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P. Masqué Æ E. Garcés Æ O. Radakovitch Æ
A. Mayer Æ S. Estradé Æ G. Basterretxea
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Abstract Short and long-lived radium isotopes

(223Ra, 224Ra, 226Ra, 228Ra) were used to quantify

submarine groundwater discharge (SGD) and its asso-

ciated input of inorganic nitrogen (NO3
-), phosphorus

(PO4
3-) and silica (SiO4

4-) into the karstic Alcalfar

Cove, a coastal region of Minorca Island (Western

Mediterranean Sea). Cove water, seawater and ground-

water (wells and karstic springs) samples were collected

in May 2005 and February 2006 for radium isotopes and

in November 2007 for dissolved inorganic nutrients.

Salinity profiles in cove waters suggested that SGD is

derived from shallow brackish springs that formed a

buoyant surface fresh layer of only 0.3 m depth. A

binary mixing model that considers the distribution of

radium activities was used to determine the cove water

composition. Results showed that cove waters con-

tained 20% brackish groundwater; of which 6% was

recirculated seawater and 14% corresponded to fresh-

water discharge. Using a radium-derived residence time

of 2.4 days, a total SGD flux of 150,000 m3 year-1 was

calculated, consisting of 45,000 m3 year-1 recirculated

seawater and 105,000 m3 year-1 fresh groundwater.

Fresh SGD fluxes of NO3
-, SiO4

4- and PO4
3- were

estimated to be on the order of 18,000, 1,140 and

4 lmol m-2 day-1, respectively, and presumably sus-

tain the high phytoplankton biomass observed in the

cove during summer. The total amount of NO3
- and

SiO4
4- supplied by SGD was higher than the measured

inventories in the cove, while the reverse was true for

PO4
3-. These discrepancies are likely due to non-

conservative biogeochemical processes that occur

within the subterranean estuary and Alcalfar Cove

waters.
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Introduction

A common problem encountered when determining

coastal hydrological mass balances and their related

impacts on marine ecosystems is the evaluation of

the water flux and the associated chemical load of the

submarine groundwater discharge (SGD) to the

coastal ocean. Several previous studies have demon-

strated that groundwater discharge (including both

terrestrially-derived fresh groundwater and recircu-

lated seawater; Burnett et al. 2006) constitutes an

important water source in various coastal environ-

ments around the world (Rama and Moore 1996;

Corbett et al. 2000; Burnett et al. 2003).

Although limited, several recent studies have

focused on SGD as a vector for nutrient input into

coastal regions (Garrison et al. 2003; Slomp and

Cappellen 2004; Paytan et al. 2006). Depending on

water-table and hydraulic recharge characteristics,

the influence of groundwater as a source of new

nutrients can extend from highly localized to regional

scales (e.g. the U.S. western Atlantic continental

shelf; Capone and Bautista 1985; Moore 1996).

These effects may further change with time as SGD

may be substantially modified by human population

growth and agricultural practices that not only

increase nutrient loadings (and hence eutrophication,

Nixon 1995), but also influence nutrient ratios. Such

changes in nutrient biogeochemistry may ultimately

alter community structure, and stimulate growth and

even production of harmful taxa (Anderson et al.

2002, Hallegraeff 1993; Glibert et al. 2008, Maso and

Garcés 2006).

Karstic regions represent *15% of the Earth’s

land surface and comprise 60% of the Mediterranean

shoreline (UNESCO 2004). In these areas, rainfall

easily penetrates into the aquifer through permeable

carbonate outcrops and fractures. Since groundwater

inside the aquifer dissolves the limestone and creates

preferential conduits, groundwater may flow more

rapidly than in porous or detritic homogeneous

aquifers (Cable et al. 2002; UNESCO 2004). Indeed,

regions comprised of carbonate rocks are often an

abundant source of local water (LaMoreaux and

LaMoreaux 2007). Furthermore, these waters are

likely to be substantially enriched in other compo-

nents as karstic springs have minimal filtering or

alteration of the load by soils or sediments. Whether

or not karstic springs are brackish, which changes the

ionic potential of the water and hence the chemical

composition, is influenced by differences between

fresh and seawater densities and the venturi effect

(Maramathas et al. 2006).

The southern shore of Minorca is an example of a

classic karstic setting as it is characterized by narrow,

small coves with restricted water circulation. Like

many other coastal areas in the Mediterranean Sea,

Minorca has an intense demand for its water

resources due to increased population and tourism.

There are no rivers or dams, and thus, water for

human consumption and agriculture is mainly

extracted from wells that are recharged via precipi-

tation (Trilla 1979). Subsequently, groundwater qual-

ity is affected by nutrient loading from fertilization,

cattle farming, and increasing urbanization of the

coastal areas. Combined with reduced mixing in the

summer, SGD likely promotes substantial increases

in both inorganic and organic nutrients in some

coastal areas that may lead to an increase in nuisance

or even toxic algae (Basterretxea et al. 2005, 2007).

However, there is an actual lack of SGD measure-

ments in the region.

Over the past decade, new indirect methods have

emerged that attempt to overcome the inherent diffi-

culties of direct SGD flux measurements. These

include the radium isotopic quartet (223Ra, 224Ra,
226Ra and 228Ra), which has been successfully applied

in numerous SGD studies to determine both water and

nutrient inputs (e.g. Moore 1999; Charette et al. 2001;

Hwang et al. 2005; Charette and Scholten 2008). This

previous research has found that, depending on a

number of factors such as aquifer rock composition,

water residence time, salinity, redox potential, and the

presence of iron and manganese (hydr)oxides, Ra

isotopes can be enriched in groundwater by over an

order of magnitude relative to coastal waters. As a

result, using the Ra distribution measured in coastal

waters enables a Ra mass balance to be built that

evaluates SGD and associated component fluxes, such

as nutrients (Charette and Buesseler 2004).

The aim of this study is to estimate the SGD flux

into the karstic cove of Alcalfar (Minorca, Balearic

Islands) using the radium mass balance approach.

This coastal environment is of particular interest to

SGD studies because cove waters are fresher than

many other places around the island and prone

to eutrophication and phytoplankton blooms. We

attempt to determine the SGD-associated nutrient
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inputs to evaluate the potential connection between

the groundwater flux and recurrent algal blooms that

occur in this area.

Study site

Minorca is located in the western Mediterranean Sea

(Fig. 1) and is the second largest island in the

Balearic archipelago, with a total surface area of

700 km2. Mean rainfall is *600 mm year-1, with

maxima occurring in the spring and autumn, and

minima during the summer. The island is divided into

two geomorphological settings: an impermeable

region located in the north and a more permeable

band that consists of the main aquifer (Migjorn) in

the south (Fornós et al. 2004) (Fig. 1). This southern

region (365 km2) is characterized by a highly eroded

and karstified carbonate plain of Miocene origin that

dips slightly towards the sea. Hence, the plain has

deep ravines ending in small, narrow coves. Aquifer

permeability increases towards the coast due to the

major karstic development (Fayas 1972).

The unconfined Migjorn aquifer supplies up to 90%

of the water on the island (*11 9 106 m3 year-1),

with most of the water used for human consumption

and agriculture. The aquifer is an open system with

diffuse or direct water discharge through subterranean

exits to the sea or concentrated in the ravines located in

the central sector (Barón et al. 1979). It can be divided

into three sectors according to their hydrological

characteristics (Bourrouilh 1983). The eastern and

western zones have a high permeability (up to

25 m day-1) with soft hydraulic gradients (less than

0.4%) close to the sea level. This allows seawater

intrusion to occur in precisely the same areas where

population growth and thus, groundwater extraction,

are higher. In contrast, the central zone constitutes a

tectonic block furrowed into many fluvial valleys. It is

characterized by low permeability (0.1 m day-1) and

higher (2%) hydraulic gradients. Hydrological mass

balances for the aquifer suggest that fresh groundwater

discharge ranges from 17 9 106 to 37 9 106

m3 year-1 (Estradé 2005).

The Alcalfar Cove is located in the south-eastern

corner of Minorca in the main aquifer (Fig. 1). This

Fig. 1 Sampling stations in

the studied area covering

a the whole cove (Alc1 in

May 2005 and Alc3 in

November 2007) and

b centered at the major

coast (fisher quays; Alc2 in

February 2006). Coastal and

open seawater samples are

not shown. The six boxes in

which the cove has been

divided are also indicated

(1–6). Also, a general map

of the western

Mediterranean Sea showing

Minorca location and

its N–S partition in two

hydrological settings (inset)
is depicted with the location

of the Alcalfar Cove

indicated by the square
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cove is typical of the narrow, semi-enclosed karstic

inlets found in the eastern coast of the Island. It is

275 m long, 60 m wide (1.65 ha), and 98 m deep at

the outermost cove boundary. Although surrounded

by an urbanized watershed, there are many isolated

residences with old septic tanks, not yet connected to

a municipal sanitary network. There is no riverine or

stream input into the cove. However, some brackish

submarine springs have been visually identified in the

northern side. The beach is artificial, with sand

deposited from deeper ocean regions, resulting in a

thin sandy sediment layer of approximately 0.5 m

depth overlaying the permeable limestone.

Sampling and methods

Field surveys

Three specific sampling campaigns were carried out

at Alcalfar Cove: Alcalfar 1 (Alc1) on May 2005,

Alcalfar 2 (Alc2) on February 2006 and Alcalfar 3

(Alc3) on November 2007 (Fig. 1). During Alc1 and

Alc3, samples were collected at stations throughout

the entire cove area. The winter fieldwork of Alc2,

however, was mainly focused on the inner cove,

close in proximity to the old fisher quays and springs.

Temperature and salinity measurements were

recorded in the field for all samples using an YSI-

30 probe. In addition, vertical profiles of salinity and

temperature were conducted at several stations along

a transect within the cove to 250 m offshore in March

2007 using a portable sensor (YSI-6000 XLS) in

order to determine the region of the water column

influenced by SGD in the cove.

During Alc1 (May 2005), 15 surface water sam-

ples were collected from the cove (volume of 50 l;

sites s1–s15, Fig. 1a), as well as four submarine

springs (20–50 l; Sp 1–4, Fig. 1b), coastal and open

seawater samples (400 and 1,000 m from the cove

inlet, respectively; 50 l, location not shown) and one

well (100 l, N well, located at 80 m from the coast,

Fig. 1a). During the second survey campaign (Alc2;

February 2006), water samples were obtained from

nine stations in the cove (50 l; sites s16–s24, Fig. 1b),

two piezometers (one underwater -Pz1-und- and one

on the beach sand -Pz2-beach-) (20 l, Fig. 1a), one

submarine spring (20 l; Sp4, Fig. 1b) and two wells

(50 l; P1 and P2 wells, located 400 m inland from the

coast, locations not shown). A submersible pump was

used to collect water from the springs and wells.

Porewater Ra profiles were sampled at 45 cm depth at

two locations using the Retract-A-Tip piezometer

system (AMS, Inc.) described by Charette and Allen

(2006) and connected to a peristaltic pump. Wells

were emptied twice prior to sample collection to

ensure that representative groundwaters were

collected.

Radon measurements performed on February 2006

(Alc2) were obtained for surface waters (at 15 cm

depth; Rn4, Fig. 1b) and near bottom waters (at

15 cm above the sea floor; Rn1 and Rn2, Fig. 1b) of

the cove, as well as from one of the submarine

springs (sp2, Fig. 1b), two piezometers (Pz1-und and

Pz2-beach) and a well (N well).

Sampling during November 2007 (Alc3) focused

on nutrients and consisted of 19 stations within the

cove (sites A–S, Fig. 1a), and two samples from the

N well. Polypropylene bottles of 60 ml capacity were

rinsed three times prior to water collection and were

immediately frozen (-20�C) for subsequent analyses

in the laboratory. Additional information on nutrients

and phytoplankton biomass in the nearshore (*1 m

depth) was obtained from a water quality monitoring

program on the island conducted during the summers

of 2005 and 2006, in which surface nutrient, temper-

ature, salinity and chlorophyll a were measured at 26

coves around Minorca. These samples provide a

general context of the conditions in the region.

Radium analyses

Water samples for Ra analysis were filtered at

\1 l min-1 through manganese impregnated acrylic

fiber (hereafter, Mn-fiber) to quantitatively extract the

radium isotopes (Moore 1976; Moore et al. 1995).

After filtering and once in the laboratory, the Mn-

fibers were rinsed with deionized water and partially

dried with compressed air until the water-to-fiber

ratio reached the range 0.3–1.2 gH2O=gfiber (Sun and

Torgersen 1998; Garcia-Solsona et al. 2008). Then,

the samples were measured using a Radium Delayed

Coincidence Counter (RaDeCC) to determine the

short-lived radium isotopes, 223Ra (T1/2 = 11.4 days)

and 224Ra (T1/2 = 3.66 days). This detection system

measures the delayed coincidence signals generated

by the decay of the radon daughters of 223Ra and
224Ra (219Rn and 220Rn, respectively) to a short-lived
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polonium isotope, 215Po (T1/2 = 1.8 ms) and 216Po

(T1/2 = 150 ms). A more detailed description of how

these calculations are performed is provided in Moore

and Arnold (1996). The associated uncertainties in Ra

activities were estimated following Garcia-Solsona

et al. (2008).

After measuring the short-lived Ra isotopes, the

Mn-fibers were processed to determine 226Ra and
228Ra by gamma spectrometry. The Mn-fibers were

incinerated at 820�C for 16 h (Charette et al. 2001).

The ashes were ground, blended, transferred to

counting vials and aged for 3 weeks prior to

measurement with a well-type germanium gamma

detector. 228Ra and 226Ra were determined through

their daughters 228Ac (photopeak at 911 keV) and
214Pb (photopeaks at 295 and 351 keV) respectively.

222Rn measurements

Activities of 222Rn were determined by using two

RAD7 (Durridge Co, Inc.) portable monitor spec-

trometers (Burnett and Dulaiova 2003). Briefly, water

samples were passed continuously through an air–

water exchanger (RAD AQUA system) with the
222Rn degassed into a closed air loop. After several

minutes, radon in this air is at equilibrium with the

radon in water, the ratio being determined from the

water temperature. The air is pumped through the

radon-in-air monitor that determines 222Rn activities

through the measurement of its alpha-emitting

daughters 214Po and 218Po. The instrument integrated

the data every 30 min, and the total counting time

varied from 2 to 3 h. In addition, radon was also

analyzed in water samples from the piezometer and

the wells; they were pumped into 250 ml bottles and

measured with a RAD-7 monitor coupled with the

RAD-H2O accessory (Durridge Co., Inc). The water

was purged for five minutes and the air was delivered

to the RAD-7 monitor. The 222Rn concentrations

were determined from four counting cycles of 5 min,

with a lower limit of detection of about 370 Bq.

Inorganic nutrients

Dissolved inorganic nutrients (nitrate, nitrite, ammo-

nium, phosphate and silicate) were determined using

colorimetric methods and a continuous flow autoan-

alyzer (ALLIANCE Evolution II). The techniques are

based on the procedure described by Grasshoff et al.

(1999) for manual analyses of individual samples and

slightly modified for automated measurements. The

certified minor modifications are associated with

practical issues concerning specific autoanalyzer (e.g.

adapted proportion of analyte vs reagent) and type of

water samples (fresh or saline) analyzed. Chlorophyll

concentrations (Chl a) from the water quality mon-

itoring program were measured using a Turner

Designs fluorometer on 50 ml water samples filtered

through a GF/F filter.

Results

General environmental conditions in the area

A map of Minorca chlorophyll a concentrations from

the summers of 2005 and 2006 (water quality monitory

program), used here as a proxy of phytoplankton

biomass (Fig. 2), reveals two areas of phytoplankton

blooms, the western and southeastern coasts, where

chlorophyll a concentrations of 26 mg m-3 were

observed (Fig. 2). These elevated regions of phyto-

plankton biomass include the Alcalfar Cove, where

high biomass was consistently observed, along with

high inorganic nitrogen concentrations ([7 lmol l-1)

and reduced salinities (\36.5). In addition, both

nutrients (e.g. nitrate) in the Alcalfar Cove during this

program were comparable between the two summers

(9.75 in 2005 and 7.76 lM in 2006).

Salinity and temperature in the Alcalfar Cove

Groundwater salinities in Alcalfar Cove vary from

low values measured in all wells (from 2.0 to 3.2 at

400 and 80 m far from the shoreline, respectively) to

intermediate (brackish) values in coastal porewater

(salinities of 24.2 in both piezometers) as well as in

the submarine springs (average salinity 24.5 ± 1.7;

Table 1). These results indicate that mixing, i.e.,

seawater intrusion, takes place at some distance

inland and that discharge to the coast occurs as a

brackish mixture of fresh groundwater and recircu-

lated seawater.

Closer examination of the Alc1 (May 2005) and

Alc2 (February 2006) campaigns show that cove

surface salinities varied from 30.5 to 37.4 within the

inner cove (first 70 m offshore) and between 36.4 and

37.8 in the outer cove (70 m offshore to inlet mouth).
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Average cove water salinities in the overlapped area

in May 2005 (35.4 ± 1.4) and February 2006

(35.8 ± 2.6) showed no statistical difference. Tem-

peratures varied from 13.7 to 17.7�C within the inner

cove to between 17.0 and 18.0�C in the outer cove. In

contrast, the coastal and open seawater samples had

salinities of *38.1 and temperatures of 16.0 (May

2005) and 13.5�C (February 2006). Good correlation

between salinity and temperature in the cove and well

waters occurred in February 2006 (Alc2; R2 = 0.92,

p \ 0.0001), but no correlation was observed on May

2005 (Alc1; R2 = 0.17, p = 0.78). These results are

most likely due to the higher difference between

coastal seawater and spring groundwater tempera-

tures in February (*4�C) relative to May (*2�C).

The latter divergence is probably too small to allow

temperature to trace SGD.

During March 2007, the highest salinity (38.5),

was ubiquitously detected at 90 cm depth within the

transect and offshore (Fig. 3). These salinities

decreased with decreasing depth to an average of

38.3 at 40 cm. Salinities decreased even further in the

surface waters, suggesting the existence of a buoyant

fresher water layer that intensified within 50 m of the

shoreline (37.0 at 30 cm depth), coincident with the

location of visible submarine springs. Overall, salin-

ity differences between surface and bottom waters

varied from 1 to 6 units.

Radium activities

The activities of radium isotopes for all samples are

listed in Table 1. A clear enrichment in radium

activities is observed in surface cove waters (223Ra:

0.5–3.0 dpm 100 l-1; 224Ra: 5–35 dpm 100 l-1 and
228Ra: 2–12 dpm 100 l-1) compared to the coastal sea

(223Ra: 0.5 ± 0.1 dpm 100 l-1; 224Ra: 1.7 ± 0.5

dpm 100 l-1 and 228Ra: 4.6 ± 0.4 dpm 100 l-1),

with the exception of 226Ra (ranging from 5.4 to

19 dpm 100 l-1 in the cove, while concentration the

coastal sea was 14.4 ± 0.4 dpm 100 l-1).

Since sampling stations are not homogeneously

distributed within the cove, area-weighted average

radium activities need to be calculated (Raavg) for

surficial cove waters. To do so, the total area of the

cove has been divided into six boxes (Fig. 1; Table 1)

and the radium average in surface cove waters

calculated as follows (Eq. 1):

Raavg ¼

P6

i¼1

Rai
avg � Ai

� �

Astd

ð1Þ

where i stands for the number of each box, Raavg
i is

the average radium activity measured in each box, Ai

is the area of each box and Astd is the total surface of

the cove (16,535 m2). Average radium activities in

cove waters from both campaigns (May 2005 and

February 2006) were determined: 223Ra = 1.2 ± 0.2

dpm 100 l-1, 224Ra = 10.3 ± 1.2 dpm 100 l-1, 226Ra =

10.6 ± 1.4 dpm 100 l-1 and 228Ra = 5.1 ± 1.2

dpm 100 l-1. Salinity measurements were also nor-

malized to account for the heterogeneous distribution

of groundwater, resulting in an average value for

surface cove waters of 36.7.

Fig. 2 a Chlorophyll a distribution around Minorca with high

concentrations in the Alcalfar Cove (lower right corner) and b
inorganic N/P ratios against salinity in the same areas in 2005

and 2006
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Table 1 Radium activities (dpm 100 l-1) and salinity for

groundwater, cove and coastal seawater samples. The
228Ra/226Ra ratios, the boxes in which the cove has been

divided and the area-weighted averages for Ra are also shown.

The minimum detection activity (MDA) for 228Ra is

1.9 dpm 100 l-1

Sal 223Ra 224Ra 226Ra 228Ra 228Ra/226Ra Box

Alcalfar 1 (May 2005)

Groundwater samples

sp1 26.9 4.5 ± 0.6 46 ± 3 16.4 ± 0.4 17.3 ± 0.9 1.06 ± 0.06

sp2 23.4 4.3 ± 0.8 54 ± 3 16.0 ± 0.5 16.7 ± 1.1 1.04 ± 0.07

sp3 23.2 5.6 ± 1.1 58 ± 5 15.7 ± 0.3 20.4 ± 0.7 1.30 ± 0.05

sp4 23.2 7.0 ± 1.4 67 ± 5 14.0 ± 0.6 24.6 ± 1.5 1.76 ± 0.10

P1 well 2 7 ± 2 38 ± 2 42.3 ± 0.5 29.6 ± 0.8 0.70 ± 0.02

P2 well 2 4.9 ± 0.8 36 ± 2 36.3 ± 0.7 24.6 ± 1.2 0.68 ± 0.03

Surface cove water samples

s1 35.8 1.4 ± 0.2 13.3 ± 1.0 15.5 ± 0.4 5.3 ± 0.5 0.34 ± 0.03 2

s2 35.3 1.5 ± 0.4 16.0 ± 1.1 19.4 ± 0.7 6.6 ± 0.9 0.34 ± 0.05 3

s3 37.2 0.5 ± 0.1 6.8 ± 0.9 9.0 ± 0.4 1.9 ± 0.3 0.21 ± 0.03 6

s4 36.5 1.4 ± 0.3 12.8 ± 1.0 13.3 ± 0.5 11.6 ± 0.4 0.88 ± 0.04 5

s5 37.2 1.02 ± 0.12 6.3 ± 0.7 12.5 ± 0.4 5.2 ± 0.5 0.42 ± 0.04 4

s6 32.6 2.4 ± 0.2 18.9 ± 1.4 13.2 ± 0.2 9.4 ± 0.4 0.71 ± 0.03 2

s7 37.4 1.35 ± 0.14 8.6 ± 0.7 11.0 ± 0.2 5.4 ± 0.4 0.49 ± 0.03 4

s8 37.1 1.03 ± 0.12 11.2 ± 1.2 12.0 ± 0.3 4.3 ± 0.4 0.36 ± 0.04 2

s9 37.5 0.41 ± 0.13 6.9 ± 0.6 5.4 ± 0.3 3.1 ± 0.3 0.57 ± 0.07 4

s10 35.5 1.5 ± 0.4 13.6 ± 1.4 11.4 ± 0.4 6.9 ± 0.7 0.61 ± 0.06 3

s11 35.1 2.5 ± 0.4 20 ± 2 16.6 ± 0.5 11.4 ± 0.9 0.69 ± 0.06 1

s12 37.0 0.96 ± 0.12 9.9 ± 1.2 13.5 ± 0.4 4.1 ± 0.4 0.30 ± 0.03 5

s13 36.4 0.9 ± 0.2 8.3 ± 0.8 9.5 ± 0.3 MDA 0.20 ± 0.01 6

s14 36.5 1.7 ± 0.2 10.5 ± 1.2 10.5 ± 0.4 3.9 ± 0.5 0.37 ± 0.05 3

s15 37.8 0.80 ± 0.12 4.9 ± 0.6 9.0 ± 0.4 MDA 0.21 ± 0.01 6

Seawater samples

Open sea 38.1 0.69 ± 0.09 2.6 ± 0.4 12.1 ± 0.4 5.7 ± 0.5 0.47 ± 0.05

Coastal sea 38.1 0.54 ± 0.09 1.7 ± 0.5 14.4 ± 0.4 4.6 ± 0.4 0.32 ± 0.03

Bottom cove water samples

p5 (4 m) 37.8 1.09 ± 0.13 4.8 ± 0.6 8.9 ± 0.4 5.0 ± 0.6 0.56 ± 0.07 4

p6 (1.5 m) 37.7 0.88 ± 0.13 3.6 ± 0.6 9.3 ± 0.3 2.5 ± 0.3 0.27 ± 0.03 2

p10 (3 m) 37.6 0.89 ± 0.13 6.6 ± 0.6 10.8 ± 0.4 MDA 0.17 ± 0.01 3

Area-weighted cove water averages

(Alcalfar 1)

35.5 1.8 ± 0.2 15 ± 2 14 ± 3 6.9 ± 1.2 1, 2, 3

Alcalfar 2 (February 2006)

Groundwater samples

sp4 25.7 7.9 ± 1.4 58 ± 5 21.5 ± 0.9 18 ± 2 0.83 ± 0.09

Pz1-und (45 cm) 24.2 18 ± 2 235 ± 16 20.2 ± 1.0 91 ± 4 4.5 ± 0.3

Pz2-beach (45 cm) 24.2 33 ± 3 108 ± 9 18.2 ± 0.7 58 ± 2 3.2 ± 0.2

N well 3.2 2.8 ± 0.3 46 ± 2 38.3 ± 0.9 53 ± 2 1.38 ± 0.06

Surface cove water samples

s16 36.3 1.7 ± 0.3 12.3 ± 1.1 5.7 ± 0.3 8.2 ± 0.8 1.4 ± 0.2 1

s17 36.7 2.5 ± 0.3 13.1 ± 1.4 9.3 ± 0.2 6.1 ± 0.4 0.66 ± 0.05 1

s18 37.4 2.1 ± 0.2 11.7 ± 1.4 10.4 ± 0.5 MDA 0.18 ± 0.01 1
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Considering only the area sampled during both

Alc1 (May 2005) and Alc2 (February 2006), area-

corrected average radium activities showed no statis-

tical difference for 223Ra, 224Ra and 228Ra, while

average activities of 226Ra were noticeably lower

during Alc2 (February 2006, Table 1). Moreover,

average cove water salinities for the overlapped area in

May 2005 (35.4 ± 1.4) and February 2006 (35.8 ±

2.6) did not show statistical difference either. We

therefore combined the data to estimate a single and

consistent value of SGD. Indeed, a comparison of total

rainfall in the 12 months preceding the May 2005

(Alc1; 469 mm) and February 2006 (Alc2; 493 mm)

samplings shows that rainfall differences are quite

small (5%).

Bottom cove water samples collected in May 2005

(Ra1-p5, -p6 and -p10; Table 1) had salinities and
226Ra and 228Ra activities similar to seawater

(37.6–37.8 compared to 38.1 and Table 1) 223Ra

and 224Ra activities in near bottom waters, however,

were slightly elevated above seawater (1.0 ± 0.1

against 0.6 ± 0.1 dpm 100 l-1 for 223Ra and 5.0 ±

1.5 against 2.2 ± 0.6 dpm 100 l-1 for 224Ra).

Groundwater samples from the fresh wells and

brackish springs were enriched in radium activities

(3–8 dpm 100 l-1 for 223Ra, 36–67 dpm 100 l-1 for
224Ra, 14–42 dpm 100 l-1 for 226Ra and 17–

52 dpm 100 L-1 for 228Ra) relative to coastal and

open seawater samples (averages of 0.6 ± 0.1,

2.2 ± 0.6, 13.3 ± 1.6 and 5.2 ± 0.8 dpm 100 l-1,

respectively) (Table 1). Wells contained especially

high radium activities for the long-lived isotopes,

whereas submarine springs showed a greater enrich-

ment in the short-lived isotopes. The highest concen-

trations of 223Ra, 224Ra and 228Ra were obtained from

the piezometer (Pz1-und), which had the same

salinity as the springs (Table 1) and reached Ra

activities as high as 235 ± 15 dpm 100 l-1 for
224Ra, 18 ± 2 dpm 100 l-1 for 223Ra and

91 ± 4 dpm 100 l-1 for 228Ra. For 226Ra, the highest

activities were measured in the P1 and P2 wells.

Radon concentrations

The results from water samples analyzed for 222Rn

are shown in Table 2. Radon concentrations in cove

waters are strongly dependent on the position and

depth of the sampling station. For example, the

uppermost waters (upper 25 cm) (Rn4) are highly

enriched in radon relative to the very low radon

activities measured at depth, near the sediments (Rn1

and Rn2). It should also be noted here that the

measured radon activities, especially the surficial

Fig. 3 Salinity profiles offshore and at depth in 2007. A band

of 50 m wide is predominantly affected by a fresher shallow

(30 cm) layer of SGD flowing. Note that vertical scale is

exaggerated

Table 1 continued

Sal 223Ra 224Ra 226Ra 228Ra 228Ra/226Ra Box

s19 34.7 2.0 ± 0.2 23 ± 2 10.1 ± 0.4 6.1 ± 0.6 0.61 ± 0.06 1

s20 33.1 2.9 ± 0.3 23.3 ± 1.3 8.0 ± 0.3 9.3 ± 0.7 1.16 ± 0.09 2

s21 30.5 2.1 ± 0.2 35 ± 2 8.4 ± 0.3 11.8 ± 0.6 1.41 ± 0.09 2

s22 38.0 0.9 ± 0.3 10.0 ± 1.0 11.9 ± 0.4 2.5 ± 0.4 0.21 ± 0.03 2

s23 37.6 1.8 ± 0.2 11.6 ± 0.9 5.2 ± 0.3 3.9 ± 0.4 0.76 ± 0.09 3

s24 37.6 1.6 ± 0.2 8.5 ± 1.0 3.8 ± 0.3 4.7 ± 0.8 1.2 ± 0.2 3

Area-weighted cove water averages
(Alcalfar 2)

36.3 1.8 ± 0.3 15 ± 4 6.7 ± 0.9 5.6 ± 1.5 1, 2, 3

Area-weighted total cove water averages 36.7 1.2 ± 0.2 10.3 ± 1.2 10.6 ± 1.4 5.1 ± 1.2 0.47 ± 0.13 1, 2, 3, 4, 5, 6
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sample, are likely minimum estimates, given the

expected escape of the radon produced in the water

column to the atmosphere. Higher to similar 222Rn

activities (and salinity) were determined in ground-

water obtained from the piezometer beneath the cove

waters (Pz1-und) and from the karstic springs (sp2).

In addition, radon levels in the fresh N well were also

comparable to previous groundwater measurements

even though salinity did differ. The piezometer on the

beach (Pz2-beach) yielded much lower radon

concentrations.

Nutrients

Inorganic nutrient concentrations in surface stations

and wells (Alc3, November 2007) are given in

Table 3. Phosphate concentrations were typically

low within surface waters, ranging from 0.07 to

0.41 lmol l-1 of PO4
3-. Concentrations of DIN

(largely comprised of nitrate) and SiO4
4- ranged

from 18 to 105 lmol l-1 of N-DIN and from 3.5 to

16.0 lmol l-1 of Si–SiO4. N-DIN values exceeded

the median concentrations measured around Minorca

Island during the water quality monitoring program

of 2005 and 2006 (1.78 and 1.79 lmol l-1, respec-

tively; n = 49). High nutrient concentrations, how-

ever, are not rare in the narrow inlets of Minorca,

such as Cala Blanca and Cala’n Porter, which are

both strongly impacted by anthropogenic activities

associated with tourism. Removing one outlier

station, Q, results in area-weighted averages of

0.09 ± 0.01 lM of PO4
3-, 32.59 ± 0.03 lM for

DIN and 5.59 ± 0.02 lM for SiO4
4-. DIN and

SiO4
4- concentrations along the central transect

decrease offshore, while phosphate concentrations

did not follow any clear spatial pattern. Groundwater

nutrient concentrations measured from N well were as

much as 3, 12 and 31 times greater than surface

Alcalfar Cove waters for PO4
3-, SiO4

4- and DIN,

respectively (Table 3).

Discussion

In order to estimate the significance of SGD into

Alcalfar Cove and its potential impact on this and

other similar systems, the magnitude of the SGD

must first be evaluated. Here, we use a radium mass

balance approach to determine the fraction of

groundwater within cove waters. From this, it is then

possible to determine the input of inorganic nutrients

to surface waters and its possible influence on

plankton growth in the nearshore.

Radium and groundwater sources

A significant enrichment in the short-lived radium

isotopes 223Ra, 224Ra and 228Ra was observed in

surficial waters of the Alcalfar Cove relative to

offshore. Open ocean waters typically contain

*2 dpm 100 l-1 of 228Ra (Schmidt and Reyss 1996;

Ollivier et al. 2008) and negligible activities of the

shortest-lived isotopes, 223Ra and 224Ra (Moore 2000)

(Fig. 4). Given that the other possible contributors of

Ra to the water column (e.g. rivers and sediments) are

low (see discussion below), we attribute the relatively

high activities of these Ra isotopes to SGD to the cove.

A plot of the radium activities as a function of salinity

in surficial waters of the cove suggests that there is a

binary mixing process taking place between an

enriched groundwater source and the sea (Fig. 5), i.e.

(1) mixing dominates decay (outputs terms) and (2)

SGD through the submarine springs is the major input

of radium in cove waters (input terms).

Table 2 Radon concentrations in surface, bottom and groundwater samples

Sample code 222Rn (Bq m-3) Method Depth (cm)

Rn4 (surficial) 725 ± 38 RAD AQUA 10 cm below water’s level

Rn1 (deep) 28 ± 5 RAD AQUA 15 cm above sediment

Rn2 (bottom) 9 ± 4 RAD AQUA 15 cm above sediment

sp2 (spring) 2,450 ± 78 RAD AQUA Cove’s water level

N well 1,859 ± 734 RAD-H2O

Pz1-und 2,696 ± 554 RAD-H2O 45 cm

Pz2-beach 512 ± 354 RAD-H2O 45 cm

Biogeochemistry (2010) 97:211–229 219

123



The longest-lived isotope (226Ra) follows a differ-

ent pattern as average cove water activities are similar

to the open water values reported for the western

Mediterranean Sea of *10 dpm 100 l-1 (Masqué

et al. 2002). Given that Alcalfar Cove is affected by

seawater intrusion, we hypothesize that most of the
226Ra within the part of the aquifer exposed to

saltwater has already been leached and removed. This

is supported by the observation that 226Ra activities in

the brackish submarine springs are lower than in the

wells located at the freshwater portion of the aquifer.

Indeed, the 223Ra/226Ra ratio at the N well was

0.07 ± 0.01, matching closely the parental ratio at

secular equilibrium (231Pa/230Th = 0.05; Rama and

Moore 1996). In contrast, the average 223Ra/226Ra

ratio in the brackish springs at the Alcalfar site was as

high as 0.35 ± 0.09. Such low 226Ra concentrations in

karstic coastal aquifers have been previously reported

by others. For example, Moore (2006) concluded that

depletion in 226Ra was occurring in an aquifer

supplying water to a karstic area of Sicily on the basis

that the 223Ra/226Ra ratios exceeded the expected

relationship of their long-lived parents. Such leaching

processes would remove all radium isotopes, but the

short-lived ones regenerate quickly.

Relatively high 228Ra levels in springs and the N

well (228Ra/226Ra [ 1) could be explained by differ-

ences in Th/U ratios in the host carbonate rocks, e.g.,
232Th could be concentrated within relatively insol-

uble residue (silicates, phosphates and hydroxides)

left behind after dissolution of carbonate aquifer rock

rich in 228Ra (Sturchio et al. 2001). Another mech-

anism is the preferential solubility of 238U relative to
232Th, which is more closely attached to aquifer

solids or sands (Von Gunten et al. 1996; Ivanovich

and Harmon 1992). These 232Th enriched particles

would represent a continuous source of 228Ra to

ground/pore waters. In the P1 and P2 wells, however,

there is no evidence of enriched 228Ra activity

(228Ra/226Ra of 0.69 ± 0.03). This suggests weak

dissolution of the carbonate rock, a hypothesis in

accordance with the wells’ location far from the coast

and where karstification and fissuring processes are

not so significant.

Table 3 Nutrient concentrations (lmol l-1) in cove water samples and wells

Sample code Salinity PO4
3- (±0.02) NH4

? (±0.05) NO2
- (±0.02) NO3

- (±0.05) SiO4
4- (±0.04) DIN (±0.07)

A 36.9 0.09 1.64 0.07 16.65 3.72 18.36

B 36.5 0.08 1.46 0.08 24.89 4.58 26.43

C 36.9 0.08 1.12 0.06 23.26 3.49 24.44

D 36.2 0.07 0.58 0.06 23.04 3.88 23.68

E 36.1 0.09 1.26 0.09 40.94 8.25 42.29

F 36.2 0.10 1.08 0.08 49.86 8.70 51.02

G 35.9 0.07 1.55 0.09 41.16 5.98 42.80

H 35.9 0.08 1.30 0.07 41.07 7.31 42.44

I 35.1 0.09 0.73 0.04 33.95 4.40 34.72

J 35.3 0.09 0.93 0.08 43.59 9.10 44.60

K 35.3 0.09 0.85 0.14 62.01 10.59 63.00

L 34.7 0.12 1.17 0.15 55.4 15.29 56.72

M 33.1 0.12 0.92 0.08 73.73 11.33 74.73

N 36.2 0.09 1.15 0.10 55.45 7.13 56.70

O 36.0 0.08 1.26 0.09 48.09 8.93 49.44

P 36.6 0.08 1.27 0.11 33.88 4.29 35.26

Q 28.7 0.41 18.85 0.31 85.6 15.95 104.76

R 32.6 0.16 2.43 0.15 62.22 8.06 64.80

S nm 0.24 2.08 0.10 28.28 3.45 30.46

N well 1 2.9 0.21 2.49 0.11 961.13 86.79 963.73

N well 2 2.9 0.28 1.89 0.11 1,101.11 44.33 1,103.11

nm not measured
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Differences in Ra enrichment between groundwa-

ters derived from the same aquifer (greater enrichment

in 223Ra and 224Ra at the springs versus higher

activities of 226Ra and 228Ra in wells) may be

explained by a combination of Ra desorption and

dilution processes (derived from recirculation of

seawater) together with the spatial distribution of the

samples. For example, radium desorption is responsi-

ble for enrichment of 223Ra and 224Ra in groundwater

as it moves from the fresh inner part of the aquifer to

the brackish springs at the coast. In contrast, seawater

intrusion dilutes the concentration of 226Ra and 228Ra.

Therefore, we use the karstic springs as the brackish

groundwater endmember that discharges into the cove.

Given the similar 228Ra/226Ra activity ratios

(1.2 ± 0.4 and 1.4 ± 0.1, respectively) between these

brackish springs and the fresh N well, we hypothesize

that they are derived from the same Migjorn aquifer

karstified in the coastal region. These activity ratios

differ from the fresh P1 and P2 wells because these

wells are located far inland in a region dominated by

carbonates.

There is a pronounced enrichment of radium

activities within the porewaters of sand immersed

nearshore (Pz1-und). The coincidence in salinity of

piezometer and spring samples may indicate that in

both areas, the same water seeps through the

carbonate aquifer. A longer residence time (compared

to the flowing karstic springs) of these porewaters

could also allow for Ra enrichment. Nonetheless,

there is no evidence that these enriched porewaters

enter the overlying water column since radium

activities within the bottom waters were much lower

than in surface cove waters. 223Ra and 224Ra activ-

ities in bottom cove waters were slightly enriched

relative to the surface (Table 1). We suspect that this

is due to mixing of the water column nearshore

followed by rapid advection.

Ra diffusion from the sand

A sample of beach sand was analyzed by gamma

spectrometry. Radium concentrations were 0.59 ±

0.01 dpm g-1 for 226Ra and 0.166 ± 0.004 dpm g-1

for 228Ra. These measurements suggest that radium

production in situ is low as the parents (thorium) are in

low concentration. However, this does not mean that

Ra does not flow through the sand. Unfortunately, we

do not have enough data to evaluate this mechanism

directly. Rather, we can estimate Ra flow through rates

by taking an upper-limit of the diffusive fluxes of
223Ra, 224Ra (0.26 and 21 dpm m-2 day-1, averages

from control and experimental tanks containing sandy

sediments, Bird et al. 1999), 226Ra and 228Ra (0.27 and

2.1 dpm m-2 day-1 measured in laboratory settings or

reported in continental shelf sediments (Krest et al.

1999; Charette et al. 2001; Ollivier et al. 2008).

Maximum diffusive fluxes of radium (assuming

the water residence time 2.4 days calculated in the

following section and an average water column depth

of 3 m) would explain only 1.7, 16.4, 0.2 and 3.3 of

the measured 223Ra, 224Ra, 226Ra and 228Ra activities

in surface cove samples. With the exception of 224Ra,

the potential diffusive fluxes are thus small, and are

not included in the radium mass balance delineated

below. These results are similar to Burnett et al.

(1990), who found uniformly low uranium-series

Fig. 4 Activities of 224Ra plotted against 223Ra and 228Ra for

all the water samples. A clear enrichment is detected in

groundwaters respective to cove waters, which in turn are

enriched compared to the immediate coastal sea
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nuclide concentrations in carbonate sands and also

ascribed them to negligible diffusion of radium.

Radon as a supporting tracer

The distribution of 222Rn in bottom and surface

waters confirms the layered cove water structure

already observed with salinity and radium. The low

radon concentration in bottom waters (Rn1 and Rn2)

is most likely indicative of the small amount of

radium in the sediments and/or transport from other

radon sources. The relatively lower radon concentra-

tions of Pz2-beach suggest that brackish groundwa-

ter, which seeps from the limestone, remains stagnant

beneath the beach sand and is probably not affected

by active seawater recycling. This result supports the

assumption of the longer residence time of sand

porewater derived from high Ra activities in the Pz2-

beach sample. The low tidal range of this area, and its

protection from wave-induced mixing, would favor

minimal recycling. Low radon concentrations also

imply a low production of radon within the sand,

which in turn suggests low adsorbed radium activities

(see Ra diffusion from the sand section). The similar

radon concentrations measured in the N well, the

piezometer samples taken within the cove (Pz1-und)

and the spring, suggest a rapid transfer of karstic

groundwater to the cove. This rather high value of

*2,000 Bq m-3 is considered to be representative of

the radon concentration measured in the local

groundwater endmember. Therefore, the radon data

obtained supports the conclusion reached above that

radium diffusive fluxes are low, and that the main

source of radium is groundwater flowing through the

karstic limestone.

Ra-derived cove water-mass age

The Ra released from the submarine springs can be

assumed to be chemically non-reactive in cove waters

and affected only by radioactive decay and mixing.

The development of a Ra-derived SGD model builds

Fig. 5 Radium activities in surficial cove waters and potential endmembers as a function of salinity
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upon a mass balance of source and removal terms for

radium in a coastal area, and thus relies on an

estimation of the residence time of the water in the

cove. The time required for a water parcel to be

transported throughout a coastal region is influenced

by both physical and hydrogeological factors, includ-

ing tides, winds, currents and hydraulic gradients.

This transit time can be calculated using physical

methods, numerical models or isotopic water mass

tracers (Moore 1999; Charette et al. 2001). An

apparent age of water can be estimated using a

Ra-based approach that compares isotopic ratios

(224Ra/228Ra) in cove surface waters to measured

Ra isotopic ratios in groundwater. The mathematical

expression (Moore et al. 2006; Beck et al. 2007) is:

T ¼ F 224Ra
�

228Ra
� �

� I 224Ra
�

228Ra
� �� �

�
I 224Ra

�
228Ra

� �
k224

� �
ð2Þ

where F (224Ra/228Ra) is the 224Ra/228Ra activity

ratio of the direct groundwater inputs into the system,

i.e., the average activity ratio in all the sampled

springs (2.9), I (224Ra/228Ra) is the area-weighted

average 224Ra/228Ra activity ratio in surface cove

waters (2.0) and k224 is the decay constant of 224Ra

(0.1894 day-1).

The estimated water mass age for the Alcalfar

Cove waters using Eq. 2 is 2.4 days. Although water

ages for the various boxes in which the cove is

divided range from near 0 to 4 days, we use an

average value here. We further focus on 224Ra due to

the similarity in half-life between the estimated

transit time and previous hydrogeological estimates

that are in the range of a few days. It is worth noticing

that using Eq. 2 with 223Ra/228Ra activity ratios

results in an average age of 2.5 days, in good

agreement with the 224Ra based estimate.

Calculation of SGD using radium isotopes

Several radium-based models have been proposed to

quantify SGD (Moore 2005). Here, we use a straight-

forward binary mixing model for the following

reasons: (1) the identified coastal springs constitute

the groundwater endmember from the Migjorn aquifer

discharging to the cove; (2) there is a negligible tidal

influence in the study site, as in most Mediterranean

coastal areas; and (3) the cove waters are stratified

showing clear salinity (density) gradients.

Therefore, we can define a radium mass balance

where radium activities in cove waters are explained

by a binary mixing of brackish groundwater and

seawater endmembers. Specifically, we use the

distribution of 223Ra and 224Ra activities combined

with the 228Ra/226Ra activity ratios measured in the

upper confined 30 cm (h = 0.3 m) of the water

column. The following equations are used to establish

the two end-member model at steady state:

fcs þ fgw ¼ 1 ð3Þ
223Racs � fcs þ 223Ragw � fgw ¼ 223Racove � ek223T ð4Þ
224Racs � fcs þ 224Ragw � fgw ¼ 224Racove � ek224T ð5Þ

228Ra
226Ra

� 	

cs

� fcs þ
228Ra
226Ra

� 	

gw

� fgw ¼
228Ra
226Ra

� 	

cove

ð6Þ

where f is the fraction of coastal sea (cs) and

groundwater (gw) endmembers in cove waters, Racs

is the radium activity in the coastal seawater

endmember (sea 2 sample), Ragw is the average

radium activity in brackish springs and Racove is the

average radium activity measured in surface cove

waters. The 228Ra/226Ra terms are the activity ratios

of the long-lived radium isotopes in the coastal sea,

spring groundwater and cove waters. T is the

apparent cove waters age (2.4 days) as estimated

above.

The system of equations describing the mixing

model has only two unknowns (fcs and fgw) and thus

three different equations for fcs and fgw can be

obtained (Table 4). The average groundwater fraction

in cove waters is 20 ± 6% (fgw = 0.20 ± 0.06).

Since submarine springs are brackish, the calculated

groundwater fraction will include a significant com-

ponent of recirculated coastal seawater, i.e. the

obtained fgw is a composite of fgw,fresh and fgw,cs. As

discussed above, the fresh groundwater (N well) also

comes from the same Migjorn aquifer, but is salinized

as it flows toward the coast where it discharges via

brackish submarine springs. Although short-lived

isotopes are not yet completely enriched in the fresh

groundwater, we can apply the 228Ra/226Ra activity

ratio of N well in Eq. 6. This approach yields a fresh

groundwater fraction (fgw,fresh) of 0.14. This result is

probably subject to a higher uncertainty than the total

groundwater fraction because several coastal wells

should ideally be analyzed in order to obtain a more
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representative groundwater endmember. Unfortu-

nately, there are only a limited number of wells in

our coastal area. From these results, we infer that

surface cove waters consist of 80% coastal seawater

and 20% SGD, which further includes 14% fresh

groundwater and 6% recirculated seawater.

The total submarine groundwater discharge rate

(cm day-1) within the cove is then determined by

taking into account the groundwater fraction

(fgw = 0.20 ± 0.06), the water column under study

that is enriched in radium isotopes (h) and the

calculated water apparent age (T) as follows:

SGD cm day�1
� �

¼ fgw � h
T

ð7Þ

Instead of depth (h), length may be used in other settings

such as homogeneous coastal aquifers considered to

discharge groundwater along the entire coastline and

described by a well mixed water column. By solving

Eq. 7, we estimate a SGD flux within the studied cove

of 2.5 ± 0.7 cm day-1 containing 30% recirculated

seawater and 70% fresh groundwater. This linear

discharge rate is multiplied by the studied Alcalfar

Cove area to come up with the volumetric SGD rate of

150 ± 43 9 103 m3 year-1, which is divided in

45 ± 13 9 103 m3 year-1 of recirculated seawater

and 105 ± 30 9 103 m3 year-1 of fresh SGD.

The estimated SGD flux for the Alcalfar Cove

(coastline of 620 m) can be extrapolated to the entire

karstic shoreline of the Migjorn Aquifer (157 km),

given the similarity of this cove’s shape and hydro-

geologic properties to other Minorca regions.

Although conscious that a precise determination of

the total SGD from the Migjorn aquifer would require

numerous studies, we estimate that total SGD flow

from the Island of Minorca is *40 9 106 m3 year-1,

with 70% being fresh groundwater discharge. This

latter estimate fits well within the fresh groundwater

discharge calculated from a hydrological balance for

the Migjorn aquifer (17 9 106 to 37 9 106

m3 year-1; Estradé 2005). As a further test, we also

used Darcy’s Law to estimate the fresh SGD derive

from the entire Migjorn aquifer (Freeze and Cherry

1979; Kroeger et al. 2007). The aquifer parameters

involved in such a calculation are the hydraulic

conductivity, the hydraulic gradient and the cross-

sectional area of the plane perpendicular to flow

(defined by length along shore and thickness of the

aquifer). The value for the hydraulic conductivity was

obtained from a detailed study by Fayas (1982), who

examined more than 125 wells and concluded that

hydraulic conductivities for the studied geologic

formation in coastal areas were generally higher than

20 m day-1 (K). We chose this lower-limit as a

conservative, low estimate for goundwater flow. The

hydraulic gradient was calculated from the latest

available piezometric map (0.002 m m-1; López-

Garcı́a 2004). According to Fayas (1982), the depth

of the permeable aquifer formation ranges between 10

and 50 m, so that we used the average thickness of

30 m. The length of the total karstic shoreline

(157 km) was calculated directly from the geologic

map. Assuming these values, the calculation leads to a

fresh SGD flux of 58 9 106 m3 year-1, which is

higher but still comparable to the Ra-derived fresh

SGD rate.

Groundwater-derived flux of nutrients

The examination of PO4
3-, DIN and SiO4

4- concen-

trations as a function of salinity (Table 3) suggests

that that the fresh groundwater endmember is a major

Table 4 Coastal sea and groundwater fractions derived from the use of the radium mixing model. The spring-derived groundwater

fraction (0.20) includes both fresh and saline components of SGD, while the fresh well provides only with the fresh portion

Applied equations Isotopes gw endmember fcs fgw

3 and 4 223 Spring 0.84 0.16

3 and 5 224 Spring 0.74 0.26

3 and 6 228, 226 Spring 0.83 0.17

Average 0.80 ± 0.06 0.20 ± 0.06

3 and 6 228, 226 Well 0.86 0.14

Total fgw 0.20

Fresh fgw,fresh 0.14

Recirculated fgw,cs 0.06
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source of these dissolved inorganic nutrients to the

cove. In general terms, high DIN concentrations in

groundwater may be associated with large pools of

NO3
- and high rates of remineralization in upland

soils (Street et al. 2008). However, human activities

also alter N concentrations in groundwater. In this

region, groundwater nitrate may also originate from

fertilizers and manure, since 47% of the local land

surface is devoted to agricultural and farming uses

(Carreras et al. 2002).

Using the fresh SGD derived from Ra, we can

estimate the groundwater associated input of new

nutrients to the Alcalfar Cove by simply multiplying

the fresh SGD rate by the average N well groundwater

concentration of nutrients (Table 3), such that fresh

SGD accounts for 18,000 lmol m-2 day-1 of NO3
-,

1,140 lmol m-2 day-1 of SiO4
4- and 4 lmol m-2

day-1 of PO4
3-. Using an average groundwater NO3

concentration of 738 ± 190 lmol l-1, derived from

several freshwater well measurements in the region

during November 2004, May–June 2006 and February

2007 (n = 6; Health Authorities of the Minorca

Insular Government, unpublished data), the estimated

NO3
- flux is 13,000 lmol m-2 day-1. This value,

28% lower than the above estimate, is more integrative

of the seasonal and yearly variability likely to occur

with NO3
- groundwater concentrations. The mea-

sured inventories of nutrients in surface Alcalfar Cove

waters in November 2007 (average nutrient concen-

trations times the studied cove volume) are 1,500 9

105 lmol NO3
-, 280 9 105 lmol SiO4

4- and

4.5 9 105 lmol PO4
3-, which can be compared to

the nutrient supply from the fresh SGD. The latter can

be estimated by multiplying the SGD-associated nutri-

ent flux (mass per time per area) by cove surface area

(1.65 ha) and the cove water residence time (i.e., the

time during which these waters are receiving and

accumulating the input of nutrients from SGD before

being exchanged by offshore seawaters). The obtained

values are 7,100 9 105 lmol of NO3
-, 450 9 105

lmol of SiO4
4- and 1.7 9 105 lmol of PO4

3-. Assum-

ing that the fresh SGD estimated from May 2005 and

February 2006 is valid for November 2007, we calculate

that fresh SGD supplies nearly two and five times more

SiO4
4- and NO3

-, respectively, than the inventories

actually measured in cove waters. In contrast, cove

PO4
3- inventories are almost threefold higher than the

estimated fresh groundwater contribution.

While subject to significant uncertainty, the differ-

ence between groundwater supplied and observed

nutrient inventories likely reflect biogeochemical

transformations that occur during groundwater flow

to coastal waters. These include transformation,

removal or release of NO3
-, SiO4

4- and PO4
3-

compounds at the freshwater seawater interface

(Dahm et al. 1998), as well as rapid biological

utilization. For example, under oxic conditions,

dissolved PO4
3- is generally quickly removed from

groundwater through co-precipitation with dissolved

Ca, Al or Fe into mineral phases such as hydroxyap-

atite (Ca5(PO4)3(OH) (Weiskei and Howes 1992;

Zanini et al. 1998). This latter process could explain

the lower PO4
3- concentrations driven by groundwa-

ter. The estimated input of SiO4
4- could be taken up by

diatoms that require Si to build their cell walls

(Rabalais et al. 2002). As for NO3
-, denitrification is

an important removal process for groundwater nitro-

gen under anoxic conditions, but this is unlikely given

the rapid groundwater flow through the karstic springs

(Capone and Slater 1990). Finally, these nutrients are

seasonally recycled between benthos and plankton in

shallow marine ecosystems (Laws 1983).

Although the rate of nutrient supply (18,000

lmol m-2 day-1 of NO3
-, 1,140 lmol m-2 day-1

of SiO4
4- and 4 lmol m-2 day-1 of PO4

3-) is

remarkable, it may not necessarily correlate with the

rate of nutrient assimilation by phytoplankton, which

depends on a variety of factors such as light availabil-

ity, plankton nutritional preferences, uptake capabil-

ities and growth rates (Smayda 1997). Community

composition may be further impacted by atomic

nutrient ratios; as N:Si and P:Si ratios increase

substantially in coastal areas affected by human

stresses (Justic et al. 1995a, b; Slomp and Cappellen

2004 and references within). Atomic DIN:P, Si:P and

Si:DIN ratios in surface waters of the Alcalfar Cove

(Fig. 6) indicate probable stoichiometric P limitation

in all cases (Justic et al. 1995b). Previous research has

also demonstrated that phosphorus generally limits

phytoplankton development in karst areas (Tapia

González et al. 2008). One of the main reasons is the

rapid precipitation of phosphorus in the form of apatite

(calcium phosphate), which is similar to calcium

carbonate (Fourqurean et al. 1993). Conversely, N and

Si concentrations and ratios were high enough to allow

phytoplankton growth.
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Phytoplankton blooms, as indicated by chlorophyll

a data, have been observed in Alcalfar Cove during

summer, and a study of the distribution of dinoflag-

ellates around Minorca Island from 2005 to 2006

reveals that the Alcalfar Cove had the highest cell

abundance of Gymnodinium chlorophorum among all

of the sampled coves (n = 21) with an abundance of

[106 cell l-1 in 2006 (Illoul et al. 2007). This

phytoplankton biomass could reasonably be sustained

by the consumption of nutrients derived from SGD

into the system, although there are other essential

factors for bloom manifestations (Basterretxea et al.

2005). Therefore, further studies need to be con-

ducted in order to establish the exact role that SGD

plays in Alcalfar Cove phytoplankton blooms.

Conclusions

This study demonstrates the effectiveness of radium

isotopes in estimating SGD rates in a karstic coastal

area in the Balearic Islands (western Mediterranean).

The groundwater source to this system is most likely

the surficial karst aquifer, which is altered by

dissolution processes that are reflected within coastal

spring discharge. The 224Ra/228Ra distribution can be

used to constrain a mean cove water residence time of

2.4 days. Using a radium mass balance (using 223Ra,
224Ra and the 228Ra/226Ra ratio), SGD is calculated

and separated into two components: recirculated

seawater (45 ± 13 9 103 m3 year-1) and fresh

groundwater (105 ± 30 9 103 m3 year-1). Radium

derived fresh SGD rates yield NO3
-, SiO4

4- and

PO4
3- fluxes of 18,000, 1,140 and 4 lmol m-2 -

day-1, respectively, and are likely minimum esti-

mates for total N, Si and P inputs because organic

nutrients were not measured. The inorganic nitrogen

and silica fluxes alone are substantial enough to

promote the recurrent phytoplankton blooms

observed in the area, although phosphorus limitation

may occur, as in other karstic regions. Since a

number of non-conservative biogeochemical pro-

cesses may alter nutrient distribution in the subter-

ranean estuary prior to SGD to the coast, concerted

efforts on identifying the SGD endmember for

nutrients should be undertaken, especially in areas

where the proliferations of algal species may be

linked to SGD.

Fig. 6 Atomic DIN:P, Si:P and Si:DIN ratios in the surface

waters of the Alcalfar Cove. The areas of N, Si and P limitation

are marked as well
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