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Abstract

In highly anthropized watersheds, surface water tributaries may carry unexpected high
quantities of radon and radium to coastal lagoons. Investigating submarine groundwater
discharge (SGD) with radionuclide tracers is therefore a complex task. In order to quantify
SGD and decipher the influence of the different water sources, we combined a radon
(**2Rn) and short-lived radium (*>*Ra, ?**Ra) survey with the hydrodynamic modeling of a
lagoon. We applied it to the Mar Menor lagoon (SE Spain) where surface water tributaries
and undocumented emissaries carry water from groundwater drainage and brines from
groundwater desalinization. We identified the areas of influence of the plume of
radionuclides from the river, located major areas of SGD and proposed a location for two
submarine emissaries. Porewater, i.e. interstitial water from underlying sediments, was
found to be the most representative SGD end member, compared to continental
groundwater collected from piezometers. Mass balances in winter and summer seasons
provided yearly SGD fluxes of water of 0.4-2.2 - 108 m¥y (**’Rn), 4.4-19.0 - 108 m%ly
(***Ra) and 1.3 - 108 m®y (***Ra, measured in winter only). Tidal pumping was identified
as a main driver for recirculated saline groundwater, while fresh submarine groundwater

discharge from the aquifer ranged between 2% and 23% of total SGD.

Keywords: Submarine groundwater discharge, Radon, Radium, hydrodynamic

modeling, tidal pumping, reverse osmosis desalination.
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1 Introduction

Increasing anthropogenic pressure might affect the hydrology and ecology of coastal areas
by modifying submarine groundwater discharge (SGD) (e.g. Burnett et al., 2003). In the
Mediterranean Sea, such processes are a particular source of concern in wetlands (e.g.
Rodellas et al., 2012), lagoons (e.g. Gattacceca et al., 2011) and coastal areas (e.g. Schiavo
et al., 2009). SGD assessment is therefore a critical need for water resources management,

although groundwater inputs into surface water masses are difficult to quantify.

In this context, approaches based on radon and radium contents may be very efficient. They
rely on a global mass balance, as pioneered by Moore, 1996, Cable et al., 1996. Their
interest is a simple field implementation and a spatio-temporal integration. Over the last
decade, numerous authors successfully applied this method in many places worldwide (e.g.
Burnett et al., 2008, Cook et al., 2008, Loveless et al., 2008, Mulligan and Charette, 2006,
Santos et al., 2008, Santos and Eyre, 2011) and to a lesser extent in the Mediterranean (e.g.
Garcia-Solsona et al., 2010, Gattacceca et al., 2011, Rodellas et al., 2012, Weinstein et al.,

2007).

The most delicate part of the mass balance method relies on a precise determination of the
discharge rates and the radionuclide activities of the different terms of the mass balance.
Such calculation is particularly sensitive to the composition of discharging groundwater

and to the assessment of inputs from surface water.

The behavior of radon and radium in coastal aquifers is complex (e.g. Burnett et al., 2003).
Some authors tried to explain the origin of this variability (e.g. Dulaiova et al., 2008,
Gonneea et al., 2008), but general guidelines are difficult to draw. Radon and radium are
brought to coastal environments by terrestrial water carried by the regional subterranean

hydrodynamics, but also by the recirculation of saline water in the sediments (e.g.
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Taniguchi et al., 2006, Gattacceca et al., 2011). These two processes bring two distinct
components of SGD that are designated, in most studies, as fresh submarine groundwater

discharge (FSGD) and “Recirculated Saline Groundwater Discharge” (RSGD).

FSGD corresponds to the discharge of continental groundwater into surface water masses,
thus affecting the water balance of the aquifer system. It is mainly driven by terrestrial
hydraulic gradients and tidal pumping. Continental groundwater can be defined as “deeper
and fresher” water (Cyronak et al., 2013) than seawater. Still, they might in some cases
reach levels of salinities similar to that of seawater. RSGD is the result of a series of
mechanisms that force seawater to flow across the sediment—water interface, mix with
porewater (i.e. shallow interstitial water from sediments underlying the water mass) and
continental groundwater if present and discharge back into surface water masses. It does
not affect the water balances of the aquifer and surface water, but modifies significantly
radon and radium mass balances. The driving forces of both recirculated and continental
groundwater discharge were reviewed by Santos et al. (2012) and may include additional
advective processes like wave setup, wave pumping, ripple migration, bioturbation or gas

bubble upwelling.

By contrast to SGD, surface water fluxes often represent limited inputs of radionuclides.
Nonetheless, when rivers drain aquifers or are fed by additional source of radionuclides,
they may provide important quantities of radionuclides to coastal systems (Gattacceca et
al., 2011). Their influence on the tracer distribution and on the radionuclide mass balance is
hard to assess. Very reactive surface-water hydrodynamics even complicates this task by
inducing a fast dispersion of the tracers due to strong waves or tides (e.g. Ferrarin et al.,
2008, Santos et al., 2009a). However, their precise location and sampling is not always an
easy task, especially where artificial submarine emissary are present. Electromagnetic

(Teatini et al., 2011) and thermal infrared methods (Mejias et al., 2012) were recently
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proposed to locate FSGD, but they suppose costly airborne surveys and might not be

systematically adapted to locate artificial emissaries.

In this paper, a radon—-radium mass balance was performed to quantify SGD to one of the
largest Mediterranean coastal lagoon, the Mar Menor in Southeast Spain, connected to an
intensively irrigated agricultural watershed. The most representative SGD composition,
reflecting both FSGD and RSGD was selected after a detailed sampling of piezometers and
sediments under the lagoon combined with hydrodynamic calculations. As the main river
carries water from groundwater drainage (Garcia-Pintado et al., 2007), a non-negligible
source of radionuclides was expected. Hidden inputs of radionuclides originated by brines
from groundwater desalination were also expected (Baudron et al., 2014), but with no
information about their location and flux. In order to (i) understand the potential impact of
surface water discharge to the lagoon, (ii) localize additional undocumented inputs and (iii)
decipher surface inputs from SGD, the radionuclides survey was combined with a
numerical simulation of the lagoon hydrodynamics. Until now, such a combination was
implemented only once, in the Venice lagoon (Ferrarin et al., 2008, Rapaglia et al., 2010),
but with the differing objectives of comparing residence times and estimating the seasonal

and temporal variability of SGD.

2  Site description
2.1 The Mar Menor coastal lagoon

Located in semiarid SE Spain, the Mar Menor (135 km?) is one of the largest coastal
lagoons of the Mediterranean Sea (Fig. 1). It represents a volume of 591 - 10° m® with a
mean depth of 4.5 m and a maximum depth close to 6.5 m. Water temperature at the bottom

of the lagoon ranges between 7.8 °C in winter and 30.2 °C in summer (LOpez-Castejon and
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Gilabert, personal communication) in coherence with the atmospheric temperature
variations. The Mar Menor is separated from the Mediterranean Sea on its eastern side by a
22 km long narrow sandy bar system (La Manga; width between 100 and 1200 m) tied to
four volcanic outcrops. Other volcanic outcrops in the lagoon form three small islets. Three
inlets connect the lagoon with the Mediterranean Sea (Fig. 1), although the main water
exchange occurs through the central one, the Estacio channel that was widened and dredged

in 1973 to make it navigable.

Due to the scarcity of precipitations (300 mm/y), which mainly occur during storm events,
the limited surface runoff does not compensate the high evaporation of the lagoon,
requiring a net inflow from the Mediterranean Sea of about 130 - 10° m®/y (Cabezas, 2009).
The lagoon is therefore hypersaline, around 47 psu. Calculated renewal time ranges from
0.66 to 1.2 year (Pérez-Ruzafa et al., 2005, Cabezas, 2009, Martinez-Alvarez et al., 2011).
Water circulation can be very dynamic and is mainly controlled by wind and atmospheric
pressure (Arévalo, 1988). Despite a weak stratification in the early morning, the water
column can be considered homogeneous (Ldépez-Castejon and Gilabert, personal
communication). Still, local stratification can be found in some areas located close to the
inlets and affected by the Mediterranean Sea water. Maximum variation of the water level
in the lagoon, recorded by two Acoustic Doppler Current Profilers (ADCP, see Section 3),

is 70 cm. Tidal variations are limited to 2—-3 cm, as tides are mostly chocked in the inlets.

2.2 The Campo de Cartagena coastal aquifer system

The Mar Menor is bordered to its North, West and South sides by a detrital Quaternary
aquifer (1200 km2), the upper layer of the Campo de Cartagena multi-aquifer system
(Jiménez-Martinez et al., 2012, Baudron et al., 2013a), which supports intensive irrigated

agriculture (Perni and Martinez-Paz, 2013). Some authors assumed a fault system under the
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Mar Menor (e.g. Lillo Carpio, 1978) or at its western limits (Rodriguez Estrella, 2004).
However, the recent review of existing information by Garcia-Arostegui et al. (2012) did
not identify such fault systems along the lagoon. We therefore assume that the Quaternary

aquifer fully underlies the lagoon.

A main peculiarity of the area is the existence of an unknown number of small desalination
plants used to lower the salinity of brackish groundwater (Lorenzen et al., 2012) before
irrigating. The final destination of these brines is uncertain: they are partly injected in the
aquifers, released to the surface watershed or directly to the Mar Menor lagoon. A rough
estimation of the volume of brines gives 107 m®y, considering an efficiency of 50% for
reverse osmosis (as usually observed) and a contribution of groundwater desalination to

irrigation of about 5% (based on field survey).
2.3 The Rambla del Albujén watershed

A network of ephemeral streams locally called “ramblas” drains the area, transferring
rainwater sporadically during the rainfall events (Baudron et al., 2013b). Some of the
southern ones are connected to the Cartagena-La Unidn mining area. The main stream is
the Rambla del Albujén (40 km long). Thereafter named “the Rambla”, it constitutes the
axial drainage of the Campo de Cartagena and artificially concentrates water from
neighboring watersheds that used to flow directly to the lagoon. Since the 1980s, a
permanent flow has appeared in the last kilometers of the riverbed (Velasco et al., 2006). It
now represents 7.7 - 108 m3y (IEA, 2011) at the mouth (R1 in Fig. 2). This value is mainly
supported by the natural drainage of the Quaternary aquifer, whose water table level has
risen in response to increased irrigation return flow, together with numerous agricultural
drains, artificial releases of unknown origin, most probably brines from private desalination

plants, and sporadical discharge from a sewage water treatment plant. Up to day, the
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following three main artificial releases could be located: R2 and R3 (Fig. 2) discharge
respectively 0.8 - 10° m®y and 2.4 - 106 m®/y (IEA, 2011) to the stream, a few tenths of
meters upstream the mouth, while R4 discharges 2.9 - 10° m®/y directly to the lagoon (IEA,
2011), a few tenth of meters northwards from R1. The state of anthropization of this
watershed is a unique case that causes complications for SGD assessment, as high

radionuclide activities are potentially carried by surface water to the lagoon.

3 Methods

3.1 Sampling

3.1.1 Continental groundwater, brines and surface water

Groundwater samples were collected following two specific objectives. The first one was
to define the composition of continental groundwater, representative for the regional flow
in the Quaternary aquifer, and discuss it in comparison with the other potential SGD term
(recirculated seawater). The second objective was to assess the contribution of Quaternary
groundwater to the surface watershed by natural drainage to streams. To this end,
groundwater sampling was conducted in 2010, 2011 and 2012 in four Quaternary boreholes
(A, G, 1, J) located on the coastal border of the Mar Menor (Fig. 1). Samples were extracted
with an electric pump after stabilization of the physical and chemical parameters (pH, EC,
temperature, eH). Before sampling, hydraulic heads at wells were measured. The data was
then summed to a wider database by IEA (2011) in order to obtain the water table elevation

curves displayed in Fig. 1.

As aforementioned, brines from desalinated groundwater can be released either to the

aquifers, to the watershed, or directly to the lagoon. In order to assess how 2?Rn was
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affected during the desalination process, water samples were taken from a reverse osmosis
plant at three steps: input groundwater from the tubewell (Din), desalinated water (Dout1)
and brines (Dout2). In this particular case, Din corresponds to groundwater from the

confined Pliocene aquifer (sandstone).

In order to characterize qualitatively and quantitatively the spatio-temporal variability of
the composition of surface water composition discharge to the lagoon, a series of key
locations were sampled along the Rambla del Albujon watershed, in the main course of the
river and in artificial releases (Fig. 2). The main contributing discharge points (R0, R1, R2,

R3, R4) were sampled several times during the 2011 and 2012 surveys (Table 2).

Physical and chemical parameters were measured with a Hach Lang multi parameter
device. Samples were collected in 50 mL polypropylene bottles for anions. Samples for
radon (*??Rn) were collected in 250 mL glass bottles and samples for radium (Ra) isotopes

in 15 L containers.

3.1.2 Lagoon and seawater

The seasonal variations of agricultural practices and the impact of climatic conditions
(wind, temperature, salinity) on the distribution of ?22Rn and Ra isotopes in the lagoon were
characterized along three sampling campaigns in November 2010 (winter season), July
2011 (summer season) and January 2012 (winter season). The 2010 campaign mostly
consisted in a 2??Rn survey along the western coast of the Mar Menor (see Section 3.2.2),
together with the collection of five discrete samples for radium isotopes. In 2011, a wider
area was sampled for 222Rn including the central part of the lagoon, the surroundings of a
volcanic island and the Mediterranean Sea, while ten discrete samples were collected for

radium inside the lagoon and one in the Mediterranean Sea. In 2012, a wider perspective of
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the lagoon and the Mediterranean Sea was obtained with new 222Rn surveys while fourteen
discrete samples in the lagoon and one in the Mediterranean Sea were collected for radium.
In addition, radon activity was also measured for time-series at a fixed location in an area
sheltered from currents (the Los Urrutias harbour) on July, 10 and 11 2011. The two
aforementioned ADCP current meters (Aquadopp, Nortek) were deployed at 4 m depth to
measure temperature and water level together with current velocity and direction. This data
was then used to validate the hydrodynamic model. The first ADCP was located at the NW

lagoon coast, close to Los Narejos, the second close to Los Urrutias (Fig. 1).

Samples for 222Rn were directly processed on board, as detailed in Section 3.2.2. Samples
for radium isotopes were collected in 15 L containers. Turbidity, pH, temperature, electric
conductivity (EC), salinity and chlorophyll were continuously recorded by a YSI V6600

V2 multiparametric probe, together with the GPS location.

3.1.3 Sediments

Eight saturated sediments were collected from the sea bottom of the Mar Menor in July
2011 and January 2012 (Fig. 1) in order (i) to measure the radium and radon pore water
activities in equilibrium with the sediment, (ii) to estimate the diffusive production of
radionuclides from the sediments underlying the lagoon and (iii) to assess whether the
release of radionuclides from resuspended sediments could be a significant additional

source of radionuclides to the lagoon.
3.2 Analytical techniques
3.2.1 Radium isotopes

Radium isotopes were extracted by passing sample waters by gravity through a PVC

cartridge filled with 20 g dry weight of manganese oxide-impregnated acrylic fiber (“Mn-
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fiber”). The water flow rate was checked to be less than 1 L per minute, in order to insure
the retention capacity of the Mn-fiber to be higher than 97% (Moore, 2008). Before
processing the sample, the water content of each Mn-fiber was kept between 0.4 and 1.1
gH20/Gfiver in Order to get maximum emanation efficiency (Sun and Torgersen, 1998). The
samples were processed with either with RaDeCC system for 2°Ra and ??*Ra in January
2012 (Radium Delayed Coincidence Counting) or with RAD-7 system (radon-in-air

detector, Durridge, Co.) for 22Ra in November 2010 and July 2011.

22Ra and ?**Ra activity measurements with RaDeCC were calibrated using 4 in-house
mono-isotope standards of 2’Ac and %*2Th (parents of ?2Ra and ?**Ra respectively) and 4
multi-isotope standards, containing ?2’Ac, 2*2Th and 2%Ra. All standards were prepared
according to the technique of Scholten et al. (2010). Detection efficiencies of our four
detectors were very similar and close to the values reported in Scholten et al. (2010).
Changes of efficiencies with time are within the error range and thus not significant. All

errors were calculated according to Garcia-Solsona et al. (2008).

228Th activity in water was processed with RaDeCC one month after collection measuring
supported %?*Ra, in equilibrium with 226Th, 22’Ac activity in water was processed with

RaDeCC 3 months after collection measuring supported ?2°Ra in equilibrium with 2?’Ac.

22Ra activities were determined using RAD7 system by placing the Mn-fiber in a glass
cartridge hermetically closed during 10 min in order to reach the equilibrium between ?**Ra
and ?%°Rn (thoron). The cartridge is connected to RAD-7 system and the protocol is chosen
to analyze thoron. The RAD-7 detection efficiency for 22*Ra was calculated using two of
the standards described above: one standard of 22Th and one multi-isotope standard
(containing 22Th and ??°Ra). The detection efficiency calculated using both standards was

similar. Cross comparisons of ?*Ra activities measured with the RAD7 and RaDeCC
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detectors on one standard and three sample fibers (in the range of 10-100 Bg/m?) returned

similar results within uncertainties.

226Ra activities in the lagoon were determined in four samples through radon emanation.
Mn-fibers were placed in glass cartridge hermetically closed during 3 weeks in order to
reach equilibrium between ?%Ra and ?Rn and then connected to a RAD-7 system. The

RAD-7 efficiency for 2Ra was determined using the multi-isotope standard.

3.2.2 Radon isotopes

The ?22Rn activities of lagoon water and seawater were measured according to Dulaiova et
al. (2005) by means of two radon-in-air detectors routed simultaneously through one single
air-water exchanger (RAD-Aqua, Durridge). Water was pumped on subsurface at a
constant flow rate of 2.5 L/min and filtered through an 80 mm cartridge. The boat was
always moving and data was integrated each 15 min (corresponding to one run). Since the
RAD-7 determines 2?2Rn activity by measuring the decay of the daughter 28Po considered
to be in equilibrium with 222Rn after 15 min (5 half-lives of ?!8Po; Stieglitz, 2005), the
radon activity of each run was associated with the geographical position of the boat 15 min
before. The longer equilibration time from high to low activity (Stieglitz et al., 2010) was
not taken into account. Analytical uncertainties (reported in Fig. 4) are based on counting
statistics, and are typically around 45% (20) for our configuration (two RAD-7 and 15 min
run) and water activities. For groundwater samples, ?2Rn activities were analyzed using a
RAD-H;0 extension of the RAD-7 using 250 mL samples. All ?2Rn activities were
corrected from temperature and humidity effect (using the Durridge Capture software) as
well as from salinity effect (according to Schubert et al., 2012). Analytical uncertainties are

based on counting statistics.
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3.2.3 Radon and Radium in sediments and porewater

Five sediment samples (Fig. 1) were analyzed by gamma ray spectrometry at CEREGE in
order to assess their 2?°Ra and ??®Ra activities (using the 295 and 911 keV of ?*Pb and
28 ¢ respectively). The mean Mar Menor sediment porosity was estimated by comparing

the wet and dry weight (Corbett et al., 1998) of 4 sediment samples.

The method commonly used to estimate 2??Rn content in porewater is based on
equilibration experiments (Corbett et al., 1998, Kluge et al., 2012; Burnett et al., 2007).
According to the protocol described in Corbett et al. (1998), five experiments were done
with 500 g of dry sediment put in closed glass bottles with 900 mL of Ra-free seawater,
previously passed through Mn-fiber to remove all radium isotopes. The system was left for
more than one month to allow the equilibrium between water over and within the sediment.
The overlying water was collected and analyzed with RAD-7+Rad-H.0 system. The
equilibration experiments and analysis were performed at the room temperature

(appreciatively 20 °C).

We used the same protocol to estimate 22°Ra and ?**Ra content in porewater, assuming that
5 months after the bottle closing (more than 10 times the ?’Ra and ?%*Ra half-lives) the
overlying water is in equilibrium with porewater. This hypothesis is based on Beck et al.,
2007, Beck et al., 2008, who added regularly Ra-free seawater to a core and analyzed the
overlying waters for various time intervals. They observed a clear enrichment of overlying
water associated with diffusion tending towards equilibrium after more than 100 h. For
22Ra and 2*Ra, the overlying water of 3 equilibration experiments was analyzed with

RaDeCC system.

For both radon and radium, we applied a correction factor that takes into account the

difference of water/sediment ratio between our experiment and the lagoon sediment (the
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mean measured porosity equals 0.5). The activity in porewater in equilibrium with the

sediment (Ceq) is thus estimated as follows (modified after Stieglitz et al., 2013):

Ceq = Cincubation * RLan/ Rfield

where Cincubation the activity measured within the bottle, Rian and Rrieq are the

water/sediment volume ratios respectively in the bottle and in the field.

3.2.4 Other tracers

Nitrate in groundwater and surface water was analyzed by chromatography (University of
Cartagena). Nitrate in the lagoon and seawater was continuously recorded by a SUNA V2
UV (Satlantic) equipment, together with the GPS location. It had been previously calibrated
with a standard solution of NaNOs prepared in the laboratory at the range of expected

nitrate concentrations in the lagoon water.

3.3 Hydrodynamic modeling of the lagoon

Prior to each simulation, the model ran for 6 days with all the hydrodynamic forcings in
order to let it spin up before the river input was inserted into the model. Then, the
hydrodynamic dispersion of the input of 22Rn and ?**Ra generated by the Rambla into the
lagoon (thereafter called “plume”) was modeled and compared to the measurements. It was
used as a diagnostic tool to locate point sources of radionuclides inside the lagoon in areas
not attained by the plume during the days of modeling: if such activities could not be
explained by the plume, additional sources of radionuclides would be evidenced. The
introduction of the tracer in the model started 6 days before the days of sampling, i.e.
approximately 1.5 half-life of decay for ?22Rn. This decay provided an additional criterion

for evidencing the non-Rambla origin of measured values, as no more than 25% of the
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input level of 2%*Ra and ?%2Rn was expected to persist at the time of sampling in the oldest

parts of the plume.

The model considered mean values for discharge, 2?Rn, ?*’Ra and ?*°Ra activities of the
Rambla, as well as for lagoon activities and Mediterranean Sea activities. The data was
provided by the field surveys, using the same mean values as in the mass balance (see

Sections 4.1.2 Surface waters, 4.1.3 Lagoon and Sea waters).

The hydrodynamic simulations of the lagoon were performed using ROMS-AGRIF
(Debreu et al., 2012), the ROMS version developed by the Institut de Recherche pour le
Développement (IRD) using the AGRIF grid refinement procedure developed at the LIK-
IMAG (Laboratoire Jean Kuntzmann, Grenoble, France). The Mediterranean Sea grid
(150 m resolution) was nested to the Mar Menor grid (40 m) and to the inlets grids (of 5-
20 m). All nesting grids were bidirectional. The Mediterranean Sea model was forced with
sea level fluctuations recorded by a sea level gauge in the Mediterranean Sea (northern part
of the study area). The lagoon model was forced with hourly winds recorded at the
meteorological station on the northwest coast of the lagoon in the San Javier Airport (run
by the Spanish Meteorological Agency — AEMET). As aforementioned, modeling results
were validated against two ADCP current meters (Fig. 1). The validation parameters for a
15 days period simulation were: Root Mean Square error (RMS) and correlation

coefficient.
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4  Results

4.1 Geochemistry

4.1.1 Continental groundwater

Average temperature of 20.9 £ 0.9 °C was similar to the mean annual temperature of
surface water (Fig. 3). Electrical conductivity (EC) ranged between 5.3 and 12.6 mS/cm
and displayed minor change with time. ?2?Rn activities in Quaternary groundwater were
heterogeneous, between 2100 + 800 and 26,500 + 1500 Bg/m?, with a mean value around
14,000 Bg/m® and without any correlation with EC (Fig. 3). ??’Ra activities in the
Quaternary aquifer varied between 9.8 + 0.9 and 75.3 + 2.2 Bg/m® (Table 1 and Fig. 3),
with no significant ?*Ra changes in time. The average 2**Ra was 55 * 13 Bg/m?,
dismissing borehole A characterized by lower radium activities as for ?22Rn. ?*Ra only
measured in two boreholes varied by a factor of four (0.5 + 0.3-1.8 + 0.8 Bg/m®). Deep
groundwater (Din from the Pliocene aquifer) displayed much higher radon activity (about
75,000 + 3400 Bg/m?, EC = 5.7C mS/cm) than the maximum value of Quaternary samples
(26,500 + 2000 Bg/m®). The product of desalination by reverse osmosis of Pliocene
groundwater (Dou1) had 2??Rn activities of approximately 59,000 + 6000 Bg/m?
(EC=0.5C mS/cm) while the released brine (Douz) reached approximately

69,000 + 5000 Bg/m? (EC = 16.8 mS/cm).

4.1.2 Surface waters

Combining our physico-chemical results with the ones from IEA (2011), all tributaries
(except R3) and main streams R1 and R4 showed a similar seasonal variability
(winter/summer) for temperature: around 15 °C in winter and between 24 and 28 °C in

summer (Fig. 3). R3 appeared more specific since it displayed less variation in temperature
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(stable around 18 °C, with a high value at 25 °C) and higher EC values (between 20 and
25 mS/cm). R1 was characterized by a large range of variation of EC (12.2-16.5 mS/cm)
not correlated with the seasonality. In addition, we observed an increase of EC with the

water discharge simultaneously for R1 and R3.

Regarding 2%?Rn, similar and almost constant activities were found in R1 and R4 with
average values of 1900 + 400 and 2000 + 800 Bg/m? in July 2011 and 2900 + 500 and
2600 + 200 Bg/m?® in January 2012 (detailed data in Table 2). All these values were notably
higher than those commonly found in literature for rivers (e.g. 4-11 Bg/m? in Gattacceca et
al., 2011; 80-500 Bg/m? in Lefebvre et al., 2013). Indeed, activities were even higher in R2
and especially R3 pipe that ranged from 10,000 + 3000 to 18,000 + 3000 Bg/m? (Table 2).
Upstream (R6) and downstream (R5) the release from the water treatment plant, we

measured radon activities of 2200 + 800 and 900 + 400 Bg/m?3, respectively.

Regarding radium, activities were especially high in R1, higher than for groundwater. ?*Ra
varied by a factor of two between July 2011 and January 2012 but remained constant in
January 2012 within a 3-day interval (108 + 11 and 5.0 + 1 Bg/m® for ?**Ra and ?*’Ra
respectively). R3 was characterized by twice more ?*Ra but similar >°Ra activities than
R1. As for radon, such high radium activities are very uncommon in surface waters (e.g.

Beck et al., 2007).

For hydrodynamic modeling and mass balance purposes, the mean ??Rn activities in R1

and R4 are 2000 + 300 Bg/m?3 for July 2011 and 2900 + 300 Bg/m? for January 2012.

Accordingly, mean activities are taken to be 64 + 13 (2011) and 108 + 7 Bg/m?® (2012) for

22%Ra and 5.1 + 0.3 Bg/m? (2012) for ?%Ra. In order to calculate mean annual river fluxes
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to the Mar Menor (Table 4), these values are combined to a mean discharge of

1.04 - 10" m¥y (R1 + R4) for both sampling campaigns.

4.1.3 Lagoon and Sea waters

Activities measured continuously during the three surveys in the Mar Menor ranged
between 2.5 and 12.9, and 10 and 50 Bg/m® for ?)Ra and 2??Rn, respectively (Table 3,
Figs. 4 and 5). In the Mediterranean Sea, activities were lower than 3 Bg/m® for 2%?Rn
(Table 3) and values for ?**Ra and ??®Ra were similar to those reported for the open
Mediterranean Sea by Garcia-Solsona et al. (2010) (around 0.3 and 0.1 for ?**Ra and ?°Ra).
224Ra and 22Rn were clearly enriched along the western border of the Mar Menor in a wide
area from los Narejos in the North to Los Nietos in the South (see location in Fig. 1).
Maximum values for both radium and radon isotopes were always found in front of the

Rambla mouth.

22Rn and nitrate data of November 2010 show a well-defined (15km long) and
symmetrical peak, slightly shifted to the South with respect to the Rambla (Fig. 4, left). A
tiny but significant peak in turbidity was also recorded. Nitrate ranged from 0.04 to
0.5 mg/L. #**Ra activities were quite low too, but unfortunately no sample was taken at the
location of the radon peak. High 222Rn spots were observed further north and south from
the Rambla mouth. This observation was repeated in 2011 and 2012, as indicated by points

1-5in Fig. 5.

In 2011, continuous measurements of 222Rn, nitrate and turbidity were performed on July 8
and 10 (Fig. 4, centre). Two peaks in turbidity were observed each day: one large peak in

front of the Rambla mouth and another one 6 km to the south. The peak was higher on July
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8. Nitrate ranged between 0.18 and 10.3 mg/L, which is 25% more than in November. A
nitrate peak was also observed each day: narrow and strictly in front of the Rambla mouth
on July 8, it was wider and southwards on July 10. The maximum values of 222Rn were
measured in front of the Rambla but showing a significant tailing southwards (as for
turbidity) on July 8. On July 10, the radon peak shape was symmetrical and located in front

of the Rambla. ??*Ra activities showed the same peak shape.

On January 23 and 24, 2012, the wind speed was very low (<1 m/s) and turbidity near zero.
The lowest nitrate values ranged between 0.11 and 0.5 mg/L, with a narrow and well-
defined symmetrical peak strictly in front of the Rambla (Fig. 4, right). A similar feature

was found both for 22Rn and %**Ra.

Results were interpolated by kriging with 100 m by 100 m cells (Fig. 5). Since the samples
collected in November 2010 were all located on the western part of the Mar Menor,
interpolation has a limited reliability for the central area at that time. Average activities for
the lagoon were obtained by weighting the extrapolated value of each cell (Table 3) by the
corresponding bathymetry. These values are used for the radiotracers mass balance

calculation.

The 222Rn sampling at the Los Urrutias harbour between July 10 and 11, 2011 showed a
smooth repetitive oscillation (Fig. 6), with a periodicity close to 12 h and values ranging

from 23 to 35 Bg/m?®.

228Th, 227Ac and 2%°Ra activities were used to calculate the production of their radioactive
daughters ?%*Ra, ?2Ra, 222Rn, respectively. In the lagoon, the activities of 226Th range from
0.40 to 0.85Bg/m® with a mean value of 0.54 + 0.1 Bg/m3, 2Ac is negligible and the

activities of ?°Ra range from 1.7 to 2.5 Bg/m? with a mean activity of 2.1 + 0.3 Bg/m?.
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4.1.1 Sediments and porewater

The ??°Ra activity of sediments ranged from 3.1 to 6.9 Bg/kg (mean 5.2 + 0.5 Bg/kg), and
228Ra from 3.4 to 11.3 Bg/kg (mean 6.6 + 1.1 Bg/kg). The equilibration experiments are
used to provide a representative value of the activity of porewater just below the sediment—
water interface. We obtained a mean activity of 2600 + 400 Bg/m® for 2??Rn,

150 + 60 Bg/m? for *Ra and 14.5 + 2.0 Bg/m? for ?2Ra.

4.2 Modeling of the currents

4.2.1 Hydrodynamic calibration

Regarding the hydrodynamic calibration of the model, sea level data showed the best
correlation (r =0.85, RMS = 1.2 cm). The speed currents recorded by the ADCPs in the
lagoon in the days of the surveys were very low (<0.1 m/s) giving a correlation coefficient
of 0.70 for current at 2 m above the bottom and 0.72 at 0.5 m above the bottom layer with
RMS of 1.1 and 0.1 cm/s respectively. However, higher speed currents showed higher

correlation coefficient reproducing correctly the main hydrodynamic patterns.

4.2.2 Radionuclide dispersion

The key steps of the output model for the dispersion of the 22Rn plume originated from a
continuous Rambla discharge during the 6 days before each campaign, including maximum
southward and northward extent of the plume, are presented in Fig. 7. Graphical output of
the model is available as online additional content. Basically, the modeled plume of the
Rambla is driven northwards or southwards by wind currents, but always in a thick stripe (1
or 2 km max) along the coast. From highest represented values of 60 Bg/m?® (??Rn) and

5 Bg/m? (%?*Ra) in the close surroundings of the discharge point, the plume of radionuclides
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from the Rambla reaches the mean lagoon value within a few kilometers, considering

dispersion only.

In 2010, ?%?Rn and radium tracers started running in the model on 18/11 whereas data
acquisition occurred on the 23 and 24/11. The modeled plume remained around the mouth
until 20/11. After a slight displacement to the north on 21/11, and under the influence of
westerly winds, the currents took the plume northwards and southwards over 3.5 km on 22
and 23/11, respectively. Finally, on 24/11, the currents quickly moved the southern part of
the plume southwards down to a location between Los Urrutias and Los Nietos (7 km)

while the northern part of the plume was dispersed.

In 2011, the injection of the tracer in the model started on 3/07. Very dynamic currents
shifted the plume in the surroundings of the Rambla’s mouth from 4 to 5/07 then
continuously northwards up to Los Narejos (6 km distance) until the evening of 9/07. No
southwards displacement of the radionuclide plume was produced by the model for this

survey.

In 2012, the injection started on 17/01. The plume first moved southwards in relation to
strong northern winds reaching the village of Los Urrutias (5 km distance) on 19/01. As the
speed currents decreased in mid-afternoon, a new plume was created around the mouth
until 20/01 in mid-afternoon before moving northwards. From 21 to 24/01 evening, the
newly originated plume was shifted northwards, reaching positions northwards from Los
Narejos (7 km from the Rambla), while the first plume had remained immobile in the south

since 19/01.



501

502

503

504

505

506

507

508

509

510

ol1

512

513

514

515

516

ol7

518

519

520

521

522

5 Discussion:
5.1 Quantification of SGD

A clear excess of radionuclide was observed in the Mar Menor lagoon compared to the
Mediterranean Sea. Therefore, a radionuclide flux balance between input flux (Finput) and
output flux (Foutput) OF tracers is of high interest (e.g. Burnett et al., 2008, Mulligan and
Charette, 2006, Gattacceca et al., 2011). Assuming a steady state, the excess of tracers is

attributed to a SGD flux (Fsep) as follows (Eq. (1)):

I:input + I:SGD = Foutput (1)

The mass balance of the lagoon can therefore be performed using the following expressions

for radon (Eq. 2) and radium (Eq. 3) isotopes:

(Fp +Fr +Fyg +F + Fprod)+ Fseo = Faecay T Four T Fam (2)

resuspension decay out

(Fp +F +Fyg +F + Fprod)+ Fseo = Faecay + Fout (3)

resuspension decay

where input fluxes are the sum of the Mediterranean Sea inflow (Fin), river inputs (Fr),
diffusive flux from sediments (Fadiff), flux from sediment resuspension (Fresuspension) and
radioactive production in water (Fprod). Outputs are composed by the natural decay of the
tracers (Fdecay), the output flux to the Mediterranean Sea (Fout) and the radon atmospheric

flux to the atmosphere (Fatm).

These different parameters are detailed and discussed in the following sections and
summarized in Table 4 to achieve the radionuclide budgets in July 2011 and January 2012.
The uncertainties associated to all radionuclides fluxes used in the budgets are calculated at
1o. Special attention was paid to surface water and groundwater end-members, in addition

to the input from resuspended sediments, not always considered in details in most studies.
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5.1.1 Assessment of 222Rn and radium fluxes

5.1.1.1 Radon atmospheric flux (Fatm)

The radon flux across the air-water interface (Jam, in Bg/m?/d) is generally calculated as

(Eq. 4 and 5):

F.. = Jdamourface,,, 4)
with

Jam =K(C,, —aCy;) (5)

where Surfacemwm is the surface area of the Mar Menor lagoon (in m?), Cw and Cair are the
radon activities in water and air, respectively (Bg/m®). a is the Ostwald’s solubility
coefficient (dimensionless), i.e. the water—air partition coefficient of radon. It depends on
both temperature and salinity and was calculated according to Schubert et al. (2012). The
variable k is the gas transfer velocity (cm/h), which depends on kinematic viscosity,
molecular diffusion and turbulence (principally due to wind speed). We use the empirical
relationship between k and wind speed by Maclntyre et al., 1995, Turner et al., 1996, as
follows (Egs. (6), (7)):

for uio < 3.6 m/s : k =0.45u;(S, /600)*"*  (6)

for uio > 3.6 m/s : k =0.45u;°(S,/600)°*° (7)

where u1o is the wind speed at 10 m height (m/s) and S¢ is the Schmidt number for radon,
I.e. the ratio of the kinematic viscosity to the molecular diffusion coefficient, calculated in

the conditions of salinity and temperature.
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The different conditions for wind speed and water temperature between July (4.0 m/s and
28.9 °C) and January surveys (1.0 m/s and 12.8 °C) lead to important changes in the
calculated atmospheric flux. The radon atmospheric loss was 12.3 + 1.4 Bg/m?/d in July

and 0.7 = 0.1 Bg/m?/d in January.

5.1.1.2 Diffusive flux from sediments (Fdiff)

The equilibration experiments allowed estimating the diffusive flux from the sediment Fift
for each radionuclide. This flux refers here to the process of diffusion through activity
gradient between porewater just below the surface of the sediment and the water column

above it (it does not correspond to small-advective process, included in RSGD).

The diffusive flux Fyifr is obtained from the specific diffusive flux Jqifr as follows:

Fdiff = ‘Jdiff SurfaceMM (8)

Jaiff 1S calculated according to Martens et al. (1980) assuming steady state conditions and no

advective transport (Eq. (9)):

‘Jdiff = \/TDS(Ceq - Co) (9)

where Jgirr is expressed in Bg/m?/min, 1 is the decay constant (d1), Ds is the effective radon
or radium diffusion coefficient in sediments (m?d), Ceq is the activity in porewater
(estimated from the equilibration experiments; Bg/m® and Co is the activity in the
overlying water column during the field campaign (Bg/m?®). The effective radon diffusion
coefficient Ds was calculated according to Ullman and Aller (1981) (Ds = P x Do) with a
porosity P equal to 0.5 and the molecular diffusion coefficient Do is calculated according to

Peng et al. (1974) using field temperature reported in Table 3. Ds were 6.3 - 10> and
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4.2 - 1075 m?/d for July and January respectively. For radium, Ds was extrapolated from the
data of Li and Gregory (1974) and were 8.4 - 10 and 5.6 - 10~°> m?/d for July and January
respectively. The equilibration experiments returned mean porewater radon and radium
activities (see Section 4.1.4) in agreement with the range found in the literature (Beck et al.,

2007; Michael et al., 2011, Moore et al., 2011, Kluge et al., 2012, Cockenpot et al., 2015).

The corresponding mean specific radon diffusive fluxes estimated for July and January
were 8.8+ 1.4 and 7.1+1.1Bg/m?d. These values can be compared with the one

calculated using the empirical relationship of Burnett et al. (2003):

Jg =0.495%°Ra+0.303  (10)

where ??°Ra is the activity of the sediment (Bg/kg). Although much simpler, this second
method provided here similar results (mean of 2.9 + 1.0 Bg/m?/d) which strengths the
reliability of the approach and shows that the choice of the method has a limited impact on
the final balance of the lagoon. The values calculated according to the equilibrium method

were used for the radionuclide mass balance.

The specific diffusive flux calculated for 2*Ra was very similar for July and January (mean
of 0.37 +0.03) and 0.019 + 0.003 Bg/m?/d for ?2°Ra in January. They are similar to those
obtained by Garcia-Solsona et al. (2008) in the Venice lagoon (0.53 and 0.018 Bg/m?/d for
224Ra and ?%°Ra respectively) and Beck et al. (2007) in the Jamaica Bay (0.47 Bg/m?/d and
0.019 Bg/m?/d for %**Ra and ?°Ra respectively) whose approach based on whole core

incubations included both true diffusive and bio-diffusive and bio-irrigation fluxes.
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5.1.1.3 Radioactive decay (Fdecay)
Radioactive decay (Fdecay) Was calculated using the following expression (Eq. 11):

F

decay

= activity,,, Vi (11)

where activitymm is the mean activity of the tracer in Mar Menor and Vum the volume of Mar Menor. As
Faecay generally has a strong influence on the total budget, the mean activity used for the calculation needs to
be very accurate. In order not to overestimate the weight of the larger amount of data collected along the
coastline, a 3D interpolation of the data was performed by kriging with 200 m/100 m cells taking in account
the water depth of each one. As an example, in 2012, the arithmetic mean gives a mean ?*Ra activitymw of

3.7 Bg/m® compared to 2.5 Bg/m? with the interpolation.

Faecay for 222Rn was similar in July and January (1.4 = 0.1 - 10° Bg/d, Table 3). Regarding ?*’Ra, the mean
value was almost three times higher in July (2.9 +0.2 - 108 and 8.7 £ 0.9 - 10® Bg/d for January and July

respectively, Table 3).

5.1.1.1 Inputs from resuspended sediment (Fresuspension)

Resuspension of sediment can add radium to the water column by release of Ra-enriched
porewater plus desorption of Ra from resuspended sediments. Assuming that turbidity is
only due to daily resuspension, the average turbidity measured in July (1.1 NTU, i.e.
~0.07 mg/L) provides a maximum estimation of the total resuspended sediment of
3.26 - 10* kg/d. Combining this result with the density of sediment (2350 kg/m?®) and the
calculated porosity (0.5), we estimated a maximum amount of porewater daily released in
the Mar Menor of 17.5 m3, corresponding to 2600 Bq of ??“Ra (using a ??*Ra activity in
porewater of 150 Bg/m®). The amount of ?**Ra desorbed from resuspended sediments is
calculated from the mean concentration of 2%Ra in sediments (6.6 Bg/kg) and considering
that 7% of 22*Ra can be desorbed (Moore et al., 2011). This lead to a value of 1.9 - 10* Bq.

Summing both sources gave a maximum input of 2Ra by resuspension of 2.7 - 10* Bg/d.
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This value is two orders of magnitude lower than that obtained in Venice lagoon
(3.3 - 10° Bg/d) by Garcia-Solsona et al. (2008) and in Jamaica bay (3.8 - 10° Bg/d) by
Beck et al. (2007), a difference directly due to our lower turbidity (up to 1 mg/L in Venice

and 20 mg/L in Jamaica Bay).

For 222Rn, which is not adsorbed onto sediments, the input from resuspension is caused
only by the release from porewater. The ??2Rn activity of 2600 Bg/m?® estimated for this
porewater gives a maximum input of 4.5 - 10* Bg/d. In January 2012, as no wind affected
the survey significantly (turbidity close to zero), radium and radon fluxes from sediments

resuspension are neglected.

5.1.1.1 Production by parents decay (Fprod)

The activity of the tracer parents, 2?°Ra, ?22Th, and ??’Ac in water in the Mar Menor were
measured and multiplied by the radioactive decay constant of their respective daughter to
estimate the production input in the water column. The production was 2.3 + 0.3 - 108 Bg/d

and 6.2 + 1.0 - 10" Bg/d for ?2Rn and ?**Ra, respectively, and negligible for ?**Ra.

5.1.1.2 Inputs from the Rambla (Fr)

According to the mean discharge rate and radionuclide activities (see Section 4.1.2), the
fluxes from the Rambla to the lagoon in July 2011 and January 2012, respectively, are the
following: 5.7+1.0-10" and 8.2+1.0-10'Bg/d for 2??Rn; 1.8+0.4-10° and
3.1+04-10°Bg/d for ??*Ra. Regarding 2?°Ra, the value for January 2012 is

1.5+ 0.2 - 10° Bg/d.

The high changes in 222Rn activities for R1, R2 or R3 surface waters (Table 2) are linked to

the high reactivity of the watershed to artificial discharges. Not all discharge rates could be
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measured and the presence of water along the watershed is discontinuous, therefore, a
quantitative assessment of the contribution of each tributary was difficult to assess.
Nonetheless, the good correlation between 22?Rn activities and discharge for R1 and R3
from 20 to 24 January 2012 and the very short distance between these two points tends to
demonstrate that R3 potentially has a major and direct impact on the ???Rn signal
discharged by R1 into Mar Menor. The same interpretation is suggested for the extreme R3
and R1 ?%2Rn activities (close to 12,000 Bg/m?® for R1) measured on 10 July 2011, although

discharge was not quantified.

R3 presents the highest measured ??Rn activities (close to 18,000 Bg/m?). Nonetheless, our
dedicated sampling showed that reverse osmosis process does not modify consistently the
222Rn activities between pumped groundwater, final product and brines. Therefore, 222Rn
does not provide additional criteria to identify the origin of this undocumented emissary.
By contrast, the electrical conductivity of R3, as well as 2?2Rn activity, that are the highest
of all tributaries and also higher than groundwater samples, highlights the notable

contribution of brines from desalinated water.

The release from the Los Alcéazares sewage water treatment plant was found to dilute the
222Rn signal in the river, from 2200 upstream to 900 Bg/m® downstream (samples 5 and 6
in Table 2, not located on the map). It therefore does not act as a notable source of ?2Rn for
the watershed. Low activities in wastewater were also found for radium by Beck et al.

(2007).
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5.1.2 SGD end-member

Defining the radionuclide activities associated with FSGD and RSGD inputs and their
relative contribution is probably the most sensitive step for SGD quantification (e.g.
Mulligan and Charette, 2006, Weinstein et al., 2007). Although some authors attempted to
separate these sub-components geochemically (e.g. McCoy et al., 2007, Taniguchi et al.,
2006, Santos et al., 2012) current investigations usually define one unique integrated value

as representative for all SGD fluxes.

As described in details by Simonneau (1973) in her study of the sedimentary infill of the
lagoon and later confirmed by seismic reflection profiles (IGME, 1983), the Quaternary
aquifer below Mar Menor is fully covered by a sedimentary layer, close to 10 m thick.
These sediments were deposited in the Quaternary during a series of marine transgressions
and regressions, whose limits slightly exceed the present western limits of the lagoon
(Simonneau, 1973). As a consequence, the sediment cover of the lagoon and the

Quaternary aquifer represent two distinct lithological entities.

This site-specific feature leads us to consider the sediment cover of the lagoon as an
intermediary compartment that collects and mixes inputs from both continental
groundwater and recirculated seawater before their release through SGD to the lagoon.
Depending on their respective residence time in the sediment cover, their radionuclide
composition may evolve by the combined effects of radiogenic decay and equilibration.
Therefore, assessing the residence time of waters in the sediments may provide insightful

information to define the composition of the resulting discharging water.

The residence time of FSGD continental groundwater in the sediments can be calculated

with local hydrodynamic data, assuming a continuous flow between the Quaternary aquifer
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and the porous sediment underlying the lagoon. The velocity of continental groundwater
(vew) is provided by the following expression (Eq. (12)), where k is the hydraulic

conductivity, ne is the effective porosity and i is the hydraulic gradient:
Vow :n_ (12)

Considering respective values of 1.5 m/d, 30% (according to Senent et al., 2009, Jiménez-
Martinez et al., 2012) and 5 per mil (IEA, 2011), the mean velocity of continental
groundwater in the Quaternary aquifer is 2.5cm per day (9.1 m/y). As the average
thickness of the sediment cover is close to ten meters (Simonneau, 1973), and assuming a
similar order of magnitude for the velocity of the continental groundwater inside the
sediment cover, the residence time of continental groundwater in the sediments lies around

1 year.

The evolution of the radionuclide activities of both continental groundwater and
recirculated saline water entering the sediment with residence time can be described by
combining radioactive decay and production into one global equation (Eq. (13), derived

from Bateman’s expression for 222Rn, ?**Ra and ?%Ra):

A(t) = A exp ™+ A (1—exp™) (13)

porewater

where A(t) is the radionuclide activity of continental groundwater or recirculated saline
water at a given residence time t inside the sediments, Aq is the initial activity of this water
and Aporewater IS the activity of the radionuclide (%?2Rn, **Ra or ??°Ra) in porewater at

secular equilibrium with their parent (obtained from Section 4.1.4).
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Fig. 8 illustrates the respective evolutions of 222Rn from continental groundwater (highest
measured activity, sample G from July 2012) and from recirculated saline water inside the
sediment cover, together with the ?2?Rn activity of porewater at secular equilibrium. It
reveals that less than 30 days are required for the highest activity measured in continental
groundwater (radionuclide-rich) to reach the order of magnitude of porewater. It would
only require a tenth of days in the case of the lowest activity from continental groundwater,
lower than the one of porewater at secular equilibrium (sample Al from July 2011, not
illustrated). As these values are 10 to 30 times lower than the above-calculated residence
time for continental groundwater inside the sediment cover, the activity of porewater is the

most representative of the FSGD component.

Similarly, Fig. 8 shows that the ???Rn activity of recirculated saline water, initially
radionuclide-poor, needs a tenth of days to attain the one of porewater. As the actual
residence time of recirculated saline water is expected to be lower than the equilibration
time (e.g. Santos et al., 2009b, Santos et al., 2009c), the actual value for the RSGD
component would most probably be lower. Therefore, the ??2Rn activity of porewater
represents a maximum value for the RSGD component. The same conclusions regarding

both RSGD and FSGD are found for ?*Ra and ?**Ra.

A maximum integrated value for the radionuclide composition of SGD is therefore given:
2600 + 400 Bg/m? for 222Rn, 14.5 + 2.0 Bg/m?® for ?2°Ra and 150 + 60 Bg/m? for ?*Ra. The
actual values might be slightly lower and changing through time, due to the highly variable
proportion of FSGD and RSGD in total SGD (e.g. Weinstein et al., 2007) and to the
expected low residence time of recirculated saline water. Considering the composition of

groundwater sampled from piezometers as representative of the SGD composition (e.g.
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Gattacceca et al., 2011, Rodellas et al., 2012) would have most probably led, in this

specific case, to a strong underestimation of SGD fluxes.

5.1.3 Radionuclide mass balance

Ra and Rn mass balances of the lagoon (Table 4) were performed paying special attention
to the atmospheric evasion and resuspension inputs, clearly different between summer

(2011) and winter (2012) due to various wind and temperature conditions.

The calculated excess fluxes for 22?Rn are 5 times higher in July 2011 than in January 2012
with 16 + 3 - 108 and 3.2 + 2 - 108 Bq/d respectively (Table 4). These values are 4-28 times
higher than the influx from the Rambla del Albujon. The main fluxes influencing the radon
balance are the decay (Faecay), the atmospheric fluxes (Fam) together with the diffusive flux
from sediments (Faiff), whereas resuspension has a very low impact (five orders of
magnitude less than Fgecay). The impact of other fluxes that were found to change between
the two dates (sediment diffusion and rivers) is one or two orders of magnitude lower. As
wind speed and temperature have no control on the SGD process but only on total stock of
222Rn in the lagoon, the SGD flux calculated for no-wind conditions (January 2012) is less

affected by external processes.

The calculated SGD fluxes for 24Ra in Summer 2011 and Winter 2012 vary by a factor of
4 (7.7+0.9 and 1.8 +0.3- 108 Bg/d respectively, see Table 4). The main term in this
calculation is the radioactive decay (Fdecay), followed by the in-situ production from
radioactive parents (Fprod) and the diffusive flux from sediments (Fqirf). The difference in
the SGD water flux between the two dates is mostly explained by the lower mean ?*Ra
value in the lagoon in 2012 that induced lower decay. The other parameters that were
notably different between the campaigns actually have a negligible impact on the ?**Ra

balance: twice ??*Ra activity in the Rambla del Albujon (+1.5 - 10° Bqg/d), lower exchanges
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with Mediterranean Sea (—2.5 and —5.3 - 10° Bg/d for input and output, respectively). As
well as for 222Rn, the contribution of resuspended sediments in 2011 has a very limited
impact on the balance (2.7 - 10* Bg/d). Similarly, SGD is a more important source of
radium than the Rambla del Albujon (Table 4): from one order of magnitude (***Ra) to two

orders of magnitude (°**Ra).

Garcia-Orellana et al. (2014) recently showed that bioirrigation fluxes could increase the
224Ra input to the mass balance. Such fluxes are enhanced with the activity of the benthic
fauna, i.e. generally in summer. They were not evaluated here but cannot be ruled out. In
particular, bioirrigation could explain the difference between SGD fluxes estimated in

summer and winter.

According to the 22Rn mass balance of the lagoon, SGD fluxes of water of 2.2 + 0.5 and
0.5+ 0.3 - 108 m®/y are obtained for summer and winter season respectively. SGD fluxes of
water calculated from ??*Ra are 19 + 8 and 4.4 + 2 - 108 m%/y, and the one calculated from

22Rais 1.3 £ 0.6 - 108 m®/y.

5.1.4 Fraction of continental water in total SGD

As demonstrated in Section 5.1.2, the sediment cover acts as mixing compartment for the
RSGD and FSGD radionuclide signals. Indeed, the difficulty in distinguishing between
both components of SGD solely based on radionuclide activity was observed in numerous
studies (e.g. Mulligan and Charette, 2006, Weinstein et al., 2007). The objective of the
present section is to provide an insight on the relative contribution of FSGD and RSGD in

total SGD by combining several approaches.

FSGD is usually controlled by inland groundwater hydrodynamics (Santos et al., 2012),

whereas the main driving force of RSGD is generally considered to be tidal (recirculation
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between high and low tides) or wave pumping (Weinstein et al., 2007). Because of the
limited amplitude of sea-level variations (a few centimeters), and the very narrow width of
the shore (a few meters), tidal pumping was expected to have limited influence on the SGD
fluxes through RSGD to Mar Menor. We extracted the tidal component of the elevation of
sea level during the continuous sampling in the Los Urrutias port through harmonic tide
analysis (Emery and Thomson, 2001). Surprisingly, a significant negative correlation
(r =—0.44; n =73, P <0.001) was found between the tidal level and the radon activity (Fig.
6). A cross correlation between these factors even increased the correlation coefficient up
to —0.63 for a time lag of 75 min. These data suggest that tidal forcing explains 40% of the
variance between radon activity and tide with a delay of 1.25 h. It therefore influences
notably the SGD fluxes, as previously suggested (e.g. Weinstein et al., 2007), most

probably through a modified proportion of FSGD and RSGD (e.g. Santos et al., 2009a).

Non-tidal sea level variations have a similar range of variations (0.03 m) and might also
play a role as a driver of SGD. Nonetheless, they showed a non-significant correlation
(r=-0.08, n=73, P <0.50), probably due to their no-cyclical behavior at such spatio-
temporal scale (Fig. 6). Indeed, non-tidal sea level variations are mainly controlled by
atmospheric pressure and winds. It must be noted that bioturbation might be associated to

another kind of advective process (Stieglitz et al., 2013), not considered here.

We compared our radionuclide-integrated estimates with the Darcy’s law and
hydrogeological modeling (Smith, 2004). Taking the same parameters as used in Section
5.1.2, with a hydraulic conductivity of 1.5 m/d (60 m of mean saturated thickness), a
hydraulic gradient of 5%o and a total length of discharge between the Quaternary aquifer
and the lagoon of 29.6 km, the Darcy’s equation provides a FSGD of 5-10° m¥y. A

mathematical model of the Quaternary aquifer with the same parameters and calibrated on
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transmissivity provided a FSGD of 7.6 - 10° m®/y (Senent et al., 2009). Comparing this last
estimate with the integrated ones obtained with radionuclides (Table 4), FSGD would
represent between 2% (in July 2011) and 8% (in January 2012) of total SGD. Martinez-
Alvarez et al. (2011) used a global salt balance in the lagoon and deduced a FSGD of
21 - 106 m®/y. Comparing the FSGD value from Martinez-Alvarez et al. (2011) to the total
SGD obtained by radionuclides, the ratio would increase up to 5% (in July 2011) and 23%
(in January 2012). These results are similar to calculations in other locations: around 4%

for Santos et al. (2009c) and below 80% for Mulligan and Charette (2006).

5.1 Location of Radionuclide inputs

The model provides information on the shape of the plume produced by dispersion of the
discharge of the Rambla in the lagoon. In the close surroundings of the mouth, the elevated
activities (60 Bg/m? for 22Rn and 5 Bg/m?® for ?%*Ra) are supported by the recorded ???Rn
and ??*Ra activities. Nonetheless, in this specific area, such high activities combined with
the complex hydrodynamics do not allow a precise differentiation between SGD and

surface water inputs.

Farther from the Rambla output, in locations not reached by the plume in the previous
6 days (Fig. 7), the highest measured 2??Rn values (points 1, 2, 3, 4, 5; Fig. 5) cannot be
explained by the contribution of the plume in this time-lapse. To justify the measured
values, a previous plume that would have reached this area earlier than the 6 days of

modeling would have needed the following theoretical initial radon activity (?**Rninitia1) (EQ.

(14)):

222 222
Rninitial -

aneasured eXp(ﬂ't (14)

elapsed )
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where 22Rnmeasured 1S the measured radionuclide activity of the lagoon, teiapsed is the time
elapsed since the considered position would have been reached by an earlier plume (i.e.

6 days, as a minimum value) and 4 is radon decay constant.

The obtained initial activities range from 66 Bg/m? (point 5, measured value of 22 Bg/m?)
to 129 Bg/m? (point 4, measured value of 36 Bg/m?), i.e. notably higher than the modeled
range of values inside the plume. The discharge of the Rambla into the lagoon is therefore
not sufficient to explain these high measured ?*?Rn activities. In addition, each measured
value integrates both the “low” background activity of the lagoon and the “high” activity of
the narrow plume of the Rambla. For a same sampling location, the modeled values are

therefore comparatively overestimated.

Apart from the generalized ??Rn excess in the lagoon, point-sources ??Rn independent
from the Rambla are highlighted around point 2, 4 and 5 (southern area) and points 1 and 3
(northern area). These sources are already taken into account in the balance based on
activities extrapolated over the entire lagoon. Since no other surface water course than the
Rambla del Albujon was found to carry water during any of the three sampling campaigns,
these high-22Rn points cannot be explained by an additional river discharge. The southern
point-source area was observed during each of the three campaigns, and has a considerable
width (up to ten km). This temporal regularity, together with the spatial extension, suggests
a quite large ??2Rn-rich zone, possibly linked to a high hydraulic conductivity area or to the
release of groundwater from agricultural drainage. By contrast, the northern ?22Rn point
source is narrower (covering one 222Rn measurement only, i.e. less than 1.5 km), and was
not measured in July 2012. The temporal variability and tightness of this signal might thus

be explained by a hidden and undocumented submarine emissary, like brine release, that
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discontinuously discharges high 2?2Rn in this area. Our knowledge of farmers’ desalination

practices is coherent with a higher rate of desalination in January than July.

In terms of global mass balance of the lagoon, the impact of such undocumented
anthropogenic submarine water discharges is fortunately negligible (Fig. 5) in comparison
to the total discharge from the Rambla. Regarding the other radionuclides (***Ra and
224Ra), it was not possible to evidence reliably any high activity point-source. This was
caused mainly by the limited number of samples and by the lower spatial variability of

measured activities.

6  Conclusion

This study is one of the first attempts to integrate radionuclide data (**’Rn, ?*Ra, ?°Ra) in
the hydrodynamic modeling of a lagoon. It also illustrates the importance of surface inputs
on the calculation of radionuclide mass balances for SGD assessment. Indeed, surface
water inputs from the only permanent stream, named Rambla, were shown to have a
considerable impact on the lagoon radionuclide content. Very high radionuclide values
along the coast, up to ten kilometers northwards and southwards from the outlet of the
Rambla, were explained by the plume of the Rambla itself, overwhelming the possible
contribution of other sources of radionuclides like SGD. As well, high nitrate levels along
the western coast of Mar Menor were found to be mainly associated with the discharge of
the Rambla, rather than due to high SGD areas. In addition to the baseflow activities issued
from groundwater drainage, the Ra—Rn peaks measured in the Rambla were mostly due to
the release of desalination brines from the Quaternary and deeper aquifers. High activities
in the southern and northern coastal zone not reached by the plume evidenced the presence
of significant radionuclide sources. Depending on the area, these high activities were

explained by anthropogenic local releases of brines or by high hydraulic conductivity area
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and release of groundwater from agricultural drainage. Therefore, coupling radionuclide
and modeling approaches helped avoiding severe misunderstanding regarding the SGD

pattern.

The development of a site-specific approach for assessing the radionuclide activity of SGD
demonstrated that the radionuclide signature of FSGD was better represented by porewater
than by groundwater sampled from piezometers. It also showed that saline recirculation
through the sediment cover was an important process. Yearly SGD fluxes of water
calculated from the different tracers showed results ranging from 0.4+0.3 to
2.2+05-108m¥y (**?Rn), 4.4+2.0 to 19 + 8 - 10 m¥/y (***Ra) for winter and summer,
respectively, and 1.3 + 0.6 - 108 m®y (***Ra) in winter. The seasonal variations could not be
explained by high turbidity and the consequent increased diffusion from resuspended
sediments, but were likely to reflect changes in meteoric conditions or bioirrigation fluxes.
The impact of tidal pumping was evidenced as a driver for RSGD and the contribution of

FSGD to the total SGD was assessed to range between 2% and 23%.

Finally, this study represents a notable step forward in the understanding of the water cycle
of Mar Menor. Once overtaken the main methodological issues due to the high state of
anthropization, it enabled the use of radionuclide mass balances, characterized the impact
of surface water inputs and revealed that total SGD fluxes are much higher than initially
expected from FSGD only. Therefore, it sets up a strong base to reliably focus further
studies on specific environmental issues linked to SGD, like the quantification of inputs of
nutrients through RSGD. Beyond the Mar Menor study, our methodology might be useful
for many other sites by providing the criteria to decipher between natural processes and

anthropogenic modifications.
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Table 1: Physico-chemical parameters and radionuclides data measured in
groundwater. Coordinates are given in the Universal Transverse Mercator (UTM)
geographic coordinate system. Errors on ??*Ra, ?°Ra and ?%°Rn values are 2 o. *
refers to ??*Ra values measured with RAD7 system. 2 is desalinated water from Din

and ° are brines from Din.

Bore-hole  Sampling 'Ra ’Ra 222 3 -
Sample ID Watertype X (UTM) Y (UTM) EC (mS/cm) pH Temp (°C) Rn (Bq/m®) NO;™ (mg/l)
depth (m) date (Ba/m?) (Bg/m?) (Ba/m’) NO,
Quaternary 688,594 4,173,998 12 23/11/2010 104 7.1 20.8 75.3a+2.2 - 17,500 + 1900 223.8
12 07/07/2011 10.2 7.1 21.7 52.8a+8.5 - 21,500 + 2500 249.1
Al Quaternary 691,755 4,181,757 25 20/11/2010 7.2 7.4 20.7 10.8a+0.7 - 3200 + 700 167.5
25 07/07/2011 7.2 7.5 22.3 16.3a+4.6 - 2100 + 800 225.6
25 21/01/2012 53 7.6 18.7 - - 11,600 + 2000 144.4
A2 691,755 4,181,757 7 21/11/2010 7.2 7.6 20.7 9.8a+0.9 - 2200 + 700 174.7
G Quaternary 687,746 4,176,927 12 24/11/2010 12.6 6.9 21.4 60.3a+2.6 - 13,700 + 1800 38.3
12 07/07/2011 12.0 6.9 20.8 60.8a+13.2 - 13,100 + 1900 29.0
12 21/01/2012 11.9 6.9 20.4 49.0+5.0 1.80+0.80 26,500+ 1500 36.0
J Quaternary 689,92 4,170,500 12 07/07/2011 7.6 7.1 20.9 34.8a+10.2 - 22,300 + 2500 389.0
12 21/01/2012 8.2 7.1 20.8 50.0+6.0 0.50+0.30 23,400+ 5900 351.6
Di, Pliocene 683,698 4,173,652 150 13/02/2012 5.7 7.3 - - - 74,900 + 3400 -
Doutt b 13/02/2012 0.5 6.5 - - - 58,900 + 5600 -
Doutz c 13/02/2012 16.8 7.5 - - - 68,700 + 4800 -

a ??*Ra values measured with RAD7 system.
b Desalinated water from Din.
¢ Brines from Din.



1138 Table 2: Physical-chemical parameters and radionuclides measured in rivers.
1139  Coordinates are given in the Universal Transverse Mercator (UTM). Errors on ?**Ra,

1140 ?2°Ra and ?*?Rn values are 2 o. * refers to 22Ra values measured with RAD7 system.

Samplin 2%pa 3pa 22pn _ Discharge
Sample ID pling EC (mS/cm) pH Temp (°C) 3 3 5, NO; (mg/1) 6 3
date (Ba/m’)  (Ba/m’)  (Ba/m’) (10" m’/y)
RO 10/07/2011 10.8 - 28.5 - - 8600 + 2700 - -
R1(main
12/07/2011 13.5 - - 63.6a+13.0 - 1500 + 700 - -
outlet)
13/072011 16.4 - 26.4 - - 2400 + 2400 - -
17/01/2012 13.7 - - - - 3600 + 1900 - -
18/01/2012 10.7 - - - - 2200 + 1000 - -
19/02/2012 12.4 - 15.5 - - 3800 + 1100 - -
20/01/2012 14.0 8.0 15.1 121.0a+8.1 - 1600 + 1300 159.6 8.7
Duplicate 99.0+16.0 56+1.1
21/01/2012 15.2 7.7 15.5 — 5500 + 3600 218.9 9.4
22/01/2012 16.5 7.9 15.6 104.0+16.0 4.7+1.1 3400 +900 114.0 -
24/01/2012 15.8 7.9 15.2 - - 1800 + 700 - 7.2
25/01/2012 16.0 - 15.0 - - 1600 + 1300 - -
01/01/2012 - - - - - - -
R2 10/07/2011 11.1 - 27.7 - - 2400 + 400 - -
12/07/2011 11.2 - - - - 2500 + 1500 - -
20/01/2012 11.4 7.9 15.5 - - 2500 + 1400 138.8 0.4
12,000 + 170
21/01/2012 10.9 7.5 14.1 - - 0 167.5 0.6
13,200+ 11,
22/01/2012 12.2 7.6 14.5 - - - 0.5
000
24/01/2012 13.6 8.1 15.5 - - 1100 + 1000 239.0 -
25/01/2012 12.7 - 14.2 - - 3200 £ 1900 - 0.4
16,600 + 250
R3 10/07/2011 20.7 - 24.2 - - 0 - -
11,000 + 310
12/07/2011 19.7 - - - - 0 - -
10,000 £ 250
20/01/2012 22.1 7.3 18.4 - - 0 230.8 1.7
17,900 + 270
21/01/2012 219 7.2 19.2 - - 0 237.1 2.0
13,200 + 420
22/01/2012 229 7.4 18.9 208.0+24.0 5.6%2.0 0 - 3.0
10,100 + 320
24/01/2012 22.7 7.5 18.6 - - 0 251.9 -
25/01/2012 24.0 - 18.0 - - 9600 + 3600 - 2.1
R4 (outlet) 12/07/2011 15.0 - 24.0 - - 2000 + 800 - -
22/01/2012 11.3 8.1 14.2 - - 2200 £ 500 152.0 2.5
24/01/2012 11.9 7.6 15.4 - - 2800 + 400 223.0 -
25/01/2012 11.6 - 14.4 - - 2600 + 900 232.4 -
R5 12/07/2011 11.4 - 27.4 - - 900 + 400 - -
R6 12/07/2011 14.5 - 26.8 - - 2200 + 800 - -
1141 a 22%Ra values measured with RAD7 system.
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Table 3 : Physical-chemical parameters and radionuclides data measured in Mar

Menor (MM-) and Mediterranean Sea waters (Med-). Coordinates are given in the

Universal Transverse Mercator (UTM) geographic coordinate system. Errors on

224Ra, 22°Ra and 22?2Rn values are 2 o. * refers to 2?*Ra values measured with RAD7

system.
. 224 223 222,
Sample ID Sample Sampling Depth (m) EC(mS/cm) Temp (°C) Ra Ra Rn NO;™ (mg/l)
type date (Ba/m’)  (Ba/m’)  (Ba/m’)
LO PAGAN Mar Menor 23/11/2010 2 - - - - 19.0+£5.0
MM1 Mar Menor  24/11/2010 2 68.6 14.4 40at1.1 - 15.0+6.0 0.26
MM2 Mar Menor  24/11/2010 2 68.4 14.4 3.6a+0.6 - 23.0+8.0 0.27
MM3 Mar Menor 25/11/2010 2 67.8 14.1 2.8a+0.5 - 14.0+£5.0 0.28
MM4 Mar Menor  25/11/2010 2 68.6 14.2 4.6a+0.6 - 35.0+7.0 -
Spatial
. . nov-10 3.8 19.4 0.34
integration
MM10 Mar Menor 06/07/2011 6 65.6 28.4 5.6a+1.0 - - -
MM11 Mar Menor 06/07/2011 4 65.7 28.4 7.5a+1.4 - - -
MM12 Mar Menor 06/07/2011 2 65.7 28.7 10.2a+1.5 - - -
MM13 Mar Menor 06/07/2011 2 64.6 28.9 6.2a+1.1 - - -
MM14 Mar Menor 06/07/2011 6 64.3 28.9 6.8at1.6 - - -
MM15 Mar Menor 06/07/2011 2 63.7 29.4 12.4a+1.3 - - -
mmis  VediteTaN oo 672011 8 56.8 257  12a+06 - 3.0£3.0 -
ean Sea
MM17 Mar Menor 09/07/2011 6 63.5 28.9 9.2a+2.0 - 11.0+£6.0 -
Spatial .
. . Mar Menor jul-11 7.6 12.6 0.30
integration
MM18 Mar Menor  23/07/2012 3 67.1 12.3 3.20+£0.30 0.13+0.04 - 0.05
MM19 Mar Menor  23/01/2012 3 66.9 12.3 3.30+0.50 0.18+0.08 17.0%£9.0 0.16
MM20 Mar Menor 23/01/2012 2 66.7 12.3 12.9a+1.7 - 50.0+£17.0 0.50
MM20
3 Mar Menor 12.1+1.4 0.70+0.17
duplicate
MM21 Mar Menor  23/01/2012 2 67.2 12.1 4.8+0.4 0.29+0.09 31.0+13.0 0.17
MM22 Mar Menor  23/01/2012 2 67.2 12.5 3.1+04 0.31+0.15 13.0+8.0 0.17
MM23 Mar Menor  23/01/2012 2 67.2 12.8 29104 0.23+0.08 23.0+11.0 0.17
MM24 Mar Menor 23/01/2012 3 66.9 13.1 3.1+0.5 0.29+0.13 19.0+10.0 0.16
MM25 Mar Menor  23/01/2012 5 67.0 12.7 2.5+0.3 0.19+0.08 12.0+8.0 0.20
MM26 Mar Menor  23/01/2012 5 67.1 12.6 3.3+0.2 0.23+0.12 13.0+8.0 0.23
MM27 Mar Menor  23/01/2012 4 67.1 12.7 3.0+£0.3 0.14+0.04 22.0+11.0 0.26
MM28 Mar Menor  24/01/2012 6 67.0 12.5 26104 0.14+0.06 15.0%£9.0 0.12
MM29 Mar Menor  24/01/2012 6 66.6 12.4 1.6+0.2 0.09+0.03 11.0+7.0 0.08
MM30 MZ::‘;;?” 24/01/2012 6 58.8 152 034006 004+003 3.0+2.0 0.04
MM31 Mar Menor  24/01/2012 3 66.8 13.5 2.8+0.3 0.24+0.11 16.0+9.0 0.12
Spatial
i i Mar Menor ene-12 2.5 0.2 13.1 0.15
integration

a

224,

Ra values measured with RAD7 system.
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Table 4 : Definition and values for each terms of the Ra-Rn mass balance.

. July 2011 July 2011 January 2012 January 2012 January 2012 )

Definition a2, 220, 22p, 200, a3, Units
Inputs
F . input flux from the Mediterranean Sea (activitysy Q) 2.0+0.7 10’ 6.4+3.0 10° 1.4+03 10’ 1.8+0.2 10° 2.1+£0.8 10° Bqg/d
Activitys,,: tracer (**2Rn, 2**Ra or ***Ra) activity in the Mediterranean Sea 2.9 12 26 0.34 0.04 Bg/m?®
Q,,: water inflow from the Med. Sea into Mar Menor 5.4 10° 5.4 10° 5.4 10° 5.4 10° 54 10° m*/d
F: input flux from rivers (activity, Qg) 5.7+1.0 10’ 1.8+0.4 10° 8.2+1.0 10’ 3.1+04 10° 15402 10° Bg/d
Activityg: tracer activity in rivers (Rambla) 2000 64 2900 108 5.2 Bg/m®
Qg: water inflow from rivers into Mar Menor 2.8 10° 2.8 10° 2.8 10° 2.8 10° 2.8 10° m*/d
F gs¢: Diffusive flux from sediment (J g Sy 1.1+0.2 10° 52420 10’ 9.2+1.0 10° 4.4+2.0 10’ 25404 10° Ba/d
J gir: See in the text 8.9 0.40 7.2 0.34 0.019 Bg/m?/d
S w: surface area of Mar Menor 13 10° 13 10° 13 10° 13 10° 13 10° m?
F resuspension: iNpUt of tracer from resuspended sediment 45 10 2.7 10* 0 0 0 Bg/d
F oroa: Production from parent in water (A activity,) 23403 10° 6.2+1.0 10’ 23203 10° 6.2+1.0 10’ Bq/d
Activity,: activity of the parent in water 2.1 0.54 2.1 0.54 Negligible Bg/m®
Total inputs 1502 10° 12:03 10° 13:01 10° 11+02 10° 2.8+04 10° Ba/d
Outputs
F secay’ decay of tracers in the studied volume (activityyy Vwm A) 14+01 10° 87+09 10° 14+0.1 10° 2.9+0.2 10° 7.3£2.0 10° Bqg/d
Activityyy: mean activity of the tracer in Mar Menor 12.6 7.6 13.1 25 0.2 Bg/m?®
V um: water volume in Mar Menor 6.1 10° 6.1 10° 6.1 10° 6.1 10° 6.1 10° m?
A: decay constant of the tracer 1.81 10" 1.89 10 181 107 1.89 10 6.06 107 d?
F ot OUtput flux to the Mediterranean Sea (activityyy Qo) 3.7+0.5 10’ 22403 10’ 3.9+0.5 10’ 7.4+0.9 10° 59+0.8 10° Bg/d
Q. Water outflux from Mar Menor to the Med. Sea 2.9 10° 2.9 10° 2.9 10° 29 10° 2.9 10° m*/d
F um: Radon atmospheric flux to the atmosphere (Jyum S ) 1.6+0.2 10° 9.2+1.0 10’ Bqg/d
J 4tm: radon atmospheric loss to the atmosphere per unit area per day 123 0.7
Total outputs 3.0£02 10° 89409 10° 16+0.1 10° 2902 10° 7.9+2.0 10° Ba/d
Fsgp: Submarine groundwater discharge flux of tracers, estimated b
s6v & &€ v 1.6+0.3 10° 7.7¢0.9 10° 32420 10° 1.8+03 10° 51420 10° Ba/d
difference between output terms and input terms
Activitygy: tracer activity in groundwater endmember 2600 150 2600 150 14.5 Bg/m?®
SGD water flux: F sgp/activitygy 22405 10° 1.9+0.8 10° 45+3.0 10 4.4%2.0 10° 13+07 10° m*/y




1161 Figure 1. Location of the study area, showing sampled boreholes, sediments,
1162  Quaternary aquifer water table elevation (based on IEA, 2011), location of the
1163  Acoustic Doppler Current Profilers (ADCP) and location of inlets.
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Figure 2. Schematic of the Rambla del Albujon watershed and location of the surface
water sampling (not to scale). Discontinuous line indicates discontinuous presence of
water. WTP is an urban water treatment plant. R1 is the outlet of Rambla del

Albujon to the Mar Menor lagoon; R2, R3 and R4 are tributaries of unknown origin

and RO represents the upper part of the surface watershed.
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1180 Figure 3. Temperature, 222Rn and 224Ra vs EC in Quaternary groundwater, main

1181  streams (R1, R4) and tributaries (R0, R2, R3).
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Figure 4. Turbidity, nitrate content, 22Rn, ?**Ra and ??*Ra activities along the western
coastline of Mar Menor following a 2 m bathymetry. Negative distance refers to
locations southwards from the Rambla del Albujon mouth. In 2010 (left), black and
white circles stem for 24 and 25 November, respectively. In 2011 (centre), black and
white circles stem for 10 and 8 July, respectively, except for ?2*Ra where white circles
stem for 6 July. In 2012 (right), black and white circles and squares (***Ra) stem for

23 and 24 January, respectively.
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1203  Figure 5. Kriged maps of 222Rn, ?*Ra and ??°Ra data from the lagoon (Bg/m?). Black
1204  dots are the location of each sample. Values for Mediterranean Sea samples are not
1205 indicated (refer to Table 3). Numbers 1-5 indicate areas distant from the Rambla that

1206  feature high radionuclide content.
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1213  Figure 6. Times series at the Los Urrutias harbour: sea level elevation (solid line),

1214  tidal component (dashed line), non-tidal component (dot line) and ?°Rn (black dots).
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1224 Figura 7. Simulation of the extreme southwards and northwards displacement of the
1225 simulated Rambla del Albujon 2?2Rn plume during the 6 days before the 2010, 2011
1226  and 2012 sampling campaigns. Areas of high measured radionuclide activity out of

1227  the reach of this plume are indicated by numbers.
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1230  Figure 8. Evolution of the ??Rn activity of continental groundwater (sample G from
1231  July 2012) and recirculated saline water for a given residence time inside the sediment

1232  cover. The activity of porewater at secular equilibrium is also indicated.
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