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Groundwater discharge to coastal water bodies is increasingly recognised to contribute significantly to coast-
al water and solute budgets. In order to evaluate the discharge of low-salinity groundwater of karstic origin
and of recirculation of seawater through sediments into Mediterranean lagoons, a study was carried out in La
Palme, Salses-Leucate and Thau lagoons on the French Mediterranean coastline in the dry summer months
2009, using radon and salinity as tracers.

Whereas Salses-Leucate lagoon receives significant fluxes of karstic low-salinity groundwater, in La Palme
and Thau lagoons, karstic groundwater fluxes are small, and have little effect on the lagoons' radon balance.
A simultaneous water, salt and radon budget of the small La Palme lagoon (ca 50 ha surface area and 0.6 m
mean depth) was used to simulate average salt and radon concentration over a one month period. The results
indicate that despite its small flux (0.8-1.2% of lagoon volume per day) the discharge of low-salinity karstic
groundwater contributes significantly to maintaining salinity lower than seawater in the seasonally closed la-

goon, but makes only a minor contribution (7-18%) to the radon budget.
Wind-driven seawater recirculation through sediments on the other hand is a major contributor, estimated at
22-60% of total radon fluxes to the lagoon, equivalent to a water flux of 1.4-7.0% of lagoon volume day . The
remaining balance of Radon is supplied by diffusion and in-water production from decay of its parent nuclide.
Using a stand-alone radon model without considering a water and salt balance would have considerably
overestimated the flux of groundwater of karstic origin.
Radon can be regarded as a proxy for other dissolved solutes such as nutrients and contaminants transported
with groundwater and seawater recirculation fluxes. Nutrient and contaminant enrichment of sediments in
Mediterranean lagoons is well documented. Wind-driven seawater recirculation through these sediments
as documented in this study may remobilise these nutrients and contaminants. It may thus play a consider-
able role in lagoonal biogeochemical budgets, and may require consideration in water quality management in
Mediterranean coastal lagoons.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction world (Moore, 2010). Water budgets of enclosed and semi-enclosed

water bodies such as estuaries and coastal lagoons can be particularly

Supratidal, intertidal and submarine groundwater discharge is in-
creasingly recognised to contribute significantly to coastal water and
solute budgets. In particular sub-tidal or submarine groundwater dis-
charge (SGD) has been documented to impact many shorelines of the
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affected by groundwater inflow, due to reduced mixing with offshore
waters and greater water residence times (e.g. Johannes and Hearn,
1985). A significant body of literature documents fresh groundwater in-
puts into lagoonal systems ranging from a few per cent to 100% of total
freshwater inputs across different climatic zones of the world (e.g.
Smith et al., 1999). Commonly the discharge of land-derived fresh (or
low-salinity) groundwater from terrestrial sources is of interest, and
many lagoon studies are based on volumetric water balance or hydro-
logical modelling (e.g. Kjerfve, 1994; Martinez-Alvarez et al., 2011). In
this paper, the term ‘groundwater’ is used for low-salinity water of
karst origin, and excludes seawater recirculation through sediments,
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contrary to the common terminology in the ocean science community
which commonly regards both processes as groundwater (e.g. Moore,
2010).

Variations of salinity, temperature and nutrient discharge into a la-
goon from either surface water or groundwater are important drivers
of ecosystem functioning in shallow lagoons (Beklioglu et al., 2007).
Over the past 50 years, many Southern European lagoons have experi-
enced severe water quality problems as a result of increasing anthropo-
genic pressures, in particular mass tourism and substantial agricultural
production in the catchment areas (Viaroli et al., 2005; Zaldivar et al.,
2008). The European Union's Water Framework Directive requires Eu-
ropean countries to establish and monitor status of their water bodies.
Whilst the Directive is less well implemented in coastal than in inland
waters, significant effort is now directed at the monitoring, mainte-
nance and restoration of ecosystem functioning of coastal lagoon sys-
tems in the Mediterranean (e.g. Andral and Sargian, 2010).

Successful water quality management requires a good understand-
ing of the basic water exchange processes occurring in a water body.
Groundwater is recognised as a pathway for nutrients and contami-
nants to the coastal zone (Johannes, 1980; Slomp and Van Cappellen,
2004), and in recent years, groundwater discharge into several lagoons
along the European Mediterranean coastline has been documented
using natural radioactive tracers (e.g. Rapaglia et al., 2009; Rodellas
et al, 2012), including groundwater discharge from karstic aquifers
(e.g. Povinec et al., 2006; Garcia-Solsona et al., 2010).

Lagoonal systems represent ca. 50% of the western part of France's
Mediterranean coastline. They are of high economic importance and
conservation value (Trousellier and Bacher, 2006). Whilst low-salinity
groundwater is known to discharge from karstic aquifers into many la-
goons on this coastline (Fleury et al., 2007), little information is presently
available on its effect on lagoonal water and solute budgets. Importantly,
currently no information exists on lagoon-internal recirculation of
lagoon water through sediments. Considering the well-documented
enrichment of nutrients in the sediments of some lagoons (e.g. De
Casabianca et al.,, 1997; Galgani et al.,, 2009), a better understanding of
the potential for seawater recirculation through lagoonal sediments is
required to evaluate the potential importance of this sediment-water ex-
change process on biogeochemical budgets.

The purpose of the study reported here is to document the inflow of
low-salinity groundwater discharge from the extensive karst aquifers to

the coastal lagoons, and to gain an order-of-magnitude understanding
of the relative importance of this karstic groundwater and lagoon
water recirculation through sediments. The naturally occurring radioac-
tive isotope 2*?Rn and salinity are used as tracers. Radon is frequently
employed to determine groundwater input to the coastal ocean, rivers
and other surface water bodies (e.g. Burnett and Dulaiova, 2003; Cook
et al., 2003; Burnett et al., 2006; Povinec et al., 2008). It is typically ele-
vated in groundwater relative to surface waters by 2-3 orders of magni-
tude, and delivered to coastal waters through four main mechanisms,
(1) groundwater discharge, (2) river discharge, (3) recirculation of sea-
water through sediments, and (4) diffusion from sediments.

In 2009, concurrent spatial mapping of the distribution of radon and
salinity in the Mediterranean lagoons of La Palme, Salses-Leucate and
Thau elucidated the distribution of groundwater discharge into the la-
goons. For La Palme lagoon, contributions from karstic groundwater
and recirculated seawater to the radon budget are estimated from a si-
multaneous water, salt and radon balance.

1.1. Study area

La Palme, Salses-Leucate and Thau lagoons are located on the west-
ern French Mediterranean coastline (Fig. 1). The hydrogeology of this
region is dominated by the karstic rocks and aquifers of the coastal up-
lands (Fleury et al., 2007). Groundwater discharges perennially from
isolated, sometimes high-flow springs associated with fractures in the
karst directly into the ocean or into lagoons, including at the study
sites La Palme, Salses-Leucate and Thau lagoons (Wilke and Boutiére,
2000; Fleury et al.,, 2007).

In the region's Mediterranean climate, little to no rain falls during
the summer months. Tidal water level variations in the Mediterra-
nean are small with maximum amplitudes of 0.4 m, and mixing of
coastal waters in this region is driven primarily by wind and air pres-
sure changes. The region is well-known for strong north-westerly
winds called ‘Tramontane’ or ‘Le Cers’, regular exceeding 10 m s~ 1.

1.1.1. La Palme lagoon

La Palme lagoon is a small water body (500 ha surface area) of
considerable conservation value due its high diversity in aquatic hab-
itats. Despite episodic eutrophication events, its extraordinary eco-
logical diversity is recognised internationally by its classification
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Fig. 1. Study site locations (a) and site map with bathymetry (in m) of the principle study site La Palme lagoon (b). Water level monitoring sites are marked with WL. Streams

marked with white lines are only flowing during winter rains.
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under the RAMSAR convention; it is listed in the French environmen-
tal protection program Natura 2000 as site of outstanding ecological
value and listed as reference site for the European Framework Direc-
tive for Water Quality Protection.

Groundwater discharge from the regional karst aquifer occurs
throughout the year in the northern section of the lagoon. A captured
spring feeds a nearby ‘lavoir’ (traditional wash basin), which is con-
nected with the lagoon via a small stream flowing through a perennial
wetland, which itself is noted for its high diversity in natural habitats.
The combined discharge from this spring via the small stream and
from the aquifer underlying the wetland is here considered as ground-
water flow.

Small streams seasonally discharge freshwater into the lagoon.
During the summer months, there is no surface water inflow associat-
ed with these streams due to the small catchment to the lagoon
(Wilke and Boutiére, 2000). Salt evaporation ponds adjacent to the la-
goon produced salt until the 1970s, and are no longer in operation. A
small number of drainage channels connect the ponds to the lagoon,
through which they drain during periods of high rainfall; exchange
between them and the lagoon does not persist in the dry summer
months (Wilke and Boutiére, 2000).

The lagoon is shallow, with a mean and maximum water depth of
0.6 m and 1.5 m respectively (Fig. 1). It is vertically well mixed due
to wind-driven mixing common in shallow lagoons (Spaulding,
1994). It is seasonally connected with the Mediterranean Sea via a
small opening (‘grau’) in the coastal sand spit. In the summer
months, this grau is closed. Exchange with the ocean is further re-
stricted by a road dike and a railway dike which are intersected by
only one small bridge each, allowing only minimal exchange
(Fig. 1). In addition, much of the southern section referred to as
‘Les Seches’ (‘the dry’) is less than 0.2 m deep on average, and is
known to partially fall dry in some years. The combination of these
effects results in an effective separation between northern and
southern lagoon during the summer months, with only a small ex-
change between the two sections.

1.1.2. Salses-Leucate & Thau lagoons

Salses-Leucate and Thau lagoons are considerably larger in surface
area than La Palme lagoon, and have average depths of 1.7 m and
4.5 mrespectively. Both lagoons are important site for shellfish farming,
in particular of oysters and mussels; oyster production in Thau lagoon
accounts for ca. 10% of France's oyster consumption. These lagoons are
under significant anthropogenic pressure, and eutrophication and
algal blooms outbreaks are common (e.g. De Casabianca et al., 1997;
Andral and Sargian, 2010). Salses-Leucate and Thau lagoons receive
low-salinity groundwater input from the well-known Kkarstic spring
complexes of Font Dame/Font Estramar and La Vise respectively. Dis-
charge estimates for Font Estramar and Font Dame are 1-10 m? s™!
and 1-5 m> s~ ! respectively, whereas La Vise discharges only a few
100 L s~ ! into Thau lagoon, at a depth of ca. 30 m (Aquilina et al.,
2002; Fleury et al., 2007).

1.2. Materials & methods

1.2.1. Sample collection & analysis

Radon was continuously sampled and counted in situ using two elec-
tronic radon-in-air monitors (Durridge RAD-7) in parallel. Surface water
was pumped directly and continuously through a gas exchange mem-
brane (Schubert et al., 2012a). Dissolved radon in seawater was purged
into a closed air loop, which circulates through the monitors, to establish
equilibrium between the circulating air and the continuously pumped
seawater. The monitors count a-decays of *?’Rn daughters, and 2*’Rn
concentration is determined by discriminating the 2?’Rn-daughter de-
cays in energy-specific windows. The spatial distribution of 222Rn was
recorded by continuously sampling whilst slowly traversing the lagoon.
Concurrently with radon, surface water salinity and temperature was

recorded with a laboratory-calibrated Hydrolab water quality sonde.
Radon concentration in water was determined from the measured
in-air-concentration after Schubert et al. (2012b), taking water salinity
into account. Laboratory experiments have shown that this radon extrac-
tion using in-situ equilibration introduces a small lag time, which was
corrected for by adjusting the time of measurement along the vessel
track after Stieglitz et al. (2010). Sampling interval was five minutes,
which resulted in a spatial resolution of better than 200 m, depending
on boat speed.

The radon concentration of Mediterranean seawater was measured
using the same method, and radon concentration of groundwater sources
were determined by purging Radon from 250 ml sample bottles directly
into a counter using the Durridge RadH20 extraction system. Groundwa-
ter samples were collected without gas loss using submerged pumps from
previously known springs representative for the underlying karst aquifer.
In order to determine in situ production of radon in lagoon water from
decay of its radioactive parent 22°Ra, 20-40 L samples of water were col-
lected for analysis of **°Ra concentration using low-background gamma
spectrometry (van Beek et al,, 2010). The 22°Ra concentration of lagoon
sediment was determined by low-background gamma spectrometry of
two representative oven-dried sediment samples (van Beek et al,
2010). In addition, an incubation experiment was carried out with one
of these sediment samples. Ca. 17 g of sediment (dry weight) with a vol-
ume of 16 mL was incubated in a 250 mL bottle filled with water without
headspace. The sediment was incubated for 6 weeks and the bottle was
periodically shaken. The radon concentration in water was then mea-
sured directly using the Durridge RadH20 system. The radon production
rate -y can be calculated as

R
Y= Cincubation A Rl_ab (1 )
\field

where Cipcuparion iS the measured concentration in the incubation chamber
[Bq m~3], and Rz, and Rfeiq are ratios of volume of water to sediment in
the incubation chamber (lab) and in the field (which is a function of the
porosity) respectively. One-sigma uncertainties are reported for all radio-
nuclide concentrations.

In La Palme lagoon, radon and salinity data were collected on 26
June, 3 July, 15 July and 30 July 2009. On 3 July the entire lagoon was
surveyed. On the other dates only the northern section was investigat-
ed, mainly because the low water level in the transition between north-
ern and southern lagoon prevented sample collection. For each date, a
volume-weighted average radon concentration and salinity for the
northern section of the lagoon was calculated from grids interpolated
by kriging at 50 m spatial resolution. 22°Ra was sampled on 26 June
2009, and a volume-weighted averaged determined similarly.

Lagoon water level was recorded continuously at the northern and
southern end of La Palme lagoon in 10 min intervals from 20 June to
30 July 2009, together with atmospheric pressure. Water levels were
corrected for atmospheric variation, and the difference between water
level at northern and southern end of the lagoon calculated. Hourly rain-
fall and wind data at the nearby station ‘Leucate’ was extracted from the
database of the French meteorological service. Surface area and volume
of the lagoon was calculated in a GIS from data provided by the Parc
naturel régional de la Narbonnaise (Anonymous, 2007), corrected with
data measured by echosounder along the sampling track.

In Salses-Leucate & Thau lagoons, concurrent transects of salinity and
radon concentration were recorded on 10 June and 21 July 2009 respec-
tively. Data from these two lagoons are insufficient to construct adequate
radon balances, but are nevertheless useful to obtain a qualitative under-
standing of groundwater processes contributing to the lagoons' salinity
and radon budgets and are thus presented herein.

1.2.2. Lagoon water, salt and radon balance
In order to determine groundwater inflow into La Palme lagoon,
simultaneous water, salt and radon balances are constructed. The
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lagoon consists of two sections with only a small exchange between
them, and the water, salt and radon balances are calculated for the
northern section only, in which salinity and radon data was collected
on four different dates (Fig. 2).

If there is no surface water inflow and no outflow, then the evap-
orative loss of water must be balanced by input of water from
groundwater and precipitation. Thus the surface water balance for
the northern section of the lagoon is

W — Q, + PAY—EA— s @)
where Vy is the volume of the northern section [m?], Q is the ground-
water inflow rate [m> day~'], P is the precipitation rate [m> day ~'],
E is the evaporation rate from the water surface [m> day ~'], Ay is the
surface area of the northern section [m?] and t is time [days]. The ad-
ditional flux Jys [m> day~!'] from northern to southern section ac-
counts for water exchange between sections. It is a loss term for the
northern section, assuming groundwater inflow only occurs in the
northern section (and provided E > P), and equals the evaporative
loss minus precipitation in the southern lagoon section:

Ins = EAs—PAg 3)

where As is the surface area of the southern lagoon section.
The salt balance for the northern section of the lagoon is

iNY
S = QS —JnsS + DysASys (4)

with S the mean salinity (unit-less) of the northern section of the la-
goon and S, the groundwater salinity. Note that salinity is here taken

03 July 2009

equivalent to salt concentration. An additional dispersive exchange
flux Dys [m> day~'] between the northern section and the southern
section must be considered, allowing for flux of salt (and radon)
from the southern section to the northern section. ASys is the differ-
ence in salinity at the boundary between northern and southern la-
goon section. Note that this dispersive exchange Dys between the
two sections of the lagoon has a net opposite direction to Jys (from
south to north) and does not have a net influence on the water bal-
ance in Eq. (2).
Similarly, the radon mass balance is

acv
TN = QgCy + Prazas + (Fdi[f +F recirc)AN_kANC_}\VNC —JnsC + DysACys

()

with the mean concentration of radon within the northern lagoon C
[Bq m—3], the concentration in groundwater inflow C, [Bq m™?], the
in-water production of radon by radioactive decay of its parent 22°Ra
Praz26 [Bq day 1], the flux per unit area from the underlying sediments
due to diffusion Fy;y and seawater recirculation Frecirc [Bq m~2day~ '],
surface area and volume of the northern section of the lagoon Ay and
Vy respectively, the gas transfer velocity k [m day~!], and the radioac-
tive decay constant N\ [day~!']. ACys is the difference in radon concen-
tration at the boundary between northern and southern lagoon section.
The change in concentration with time is calculated by

acvy vy ., oC
a  Ca Vv (6)

where Crepresents either radon concentration or salinity. Assuming a
constant water level and volume in the northern section of the lagoon

Fig. 2. Interpolated radon concentration and salinity in June/July 2009 in La Palme lagoon. Non-linear colour schemes were applied to emphasise the distribution pattern in the
visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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during the observation period (dVN/dt = 0), the change in radon
concentration is therefore given by

ac 1
- Vy (Qgcg + Prazze + (Fdijf + Fretirc)AN_kANC_}\vNC_JNSC + DNSACNS)

™)

Egs. (2) and (4) are solved analytically, and uncertainties are calcu-
lated by propagation of uncertainties in the measured parameters.
Eq. (7) is solved numerically.

1.2.3. Estimation of seawater recirculation through sediments in the
hypersaline zone of the lagoon — an alternative approach

In this section, an alternative approach to determining the re-
circulation of seawater through lagoon sediments is presented. This pro-
cess is analogous to hyporheic exchange in freshwater systems, i.e.
circulation through the bed of a freshwater stream. Cook et al. (2006) de-
veloped a steady-state solution to determine hyporheic exchange in riv-
ers, which can also be applied to seawater recirculation through lagoon
sediments under investigation here. A shallow zone in the sediment
(analogous to the hyporheic zone) is assumed to be flushed, with a net
water flux across the sediment water interface of zero. The steady state
mass balance of the flushed sediment per unit area is:

q(C—C}) +yho—AhC,0 = 0 (8)

where q is the flux into and out of the sediment, C and C; the radon con-
centration of the overlying water and interstitial water respectively, vy
the production rate of radon within this zone and h and 6 are the zone's
thickness and porosity respectively (Cook et al., 2006). Following Cook et
al. (2006), the mean residence time T of seawater within the sediment is

T =ho/q 9)

Rearranging Eq. (8) and substituting the depth of the exchange zone h by
Eq. (9) yields

_CHT
14T

G (10)

Considering a body of water in steady-state where the only source
of radon is water recirculation through sediments, and where there is
no loss other than radioactive decay and gas loss, then the radon mass
balance of this water is

qC;—qC—AdC—kC = 0 (11)

where d is water depth. Combining Eqs. (10) and (11) allows the cal-

culation of the flux across the sediment-water interface with unit m>
-1 -2

day™ ' m
C(Ad +k)

4= car—¢ (12)
1+AT

These equations can be applied under conditions where radon
supply from groundwater is negligible.

2. Results

2.0.1. Field data

The distribution of radon and salinity in La Palme lagoon clearly indi-
cates a low salinity/high radon source in the far north of the lagoon
(Fig. 2). Generally, radon concentration decreases and salinity increases
with distance from this source. Hypersaline conditions persist in the
southern part of the lagoon (outside the model domain, see below). The
distribution of both the radon concentration and salinity, however, varies
considerably with time. The significantly reduced radon concentration on

30 July during periods of high wind speed is particularly striking (Table 1;
Fig. 2). Average salinity increases (linearly) with time, indicating that
water loss from evaporation dominates over dilution with low-salinity
groundwater (Table 1; Fig. 3). The lagoon, therefore, cannot be considered
to be in a steady state with respect to radon and salinity.

For most of the observation period, wind speed remained below
10 m s~ !, but showed strong diurnal variability. During the last week
of observation, multiple strong wind events occurred (Fig. 5¢). Typical
for a closed lagoon, the water level in the lagoon is not affected by semi-
diurnal tides, but is strongly influenced by wind speed. A wind-driven
periodic water level variation with approximately daily frequency is ev-
ident in the relative water level data (Fig. 5b). Note that the comparative-
ly large wind-driven water level variability masks absolute changes in
water level and thus lake volume. Accurate absolute water level varia-
tions cannot be calculated from this data.

The average concentration of the parent nuclide 2*Ra was calculat-
ed in a similar fashion as 2?2Rn, i.e. as volume-weighted average of 13
samples approximately evenly distributed in the northern lagoon to
be 38.6 + 0.4 Bq m™>. This value is similar to concentrations found in
comparable coastal settings by Rodellas et al. (2012). It is reasonable
to assume that the average concentration of this long-lived radionuclide
does not change significantly with time over the 35 day model period.

226Ra concentration of two representative sediment samples was
35.8 4+ 0.54 Bq m > and 28.2 + 0.46 Bq m~>. The radon concen-
tration measured at the end of the incubation experiment was
700 + 240 Bq m ™2 at a water to sediment ratio Ry, of 234 mL to
16 mL. Using Eq. (1) and a typical water to sediment ratio in the la-
goon of Rgejq = 0.67 (sediment porosity of 0.4), a production rate
v of 2780 + 950 Bq m~> day ! is thus calculated.

Similar to the observations in La Palme lagoon, in-water radon con-
centration in Salses-Leucate lagoon decreases and salinity increases
with distance from the Font Estramar/Font Dame spring complex on
the western shore. Despite lack of freshwater input form streams during
the summer months, lagoon salinity remains below seawater salinity of
37.1, indicating substantial influence of the low-salinity springs (Fig. 1).
In Thau lagoon, radon concentration is greatly reduced in surface waters
in comparison to La Palme and Salses-Leucate lagoons, except in the
channel of the Canal Du Midi at the southern end of the lagoon. The
highest radon concentration of 2040 Bq m~3 was found in a sample
collected by diving at 30 m depth at the outlet of La Vise spring (salinity
of 1.4; Table 1).

2.0.2. Water and salt balance

Precipitation during the observation period was minimal, with
0.4 mm, 0.2 mm and 4.6 mm recorded on 02/07/09, 04/07/09 and
15/07/09 respectively, and no precipitation on other dates. It is con-
sidered to have a negligible influence on water and salt budgets,
and is thus not included further, i.e. P = 0 in Eq. (2)).

Table 1

Measured volume-weighted average salinity and radon concentration in La Palme lagoon
(top) and salinity and radon concentrations of groundwater sources and ocean water
(bottom).

Location Date S C (Bqm~?)
Min Mean Max
La Palme lagoon N 26/06/2009 26.7 57 72 87
03/07/2009 289 52 63 73
15/07/2009 315 65 76 87
30/07/2009 34.7 13 19 25
Lavoir (La Palme) 26/06/2009 7.3 1600 + 200
Font Estramar 20/07/2009 5.1 8540 + 580
(Salse-Leucate)
La Vise (Thau) 22/07/2009 14 2040 4 140
Mediterranean Sea 371 124+ 3
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% | 5= 25.6+-0.2) + (0.228+-0.010) * time (days) 3mmday~' (e.g. Obrador et al, 2008; Rodriguez-Rodriguez and
34 | R*=0.996 Moreno-Ostos, 2006), with higher rates during the summer months.
i Because field work was carried out in the summer months, an evapora-
> 32 tion rate E of 5 + 1 mm day ™! is assumed, reflecting larger than aver-
£ 1 age evaporation during summer (note that it will be seen later that E

& 30+ has little influence on the radon budget).
5 8—- At constant lagoon volume (and no rainfall input), the groundwater
| inflow must balance the evaporative loss of water (from both parts of
26 the lagoons). The groundwater inflow rate Q, can be calculated from
22/6  29/6 6/7 187 207 277 Eqgs. (2) and (3) to be (249 4+ 0.51) x 10* m> day~"' or (0.29 + 0.06)

date in 2009 m3 s~ (Table 2).

Fig. 3. Volume-weighted average salinity measured in La Palme lagoon.

Firstly, a water balance is constructed (Eq. (2)). This is a frequently
used approach which yields robust results in small enclosed and
semi-enclosed lagoons (e.g. Kjerfve, 1994). It is assumed that the vol-
ume of the lagoon is constant with time during the observation period
(dv/dt = 0inEq. (2)), as well as the evaporation rate E and the ground-
water inflow rate Qg These assumptions are consistent with the ob-
served near linear temporal trend of average salinity (Fig. 3). Annual
average evaporation from lagoons in the Mediterranean region is

Rn (By/m3)
® 5-20

® 20-50

© 50-100

© 100 - 500
® 500 -1200

Mediterranean
Sea

Mediterranean
Sea

Subsequently, the salt balance for the northern lagoon is constructed
(Eq. (4)). At the calculated inflow rate of groundwater, which has a sa-
linity of 7.3 & 0.2, a flux Dys of (1.17 & 0.26) 10° m3day ! is required
to achieve the observed increase of average salinity in the northern sec-
tion (Fig. 3). This is equivalent to 4.6 £+ 1.0% of northern lagoon volume
per day.

2.0.3. Radon balance

Similar to Egs. (2) and (4), Eq. (7) can be solved analytically when pa-
rameters are constant. Wind speed and associated loss of radon to the at-
mosphere however vary considerably during the 35 day observation

Mediterranean
Sea

Mediterranean
Sea

4 km

Fig. 4. Radon concentration and salinity in Salses-Leucate (top) and Thau (bottom) lagoons. Oyster rafts are shown in grey. The springs Font Estramar and Font Dame flow into
Salses-Leucate lagoon via small streams, whereas ‘La Vise’ discharges directly into the northern sector of Thau lagoon in ca 30 m water depth.
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Fig. 5. Radon model results, showing modelled radon concentration and measured data on four dates (a), together with time series of measured water level difference (b) and wind

speed (c) used to calculate seawater recirculation and gas loss term respectively.

period. Therefore, a numerical finite difference approach in one-hourly
time steps similar to a model described in Cook et al. (2006) is taken,
in order to allow for the parameters gas loss k and sediment flux F to
vary with time. The values for Q, and Jys calculated in water and salt bal-
ance are used, together with other measured parameters (Table 2).

The diffusive flux Fyy [Bq m~2 d~'] of radon from sediment can
be calculated from an empirical linear relationship between sediment

226Ra concentration and diffusive radon flux derived by Burnett et al.
(2003)

Fyyp = 0.495Cy5_5oq +0.303 (13)

where Cyz.50q is the ?°Ra concentration of the sediment [Bq kg~ !].
Using the average 2?°Ra concentration of 32.0 4+ 0.5 Bq kg~ ! of the

Table 2
Parameters used to construct water, salt and radon balance of La Palme lagoon. ‘Time series’ denotes parameters that were not constant during the period for which the model was
constructed.
Parameter Description Value Unit Source
Water balance
E Evaporation rate 0.005 + 0.001 m day ™! Estimated
An Surface area N lagoon (3.79 + 0.19) 106 m? Measured
As Surface area S lagoon (1.19 + 0.06) 106 m? Measured
Qq Groundwater inflow rate (2.49 + 0.50) 10* m> day~! Calculated (Eq. (2))
Salt balance
ds/dt Change in salinity with time 0.229 + 0.010 day™! Calculated
Vy Volume N lagoon (2.61 & 0.13) 10° m> Measured
Sg Groundwater salinity (cf Table 1) 73 £ 02 - Measured
Ins Exchange flux N-S (59 + 1.2) 10° m® day ! Calculated (Eq. (3))
AS Salinity difference N-S 50+ 03 - Measured
Dns Dispersive exchange flux S-N (1.17 £ 0.26) 10° m> day~! Calculated (Eq. (4))
Radon balance
Cg Groundwater Rn (cf Table 1) 1600 £ 200 Bqm~—3 Measured
C Average lagoon Rn concentration cf Table 1 Bqm—3 Measured
Praz2s Rn production by Ra-226 decay 386 + 0.4 Bq m~> day ' Measured
Fair Rn diffusion flux from sediment 16.1 + 4.4 Bq m~2 day~' Calculated (Eq. (13))
k Gas transfer velocity Time series m day ! Calculated (Eq. (14))
N Radioactive decay constant 0.181 day~! Known
ACns Radon conc difference N-S —2045 Bq m—> day~' Measured
Frecirc Recirculation flux Time series Bq m~2 day~' Calculated (Eq. (7))
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two sediment samples, a diffusive flux of 16.1 + 44 Bqm~2d~'is
calculated.

The gas transfer velocity k depends on wind speed which is vari-
able with time. Following Maclntyre et al. (1995), it can be deter-
mined as

k = 0.45u] (Sc/600) °? (14)

where u79 is wind [m s~ '] at 10 m height above the water surface
(Fig. 5c), Sc is the temperature dependent Schmidt number for
radon (840 at 23 °C; Wanninkhof et al., 2009). The number 600 is
the Schmidt number for CO, at 20 °C in freshwater, a common refer-
ence point. Modelled k ranges from 0.0 to 8.3 m day~ ' as a result of a
wind speed range from O to ca. 15 m s~ .

The parameter Fyeg rfemains the only unknown (cf Table 2). This
flux represents advective fluxes through sediments other than ground-
water, i.e. seawater recirculation. Advection through sediments is driv-
en by water level differences across the sediment. In many coastal
settings, the primary driver is tidal pumping (e.g. Kim and Hwang,
2002). In La Palme lagoon however, tides do not affect water level var-
iations, but wind-driven water level variations are evident (Fig. 5b).
Therefore, here the flux Fyeqc is considered to linearly vary with
(wind-driven) water level difference between the northern and south-
ern extension of the lagoon Ah (Fig. 5b):

Frecirc :frecirc *Dh (15)

The value freqire (Bq m~2 day~' m~!) is adjusted to obtain the best

fit between observed and modelled radon concentration on the four ob-
servation dates.

Using mean values for all observed parameters from Tables 1 and 2,
the best fit is obtained at fyecire = 392 Bq m 2 day~ ! m™ !, resulting in
an estimated total recirculation flux to the lagoon of 1.6 x 108 Bq day !
respectively (Table 4), whereby the recirculation flux is reported as an
average over the observation period 26 June-30 July 2009. Model re-
sults were constraint by additional runs, simulating minimum and max-
imum groundwater term. The maximum seawater recirculation flux
was calculated by re-running the model using the minimum groundwa-
ter flux Qg (mean minus uncertainty), together with minimum estimat-
ed Cg, Pra226 and Fgig; and maximum estimated C, Jys and AC to provide a
‘worst case’ constraint. Similarly, minimum seawater recirculation flux
(at maximum groundwater flux) was modelled. This is considered a
conservative approach in estimating the uncertainty of the model re-
sults. Results for minimum, mean and maximum groundwater flux
are summarised in Table 3, and displayed in Fig. 5a.

2.0.4. Recirculation of lagoon water through sediments — an alternative
approach

Incubation experiments provided an estimate of a radon produc-
tion rate in lagoon sediments of 2780 + 950 Bq m~3 day . To-
gether with this production rate, data collected from surface water
in La Palme lagoon allows an alternative evaluation of the flux of
radon to the lagoon from seawater recirculation through sediments,

Table 3
Comparison between data and model results for minimum, mean and maximum
volume-averaged lagoon radon concentration of La Palme lagoon.

Date Minimum C(Bqm~3) Maximum
mean
Data Model Data Model Data Model
26/06/2009 57 57 72 70 87 82
03/07/2009 52 52 63 61 73 70
15/07/2009 65 64 76 78 87 92
30/07/2009 13 17 19 24 25 30

which can be compared to the results obtained in the radon balance
in the previous section.

On 03 July 2009, the radon and salinity survey extended into a very
shallow, hypersaline part of the lagoon. In this shallow part of the lagoon,
radon concentrations were elevated over the ocean endmember — the
corresponding values lie above the mixing line of ocean water with
groundwater in the salinity-radon diagram (Fig. 6a). This radon must
originate from sources other than groundwater, i.e. in-situ 22°Ra decay,
diffusion and/or seawater recirculation. Hypersaline conditions in this
zone indicate that lateral mixing in this zone was greatly reduced during
this period of observation. The recirculation flux across the sediment-
water interface g and the radon concentration of the interstitial water ¢;
can be calculated as a function of -y from Egs. (10) and (12) respectively.

At locations with a (measured) water depth of 0.2 m, the total
radon concentration in the hypersaline zone ranged between 45
and 65 Bq m~> (lower values in Fig. 6 correspond to locations with
greater water depth). Assuming 15 Bq m~> and 5 Bq m~> are due
to diffusion and to in-situ ??°Ra decay (as measured) respectively,
the contribution of seawater recirculation (C in Eqs. (10) and (12))
is the remainder of 25-45 Bq m~>. Considering an average value of
35 Bq m~> at a (measured) water depth d of 0.2 m, a gas piston ve-
locity k of 1.2 m day~' (as calculated from wind data on 03 July
2009), a typical residence time T of 1 day (based on the daily cycle
of water level fluctuations; Fig. 5b), and a -y of 2780 + 950 Bq m >,
C; and q can now be calculated after Eqgs. (10) and (12) to be 2385
(1580-3190) Bq m ™ and 0.018 (0.014-0.028) m d ! respectively.

This relationship can be compared with the results obtained from the
non-steady state radon mass balance. There, a total recirculation flux of
1.6 x 108 Bq day~! to the northern lagoon was calculated (Table 4),
which equates to a unit area flux of radon of 42 Bq m~2 day . A unit
area flux of water is obtained by dividing the unit area flux of radon by
C; to be 0.018 (0.013-0.027) m d . The two independent models thus
yield almost identical results.

It is interesting to note that following Cook et al. (2008), the diffu-
sive flux Fgy of radon can be estimated if the radon production rate
and effective diffusion coefficient through lagoon sediments are
known. At an assumed diffusion coefficient of 2.210~¢ m? day ',
the diffusive flux is estimated to be 154 + 53 Bqm~2 d~ ', very
similar to the diffusion rate calculated following Burnett et al. (2003).

3. Discussion
3.0.1. Sources of radon in La Palme lagoon

3.0.1.1. Low-salinity karstic groundwater discharge. The results of this
study illustrate that despite the small volume discharge (0.8-1.2% of
northern lagoon volume per day) the discharge of low-salinity
groundwater provides a significant counterbalance to salinization of
the seasonally closed lagoon due to evaporation in the dry summer

e
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Fig. 6. Salinity-radon relationship in the hypersaline zone of the lagoon. The mixing
line between groundwater and ocean water using endmembers shown in Table 1 is
shown as a continuous line. Data below the mixing line (open symbols) is from the
main lagoon (not the hypersaline zone), and is included for comparison only.
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Table 4
Absolute and relative contributions of different sources to the radon budget of La Palme
lagoon.

Rn source Rn flux (10° Bq day ') Relative Rn flux

Min Mean Max Min Mean Max
Groundwater 27.8 399 54.0 7% 11% 18%
Diffusion 44.4 61.1 77.8 11% 17% 26%
226Ra decay 98.1 98.8 99.9 23% 27% 34%
Circulation flux 250.9 159.8 65.2 60% 44% 22%

months, and thus contributes to maintaining transitional (brackish)
ecosystem functioning.

Whilst the low-salinity karstic groundwater significantly affects the
salinity budget of the lagoon, it contributes only a small fraction of 7-
18% of total radon input to La Palme lagoon. This is partially a result
of the comparatively low endmember radon concentration of
1600 =+ 200 Bq m~2 which together with its salinity of 7.3 (Table 1)
indicates a mixing of fresh groundwater with seawater in the aquifer,
consistent with previous studies of the local karst geochemistry (e.g.
Aquilina et al., 2002; Fleury et al.,, 2007).

The calculated groundwater flux of 0.29 + 0.05 m> s~ ! is similar to
the only previous estimate of groundwater discharge into La Palme la-
goon of 0.5 m> s~ ! during the month of July by Wilke and Boutiére
(2000), whose estimate was based on a water balance of 7 consecutive
years (1994-2000). A manual measurement across the outflow of the
lavoir (captured spring) on 26 June 2009 using a basic drifter yielded
an outflow from the lavoir of 0.04 m? s™!, suggesting that the majority
of the groundwater flow originates from other point or non-point
sources in the wetland on the northern bank of the lagoon. An airborne
infrared of the northernmost part of the lagoon image collected in Sep-
tember 2012 is consistent with this observation — it indicates only a
small zone of reduced temperature due to discharge from the lavoir's
stream at that period of the year (Fig. 7). No other groundwater sources
elsewhere in the lagoon other than those in the northern section were
identified from the radon or salinity distribution (Fig. 2).

This result is obtained based on the assumption that the lagoon vol-
ume (i.e. water level) is constant over the one-month observation peri-
od. The comparatively large wind-driven variations in water level mask
long-term water level variations and the available water level measure-
ment do not allow for an accurate determination of absolute lagoon
water level and volume at any time. Wilke and Boutiére (2000) howev-
er suggest that lagoon water level (and corresponding volume) can re-
duce by as much as 10 cm per month in the summer months, due to
evaporative loss exceeding water inputs. It is interesting to note that if
such a drop in water level of 10 cm and a corresponding reduction in
volume were considered in the water balance (Eq. (2)), then a smaller
groundwater flux of 0.10 + 0.06 m® s~! would be obtained — very
close to the manual measurement of 0.04 m® s~ ! at the outflow of
the lavoir. In this case, the relative contribution of groundwater to the
radon budget would be smaller, and the contribution of seawater
recirculation correspondingly larger. The constant water level assump-
tion used here is thus considered the ‘conservative’ case, in the sense
that more radon is provided by groundwater and less by recirculation,
which is the overwhelming contributor (see below). It is clear that it
will be of critical importance to accurately measure volumes and
water levels in future studies.

3.0.1.2. Temporal variability of lagoon radon concentration. The
non-steady state model of lagoon radon concentration describes the ob-
servations well, and the overall trend is well captured by the model
(Fig. 5). The largest departure of model and data is observed on 30
July, but remains below a 25% difference (Table 3). On 26 June, the aver-
age radon concentration was elevated after a period of low wind speed,
resulting in reduced gas loss (Fig. 5); on 03 July, wind and water level
variations are minimal, and conditions are close to a steady state. This

L 100 200
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Fig. 7. Airborne infrared image of temperature plume recorded on 20 Sept 2012 at
09:30. It shows a stream that drains a wetland and a captured spring (‘lavoir’), sup-
plied by karstic groundwater in the northern section of the lagoon. The temperature
distribution indicates only a small spatial influence of discharge on surface tempera-
ture in the order of 100 m range, at a water depth of less than 0.3 m.

is also evident in a homogenous spatial radon and salinity gradient on
this date which would be expected for steady state conditions (Fig. 2).
On 15 July, concentrations are again slightly elevated during a period
of low wind speed, and on 30 July, average concentration is the lowest
of the four measurements (and the lowest modelled concentration for
the entire period), due to a sharp increase in wind speed and associated
substantial gas loss.

The measured and modelled lagoon-averaged radon concentration
during the observation period June-July 2009 is 19-76 Bq m~> and
19-113 Bq m ™~ respectively (Table 3; Fig. 5). This considerable range
in variability on daily time scales is comparable to variations observed
in other closed aquatic systems (e.g. Burnett and Dimova, 2012). Evident
from the model results, the variability is due to an interaction of the two
main drivers of radon in the lagoon, i.e. gas loss, the dominant loss term
for radon, typical for shallow water bodies (e.g. Cook et al., 2006), and
recirculation flux, the dominant source term (Table 4). Although wind
speed and water level, the drivers of gas loss and recirculation flux re-
spectively are related in La Palme lagoon, the time lag between wind
and water level setup results in a complex pattern in temporal radon
variability.

Whilst with 8-15 days the temporal resolution of sampling is low in
comparison with other studies, similar observations over a one-month
period are rare. In order to assess temporal variability of processes, a
temporally extended observation period is often required, and the ap-
proach taken here appears to be adequate to capture seasonal lagoon
conditions. Frequently, radon budgets are constructed from time series
recorded at single points, assuming that the chosen location is represen-
tative for the water body (e.g. Burnett and Dulaiova, 2003; Burnett &
Dimova, 2012). In this study, a different approach was taken by measur-
ing and modelling a volumetric average. It would have been very diffi-
cult to define one point in the lagoon that could have been considered
representative for the entire lagoon. In summary, spatially distributed
sampling at low temporal resolution is considered a valuable alternative
approach to understand water exchange processes in complex coastal
systems.
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3.0.1.3. Wind-driven recirculation of seawater through lagoon
sediments — a major source of radon. The wind-driven advective
recirculation flux of radon from sediments Fq is with 22-60% the
largest contributor to the radon budget of the lagoon (Table 4). Assum-
ing a source concentration for the seawater recirculation flux similar to
that of groundwater of 1600 + 200 Bq m~> (a common assumption
when more detailed data is not available and when groundwater and
recirculation fluxes are not distinguished, e.g. Burnett and Dimova,
2012), a water flux of 1.2 (0.4-2.1) m3 s~ or 3.9 (1.4-7.0) % day !
of lagoon volume can be calculated. This equates to ca. 4 times the
water flux from low-salinity groundwater.

The results from the independent estimation of seawater recirculation
via the Cook et al. (2006) hyporheic exchange approach yield very similar
results to the mass balance. This additional, independent approach to con-
strain the input of radon from seawater recirculation through sediments
thus provides additional confidence in the results obtained in the mass
balance.

In summary, the results of the study demonstrate that seawater
recirculation is a major contributor to total radon and water fluxes
to the lagoon. Using a stand-alone radon model would have signifi-
cantly overestimated the flux of groundwater of karstic origin.

3.0.2. Radon & salinity distribution in Salses-Leucate & Thau lagoons

Data collected in Salses-Leucate and Thau lagoons is insufficient to
construct similar solute balances. However, the collected radon and
salinity data allows for a qualitative assessment of contributing pro-
cesses also in these lagoons.

In Salses-Leucate lagoon, salinity remained well below seawater sa-
linity along the transects, and radon and salinity are significantly affect-
ed by groundwater discharge from the karst springs Font Dame and
Font Estramar in the SW sector (Fig. 4). These springs are some orders
of magnitude greater in flow rate than the discharge observed at La
Palme lagoon, with reported flow rates of Font Estramar and Font
Dame of 1-15m>s~! and 1-5 m> s~ ! respectively (Fleury et al,
2007).

Previous reports and anecdotal evidence suggest there may be addi-
tional connections of the karst aquifer to the lagoons, in particular in the
northern part of Salses-Leucate lagoon (e.g. Ladouche et al., 2000). Local
fishermen report distinct zones in Leucate lagoon that did not freeze in
winter, when the lagoon had no opening to the ocean ca. 25 years ago
and was of significantly lower salinity than today. This was inferred to
result from discharge of relatively warm groundwater in winter. The
spatial distribution of radon and salinity observed in 2009 suggests
however that the two major springs are the main drivers of radon and
salinity distribution in the lagoon. In addition, groundwater input
from small springs adjacent to a fishing village in the south-western
section results in slightly elevated radon concentration and slightly re-
duced salinity (Fig. 4).

In contrast, concurrent radon-salinity surveys in Thau lagoon indi-
cate that summer surface water is not greatly affected by direct ground-
water flow from low-salinity groundwater (Fig. 4). In the northernmost
bay, radon is slightly elevated, presumably due to radon input from the
well-known spring La Vise in this sector (Fig. 4). The groundwater flow
rate of La Vise is in the order of a few 100 1 s~ (Fleury et al., 2007), and
discharges at ca. 30 m of water depth, so would not be expected to play
an important role in radon and salinity budget of the lagoon. The ob-
served 222Rn concentration of 2040 Bq m > of La Vise can be compared
with 222Rn activities recently reported by Condomines et al. (2012) in
waters collected in wells located in the adjacent area of Balaruc-les-
Bains. Waters of different origins can be found in the hydrological sys-
tem of Balaruc-les-Bains: karstic waters, thermal waters, seawater in-
flow either from the coastal sea or from the lagoon (Condomines
et al, 2012; Ladouche et al., 2012). Activities of up to 26 000 Bq m~>
were found in karstic waters whereas deep thermal waters displayed
activities of 1900 Bq m~3 (Condomines et al., 2012). The relatively
moderate 222Rn concentration determined at the outlet of La Vise at a

salinity of 1.4 thus suggests a deep thermal source at the time of sam-
pling, without a substantial contribution of seawater.

The highest radon concentrations and lowest salinity in surface
waters were found in the Canal de Midi which is connected to the la-
goon, and subject to flow regime and wind direction may contribute
significantly to the radon and salinity budgets of the lagoon.

In addition, a further source of radon is evident in shallow sections of
the lagoon from its elevated radon signature ‘above’ the mixing line be-
tween ocean and groundwater (Fig. 8). Similar to La Palme lagoon,
wind-driven pumping of seawater through sediments and/or diffusion
can explain the systematic elevation in radon concentration in shallow
parts of Thau lagoon. Two distinctly different zones are evident in Fig. 8
— one on the shallow north and south shores, and one in the port of
Séte. From their particular spatial distribution, it is suggested that ele-
vated radon in the shallow sections is primarily due to wind-driven
seawater recirculation through the shallow sediment similar to the ob-
servations in La Palme lagoon. The elevated concentrations found in the
port are perhaps more likely due to diffusive fluxes in this sheltered port
which - at small tides - would be characterised by comparatively high
residence times, at the same time reduced wind effects allowing for an
accumulation of diffusive fluxes. Inspection of the mixing diagram from
Thau lagoon thus indicates that the processes documented in La Palme
lagoon are unlikely to be restricted to La Palme lagoon, and are also like-
ly to occur in other lagoons.

In summary, it has been shown that the concurrent collection of
radon and salinity data provides a useful tool to qualitatively and
quantitatively assess water exchange processes in coastal lagoons. It
allowed for the mapping of different radon source processes in Thau
lagoon, and for a quantitative determination of recirculation fluxes
in La Palme lagoon. It is suggested that in future studies salinity
data is always collected and interpreted in combination with radon
data in closed or semi-closed coastal systems.

3.0.3. Biogeochemical and lagoon management implications

Whilst of critical importance to the salinity regime of La Palme (and
Salses-Leucate), low-salinity groundwater discharge plays a compara-
tively small role in the radon budget of La Palme (and Thau) lagoons.
Together with radon dissolved in groundwater, biogeochemically rele-
vant solutes can be transported in groundwater or recirculated seawa-
ter (Burnett et al., 2006; Moore, 2010). The significant contributions of
the recirculation flux to the radon budget strongly suggest that other
solutes such as nutrients or contaminants may also be transported
with this wind-driven recirculation flux. Nutrient and contaminant en-
richment of sediments in Mediterranean lagoons is well documented, in
particular of phosphorus (De Casabianca et al., 1997) and a range of bio-
available toxins (Galgani et al., 2009). Incidentally, the shallow part of
Thau lagoon where seawater recirculation is here suggested to poten-
tially occur is characterised by above-average levels of sediment toxicity
as measured with oyster bioassays (Galgani et al., 2009). Wind-driven
seawater recirculation through lagoon sediments documented in this
study may remobilise nutrients and contaminants, but in current
models of biogeochemical budgets of the investigated and of other la-
goons, this advective recirculation process is not considered to date
(e.g. Plus et al., 2006).

4. Conclusions

In Salses-Leucate lagoon, discharge of groundwater from the region-
al karst aquifer modifies lagoon salinity and radon concentration, which
is a tracer for water and solute exchanges across the sediment-water in-
terface. In contrast, in La Palme and Thau lagoons, low-salinity ground-
water discharge from the karstic aquifer plays only a minor role in the
radon budget during the summer months. Using a stand-alone radon
model without considering a water and salt budget would have signifi-
cantly overestimated the flux of groundwater of karstic origin.
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Fig. 8. Salinity-radon mixing diagrams of Salse-Leucate (top left) and Thau (bottom row; same data on both diagrams) lagoons. The map of Thau lagoon (top right) shows data classified
by type identified from the mixinv diagram: samples that lie above the mixing line on groundwater with ocean water are marked with black dots in mixing diagrams and map.

Wind-driven seawater recirculation through sediments is with 44%
(22-60%) the largest source of radon to La Palme lagoon, and may
also make significant contributions to the shallow parts of Thau lagoon.
In other words, in the small La Palme lagoon, on average every 25 days
the equivalent of the volume of the entire lagoon recirculates through
the sediment. This recirculation of lagoon water through sediments
may be an additional process in the transport of nutrients and contam-
inants to the lagoons through remobilisation from lagoonal sediments.
It may thus play a significant role in lagoonal biogeochemical budgets,
and, subject to further study, may require consideration in water quality
management in French coastal lagoons.
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