.20 x 103 4+ 5.7 x 10% mol/km?2/a
(0.9 x 10° mol NOs/a; Faial) and 190.6 x 10% + 162.9 x 10° mol/km?/a (46.4 x 10° mol NOs3/a;
Sao Jorge). Nitrogen fluxes resulting from NO, and NHjy are negligible as these species are usually
under detection limits. Non-conservative concentration changes were not taken into consideration,
which may imply overestimation of the chemical flux [62], nevertheless, in the Azores, coastal aquifers
are often made of highly permeable recent basaltic lava flows, as shown by the low thickness of the
fresh water lens in the coastal area [63], reducing the effects of those changes.

Table 1. NOj flux calculated for each island in the Azores archipelago (annual precipitation (P) and
weighted average recharge rate (R) from [52]; Rt is the total recharge estimated for each island).

Island Area P R Rt Mean NOj3 NOj3 Flux N-NOj3 Flux
(km?) (mm) (%) (m3/a) (mol/m®) (103 mol/km?/a)  (10® mol/km?/a)
Santa Maria 96.9 1200 216 25x107 19x1071+89 x 1072 4954229 112 +52
SaoMiguel 7445 1722 297 38 x10® 99x1072+£1.1x 107! 50.8 & 56.7 115+ 128
Terceira 4003 1585 307 19x108 1.7x1071+12x1071 84.1 +59.6 19.0 +13.5
Graciosa 60.7 966 253 15x107 27x1071+17x%x107! 66.1 £ 40.6 149 +£9.2
Séo Jorge 243.3 2416 372 22x10% 21x101+18x10"! 190.6 + 162.9 43.1 4+ 36.8
Pico 4448 2517 51.7 58x108 21x102+1.6x 1072 27.3 +20.3 62+ 4.6
Faial 173.1 1633 278 79%x107 11x102+13x 1072 52457 12+13
Flores 141.0 2647 261 97x107 30x102+14x 102 21.0+9.8 48422
Corvo 17.1 1901 255 83x10° 58x1072+20x 102 283498 64+22
Total 2321.7 - - - - 522.9 118.3

Results in Sao Jorge are consistent with the impact of agriculture over groundwater quality in
this island, where the chemical status of groundwater bodies is poor due to dissolved NOj3, and the
non-point pollution risk areas are much larger comparing to the other islands [44].

Previous research on river water chemistry in the archipelago has shown that the higher NO3
contents are associated to areas where pasture lands are dominant [54], and despite the contribution
of urban wastewater point sources, agriculture non-point sources are also critical for surface water
pollution [42].

In order to compare the groundwater results, the NO3 surface water flux to the coastal water
bodies was also estimated from the total runoff computed for the several islands [45] times the mean
river water composition data described in [42]. In islands such as Santa Maria, Sao Miguel, Faial and
Flores, the mean nitrate content for each watershed delimited as surface water bodies according the
EU Water Framework Directive corresponds to the monitoring data in the river mouth, while the
content for the entire island corresponds to the mean value that is determined with measurements
made in the several watersheds. For the remaining islands where no river water bodies were delimited,
the nitrate content corresponds to the mean value for river water in the Azores. As NO, and NHy are
also monitored in the river water, it is possible to estimate these fluxes, thus allowing the computation
of the overall total N flux (NO3 + NO, + NHy).

Total NOs flux for the coastal waters due to surface runoff is equal to 281 x 10% mol/km?/a,
with values in the range between 7.6 x 10% mol/km?/a (Graciosa Island) and 67.5 x 103 mol/km?/a
(Faial island), with a mean value of 31.2 x 10% mol/km?/a (median = 30.6 x 103 mol/km?2/a) (Table 2).
From the nitrogen species data in Table 2, it is possible to conclude that total NO3-N fluxes are much
higher than fluxes of other nitrogen species, as expected from the higher nitrate content. In fact, NO3-N
fluxes account for between 79.2% (Santa Maria) and 95.8% (Faial) of the total N fluxes.
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Table 2. NOj3 and total N fluxes in rivers (discharge values and chemical data from [45]).

Discharge NOs NO, NH,4 Total NO3 Flux Total N Flux

Island River (10°m*a) (mg/l) (ug/l) (ug/lL)  (10° mol/km?/a) (103 mol/km2/a)
S Mari Sao Francisco 2.34 7.7 196.7 140.7 27.2 7.7
anta Maria Island 316 7.7 196.7 140.7 40.5 11.6
Grande 10.66 26 13.0 102.5 24.1 8.1
Caldeirdes 6.07 85 15.7 20.0 70.5 16.4
Quente 4.65 33 31.9 99.1 95 2.9
Faial Terra 5.45 5.4 7.5 220 30.7 7.3
Guilherme 8.48 0.6 25 20.0 6.0 1.9
Sao Miguel Povoagao 5.04 5.8 115 21.3 16.2 3.8
Pelames 0.65 8.1 223 20.0 237 5.5
Praia 3.13 22 33 15.0 19.5 48
Salga 5.03 6.3 7.8 7.8 57.0 13.1
Seca 5.71 24 87.0 111.8 14.3 5.2
Island 245.94 45 20.2 43.9 24.0 6.1
Faial Flamengos 5.85 13.1 94.7 34.0 78.0 18.4
aia Island 55.13 13.1 94.7 34.0 67.5 15.9
Badanela 10.34 3.7 7.8 25.0 46.1 11.3
Grande 11.65 0.8 3.6 20.0 9.6 2,8
Flores Fazenda 2.93 32 420 25.0 12.6 3.2
Seca 12.0 1.3 26 20.0 253 6.8
Island 71.5 2.3 14.0 225 18.5 47
Terceira Island 142.94 47 28.9 44.0 27.0 6.8
Sao Jorge Island 103.41 4.7 28.9 44.0 32.1 8.1
Graciosa Island 6.13 4.7 28.9 44.0 7.6 1.9
Pico Island 180.08 4.7 28.9 44.0 30.6 7.7
Corvo Island 7.51 47 28.9 44.0 33.2 8.4
Total - - - - - 281.0 71.2

The NOj; groundwater flux in the Azores archipelago is about 65% of the total flux estimated
(groundwater plus surface water). In the majority of the islands, groundwater derived fluxes are
higher than surface runoff fluxes, corresponding to 53.2% of the total in Flores Island, 55% in Santa
Maria, 67.9% in Sao Miguel, 75.7% in Terceira, 85.6% in Sao Jorge and 89.7% in Graciosa. Instead, in
islands such as Corvo and Pico, groundwater fluxes correspond respectively to about 46% and 47.2%
of the total. In Faial, groundwater flux is only 7.2% of the total due to the lower nitrate content in the
springs on this island, as discharges are mainly located in the highland area where natural vegetation
and forest are dominant. Nevertheless, in Faial, the mean NOj value in wells located in the lowland
areas is equal to 3.53 mg/L, thus similar to the spring content.

The total NO; groundwater flux estimated in the Azores (~118.9 X 10° mol/km?/a;
Table 1) is similar to the dissolved inorganic nitrogen (DIN) flux estimated for the Hawaii
archipelago (~130.7 x 10° mol/km?/a) [21], but about 10 times lower than the estimate for
Jeju island (~1.15 x 10° mol/km?/a) [21]. The variability considering all the islands from the Azores
archipelago—as N-NO; fluxes are in the range of 1.2 x 10% to 43.1 x 10® mol/km?/a—shows the need
to consider spatial variation as pointed out in [23]. Factors should be considered in further studies in
the Azores, such as the seasonal variability of fluxes, and research on chemical gradients in the coastal
area should also be carried out.

5. Conclusions

The NOj groundwater flux in the Azores is about ~523 x 10% mol/km?/a, higher than the
estimated flux from river waters (~340 x 10% mol NO3/km?/a) and corresponding to 65% of the
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total value computed for the archipelago. Results from the present paper, as well as studies made
worldwide [21], point to a high nitrogen flux to the ocean environment from volcanic islands.

From data gathered in the present study, it is possible to conclude that despite coastal water bodies
being considered to have good to excellent status according to the EU Water Framework Directive
requirements, an effort should be made in order to develop environmental-based agricultural policies
that may lead to the reduction of nutrient loading in the Azores, thus preventing the pollution of
inland water bodies and further fluxes to the nearshore environment.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/2/125/s1,
Table S1: Groundwater chemical data (mean values for the monitored springs (spr) and drilled wells (wll)),
discharge (Q) and nitrates enrichment factor (EF) (SMA—Santa Maria island; SMG—Sao Miguel; TER—Terceira;
GRA—Graciosa; SJZ—Sao Jorge; PIC—Pico; FAI—Faial; FLO—Flores; COR—Corvo; n.d. —not determined).
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