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Abstract

High-energy tidal beaches are exposed to strong physical forcings. The submarine
groundwater discharge (SGD) that occurs in intertidal sandy sediments includes both terrestrial,
fresh groundwater flow and seawater recirculation, and plays a significant role in regulating
biogeochemical cycles in some coastal zones. In this transition zone between land and sea,
complex biogeochemical reactions alter the chemical composition of pore waters that discharge
to the coastal ocean. Recent studies highlight that SGD can be a significant source of carbon to
the coastal ocean but very few have investigated SGD in high-energy environments. We have
characterized the dissolved carbon dynamics in such a high-energy environment (Truc Vert
Beach, SW France) through pore water sampling in key compartments of the SGD system.
Dissolved organic carbon (DOC), pH, total alkalinity (TA), and the isotopic composition of
dissolved inorganic carbon (8'*C-DIC) were measured in pore waters sampled at regular
intervals between 2011 and 2014 in the intertidal zone of the beach, the mixing zone of the
subterranean estuary (STE), and the freshwater aquifer upstream from the beach. Results reveal
that SGD exports dissolved carbon mostly as DIC to the Aquitaine coast some of which
originates from the aerobic respiration of marine organic matter within the beach aquifer. This
is highlighted by the opposite spatial trend of DOC, which is consumed, and DIC, which is
produced. Saline pore waters expelled from the beach through tidally-driven recirculation of
seawater provide about 4400 tons of carbon per year to the coastal zone of the 240 km-long
Aquitaine sandy coast. Terrestrial groundwater, characterized by high pCO; values, is also a
significant contributor to the DIC flux to the coastal ocean (16200 tons per year). This flux is
abated by CO; evasion in the upper beach, at the onset of the salinity gradient in the STE, and
within the surficial freshwater aquifer along the forest-beach transect below the coastal
foredune. Accordingly, the DIC:TA ratio evolves to below 1, suggesting that this SGD
increases the buffer capacity of coastal seawater against acidification. This study demonstrates
that high-energy beaches are active vectors of DIC from the land to the coastal ocean as well
as significant sources of CO; to the atmosphere, and must therefore be taken into consideration

in SGD carbon budgets.

Keywords: tidal beach; submarine groundwater discharge; subterranean estuary; aerobic
benthic respiration; CO2 degassing; Aquitaine coast
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1. Introduction

A better understanding of the carbon cycle in coastal zones is critical as these
environments are especially vulnerable to global warming and ocean acidification (Gattuso et
al., 1998; Orr et al., 2005; Gattuso and Hansson, 2011). Groundwater discharge through
permeable coastal sediments is now recognized as an important phenomenon, connecting
continental aquifers to the coastal ocean through subterranean estuaries (STE) (Moore, 1999;
Bokuniewicz et al. 2003; Burnett et al., 2003; Santos et al., 2012a). The behaviour of dissolved
carbon in this transition zone needs to be studied in different physical settings (topography,
flow, tides) in order to better constrain the role of submarine groundwater discharge (SGD) on
the global, coastal carbon cycle. In intertidal sandy sediment, SGD includes both freshwater
flow from a terrestrial aquifer and seawater recirculation driven by waves and tides (Burnett et
al., 2003). In high-energy sandy beaches, a well-developed intertidal seawater recirculation cell
develops as a result of strong physical forcings, including tidal oscillations, swells, waves, and
beach topography (Robinson et al., 2007; Abarca et al., 2013). This cell complements the
structure of the subterranean estuary (STE) formed between fresh and saline groundwaters
(Moore, 1999).

The influence of SGD fluxes on coastal ecosystems is well documented for nutrients
and trace metals, with fluxes (Burnett et al., 2003; 2006; Slomp and Van Cappellen, 2004; Kim
et al., 2005). This can lead to pronounced ecological consequences in the coastal zone, such as
eutrophication (Lee and Kim, 2007; Lee et al., 2010; Moore et al., 2010; Wang et al., 2018) and
harmful algal blooms (Lee et al., 2010), especially in semi-enclosed systems (Liu et al., 2012;
Charette et al., 2013; Santos et al., 2014). Over the last decade, the carbon cycle in STEs has
received growing attention, because STEs are sites of intense biogeochemical transformations.
As observed for nutrients, trace metals and/or radio-isotopic tracers (Slomp and Van Cappellen,
2004; Charette et al., 2005; Moore, 2006; Swarzenski et al., 2006), the transfer of carbon from
land to the sea is not conservative: significant chemical transformations linked to diagenetic
reactions in the STE affect the CO> system through carbonate dissolution and/or organic matter
mineralization (Cai et al., 2003; Liu et al., 2012; Lee and Kim, 2015; Liu et al., 2017). Although
the relative importance of all carbon transfer processes from land to sea are not always
considered, recent studies reveal that the terrestrial component of SGD is a significant carbon
source to the coastal ocean (Liu et al., 2012; Atkins et al., 2013; Wang et al., 2015; Liu et al.,
2017). Indeed, fresh groundwaters are often enriched in CO; due to organic matter

mineralization within the surficial aquifer (Gagan et al., 2002; Savoy et al., 2011). They are
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also enriched in dissolved organic carbon (DOC), although marine-derived particulate matter
may be the primary source of DOC in tidal sands (Couturier et al., 2017). These waters can
modify the carbon budget as they discharge in the coastal zone (Cai et al., 2003; Moore et al.,
2006; Liu et al., 2012; Santos et al., 2012b). In fact, a number of studies have reported that
terrestrial groundwater discharge can be a significant source of CO2 and CHg to the atmosphere
in coastal areas (Cai et al., 2011; Atkins et al., 2013; Call et al., 2015; Perkins et al., 2015).

Dissolved carbon fluxes from SGD have been investigated in various environments
including estuaries (Santos et al., 2012a; Faber et al., 2014; Macklin et al., 2014; Sadat-Noori
et al., 2015; Wang et al., 2015), a coral reef lagoon (Cyronak et al., 2013), mangrove creeks
(Bouillon et al., 2007; Kon¢é and Borges, 2008; Miyajima et al., 2009; Maher et al., 2013; Call
etal., 2015; Chen et al., 2018), continental shelves (Liu et al., 2012, 2014; Stewart et al., 2015),
and intertidal flats (Moore et al., 2011; Kim et al., 2012; Reckhardt et al., 2015; Santos et al.,
2015), but very few studies have been carried out in high-energy beaches, even if the intertidal
recirculation cell in such environments has been recognized as an intense biogeochemical
reactor (Anschutz et al., 2009; Charbonnier et al., 2013; Beck et al., 2017; Reckhardt et al.,
2015). Recent studies show that recirculated saline pore water can deliver large amounts of
recycled inorganic carbon to coastal surface waters (Weinstein et al., 2007; Gleeson et al., 2013;
Liu et al., 2014).

The objective of this study was to identify biotic and abiotic processes that
modulate/drive carbon dynamics in a very high-energy coastal system. These environments are
characterized by a very strong recirculation of seawater due to tidal pumping. Since the fresh
and saline SGD components are usually superimposed, it is difficult to separate their relative
contributions. We first investigated whether the large volumes of water exchanged in the sandy
beach aquifer resulted in a high carbon recycling. We then evaluated the carbon fluxes from the
terrestrially-derived groundwater that percolated towards the beach. In doing so, we tested the
hypothesis that, like metals and nutrients, DIC fluxes are not conservative when water from the
continental aquifer mixed with saline water from the intertidal beach aquifer. Fluxes and
processes were assessed from samples collected along the forest-dune-beach continuum.
Finally, we estimated, for the first time, carbon fluxes to the ocean and atmosphere at the scale
of a 240-km long exposed coastline, allowing us to assess the importance of these systems in
the carbon cycle and their impact on ocean acidification.

For this purpose, we deployed an elaborate sampling strategy, from land to sea, which
allowed us to measure DOC, pH, total alkalinity (TA), and the isotopic composition of

dissolved inorganic carbon (8!*C-DIC), as well as calculate the dissolved inorganic carbon
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(DIC) and CO:z partial pressure (pCO») in pore waters of all key compartments of a high-energy
sandy beach along the Aquitaine coast (SW France) over multiple years. Pore water samples
were collected in the intertidal beach, in the fresh-saline transition zone of the supratidal beach,

and in the freshwater aquifer upstream of the beach

2. Materials and methods

2.1. Study site

The Truc Vert Beach is located a few kilometres north of the Cap Ferret sand spit, along
the 240-km long Aquitaine sandy coast (SW France; Fig. 1). The beaches along this relatively
straight coastline, between the Gironde and the Adour Estuaries, are meso-macro tidal and
double-bar beaches subjected to high-energy conditions and bordered by high aeolian dunes
(Castelle et al., 2007). The Truc Vert Beach is typical of the Aquitaine coast and its difficult
access has preserved it from human disturbance.

Sediment consists of medium-sized quartz sand with a mean grain size of 435 pm, a
mean CaCOs content of 1.2 wt% and a mean organic carbon concentration of 0.028 wt%. The
porosity of the sand ranges from 0.38 to 0.42 (Charbonnier et al., 2013). The average tidal range
is 3.2 m, extending up to 5 m during spring tides. The high tide water line is marked by the
presence of scattered debris that consist mainly of driftwood, shells, minor plastic waste, and
marine plants. The mean wave amplitude is 1.5 m, but can reach up to 10 m during winter
storms. Ridge and runnel systems develop depending on meteorological conditions (Michel and
Howa, 1999; Castelle et al., 2007).

The tidal regime, swells, and meteorological conditions influence the cross-shore
topography of the beach and can generate large sand movements, with observed sand accretion
or erosion exceeding 1 m within a few days at any given location (Castelle et al., 2014). The
extension of the intertidal zone also varies depending on topography, tidal range, and wave
regime, with a beach width ranging from 80 to 200 m cross-shore. At high tide, the beach is
immersed and the sand is saturated with water. At low tide, the sand surface of the lower beach
remains saturated with water, whereas the water table (i.e., the boundary between the
unsaturated and saturated zones of the sediment) at the upper beach stands more than one meter
below the sand surface. Pore waters seeping out at the lower beach indicate that a large volume
of water is flushed seaward at each ebbing and low tide. The seepage zone is located along a

10-50 m wide cross-shore region of the lower beach. The volume of pristine seawater entering
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the sand during each rising tide was estimated at approximately 15 m? per longshore meter
(Charbonnier et al., 2013; Fig. 2). Integrated over the whole Aquitaine coastline, the volume of
seawater recirculating through the beach aquifer is about 2.5 km? each year.

The beach catchment, i.e., the land area that is directly drained by the beach (no drainage
through rivers or lakes), was contoured using the Geographic Information System (GIS)
ArcGIS. It is a 0 to 10 km wide strip of wooded land along the 240-km long coastline and
covers 822 km? (Anschutz et al., 2016). This coastal aquifer is composed of sand dunes, marine
sands, and gravels of the Plio-Quaternary period. It is very permeable (Legigan, 1979) and
sustains a terrestrial groundwater flux from the continent to the ocean through the percolation
of brackish waters through the beach (Charbonnier et al., 2013; Anschutz et al., 2016). The
volume of these discharging fresh groundwaters, estimated from a water balance calculation of
the precipitation (about 810 mm y'! at the Truc Vert Beach) and evapotranspiration (max. 570
mm y!), is approximately 0.2 km? per year for the whole Aquitaine coast (Fig.2; Anschutz et
al., 2016). A revised value that takes into account the distribution of mean precipitations from
the northern to the southern part of the coast, and not solely the value of the Truc Vert Beach,
yields a value of 0.43 km? yr'! (Anschutz et al., 2017).

2.2. Sampling

A variety of waters were sampled, including seawater, intertidal and supratidal beach
pore waters, waters from the unconfined surficial aquifer located at the foot of the dune, and
terrestrial groundwaters (Fig. 2). This assorted sample collection allowed us to construct a
complete profile of the drainage waters from the forest watershed to the intertidal zone of the
beach. In all cases, temperature, salinity, dissolved oxygen saturation, and pH were recorded
on-site within 1 min of pore water retrieval using WTW probes. The probes were calibrated
before and after each field campaign using an oxygen-free solution and an aerated solution
(100% saturation) for the oxygen saturation, with IAPSO standard seawater and deionized
water for the salinity, and with NIST-traceable buffer solutions (pH =4.01 and pH = 7.00 at
25°C) for the pH. Oxygen and salinity probe readings were compensated automatically for in-
situ temperature. When appropriate, the influence of salinity on the oxygen saturation was
recalculated.

Waters destined for DOC analysis were sampled with a clean 50-mL glass syringe,
filtered through pre-combusted (550°C) GF/F filters (porosity of 0.7 pum) into detergent-washed
and pre-combusted Pyrex vials (30 mL), acidified with 50 pL of a 37% HCI solution to pH 2,



195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

and stored at 4°C. Waters for TA measurements were sampled using a 50-mL plastic syringe,
filtered through a 0.45 um cellulose acetate syringe-membrane into 150 mL polypropylene
bottles. To analyse §'3C-DIC, we sampled waters with a homemade funnel with a hose attached
at the nozzle and from which we overfilled 100 mL glass serum vials. Glass bottles were sealed
and samples were poisoned with 0.3 mL of a saturated HgCl» solution to avoid bacterial activity.

Samples were stored in the dark before analysis.

2.2.1. Seawater and intertidal beach pore waters

Seawater and pore waters of the intertidal zone were sampled every two weeks during
the spring tide periods and primarily on non-rainy days from February 2011 to November 2012.
Pore water sampling was conducted at low tide by digging holes along cross-shore transects to
reach the top of the water table. The use of permanently installed piezometric wells to collect
pore waters was ruled out because of the high-energy conditions in the intertidal zone. In
previous attempts, piezometers were broken or quickly buried in the sand, sometimes after a
single tidal cycle. Thirty-seven profiles were obtained during the 22 months of monitoring.
Parallel cross-shore transects were also carried out three times in 2012 for nutrient analyses and
revealed that longshore spatial patchiness was low (Charbonnier et al., 2013).

Holes were dug every 10 m from the low-tide water line to the high- tide watermark
(Fig. 2). They were deep enough to reach the top of the water-saturated zone in the sand: one
shovelful was needed in the lower beach, whereas more than 1.5 m deep holes were required in
the upper beach. Whereas this method is invasive, given time and physical constraints, it is the
only one that allowed us to obtain representative samples. Other sampling protocols, such as
the use of piezometer wells and push-point pore-water samplers (lance), were tried, but were
not practical or had major drawbacks. Because of shifting sand during storms, piezometers were
often exposed, broken by waves and filled with sand, even above the high spring tide water line
At deep sites on the upper beach, the insertion, pore water extrusion, and extraction of a lance
could not be completed before the next rising tide. Furthermore, as we did not have prior
knowledge of the depth of the water table, we still had to dig a hole to determine this variable.
The depth of the water table in the holes was between 10 and 15 cm. To insure the integrity of
the pore water recovered at the bottom of the holes, water that initially filled the bottom of the
hole, once we reached the water table, was scooped up with a polypropylene beaker. Given the
high permeability of the sand, the hole was refilled with new interstitial water within a few

seconds and this water was sampled with the beaker. Hence, we believe that the water was
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freshly extracted from the interstitial medium. An oxygen sensor was placed immediately at the
bottom of the renewed puddle and allowed to equilibrate for a few minutes. . Once it stabilized,
the probe reading (O2 saturation) remained nearly invariant, even if the water was strongly
depleted in dissolved O.. In the summer of 2011, we observed anoxic waters (0% O, saturation)
in several lower beach holes, implying that during the measurement, there was neither
significant O contamination and nor gas exchange with the atmosphere. The digging operation,
in-situ measurements and samplings took from 5 to 20 min per hole.

At selected periods during this study, autonomous Aanderaa optodes and NKE data
loggers were buried directly into the sediment and the in-situ oxygen saturations at the water
table at low tide over several tidal cycles (Charbonnier et al., 2016). Among these deployments,
two vertical profiles composed of three probes separated from each other by 10 to 20 cm were
carried out. These probes recorded O: saturations around 60% at the time of the deployments.
These results were identical along the full profile, particularly at low tide, the period
corresponding to our sampling in the dug holes. Results of the autonomous measurements were
always close to those measured directly in holes with the WTW O sensor, implying that on the
scale of the thickness of the water table sampled from holes (about 10 cm), the water mass is
homogeneous and that our sampling strategy was appropriate for this type of highly permeable

medium.

2.2.2. Supratidal wells

In February 2013, three 7 m-long piezometers were deployed at supratidal sites
upstream of the intertidal zone of the Truc Vert Beach, between the high tide mark and the dune
foot (Fig. 2). Measurements and samplings were carried out every day during one full lunar
cycle in February and March 2013 as well as in September and October 2013. The dates were
chosen according to the elevation of the terrestrial water table, which is generally shallowest at
the end of winter and deepest in October.

In each piezometer, three 5-mm inner diameter Tygon tubes were firmly fixed at three
different depths (from 1.5 to 6 m depth) in order to construct a vertical profile. Samples were
collected at low tide by pumping with a 60-mL syringe, after flushing several void volumes to
rinse the tubes. We did not purge the whole well volume because of the high permeability of
the beach sand and to avoid mixing.

At low tide, the upper part of the three piezometers was filled with air because the water

table was deeper. It was likewise the case at high tide for the upper piezometer (i.e., closest to
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the dune foot). Thus, it was not always possible to recover waters from all Tygon tubes and, in
most cases, waters were only collected from the deepest one. Waters recovered at three different
depths within a given piezometer were identical in composition, implying that the supratidal
aquifer was homogeneous over the sampled depths.

Since the piezometers were made of plastic (PVC) and we used Tygon tubing, we
suspected that the DOC samples were contaminated and, thus, were discarded . Due to the high
volume (100 mL) of water required for §!°C-DIC analyses, these samplings were performed
only twice during the February-March 2013 campaign, once during the spring tide and once
during the neap tide. In addition to the WTW probe measurements, oxygen concentrations and
temperatures were also recorded with Aanderaa 3835 optodes equipped with NKE data loggers
located at each sampling point of the three piezometers. These probes had a precision of £ 5 %
for oxygen and + 0.1°C for temperature and were tested in the laboratory before and after each
field deployment. As observed from the water sampling, probe data were identical at the
different depths within the same piezometer, further supporting the hypothesis of a
homogeneous surficial aquifer at the beach face.

The water table level in the piezometers was also monitored continuously with
CeraDIVER sensors (Schlumberger®). These probes measured water pressure and converted it
into a hydraulic head with a precision of + 0.2 cm. In addition, atmospheric pressure at the study
site was recorded with a BaroDIVER (Schlumberger®) placed at the top of the dune. Hydraulic
head data were corrected for atmospheric pressure variations and referenced to zero sea level

using the DiverOffice software (Schlumberger®).

2.2.3. Terrestrial groundwater

We sampled terrestrial groundwater, directly drained by the beach, from wells located
behind the sand dune in the pine forest (Fig. 2). Built to fight forest fires, these wells are about
10 m deep and are always drilled within the freshwater aquifer. Depending on the position of
these wells on the dunes, the piezometric height was between 0.5 and 6 m deep, whereas the
annual vertical oscillation of the water height is about 1.5 m (Buquet, 2017). Waters were
sampled 2 m below the water table using two centrifugal submersible pumps (Xylem LVM
105) connected in line to a 1/2" nylon tubing. Water was left to overflow a beaker in which
WTW probes continuously measured conductivity, temperature, pH, and dissolved oxygen.
Once the probe readings had stabilized, samples were withdrawn for chemical analyses.

Depending their ease of access, some wells were sampled three times in 2013-2014, whereas
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some others were sampled only once. These wells are made of PVC and we used nylon tubing
to pump the water up, but since we were able to purge the system several times by pumping
more than 100 L before sampling, we deemed that the collected water was not contaminated

for DOC measurements.

2.3. Analyses

DOC concentrations were determined by the high temperature catalytic oxidation
method using a Shimadzu TOC 5000 analyser after removing DIC by bubbling oxygen through
the acidified samples (Sharp, 1993). The instrument was calibrated using a standard potassium
phthalate solution of, diluted to different concentrations according to the estimated DOC
content of the samples. The precision of these measurements was about 10 uM, based on
replicate analyses of the same samples. TA was measured on 50 mL filtered samples by
automated potentiometric titration (Metrohm 794 Basic Titrino®), with a combined pH glass
electrode (Metrohm 6.0262.100®) and 0.1N HCI solution as a titrant. The equivalence point of
the titration was determined by the Gran linearization method (Gran, 1952). Replicates were
performed (two per sampling station) and precision was about 2 uM. From these TA
measurements and the in-situ pH, salinity, and temperature, we calculated DIC concentrations
and pCO> values using the carbonic acid dissociation constants of Mehrbach et al. (1973)
refitted by Dickson and Millero (1987), the borate dissociation constant from Lyman (1975)
with B:S value of Uppstrom (1974) and the CO: solubility from Weiss (1974). Precision was
about = 10 uM for DIC and + 10 ppm for pCO..

The 8'3C-DIC measurements were performed according to the method described by
Gillikin and Bouillon (2007): a headspace was created in 100 mL sealed glass bottles by
injecting a volume of helium equivalent to about 30% of the total vial volume. Samples were
then acidified with 0.3 mL of 85% phosphoric acid to convert DIC species into CO.. After
shaking and equilibrating for more than one night at the thermostated room temperature of the
mass spectrometer laboratory, samples were analysed using a dual inlet EA-IRMS (EA: Carlo
Erba NC2500; IRMS: Isoprime). About 0.5 mL of headspace was injected through an injection
port that was placed before the water trap of the EA. The 8'C values were calibrated with a
homemade standard (45 mg of Na,COjs dissolved with 3 mL of 85% phosphoric acid in a 100
mL helium flushed vial) whose isotopic composition was previously determined to be -4.5 +

0.2 %o (Polsenaere et al., 2013). The 3'3C of the total DIC was computed using these corrected
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8!3C values and the equation of Miyajima (1995), which defines the partitioning of CO»
between the headspace and the water phase of the sample as a function of temperature and
salinity. The precision of these measurements was estimated at about + 0.1 %o, based on

replicate analyses of the same samples.

3. Results

3.1. Surface seawater

The practical salinity (Sp) of surface seawater at the beach was 35.1 + 0.4 (s.d., n=37)
and oxygen saturation close to 100% (98 + 4.5% s.d.) throughout the year. The pH (on the
infinite dilution convention or “NBS” scale) ranged from 8.10 to 8.30, whereas temperature
displayed a seasonal variation with values ranging from 8.0 — 13.9°C in winter, to 11.3 — 18.9°C
in spring, 18.4 — 21.9°C in summer and 14.1 — 20.1°C in autumn (Table 1 in supplementary
material). DOC concentrations varied between 84 and 600 uM, with an average concentration
of 260 = 150 uM (n = 37) and maximum values observed during spring and summer (Fig. 3).
TA values ranged from 2100 to 2480 pumol kg™!, with a mean value of 2310 + 110 umol kg™! (n
= 37) and minimum observed values in winter. Calculated DIC and pCO; values ranged,
respectively, from 1900 to 2300 uM (average value of 2070 + 102 uM; n = 37) and from 300
to 526 ppm (average value of 395 + 63 ppm; n=37), and displayed a similar trend, with minima
observed during autumn and winter. The §'*C-DIC was relatively constant, with a mean value

of +0.4 £ 0.5 %o (n = 37) (Fig. 3).

3.2. Intertidal beach pore waters

Irrespective of the season, pore waters collected at the surface of the intertidal beach
water table had a salinity close to that of seawater, with 80% of samples having a practical
salinity between 34 and 36. Nevertheless, several samples collected in the lower beach had
salinities as low as 30, with a minimum value of 25.6 on April 19", 2011 (Fig. S1 in
Supplementary material for detailed cross-shore profiles). In the upper beach (between 30 and
70 m from the dune foot), pore waters retrieved from deep holes had chemical characteristics
close to those of seawater (Fig. 3). Dissolved oxygen saturation was between 100% and 80%

and pCO; values were close to atmospheric, with a mean of 455 + 113 ppm (n = 37). DIC
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concentrations were below 2300 uM, with a mean value of 2120 + 170 uM (n = 37). The 8'3C-
DIC had a mean value of 0.0 £ 1.0%0 (n = 37) (Fig. 3). Pore water DOC concentrations in the
upper beach were higher than those of seawater, with values up to 840 uM (April 19, 2011)
and a mean concentration of 310 + 180 uM (n = 37) (Fig. S2 in Supplementary material for
average values).

In the lower beach, pore waters were generally depleted in oxygen and enriched in DIC,
including the highest pCO; and lowest 8'*C-DIC values along the cross-shore transects (Fig.
3). Pore waters characteristics along the cross-shore transects varied throughout the year:
minimum oxygen saturations ranged from 22% to 86% in winter (average value of 55 + 23%,
n =10), from 3% to 50% in spring (average value of 36 + 22%, n = 8), from 0% to 58% in
summer (average value of 23 + 20%, n = 13) and from 9% to 72% in autumn (average value of
44 + 23%, n = 6) (Fig. S2 in Supplementary material for seasonal average values). Maximum
DIC values also varied seasonally. For samples with salinity close to that of seawater, the DIC
concentrations of the most oxygen-depleted pore waters ranged from 1950 to 2510 uM in winter
(average value of 2130 + 130 uM, n = 10), from 2210 to 2550 uM in spring (average value of
2360 = 90 uM; n = 8), from 2190 to 2600 uM in summer (average value of 2340 + 130 uM, n
= 13) and from 2020 to 2350 uM in autumn (average value of 2180 + 120 uM, n = 6) (Fig. 3).
The computed pCO; displayed the same trend: the highest values were observed during
summer, ranging from 610 to 1520 ppm (average value of 1040 + 200 ppm, n = 13). During the
rest of the year, pCO> values of lower beach pore waters ranged from 350 to 960 ppm in winter
(average value of 540 + 190 ppm, n = 10), from 610 to 1420 ppm in spring (average value of
870 + 260 ppm, n = 8), and from 520 to 1010 ppm in autumn (average value of 720 + 230 ppm,
n=>06).

Pore water 8'3C-DIC values were almost always more negative in the lower beach than
in the upper beach (Fig. 3). The lower beach values ranged from -2.7 to +0.3%o in winter
(average value of -0.9 + 0.9%o, n = 10), from -3.9 to -0.8%eo in spring (average value of -1.8 +
1.1%0, n = 8), from -3.4 to -0.3%o in summer (average value of -1.4 + 0.9%o, n = 13) and from
-1.7 to -0.1%o in autumn (average value of -0.8 £+ 0.6%o, n = 6).

Pore water DOC concentrations along the cross-shore profile displayed no uniform
trend: 21 out of the 37 completed profiles showed DOC values higher in the upper beach than
in the lower beach; 14 transects showed uniform or scattered DOC values along the cross-shore
profile. An increase in DOC concentration in the lower beach was observed on 02/22/2011 and

05/19/2011 (Fig. 1 in Supplementary material). On the 21 dates when DOC concentrations were
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decreasing from the upper beach to the lower beach, most of the decrease was observed in the
upper part of the intertidal zone and DOC concentrations were often lower than 300 uM in the
lower beach pore waters (mean value of 220 + 140 uM, n = 37), except from May to August
2012 when high DOC concentrations were observed along the whole cross-shore profile (mean
value of 520 = 100 uM, n = 50). When pore water DOC concentrations displayed no cross-

shore trend, they typically ranged from 150 to 200 uM (Fig. 1 in Supplementary material).

3.3. Supratidal wells

The three piezometers placed between the dune foot and the high tide mark allowed us
to sample waters from the surface beach aquifer at low tide over a full lunar tidal cycle in
February-March 2013 and September-October 2013. The hydraulic head measurements
revealed that pore waters flowed seaward, i.e., from PZ1 (dune foot) to PZ3 (high spring tide
watermark), except during the high spring tides (Fig. 4A) when waves reached the PZ3 position
and surface seawater percolated through the sand. This lead to a brief inversion of the hydraulic
gradient, with the water table being higher in PZ3 than in PZ2 and PZ1.

The pore water salinity changed according to the tidal cycle. The piezometer (PZ3),
located at the high spring tide water line, contained saline water (Sp ~ 34.5) during spring tide
periods and brackish waters (Sp ranging from 0 to 5) during neap tide periods (Fig. 4). The other
piezometers (PZ1 and PZ2), located a few meters upstream, contained fresh to brackish waters,
with Sp lower than 15 (Fig. 4).

Due to the limited availability of sensors, oxygen saturation was measured only in PZ2
and PZ3. The data show that pore waters were depleted in oxygen during neap tides, with values
ranging from 11 to 48% in February-March and from 0 to 10% in September-October in PZ2,
and ranging from 22 to 63% in February-March and from 48 to 71% in September-October in
PZ3 (Fig. 4B). Pore waters were more oxygenated during spring tides because of saline water
intrusion, with values ranging from 85 to 100%, except for PZ2 in September-October as saline
waters did not reach this station.

Pore water DIC concentrations, calculated from TA and pH measurements carried on
samples recovered at low tide, were higher in the freshwater of PZ1 than in the fresh to saline
waters of PZ2 and PZ3, with values in PZ1 ranging from 2780 to 4080 uM (average value of
3570 = 380 uM, n =17), with no particular trend throughout the lunar tidal cycle (Fig. 4B). In

contrast to PZ1, in PZ2 and PZ3, DIC concentrations evolved concomitantly with salinity, i.e.,
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to the lunar tidal cycle. The DIC concentrations were higher in the fresh-brackish pore waters
of PZ2 and PZ3 during neap tides than in saline waters during spring tides. In PZ3, freshwater
DIC values ranged from 2780 to 3070 uM (average value of 2880 + 100 uM, n =7) in February-
March, and from 3020 to 3480 uM (average value of 3160 + 150 uM, n =7) in September-
October. In PZ2, DIC values ranged from 3000 to 3380 uM (average value of 3220 = 170 uM,
n =8) in February-March, and were nearly invariant at ~3800 uM in September-October when
salinity remained close to 0. During spring tides, the mean DIC concentrations were 2130 +
130 uM (n = 5) for both seasons in PZ3, and 2780 + 160 uM (n = 4) in PZ2 for the February-
March sampling (Fig. 4B).

Pore water pCO; displayed a similar trend to DIC in all three piezometers and during
both sampling campaigns, with high values during neap tides and lower values during spring
tides. In February-March, pCO; values in PZ1 ranged from 1000 to 1770 ppm (average value
of 1330 £ 390 ppm, n = 3) during spring tide, whereas two higher values (1690 and 2820 ppm)
were observed during neap tide. In PZ2, the mean pCO2 was 780 + 15 ppm (n = 3) during spring
tide and ranged from 520 to 2030 ppm (average value of 1460 = 550 ppm, n = 6) during neap
tide. The same trend was observed in PZ3, with pCO> ranging from 365 to 448 ppm during
spring tide (mean value of 413 + 38 ppm, n = 4) and 354 to 974 ppm during neap tide (mean
value of 510 & 240 ppm, n = 6) (Fig. 4B). In September-October, average pCO> values in PZ1,
PZ2 and PZ3 were respectively 2780 = 250 (n = 4), 2130 = 800 (n = 4) and 770 £ 70 (n = 4)
ppm during spring tide, and about 3510 + 1310 (n =4), 3140 + 810 (n = 6) and 1010 = 260 (n
= 5) ppm during neap tide (Fig. 4B). The pore water §!*C-DIC values changed with the salinity,

ranging from -9.9 to -12.2%o in fresh and brackish waters to -3.8%eo in saline waters (Fig. 4A).

3.4. Terrestrial groundwater

Waters collected in upland, forest wells, above the Truc Vert Beach, were fresh (Sp = 0)
and always anoxic. In all these wells, the water table was about 3.2 to 3.5 m NGF (French
national reference levelling) higher than in the upper beach (1.6 to 2.5 m NGF), evidence of a
groundwater hydraulic gradient from the upland to the beach. The pH of these terrestrial
groundwaters was circum-neutral, with pH values ranging from 6.27 to 7.53 (Table 1). DOC
concentrations ranged from 1060 to 2320 puM, except in DFCI 2 where higher DOC
concentrations were observed (3170 and 5800 uM; Table 1). The average DIC concentration in

the forest wells was 4700 + 1100 uM (n = 12). DIC concentrations varied between wells but
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also with time, as observed in well DFCI2 in which DIC was 2120 uM in Sept. 2013 and 6180
UM in Jan. 2014 (Table 1). Despite this temporal variability, the DIC concentrations of the
terrestrial groundwaters in the upland wells were generally higher than in the beach pore waters.
Likewise, the aqueous pCO2 was much higher in forest wells than in beach pore waters, and
ranged from 5200 to 82000 ppm in the former (Table 1). The highest value (82000 ppm),
calculated from the total alkalinity, in-situ pH and temperature, is probably an overestimate due
to the acidic and organic-rich nature of the waters in well DFCI2 (pH of 6.27; DOC content of
3170 uM) (Abril et al., 2015). The computed pCO: in the other wells, in which pH was always
close to 7 and DOC concentrations always lower than 2350 uM (average value of 1700 + 470
UM, n =9), are more uniform (Table 1). If we exclude the anomalous high value at DFCI2, the
mean pCOz in forest wells was 16500 + 6500 ppm (n = 11), which was two- to five-fold higher
than pCO; values calculated in the beach pore waters. The §'3C-DIC values were always very

negative in the upland wells, ranging from -22.5 to -13.9%o (average value of -16.9 + 2.2%o).

4. Discussion

4.1. DIC transformation below the foredune

Most tidal beaches host a redox front along the salinity gradient between terrestrial fresh
groundwaters and saline pore waters (Windom and Niencheski, 2003; Slomp and Van
Cappellen, 2004; Spiteri et al., 2008; Santos et al., 2009). This redox transition zone is the site
of biogeochemical transformations linked to the oxidation, by oxygenated seawater, of reduced
compounds dissolved in fresh groundwater. For example, the oxidative precipitation of
dissolved iron at the redox front can create a trap for solutes, such as orthophosphate and trace
metals, that are co-precipitated with or adsorbed to the authigenic oxides (Cable et al., 2002;
Charette and Sholkovitz, 2002; Slomp and Van Cappellen, 2004; Spiteri et al., 2008). The
terrestrial fresh groundwater sampled in the forest, upland of the Truc Vert Beach, were anoxic
and enriched in Fe(IT) and NH4" (Table 2). Dissolved Fe(Il) and NH4" concentrations were
measured in the upland wells (59 +£30 uM and 17 £ 18 uM, respectively), whereas these species
were nearly absent in the dune foot freshwater end-member (0.1 = 0.2 uM and 0.5 + 1.4 uM,
respectively) (Table 2; Anschutz et al. 2016). Unlike most other STEs, the salinity gradient in
the supratidal beach did not host a redox gradient. Since freshwaters of the surficial aquifer at
the dune foot are oxic, the oxic-anoxic front must occur in the freshwater aquifer below the

foredune. The foredune at the Truc Vert Beach is a wide (up to 200 m), sandy and organic soil-
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depleted area. It is believed that rainwater can percolate through the sand dune and bring oxygen
to the shallow, fresh groundwaters (Anschutz et al., 2016). In addition, the groundwater TA
was higher in the forest than in the upper beach and this may reflect the impact of local redox
reactions that serve as sources or sinks of alkalinity (Kempe, 1990; Stumm and Morgan, 1996;
Abril and Frankignoulle 2001; Thomas et al., 2009). The oxidation of reduced Fe and
nitrification of ammonia by oxygen consumes alkalinity (Eqns. 1 and 2) (Stumm and Morgan,

1996; Abril and Frankignoulle, 2001; Burdige, 2006):

4Fe*" + Oz + 8HCO;5™ + 2H,0 = 4Fe(OH); + 8CO» (1)
NH4" + 20, + 2HCO3 - NO3 + 2CO; + 3H,0 (2)

According to the stoichiometry of these reactions, the oxidation of the anoxic groundwater iron
and ammonia would have removed 152 uM of TA, very close to the difference we measured at
the two sites (142 uM; Table 2). Hence, these TA values clearly support the hypothesis of the
presence of a redox front located below the foredune. Hydrologic mass balance calculations
yield an annual flux of terrestrial SGD of 0.43 km?. Accordingly, the flux of alkalinity to the
coastal ocean would be 1.54 Gmol per year for the whole Aquitaine coast, based on the
properties of the forest well end-member. The value is reduced to 1.47 Gmol per year because
of oxidation reactions below the foredune.

Protons released by the redox reactions (Eqns. 4 and 5) should decrease TA and pH, but
increase the pCO,. In contrast, we observe a lower pCO; in the oxic dune foot aquifer than in
the anoxic forest aquifer and these lower pCO> values are accompanied by higher pHs, lower
DIC concentrations and heavier §!*C-DIC values (Table 2). These observations suggest that
CO; degasses into the interstitial air of the dune sands and finally to the atmosphere. As CO>
progressively degasses along the groundwater flow path, the 8!°C-DIC increases due to the
preferential diffusion of '2CO, (Mook et al., 1974; Cerling et al., 1991; Polsenaere and Abril,
2012; Deirmendjian and Abril, 2018) while DIC decreases and the pH increases (Fig. 5).

Discharge of terrestrially-derived COz-enriched groundwater may modify the pH of the
coastal ocean and locally influence ocean acidification (Cai et al., 2003). When the groundwater
DIC:TA ratio is greater than 1, groundwater discharge may decrease seawater pH, whereas a
DIC:TA ratio <1 will buffer seawater against ocean acidification (Pain et al., 2019). Terrestrial
groundwater sampled in forest wells have a DIC:TA ratio above 1 (Tab. 2), mostly because of
high pCOx> values. Along the groundwater flow path, TA decreases due to oxidation of reduced

iron and ammonium while DIC decreases due to CO> degassing. The latter has a larger
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influence on the TA:DIC ratio than the former, as the ratio evolves towards 1 in supratidal fresh
groundwater and ultimately becomes lower than 1 in brackish waters (Tab. 2, Fig. 5).
Accordingly, terrestrial SGD at the Truc Vert Beach will not lower pH in receiving seawater,
unlike most other coastal environments where DIC fluxes have been investigated so far (de
Weys et al., 2011; Cyronak et al., 2014; Sadat-Noori et al., 2016; Liu et al., 2017; Mouret et al.,
2020). Seawater pH may also increase due to enhanced biological productivity buoyed by a
SGD-derived nutrient flux (Borges and Gypens, 2010), which consist mostly of a nitrate flux
at the Truc Vert Beach (Anschutz et al., 2016). Therefore, both the DIC:TA ratio and nutrient
fluxes of SGD result in an increasing seawater buffering capacity against acidification in this

high-energy beach.

4.2. DIC behavior in the subterranean estuary

4.2.1. Non-conservative behavior of DIC in the STE

Terrestrial groundwaters are a source of nutrients, trace metals, and carbon to the coastal
ocean (Burnett et al., 2003; Bowen et al., 2007; Santos et al., 2009, 2012b). In permeable
beaches, the reaction zone between terrestrial groundwaters and saline pore waters forms the
STE (Moore, 1999). As observed in surface estuarine systems, terrestrial groundwater
undergoes chemical transformations in the STE before discharging to the coastal ocean.
Multiplying the average elemental concentration by the subterranean freshwater flux often
provides inaccurate estimates of mass fluxes to the coastal ocean for species like nutrients and
carbon that do not behave conservatively in the STE (Charette and Sholkovitz, 2002; Slomp
and Van Cappellen, 2004; Beck et al., 2007; Chaillou et al., 2016; Liu et al., 2017). In the Truc
Vert Beach, geophysical measurements coupled to hydraulic head and salinity measurements
reveal that the subsurface salinity gradient is located in the supratidal beach and is a few meters
wide. The fresh-saline interface is almost vertical and shifts only a few meters cross-shore
during the spring-neap tidal cycle, implying that the transition zone between fresh and saline
groundwaters is relatively narrow and stable (Buquet et al., 2016). The PZ3 piezometer was
located in this transition zone. Electrical resistivity tomographic measurements also show that
the tidally-driven seawater recirculation cell drags parcels of brackish water from the supratidal
transition zone toward the lower beach (Fig. 2) (Buquet et al., 2016), which explains why we
sampled brackish pore waters in piezometers located in the supratidal beach as well as in holes
of the lower beach. High DIC concentrations and pCOz in the freshwater end-member from

forest wells (Table 1) originate from autotrophic root respiration and from carbon fixed by
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terrestrial plants, then recycled within soils through heterotrophic respiration, and finally
transferred to the groundwater (Hanson et al., 2000; Cole et al., 2007). Fresh groundwater was
also sampled in piezometers at the foot of the dune, but the measured 5'*C-DIC and computed
DIC and pCO- values were dissimilar those in waters from forest wells (Table 2).

The behaviour of DIC and 8'*C-DIC in the STE, i.e. in brackish waters of the supratidal
and lower beaches, can be assessed by comparing results of end-member, conservative mixing
and field data (Fry, 2002; Bouillon et al., 2003). The equation describing conservative mixing
of DIC in the salinity (S) gradient is given by:

DICsw—DICrw

DIC = ( )s + DICpy 3)

Ssw—SFrw

where subscripts refer to the seawater (SW) and freshwater end-members (FW). Theoretical
DIC concentrations were calculated using the two freshwater end-members observed in the
immediate vicinity of the Truc Vert Beach: fresh forest groundwaters (salinity of 0; average
DIC of 4700 uM) and supratidal fresh pore waters (average salinity of 0.6; average DIC of 3500
uM). The seawater end-member properties correspond to the average salinity and DIC
concentration of the local surface seawater (35.1 and 2070 uM, respectively). The equation

describing the conservative mixing of 8'3C-DIC was derived by Bouillon et al. (2003) and is:

S(DICEFw8'3 Crpw—DICsWw 813 Csw ) +SFwDICsw 813 Csw—SswDICEw 83 Crwy

513C =
S(DICFw—DICsw)+SrwDICsw—SswDICEw

(4)

As Srw is 0, equation (4) simplifies to

S(DICFw8*3 Cpyw—DICsw 813 Csw)—SswDICEw 83 Crw
S(DICgw—DICsw)—SswDICEw

§13C = 5)

where 8'3C represents the carbon isotopic composition of the DIC. §'*C end-members were
defined as +0.4%o for seawater, -16.9%o for the terrestrial groundwater, and -12.1%o for the
supratidal freshwaters.

Irrespective of the freshwater end-member, results of the calculations clearly show that
DIC does not behave conservatively along the salinity gradient (Fig. 6). In the supratidal beach
brackish waters, DIC concentrations were below the theoretical mixing lines, indicating that

DIC was depleted (Fig. 6A). The 8!*C-DIC values from these samples were markedly higher
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than predicted (Fig. 6B). Carbonate dissolution cannot explain this trend as it would increase
the DIC beyond the mixing line. The combination of decreasing DIC and increasing 8'3C-DIC,
coupled with lower pCO> values in brackish waters (Sp > 1) than in freshwaters (Sp < 1), is best
explained by CO, degassing at the interstitial water — interstitial air interface in the supratidal
STE.

In the brackish pore waters of the lower beach, DIC concentrations were either on or
above the mixing lines between the supratidal-beach freshwaters and seawater (Fig. 6A). Most
of the 8'3C-DIC data were close to the theoretical mixing line (Fig. 6B). More negative 8'3C-
DIC values, coupled to enriched DIC concentrations, suggest the presence of a source of
metabolic carbon from organic matter mineralization, as proposed in section 4.3. The DIC in
the STE of the Truc Vert Beach was therefore controlled by two main processes: CO, degassing
along the salinity gradient in the supratidal and upper beach, and organic matter respiration
within the intertidal zone. A few samples with higher than expected 6'°C-DIC values and
enriched in DIC suggest that some carbonate dissolution may also occur (see detailed discussion
in section 4.3.4).

4.2.2. Fluxes of carbon from the freshwater end-member

Mixing between fresh and saline pore waters was observed during neap tides, when low
salinities (from 1 to 2) were observed in PZ2 and PZ3. pH and 8'*C-DIC increased from PZ1
(Sp=10.6) to PZ3 (Sp ~2), whereas pCO> decreased from 2340 to 770 ppmv (Table 2). The high
mean pH value of 8.31 observed in these nearly freshwaters corresponded to the value
computed from electroneutrality at in-situ pCO., temperature, and measured TA. The increase
in pH from the upland groundwater to the beginning of the salinity gradient of the supratidal
beach STE suggests that CO, was degassing to the atmosphere below the foredune and in the
STE, and implies that the upland aquifer cannot be used as a freshwater end-member to
calculate fluxes of carbon from terrestrial SGD (Fig. 5). The loss of DIC due to CO> degassing
below the dune between the forest soil aquifer and the supratidal beach is about 1550 uM. This
corresponds to a yearly flux of about 8000 tons of C (or 29000 tons of CO3) to the atmosphere
when extrapolated over the whole Aquitaine sandy coast. Given that the average DIC
concentration of these waters after degassing below the dune is 3150 uM (Table 2), the DIC
flux to the coastal ocean is estimated at 16200 tons of carbon per year. It would have been
overestimated by 8000 tons per year if active CO2 degassing between the forest soil aquifer and

the supratidal beach had been neglected.
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4.3. Carbon behaviour in the beach aquifer

4.3.1. Aerobic respiration within the intertidal recirculation cell

High-energy sandy beaches are recognized as environments in which organic matter
mineralization and recycling of the associated nutrients are very active (Avery et al., 2008;
Rauch et al., 2008; Rocha, 2008; Anschutz et al., 2009; Dugan et al., 2011; Charbonnier et al.,
2013). Previous studies at the Truc Vert Beach revealed that oxygen consumption through
aerobic respiration takes place in the intertidal recirculation cell (Anschutz et al., 2009;
Charbonnier et al., 2013). Oxygenated seawater seeps into the sandy sediments during floods,
filling the pore space. As seawater percolates from the upper beach to the lower beach, oxygen
is partly consumed through aerobic respiration and, ultimately, oxygen-depleted pore waters
are expelled from the sand and are flushed to the coastal ocean when the lower beach is exposed
(Charbonnier et al., 2013). Thus, the pore water of the upper beach is young as it has just entered
the aquifer, whereas the water in the lower beach has percolated into the aquifer and is therefore
older. The residence time of pore water in the beach aquifer is between 7 and 20 tidal cycles,
as inferred from dissolved silica concentrations and experimental measurements of quartz
dissolution (Anschutz et al., 2009). This suggests that the pore water volume was renewed
during our bi-weekly samplings. Hence, the pore water of a given cross-shore profile was not
the same as that sampled on our previous visit 15 days before.

Partially oxygen-depleted pore waters in the lower beach are also enriched in DIC (Fig.
3). In fact, the highest DIC and pCO> values are associated with the most O»-depleted pore
waters (Fig. 3), implying that DIC is mostly produced by aerobic respiration processes within
the intertidal sands (Charbonnier et al., 2013). Temperature differences, between seawater
entering the aquifer during the rising tide and the pore water that seeps out the aquifer in the
lower beach, were for most profiles less than 1°C (22 out of 37). The largest temperature
difference was 2.2°C, which leads to a 10% differential on the computed pCO- values (+4.23%
°C!; Takahashi et al., 1993). Temperature differences arose as we sampled pore waters close
to the surface in the lower beach and, thus, they were influenced by the air temperature. The
largest temperature differences were observed in summer, when the computed pCOx is highest.

The temperature differential translates into a 100 ppm change in pCO2 when their values at in
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situ temperature exceed 1000 ppm (Fig. 3). Irrespective, the impact of temperature on computed
pCO: values are minor compared to those resulting from microbial respiration.

Most of cross-shore transects performed in 2011-2012 showed that oxygen depletion
and the concomitant DIC enrichment in the lower beach pore waters are coupled with a decrease
in DOC concentrations along the transects (Fig. 3; Fig. 1 in Supplementary material). DOC
concentrations were higher in upper beach pore waters than in the local seawater on most
sampling dates, but especially in the spring and summer. During these two seasons, the upper
beach pore waters contained, on average and respectively, 140 and 60 uM more DOC than the
seawater (Fig. 3), but they could be a few hundred uM higher on any given day (Fig. 1 in
Supplementary material).

DOC is a key intermediate in benthic POC catabolic processes (Kristensen and Hansen,
1995; Komada et al.,, 2012). DOC can be produced through cells lysis and/or bacterial
enzymatic activity, and be consumed through heterotrophic respiration (Carlson and Hansell,
2014). The DOC concentration gradients observed along the transects likely result from a
balance between these two processes. Our data suggest that DOC production dominates in the
upper part of the Truc Vert Beach. The DOC in excess of the local seawater contribution most
likely originates from the degradation of fresh marine POC, including scattered, drifting plant
debris and phytoplankton cells (Huettel and Rusch, 2000), that are filtered and trapped by the
sand as seawater percolates through it during rising tides. As pore waters percolate seaward
through the beach aquifer, DOC is consumed by heterotrophic aerobic respiration and its
concentration decreases to a value similar to that measured in open seawater. This background,
residual DOC is probably more refractory, as the concentration remained relatively stable
despite its transit in the aquifer aerobic reactor. Given the limited amount of labile organic
carbon and the constant renewal of dissolved O» through seepage, heterotrophic processes
remain strictly aerobic. Accordingly, carbon and alkalinity fluxes are not affected by anaerobic
processes, unlike most other coastal permeable environments studied to date (e.g. Cai et al.,
2003; Liu et al., 2017). Because DOC concentrations in lower beach pore water are similar to
those of the local seawater, pore waters discharging from the Truc Vert Beach are apparently
not a source of DOC to the coastal ocean, in contrast to less energetic beaches and tidal flats
worldwide (Gofi and Gardner, 2003; Santos et al., 2009; Avery et al., 2012; Kim et al., 2012;
Goodridge, 2018). Hence, irrespective of the season, carbon is mostly exported to the coastal

ocean as DIC.
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4.3.2. Fluxes of carbon from tidally-driven seawater recirculation

The mean DIC enrichment in saline pore waters (Sp > 34.5) was 144 uM, as derived
from the difference between concentrations in the lower beach pore waters and seawater (Fig.
3). Considering the volume of pore water exchanged between the beach and the coastal ocean
during each tide (15.2 m® per longshore meter; Charbonnier et al., 2013), the DIC export is
1500 moles of carbon per longshore meter per year. If we extrapolate over the 240-km long
Aquitaine coast, the DIC flux, from aerobic respiration of marine organic matter in intertidal
sands, to the coastal ocean is about 360 Mmol (4400 tons) of carbon per year. This value is of
the same order of magnitude as the 3500 tons of mineralized carbon calculated by Charbonnier
et al. (2013) from Redfield ratios and the pore water oxygen deficit.

Part of the metabolic DIC is delivered by SGD in the form of dissolved CO», as pH
decreases and pCO; increases from the upper to the lower beach, with a mean enrichment of
about 300 ppm relative to the atmosphere and discrete values reaching as high as 1500 ppm
(Fig. 3). Consequently, CO> degassing to the atmosphere may occur. In fact, we observed
bubbles being expelled from the sands in the swash zone when the first waves of the flooding
tide filled the intertidal sands with seawater. These bubbles originated from air trapped in the
sediment during sediment desaturation at low tide. This mechanism would favour CO;
degassing, as CO; can diffuse from the pore waters to interstitial air in the unsaturated sand at

low tide and the interstitial air is expulsed to the atmosphere during rising tides.

4.3.3. Fluxes of carbon compared to other coastal systems

Given a mean intertidal beach width of 150 m, the calculated DIC flux from seawater
recirculation is 27 mmolC m d-!. The total DIC flux, including the terrestrial groundwater flux
is 130 mmolC m d'!. The calculated flux is not large enough to significantly affect the DIC
inventory of the open ocean coastal waters because it is incremental with respect to the flow of
seawater at the coast driven by coastal currents that characterize the Bay of Biscay continental
shelf. The calculated DIC flux is much lower than fluxes from SGD affected by a strong input
of fresh groundwaters from organic-rich environments, such as mangroves, estuaries, lagoons,
or salt marshes (Sadat-Noori et al., 2016 and references therein; Table 3). Nevertheless, it stands
in the high range of f DIC fluxes calculated for advective pore water fluxes in marine permeable

sediments (Cook et al., 2007; Cyronak et al., 2013; Faber et al., 2014).
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4.3.4. DIC isotopic signatures in intertidal pore waters

The isotopic signature of the DIC can be used to distinguish qualitatively and
quantitatively its origin (Bouillon et al., 2007; Miyajima et al., 2009). For saline pore waters of
the lower beach (Sp > 34.5), the 8!°C-DIC was linearly correlated with the consumption of
dissolved oxygen (r=0.37, N=265) as a result of the predominant aerobic respiration within the
sands (Fig. 7A). A similar trend was observed for the brackish pore waters of the lower beach
(Sp < 34.5), but some samples clearly fall outside the general trend (Fig. 7A). In fact, four
groups of intertidal pore waters could be distinguished on the basis of the §'3C-DIC behaviour
along the salinity gradient (Sp ~25-36) of the lower beach (Fig. 7B). Combined to their DIC
and oxygen contents, these four groups of pore waters highlight the different processes at play
in the intertidal sands of the Truc Vert Beach: conservative mixing of fresh and saline waters,
aerobic respiration, and carbonate dissolution (Fig. 7). For each group of pore waters, a Keeling
plot (8'*C-DIC versus 1/DIC) was drawn to determine the 8!*C signature of the predominant
DIC source (Keeling, 1958, Pataki et al., 2003).

The first group of water (group A) corresponds to saline (Sp > 34.5), oxygen-depleted
and DIC-enriched pore waters with 8!3C-DIC values between +0.5 and -1.22%o, waters whose
variable properties are attributed to aerobic respiration of organic matter within the intertidal
saline plume (Anschutz et al., 2009; Charbonnier et al., 2013). The slope of the linear
regressions is similar for every season (Fig. 7C), but the range of 1/DIC values evolves with
time as the DIC concentration of the surface seawater (and TA; Fig. S3 in Supplementary
material) changed seasonally (Fig. 3 and 7C). The slope of the TA vs DIC for the surface
seawater in all seasons is 1.02 with r?> = 0.865 (Fig. S4 in Supplementary material), suggesting
that biogenic carbonate precipitation in coastal waters explains seasonal changes of these
parameters. Irrespective of the season, the isotopic composition of the DIC added to seawater,
as derived from the y-intercept of the regression line, ranges from -19.1 to -15.8%o (Fig. 7C),
consistent with an addition of metabolic CO; from the mineralization of marine organic matter
(Mook, 2000).

The second group of waters (group B) corresponds to few DIC-enriched brackish pore
waters characterized by 8'°C-DIC values higher than predicted from conservative mixing. The
combination of high 8'*C-DIC values with a DIC (and TA, Fig. S3 in Supplementary material)
enrichment is indicative of carbonate dissolution. The y-intercept of the Keeling plot is about

+1.8%o (Fig. 7D), in agreement with the proposed marine calcium carbonate origin (0 to +2%o;
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Mook, 2000). The CaCOj; content of the sands is up to 3.7 wt% in the lower part of the beach
(Charbonnier et al., 2013). It consists of calcite and aragonite shell debris. The accumulation of
metabolic CO; in this system, resulting from catabolic aerobic processes, could lower the
saturation stage of the pore water and trigger the dissolution of the most soluble CaCOs
polymorph, aragonite. This hypothesis, inferred from &'3C-DIC values, could be tested by
measurements of dissolved calcium concentrations (e.g. Cai et al., 2003).

The third group of waters (group C) corresponds to the brackish pore waters. These are
characterized by conservative 8'3C-DIC values and little oxygen depletion (O, saturation >
85%). The y-intercept of the Keeling plot for these waters yields an isotope signature of -12.0%o
for the DIC source (Fig. 7E), which corresponds to the 8'3C-DIC of the fresh groundwater end-
members collected in piezometers of the supratidal beach (Table 2). These samples most likely
correspond to a simple mixture of freshwaters with seawater, unaltered by other processes like
respiration or carbonate dissolution.

The last group of pore waters (group D) consists of DIC-enriched, O:-depleted
(consumed O>> 100 pM) brackish pore waters with low 8!*C-DIC. These waters are affected
by mixing between upper-beach freshwaters and seawater as well as respiration processes. In
these brackish waters, the respired organic matter can be either marine (entering sands during
high tide with seawater) or terrestrial (brought as DOC in fresh groundwaters). The Keeling
plot indicates that the isotope carbon composition of this last DIC source is about -16.5%o (Fig.
7F), akin to organic matter of marine origin (Mook, 2000). Given the possible temporal
variability of DIC sources, we estimated the 8'°C signature of the respired carbon source for

each pore water of group D using the following equation (Bouillon et al., 2003):

DIC §13¢ -DICyx813C
813 Cadded — MEAS MEAS MX MX (6)

DICmEeas— DICux

where 8'3Cadded is the carbon isotope composition of added DIC, considering that DIC
enrichment originated solely from organic matter respiration. 8'3Cmeas and DICwmeas are,
respectively, the DIC concentration and isotopic composition of each sample; 8'°Cmx and
DICwx correspond to the computed 3'3C-DIC and DIC values for conservative mixing between
the supratidal beach fresh groundwater and seawater.

This approach yields a wider range of DIC sources, with 3'3Cadded values ranging from
-19.0 to -4.8%o (Table 4). This range of values is far from those of land sources, such as

terrestrial higher plants that characterize the forest upland of the Truc Vert Beach (-28%o+ 1.3;
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Dubois et al., 2012). The heavier 8'*Cagdea values can originate from C4 plants (Ehleringer et
al., 1986; Mook, 2000) such as dune grasses. Most (7 out of 9) of the samples yielded 8'*Cadded
values ranging from -19.0 to -9.3%o, corresponding to marine organic matter (Mook, 2000) and
C3 seagrasses (Andrews and Abel, 1979). In the study area, plants with this isotopic signature
can be marine phytoplankton and drifting plant debris (also known as wracks) such as Zostera
marina or Zostera noltei (-11%0+2; Dubois et al., 2012), dispersed on the beach at the high tide
water line. Aerobic respiration in the intertidal aquifer of the Truc Vert Beach is thus mainly
fuelled by marine organic matter. Degradation of terrestrial organic matter is a relatively weak

oxygen sink and source of metabolic DIC.

5. Conclusion

The Truc Vert Beach is a high-energy beach affected by strong physical forcings (tides,
waves) that drive an active seawater recirculation cell within the intertidal sands. This tidally-
driven SGD is complemented by a terrestrial, fresh groundwater input from the coupled, upland
pine forest aquifer. Our results show that aerobic respiration processes are active in the seawater
circulation cell, particularly in spring and summer, leading to a substantial DIC flux to the
coastal ocean. Up-scaled over the 240 km-long Aquitaine coast, the carbon flux is estimated at
4400 tons of carbon per year to the Bay of Biscay coastal zone. The carbon isotopic signature
of the metabolic DIC, when coupled to pore water DIC and DOC concentrations, reveals that
aerobic respiration of marine organic matter trapped by the sand, as seawater brought up the
beach by tides and waves percolates through, is the main source of metabolic DIC within the
intertidal sands. Therefore, the efficient oxic degradation of marine organic carbon in high
energy beach aquifer prevents carbon storage within the sand and from being a source of DOC.

Analyses of pore waters sampled in the subterranean estuary of the supratidal beach
show that carbonate system parameters (TA, DIC, pH, pCO) do not behave conservatively
along the salinity gradient. Degassing of CO; to the atmosphere in the upper part of the beach
best explains the evolution of the measured parameters. Fresh groundwaters sampled on the
forest-side and beach-side of the bare foredune reveal that terrestrial groundwater is chemically
altered upstream of the beach. Unlike most STEs, the redox front at the Truc Vert Beach occurs
below the fore dune and does not coincide with the salinity gradient. Most of the CO» dissolved
in the forest groundwater that flows seaward though the connected aquifer, degasses in this

transition zone. We calculated that CO;, evasion accounted for about 33% of the forest
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groundwater DIC (8000 tons out of 24200 tons of carbon), leaving a residual DIC flux to the
coastal zone that was about four-fold higher than the metabolic DIC produced and released in
the beach recirculation cell. Extrapolating the C-CO> evasion to the 240 km of beach and
assuming an average width of 200 m for the fore dunes, the annual flux of C-CO:z is estimated
at 1.6 mmol m2 h'!. This flux could possibly be measured by incubating a volume of air under
a chamber and following the evolution of the pCO> (1 m? of air contains about 16 mmol of
COy) for a few hours.

CO> degassing leads to a groundwater DIC:TA ratio <1, resulting in SGD buffering
receiving seawater against ocean acidification. This is another feature that distinguishes this
coastal environment from others where carbon fluxes through SGD have been studied and
shown to amplifying the impact of ocean acidification in the coastal zone (Robinson et al.,
2018). This study demonstrates that the foredune and the supratidal zone of coastal
environments, with typologies similar to the Truc Vert Beach, are not inert vectors of fluids
from the land to the coastal ocean, but significant sources of CO; to the atmosphere and, must

therefore be taken into consideration in SGD carbon budgets.
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Figure 1: Location of Truc Vert Beach, on the SW coast of France.

Figure 2: Schematic W-E cross-section of the beach-dune system and the different waters
sampled (1 — seawater; 2 — beach pore waters; 3 —piezometers in the supratidal zone; 4 — forest
wells), with a conceptual diagram of the subterranean estuary of the Truc Vert Beach. Grey
arrows represent major nearshore flow processes: (A) seawater circulation induced by waves
and tides, called “intertidal saline plume”, and (B) parcels of brackish water discharge, as
revealed by geophysical data (Buquet et al., 2016).

Figure 3: Evolution with time of DIC, O, DOC, pCO> and §!*C-DIC in interstitial waters from
tidally-driven recirculation of seawater in Truc Vert Beach. The pore water values are derived
from samples with salinity close to that of seawater. Samples mixed with freshwater were
discarded. The values for the lower beach come from the most O> depleted sample of each
cross-shore profile; the values for the upper beach come from the sample taken closest to the
dune of each cross-shore profile.

Figure 4: (A) Altitude at the top of the water table and location of probes and the three supratidal
piezometers. Practical salinity (Sp) and &'3C-DIC (grey characters) are indicated for each
piezometer for both the neap and spring tides in February-March 2013. (B) DIC, pCOz, oxygen
saturation and salinity values of the pore waters at the three supratidal piezometers during a
spring-neap tidal cycle in February-March 2013 and September-October 2013. Note that there
is no data at PZ1 for a few days during the neap tide because of the emersion of the instrument.

Figure 5: Conceptual diagram showing an overview the the end-members and processes
affecting carbon in fresh groundwaters from the forest aquifer to the supratidal aquifer, and in
the tidally-driven seawater circulation cell. For the latter, annual averages are shown. The
seasonal evolution of the parameters is shown in Figure S2 of the supplementary material.
Water discharge values are in m? per meter longshore per tide for the Truc Vert Beach site.

Figure 6: Assessment of the behaviour of DIC along the subterranean estuary of the Truc Vert
Beach: (A) DIC concentrations versus practical salinity; (B) 8'3C-DIC versus practical salinity;
(C) pCO- versus practical salinity; (D) 8'3C-DIC versus DIC concentrations. The grey lines
denote the expected DIC (A) and &'3C-DIC (B) values for conservative mixing between
supratidal beach freshwaters and seawater. The black lines denote the expected DIC (A) and
813C-DIC (B) values for conservative mixing between continental freshwaters (forest wells)
and seawater.

Figure 7: The 8'*C-DIC of pore waters from the lower Truc Vert Beach: (A) 8'3C-DIC versus
consumed oxygen in saline (Sp > 34.5; light grey diamonds) and brackish (Sp < 34.5; dark grey
diamonds) water; (B) 8'3C-DIC versus practical salinity and definition of four groups of pore
waters depending on the mixing behaviour between supratidal beach fresh groundwaters and
seawater. TML = theoretical mixing line; (C) Keeling plot of DIC-enriched, saline (Sp > 34.5)
pore waters with low 8'*C-DIC for each of the four seasons in 2011; (D) Keeling plot of DIC-
enriched brackish pore waters characterized by high 8'*C-DIC; (E) Keeling plot of brackish
pore waters placed close to the theoretical mixing line and little affected by respiration
processes (02 > 85%); (F) Keeling plot of DIC-enriched brackish pore waters with low §!3C-
DIC values and affected by respiration processes (consumed O>> 100 uM).
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Table 1: pH, DOC and DIC concentrations, pCO2 and 3'*C-DIC values in continental

groundwater collected in forest wells above the Truc Vert Beach in 2013 - 2014.

Name of  Sampling DOC pCO: 3BC-DIC
well date pH (M) DIC (uM) (ppm) (%0)
ONF Feb. 2013 7.38 - 6040 11480 -16.7

DFCI1  March 2013 7.30 1180 4650 10730 -14.3
Sept. 2013 7.53 1060 3360 5170 -13.9
Jan. 2014 7.01 2220 5470 23350 -16.6
DFCI 2 Sept. 2013 6.27 3170 6180 82640 -18.5
Jan. 2014 6.47 5800 2120 21000 -22.5
DFCI 3 March 2013 7.01 2040 5210 20220 -16.4
Sept. 2013 7.14 1150 4860 16400 -15.9
Jan. 2014 7.03 2320 5280 21940 -16.5
DFCI 4 Jan. 2014 6.96 1820 4430 20840 -17.1
DFCI 5 Jan. 2014 6.96 1860 4680 22170 -17.2
DFCI 6 Jan. 2014 7.43 1810 4060 7840 -17.1




1254

Table 2: Average ( = standard deviation) values of practical salinity (Sp), dissolved oxygen

1255  saturation, Fe(II), NH4*, pH, TA, DIC, pCO> and 8'3*C-DIC in continental, fresh groundwaters
1256  (forest wells), pore waters in the salinity gradient of the STE (supratidal beach piezometers),
1257  brackish pore waters of the lower beach and surface seawater.
1258
. Upper beach piezometers Brackish
Continental PW of the Seawater
freshwaters Sp<1 1<Sp<2 2<Sp<25
lower beach
(n=12) (n = 36) (n=10) (n=09) (n =28) (n=37)
Sp 0.0+0.0 0.6£0.1 1.2+0.3 10.2+6.1 314+1.6 351+04
02 (%) 0£0 40 £ 32 37+£20 76 + 14 51+24 97+6
Fe(Il) (uM)* 59 £ 30 0.1+0.2 02+02  0.1+0.2 - <DL
NH4" (uM)* 17+18 0514 03+03 02+04 02+04 <DL
pH 7.06+0.37 7.94+0.19 831+0.20 820+0.13 797+£0.12 8.20+0.05
TA (uM) 3583+ 1312 3441 + 346 3171 +£309 2903 +£238  2455+£132 2311110
DIC (uM) 4700 + 1130 3500 + 380 3150+ 330 2870260 2300160 2070+ 100
pCO2 (ppm) 16470 £ 6510*%* 2340 £ 1070 770 £380 810+ 310 770 £250 400 = 60
313C-DIC (%o) -16.9+2.2 S12.1 £0.1%%% 9 gk -5 0%k -13+£1.0 +04+0.5
1259 *after Anschutz et al. (2016)
1260  **n = 11, as an overestimated value was deleted for well DFCI2
1261 ***n=5forSp<I;n=1for 1 <Sp<2;n=2for2<Sp<25
1262

1263
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1265  Table 3: Benthic DIC fluxes in permeable sediments with various fresh, groundwater inputs.
1266  Modified from Sadat-Noori et al. (2016).
1267
Location System description DIC flux Reference
(mmolC.m2.d™")
Systems with high fresh groundwater input
Waquoit Bay, USA Semi-enclosed bay 1151 Liuetal., 2017
Hat Head, Australia Groundwater discharge in a 687 Sadat-Noori et al., 2016
subtropical estuary
Jiulong River estuary, Groundwater discharge in a 121-897 Wang et al., 2015
China river estuary
Moreton Bay, Australia Embayment 153 Stewart et al., 2015
Okatee Estuary, USA Salt marsh/estuary 1079 Porubsky et al., 2014
North Creek, Australia Freshwater tidal creck 1810 Atkins et al., 2013
Moreton Bay, Australia Mangrove tidal creek 183-342 Mabher et al., 2013
Yarra River, Australia Salt wedge estuary 349 Santos et al., 2012
Indian River Lagoon, Coastal lagoon 120-340 Dorsett et al., 2011
USA
Okatee Estuary, USA Salt marsh/estuary 1963 Moore et al., 2006
North Inlet, USA Salt marsh/estuary 171 Cai et al., 2003
Watson Inlet, Australia  Intertidal inlet with freshwater 440 Faber et al., 2014
input
Systems with no or low freshwater input
Heron Island, Australia Permeable carbonate 1.6-18.8 Cyronak et al., 2013
sediments
Chinaman Inlet, Western Intertidal inlet without 120 Faber et al., 2014
Port, Australia freshwater input
Southwest Florida Shelf, Estuarine SGD to a 28-45 Liu et al., 2014
USA subtropical carbonate platform
South China Sea River-dominated continental 16-36 Liu et al., 2012
shelf
Sylt Island, Germany Advective saline pore water 31-120 Cook et al. 2007
exchange in nearshore
permeable sediments
Hel Peninsula, Poland Advective saline pore water 5-42 Cook et al., 2007
exchange in nearshore
permeable sediments
Truc Vert Beach, SW  seawater recirculation + fresh 27
France groundwater 130 This study
1268
1269

1270
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Table 4: Practical salinity, DIC concentration and 8'3C-DIC measured in brackish, DIC-
enriched and O,-depleted pore waters of the lower beach. The theoretical DIC and §'*C-DIC
values are derived from conservative mixing between upper-beach fresh, groundwater and
seawater. For each sample, the 8'3Cagded is calculated using equation (6) from Bouillon et al.

(2003).
Measured values Theoretical values

Sample ID o v DIC (uM)  5°C-DIC (%) DIC (uM) SPC-DIC (%ha) O Cedded (%0)
#1 30.5 2340 2.28 2240 2.17 438
#2 312 2510 2.70 2209 -1.80 9.3
#3 324 2330 -1.52 2157 -1.15 6.4
#4 32.8 2540 -3.36 2140 -0.92 -16.3
#5 331 2530 2.58 2122 0.75 -12.0
#6 335 2340 -1.76 2109 -0.52 -13.0
#7 335 2510 -3.06 2109 -0.52 -16.3
#8 336 2360 -1.79 2105 -0.46 126
#9 341 2400 270 2083 -0.17 -19.0
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Figure 2: Schematic W-E cross-section of the beach-dune system and the different waters sampled (1 — seawater; 2
— beach pore waters; 3 —piezometers in the supratidal zone; 4 — forest wells), with a conceptual diagram of the
subterranean estuary of the Truc Vert Beach. Grey arrows represent major nearshore flow processes: (A) seawater
circulation induced by waves and tides, called “intertidal saline plume”, and (B) parcels of brackish water discharge,
as revealed by geophysical data (Buquet et al., 2016).
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Figure 3: Evolution with time of DIC, O,, DOC, pCO, and §*C-DIC in
interstitial waters from tidally-driven recirculation of seawater in
Truc Vert Beach. The pore water values are derived from samples
with salinity close to that of seawater. Samples mixed with
freshwater were discarded. The values for the lower beach come
from the most O, depleted sample of each cross-shore profile; the
values for the upper beach come from the sample taken closest to
the dune of each cross-shore profile.



N i 201 ing ti 12/201.
A p7q Neaptide (03/05/2013) pzq  SPringtide (03/12/2013)
7 7
_.6 PZ2 6
TN
5 5
g PZ3
c 4 4
—= 3
o)
g2 e 2
£ 1 M 1
=
= o/0.6 13 o/0.7 151
ol. o13.
< 0 -12.0 12.1 o 20 0 12.0 o 34.5
1 : 9.9 1 -3.8
0 10 20 30 40 50 0 10 20 30 40 50
Distance from the dune foot (m)
—e Water table (high tide) — topography
- 'water table (low tide) o probes and sampling stations
B PZ1 Pz2 PzZ3
tide . . spring tide . . spring tide
neap tide S‘DHHQ > neap tide - > neap tide < >
4500 —h 100 4500 — o 100 4500 — . 100
. * . - . b / X
T 300 e L% 5 a0 o eettet oo 3000 |y s8eese 'S &
a st 50 8 50 M i e s e 50 F
= - " 1 e " 1500 o/ poo—o =4
= 10 " . 2 TR eng u 25 o ad ¥/ 5 <
o " s 388 Lt | /- " g
O 0 ©oo—0 e 0 0 +OO—OOOOOT O 0 00000 0 a
[= 1 27-Feb  6-Mar 13-Mar  20-Mar 27-Feb 6-Mar 13-Mar  20-Mar 27-Feb  6-Mar 13-Mar  20-Mar O
E spring tide -1 tide +DIC #pGO2 +02 <salinity | spring tide s"_"”g".de neap tide ~
@ 4500 G = 100 4500 gap tige * 100 4500 e — 100 8
= e . ' ] . . =
e R * et et . [=
E.sooo o« b . S 3000 e T L R A
~ - [} - . =
50 . - 50 POS . b 50 8
= 1500 - 1500 - o® 1500 €09 m nl
o 25 . 25 8 afw o 25 g
0 00— T ) 0 00— ) RN s} 0 0 & 00 o008 | g
18-Sep 25-Sep 2-Oct 9-Oct 18-Sep 25-Sep 2-Oct 9-Oct 18-Sep 25-Sep 2-Oct 9-Oct

Figure 4: (A) Altitude at the top of the water table and location of probes and the three supratidal piezometers. Practical salinity (Sp) and 3**C-DIC (grey
characters) are indicated for each piezometer for both the neap and spring tides in February-March 2013, (B) DIC, pCO,, oxygen saturation and salinity values
of the pore waters at the three supratidal piezometers during a spring-neap tidal cycle in February-March 2013 and September-October 2013. Note that
there is no data at PZ1 for a few days during the neap tide because of the emersion of the instrument.
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Figure 5: Conceptual diagram showing an overview the the end-members and processes affecting carbon in fresh groundwaters from the forest aquifer to
the supratidal aquifer, and in the tidally-driven seawater circulation cell. For the latter, annual averages are shown. The seasonal evolution of the parameters
is shown in Figure S2 of the supplementary material. Water discharge values are in m3 per meter longshore per tide for the Truc Vert Beach site.
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Figure 6: Assessment of the behaviour of DIC along the subterranean estuary of the Truc Vert Beach: (A) DIC concentrations versus practical salinity; (B)
B83C-DIC versus practical salinity; (C) pCO, versus practical salinity; (D) §*3C-DIC versus DIC concentrations. The grey lines denote the expected DIC (A) and
813C-DIC (B) values for conservative mixing between supratidal beach freshwaters and seawater. The black lines denote the expected DIC (A) and §'3C-DIC
(B) values for conservative mixing between continental freshwaters (forest wells) and seawater.
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Figure 7: The 813C-DIC of pore waters from
the lower Truc Vert Beach: (A) §23C-DIC
versus consumed oxygen in saline (Sp >
34.5; light grey diamonds) and brackish (S,
< 34.5; dark grey diamonds) water; (B) 8*3C-
DIC versus practical salinity and definition
of four groups of pore waters depending on
the mixing behaviour between supratidal
beach fresh groundwaters and seawater.
TML = theoretical mixing line; (C) Keeling
plot of DIC-enriched, saline (S; > 34.5) pore
waters with low 313C-DIC for each of the
four seasons in 2011; (D) Keeling plot of
DIC-enriched brackish pore waters
characterized by high 83C-DIC; (E) Keeling
plot of brackish pore waters placed close to
the theoretical mixing line and little
affected by respiration processes (0, >
85%); (F) Keeling plot of DIC-enriched
brackish pore waters with low 313C-DIC
values and affected by respiration
processes (consumed O, > 100 pM).



