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Production and fluxes of
Inorganic carbon and alkalinity in
a subarctic subterranean estuary
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and Alfonso Mucci??

tQuébec-Oceéan, Institut des Sciences de la Mer de Rimouski (ISMER), Université du Québec a
Rimouski, Rimouski, QC, Canada, 2 GEOTOP, Earth & Planetary Sciences, McGill University, Montreal,
QC, Canada, *Department of Earth and Planetary Sciences, McGill University, Montreal, QC, Canada

In this study, we focus on the biogeochemical processes that produce both
dissolved inorganic carbon (DIC) and total alkalinity (TA) along a subarctic
subterranean estuary (STE) located in the Gulf of St. Lawrence (Magdalen
Island, Qc, Canada) in order to evaluate the DIC and TA fluxes as well as the
buffering capacity of the exported groundwater to coastal waters. DIC and TA do
not behave conservatively during mixing along the groundwater flow path and
this implies the occurrence of internal redox reactions that control both their
production and consumption. In addition, we show that the origin and
composition of the organic carbon within the system alter the carbonate
parameters by generating low pH conditions (5.9 - 7.2) and contributing to
non-carbonate alkalinity (NCA) that accounts for more than 30% of TA. Whereas
iron cycling plays a key role in the production of DIC in the fresh and low-salinity
groundwaters, the precipitation of sulfide minerals neutralize the acidity
produced by the metabolically produced CO,, in the saline groundwater
where sulfate is available. The STE pCO,, computed from the DIC-pHNBS pair
ranged from a few ppm to 16000 ppm that results in a CO, evasion rate of up to
310 mol m™2 d™! to the atmosphere. Based on Darcy flow and the mean
concentrations of DIC and carbonate alkalinity (Ac = TA - NCA) in the
discharge zone, fluxes derived from submarine groundwater discharge were
estimated at 1.43 and 0.70 mol m™2 d™* for DIC and Ac, respectively. Despite a
major part of the metabolic CO, being lost along the groundwater flow path, the
SGD-derived DIC flux was still greater than the Ac flux, implying that groundwater
discharge reduces the buffering capacity of the receiving coastal waters. This
site-specific scale study demonstrates the importance of diagenetic reactions
and organic matter remineralization processes on carbonate system parameters
in STE. Our results highlight that subarctic STEs could be hot spots of CO,
evasion and a source of acidification to coastal waters that should be considered
in carbon budgets.
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Introduction

At the land-sea interface, subterranean estuaries (STEs) of
unconfined coastal aquifers are important biogeochemical
reactors where solutes, of both marine and terrestrial origin, are
rapidly transformed and released to adjacent coastal embayments.
Over the last decades, numerous field investigations have
highlighted that STEs are a major source of nutrients and carbon
to coastal waters (Moore, 1999; Anschutz et al., 2009; Moore, 2010;
Robinson et al,, 2018) and possibly an overlooked driver of both
coastal eutrophication and acidification (Santos et al., 2011; Maher
et al, 2013; Kwon et al., 2017; Liu et al., 2017). Carbonate
dissolution/precipitation (Cyronak et al., 2012) and organic
matter remineralization (Dorsett et al., 2011; Chaillou et al., 2014;
Liu et al,, 2014; Pain et al., 2019) along the groundwater flow path
control the subsurface dissolved organic carbon (DIC) production/
consumption in groundwater.

How submarine groundwater discharge (SGD)-derived fluxes
influence receiving seawater buffering capacity is, however, still
poorly understood. Reports of both groundwater DIC and total
alkalinity (TA) are sparse in the literature and, when available, are
mainly from tropical and temperate coastal regions (see the
compilation in Sadat-Noori et al. (2015) and Robinson et al.
(2018)). In coral lagoons, mangrove and wetland systems, SGD
have been reported to be a source of acidity (Santos et al., 2011;
Wang et al,, 2014; Wang et al, 2015). At these sites, high DIC
concentrations coupled to low TA in coastal groundwater induced a
pH drop in receiving seawaters. For example, in Waquoit Bay
(USA), Liu et al. (2017) reported that, irrespective of the season,
DIC production always exceeded TA production in the STE, mostly
in response to subsurface biogeochemical and organic matter
remineralization processes. Whereas the DIC production was
associated to aerobic oxidation and denitrification, the re-
oxidation of metabolites, such as reduced iron, serves as a TA
sink. The export of groundwater with a TA to DIC ratio lower than
1 reduces the CO, buffering capacity of receiving seawaters, and a
source of acidity. In contrast, at Hwasun Bay, an oligotrophic body
of water on the volcanic Jeju Island, the protonation (adsorption of
protons) of sandy sediment along the groundwater flow path led to
a pH increase in low-salinity groundwater associated to an
atmospheric CO, uptake. This leads to discharge of alkalified
groundwater to the marine water of the Bay (e.g. TA/DIC>1; Lee
and Kim (2015)). More recently, Charbonnier et al. (2022) reported
strong aerobic remineralisation along the groundwater pathway of
the high-energy, intertidal sandy sediment at Truc-Vert, SW
France. Because of the active CO, degassing along the beach, the
TA/DIC evolves above 1 and discharge increased the buffering
capacity of the coastal seawater (Charbonnier et al., 2022). These
contrasting results highlight the complexity of the behaviour of
carbonate system parameters in STE and the necessity of site-
specific scale studies to characterize and quantify SGD-derived
fluxes of DIC and alkalinity.

Such a quantification is especially crucial for STEs in the North
because subarctic and Arctic regions are experiencing — and are
expected to continue to experience — important hydroclimatic
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changes and modification of terrestrial carbon storage (Hinzman
et al,, 2005; Roulet et al,, 2007). In addition, some of these regions,
like the Atlantic coast of North America, are more prone to the risk
of future relative sea-level rise (Slangen et al., 2014). The Magdalen
Islands, in the southern sector of the Gulf of St. Lawrence, eastern
Canada (Figure 1A), experience higher than global average rates of
relative sea-level rise. This led to the submersion and burial of forest
soil horizons in the intertidal zones (Barnett et al.,, 2017). These
buried organic-rich horizons can greatly alter the STE dissolved
organic matter (DOM) budget and SGD-derived organic carbon
fluxes (Beck et al., 2007; Seidel et al., 2014; Couturier et al., 2016;
Linkhorst et al., 2017; Sirois et al., 2018). Leaching of organic-rich
horizons affects the microbial respiration rates and, thus, the
production or consumption of both DIC and TA. In addition, the
release of organic acids from terrestrial organic matter can modify
the acid-base properties of seawater by either increasing (Cai et al.,
1998; Hunt et al., 2011) or decreasing (Delaigue et al., 2020) TA
depending of the strength of acidic functional groups. This non-
carbonate alkalinity (NCA), if not taken into consideration, will
generate errors in carbonate parameter calculations when TA is
used as an input in speciation calculations.

In this study, we carry out an in-depth analysis of carbonate
system parameters in the subarctic STE of the Magdalen Islands.
The STE intercepts an old buried forest soil along its flow path.
Groundwater was sampled along the STE and carbonate system
parameters (pH, TA and DIC) were measured and speciation
calculations carried out. We first assess the impact of NCA on
TA and then explore the sources and the distribution of DIC,
carbonate and non-carbonate alkalinity as well as redox-sensitive
species along the groundwater flow path. Relevant diagenetic
reactions and their stoichiometric relationships are considered to
guide a quantitative interpretation of the field measurements.
Finally, we estimate the release rate of CO, to the atmosphere
and, based on Darcy’s law, we calculate SGD-derived fluxes of DIC
and carbonate alkalinity to nearshore waters. Results of this study
allow for the elaboration of a quantitative STE carbon budget and
assess whether subarctic STEs are sources or sinks of inorganic
carbon to nearshore waters.

Methods

Hydrostratigraphical context of the
studied STE

The Martinique Beach is located on the main island of the
Magdalen Archipelago in the Gulf of St. Lawrence (Quebec, Canada;
Figure 1A). This archipelago is located in the Maritimes Permo-
carboniferous Shelf Basin (Brisebois, 1981) where the main aquifer is
mainly composed of sandstones from the Lower Permian period (the
Cap-aux-Meules Formation). At the seaward boundary of this aquifer,
the Martinique Beach originates from a recent transgression sequence.
The archipelago currently experiences rates of relative sea-level rise that
are higher than the global average, ranging between 1.3 and 2.0 mm per
year for the past 2000 years (Barnett et al., 2017). This rapid rise buried
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FIGURE 1

(A) Location of the Magdalen Archipelago in the southeastern part of the Gulf of St. Lawrence; (B) View of the Martinique Beach and the studied
cross-shore transect in the intertidal zone of the beach; and (C) the cross-sections of transect showing the topography and distribution of practical
salinity. Contour line was determined by linear interpolation in Ocean Data view software. Black dots refer to groundwater sampling points and
vertical black lines, labelled Pz1 and Pz2, represent the position of piezometers. Depth was reported relative to the mean sea level (0 cm) and was
determined from DGPS measurements. The position of high tide and low tide marks (Ht and Lt) are also reported.

the unconfined Permian sandstone aquifer, that is now covered by
intertidal sandy sediment. The exposed beach consists of a ~ 50 c¢m
thick layer of eolian sand with an average grain size of ~ 300 ym that is
mainly composed of quartz (95%), minor silt (<5%) with no trace of
carbonate minerals (Chaillou et al, 2014). The underlying Permian
sandstone aquifer consists of fine red-orange sands (~ 100 um)
composed of iron-oxide coated silicates and aluminosilicates
(Chaillou et al., 2014). Carbonate minerals are also absent in this
layer. At the top of the sandstone aquifer, there is a fragmented
organic-rich layer, mainly composed of terrestrial plant detritus
formed between a calibrated age of 854 (+/-61) and 713 (+/-32) cal a
BP, as revealed by "C dating of lignose fragments and conifer needles
(Barnett et al., 2017). The thickness and the extent of this organic-rich
horizon is unknown. At the top of the beach, it is 30 to 40 cm thick, but
in the intertidal zone, the horizon thins to a 5 to 10 ¢m of highly
degraded and undifferentiated black organic layer. Several studies have
focused on estimating groundwater flows through the beach and at the
discharge zone (Chaillou et al., 2016; Chaillou et al., 2018). The shallow
STE releases both fresh groundwater and recirculated seawater to the
coastal water. Based on a radon mass balance model applied to
the nearshore waters and on a time series of piezometric levels, the
authors estimated that the total water flux at the shoreline was about
0.040 m> s~ in June 2013. More than 50% of this water flux was
comprised of fresh groundwater originating from the thawing
snow pack.

Frontiers in Marine Science

Water table levels and
hydrogeological properties

Two piezometers equipped with pressure sensors were installed
along a 22 m transect perpendicular to the beach front (Figure 1C).
The first piezometer was located a few meters above the high tide
mark (Pz1) and the second one was located further offshore, at the
mean low tide mark (Pz2). The piezometers were made from 38 mm
ID PVC pipes sealed at the base and equipped with 0.4 m long
screens at the bottom end. The piezometers extended around 2 m
below the beach surface so that the bottom end was always below
the water table. Automated level loggers (Hobo U20 001) recorded
groundwater levels every 10 minutes during 14 consecutive days,
from June 3" to June 17" 2015, which includes the water sampling
period. Time series were corrected for barometric pressure from a
barologger located at the study site. In addition, Guelph permeameter
measurements (N=15), conducted by Chaillou et al. (2018), provided
an estimate of the hydraulic conductivity of 11.4 m d' in the
unsaturated surficial sands.

Sample collection

Water samples were collected during two consecutive neap tides
between June 3" and 4™ 2015, when the water table was high and
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the aquifer was recharged by the thawing snow pack. Multi-level
groundwater samplers were inserted along a 22 m transect
perpendicular to the shoreline (Figures 1B, C). The multi-level
samplers were designed to collect water at different depths from a
few centimeters to almost 2 m below the beach surface.
Groundwater was continuously pumped with a peristaltic pump
into an on-line flow cell where temperature, pH (NBS scale, +/- 0.05
pH unit), oxidation-reduction potential (ORP read versus the Ag/
AgCl reference electrode, +/- 2 mV) and practical salinity (Sp, +/-
0.5) were monitored using a daily calibrated YSI 600QS
multiparametric probe. Briefly, the specific conductivity, ORP,
and a 3 NIST(NBS)-traceable buffer calibration were applied
every day prior to the YSI deployment. After the probe signals
stabilized, groundwater samples were filtered through 0.2 um
Whatman Polycap 75S membranes into polypropylene tubes and
acidified with metal-free nitric acid to a pH<2 for total dissolved
iron (Fe), manganese (Mn) and calcium (Ca) analyses. The acidified
samples were stored at 4°C until analysis. Samples for NH,"
analyses were stored in acid-washed polyethylene tubes that were
rapidly frozen for later analysis. Samples for dissolved inorganic
carbon (DIC), total alkalinity (TA) and methane (CH,)
measurements were collected by filling 60 mL glass bottles with
no headspace, to which 0.2 mL of a saturated HgCl, solution was
added, sealed with Teflon stoppers and crimping aluminum caps,
and stored in the dark at room temperature. Samples for sulfide
analyzes were taken in 50 mL glass vials. Before closing the tubes,
0.5 mL of a 2N zinc acetate solution was added and tubes were then
stored at room temperature. The sulfide analyses were carried out
over the next week. The inland groundwater and seawater were
systematically sampled. Samples from the Permian sandstone
aquifer were collected as described above from private and
municipal wells located 50 to 2000 1 inshore from the multi-level
sampler transect. Seawater samples were collected 500 to 1000 m
offshore in Martinique Bay. The seawater samples were collected
from a small boat using a submersible pump connected to an on-
line flow cell, as described above.

Analytical methods

DIC was analyzed using a flow injection analysis (FIA)
technique based on the method proposed by Hall and Aller
(1992). Briefly, a gas permeable membrane is used to move CO,
from an acidic reagent stream to a basic receiving stream and
conductivity detector. The calibration was carried out using a
reagent grade sodium bicarbonate (NaHCOs3) solution, and the
conductivity response was linear for samples having DIC
concentrations from 0.2 to 20 mmol kg™' with a precision of
~0.5%. Total alkalinity (TA) was analyzed potentiometrically
using the Gran end point method. The latter analysis was
performed on 1 mL samples with a micrometer buret and 0.02N
HCI solution, as described by Rao et al. (2014), standardized with
the Dickson Batch 122 standard reference material (Dickson et al.,
2003). The accuracy was better than 0.2%. Methane concentrations
were determined at the EPOC laboratory at Bordeaux University
(France) upon creating a 10 mL headspace of N, in the sampling
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bottle. The samples were vigorously shaken to equilibrate the gas
and water phases. After 10 to 12 hours of equilibration, an aliquot of
the gas phase was taken up by a gas tight syringe and injected into a
gas chromatograph (Hewlett Packard 5890HP Agilent GC) with
flame ionization detection (GC-FID), as described by Abril et al.
(2007). The methane concentrations were calculated using the
volumes of water and headspace in the vial as well as the
solubility coefficient of methane of Yamamoto et al. (1976) as a
function of temperature and practical salinity. The accuracy of this
method was better than 5%. The sulfide concentrations were
determined according to the Cline method using solutions of
1 ¢ kg" of diamine and 1.5 g kg™" of ferric chloride at 1 g kg™".
A working reagent volume of 4 mL was added to each sample. After
20 minutes of reaction, samples were analyzed using a
spectrophotometer at 670 nm with a 10 c¢m optical path. The
instrument was calibrated using a sodium sulfide solution
prepared with nitrogen-purged distilled water (Na,S-9H,0) under
an inert atmosphere. The solution was standardized iodometrically.
Precision of this method is about 3%. Total dissolved Fe, Mn and Ca
concentrations were analyzed in acidified and refrigerated samples
with a Microwave Plasma - Atomic Emission Spectrometer (4200
MP-AES from Agilent Technologies) at wavelengths of 371.993,
403.076, and 396.848 nm, respectively. The precision was< 1% for
the three elements.

Data processing and calculations

Darcy's flow at the shoreline

Tidal propagation in the Martinique Beach STE was recently
studied by combining Darcy’s law and a cross-correlation analysis
(Chaillou et al,, 2018). Here, we only focus on the evaluation of
Darcy flow at the shoreline. By assuming that the hydraulic gradient
component parallel to the coastline is null, groundwater flows in the
STE (q; cmd ™) were calculated according to Equation (1):

q = —Kgrad(h) (1)

where K= 11.4 (+/-4.4) ¢m d ' is the mean hydraulic
conductivity measured by Chaillou et al. (2018). To convert these
results to volumetric fluxes, which is the discharge per unit width of
the aquifer (Q in m> s7'), the cross sectional flow area was
determined as previously described by Chaillou et al. (2018).
Briefly, based on the Ghyben-Herzberg and Glover relationship,
the top 3.2 m of the aquifer at the top of the discharge zone (near
Pz1) is assumed to be fresh, except for the narrow surficial
recirculation cell. The length of the shoreline, determined using
global positioning system measurements, is 1200 m. Hence, the
cross sectional flow area is 9240 m®. Assuming a uniform hydraulic
conductivity (K) and an isotropic shallow aquifer all along the
1200 m of shoreline, Q is computed every 10 minutes (Figure 2) and
a mean Q value is calculated.

Total alkalinity and non-carbonate alkalinity
A mixture of inorganic and organic bases and acids make up the
total alkalinity (TA). It is calculated as follows (Equation (2)):
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FIGURE 2

Time series of Darcy flow computed from head gradients between Pzl and Pz2. The dashed line is the mean maximal Q value calculated over the

14-day study.

TA = [HCO; ] +2[CO3*"] + [B(OH),]
+[OH ] + [HPO,27] + 2[PO,*] + [H;Si0, ]
+2[H,Si0,27] + [HS™] + 2[S*~] + [NH;"] + [Org™] - [H'] - [H3PO,]
2

In seawater, TA is dominated by the carbonate alkalinity (Ac =
[HCO5] + 2[CO5*]+ [OH] - [H']) and borate. However, in
freshwater where dissolved organic matter and fulvic acid
concentrations are high, the non-carbonate fraction of TA (also
labeled NCA for non-carbonate alkalinity) may be an important
component of TA (Abril et al, 2015). In systems where the
concentrations of organic matter are expected to be high, the
quantification of NCA is necessary to accurately estimate DIC
speciation and CO, degassing fluxes when TA is used as input
parameters in speciation calculations. NCA can be estimated as the
difference between TA measured by titration and TA calculated
using the DIC-pHyps pair (Hunt et al, 2011) in fresh and low
salinity water samples. In brackish and seawater, the contribution of
borate to TA was computed from S, using the measured pH and the
theoretical B/S;, relationship of Uppstrém (1974) in addition to
ammonia (Sirois et al., 2018) and H,S concentrations.

Carbonate system calculation

Measured pHygs, DIC, and TA were input to the R package
“AquaEnv: An Aquatic Acid-Base Modelling Environment in R”
(Hofmann et al,, 2010) for experimental aquatic chemistry, a
program focused on acidification and CO, air-water exchange
adapted to marine, estuaries, and freshwater. The dissociation
constants of carbonic acid (K' and K?) used are from Millero
et al. (2006) and were calculated for the practical salinity and
temperature ranges of our set of data. In 2013, the values of pH
measured by the multiparametric probe (NBS scale) were compared
to potentiometric pH electrode measurements calibrated using
NIST traceable buffer solutions. The mean standard deviation for
the samples (N=19) was 0.021, with no deviation for fresh and low
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salinity samples with S,<5 and the highest deviation for samples
with Sp>21. For the rest of the calculations, pH on the NBS scale was
used and transformed to free proton scale pH following the
conversion of Roy et al. (1993) by considering a 0.05 error
associated with the electrode. The saturation state of waters with
respect to calcite and aragonite (Qcap, and Qqrqg, respectively) as well
as the NCA values were calculated. The NCA values were then
substracted from the TA to obtain the carbonate alkalinity (Ac),
whereas, pCO, was computed from the DIC-pHyps pair. The
average cumulative errors on these parameters were better than
7% on Ac values (ranging from 0.88 to 6.74%, with a mean value of
3.43%) and better than 9% on the pCO, (ranging from 5.33 to
8.93%, with a mean value of 6.86%).

Calcium anomalies

Assuming that Ca behaves conservatively, we calculated a
theoretical Ca concentrations based on the two potential water
mass end-members (e.g. inland groundwater and seawater) and the
practical salinity. The Ca anomaly is the difference between the
theoretical Ca concentrations and the measured Ca concentrations
in samples. Therefore, when the Ca anomaly is positive, it is
interpreted as evidence of carbonate dissolution whereas when
the Ca anomaly is negative, it is an indication of carbonate
mineral precipitation.

Results
Groundwater flow at the shoreline

Hydraulic heads were used to compute hydraulic gradients
along the STE and to calculate Darcy flow at the discharge zone.
The flow was maximal at low tide and supported a mean maximal
flow of 0.038 m> s, Tt fell to minimum values at high tide with a
mean flow of ~0.020 m> s, identical to the mean regional
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groundwater flow (see Chaillou et al. (2016)) (Figure 2). Based on
the time series over the study period, we calculated a mean flow of
0.034 m’ s™'. This corresponded to an average shoreline flow of
2.450 m> m~" d! over the 1200 m length of the beach, a value in the
range of those previously reported at the same site (between 1.5 to
3.1 m® m™" d7%; see Chaillou et al. (2018)) and to others microtidal
STEs, such as Waquoit Bay (Cape Cod, Massachusetts; 4.0-5.6 m’
mtdl Mulligan and Charette (2006)), western Australia (2.5-8.0
m> m™! d7; Smith and Nield (2003)), Shelter Island (Long Island,
New York; 0.4-17.0 m> m™! d°%; Burnett et al. (2006)), and Turkey
Point (Florida; 0.7-22.0 m> m™' d™'; Santos et al. (2009)).

Biogeochemical results

Characteristics of the end members

Inland groundwater and seawater are two potential sources of
DIC and TA into the STE. Based on the stable isotopes of water,
Chaillou et al. (2018) confirmed the absence of additional domestic
wastewater and runoff infiltration as sources of carbon. The S, of
inland groundwater collected in municipal and private wells
averaged 0.30 with a temperature around 7°C (Table 1). The pHs
were slightly acidic with a mean value of 6.30. DIC concentrations
were 0.90 mmol kg " and calculated TA was 1.78 mmol kg *. The Ca
concentration was low and close to 0.20 mmol kg71 and, thus, the
saturation states of the water with respect to carbonate minerals
were close to 0, implying that, if present, carbonate mineral
dissolution should occur in the groundwater. The pCO, of the
groundwater, calculated based on the DIC-pHygs pair, were higher
than 17000 ppm, supersaturated with respect to the atmosphere.

In the seawater samples, the S, was around 33 and the
temperature was approximately 12°C. The mean pH was 8.10 and
DIC concentrations were 2.26 mmolkg ", leading to a calculated TA
of 2.10 mmol kg™". The seawater calcium concentrations were 10.63
mmol kg', slightly higher than the expected value at the
corresponding salinity (9.69 mmol kg™'). Seawater samples were
largely oversaturated with respect to calcite and aragonite,
indicating the precipitation of carbonate mineral could occur. The

TABLE 1 Geochemical characteristics of inland groundwater and
seawater used as end members in the salinity-based mixing models.

Inland groundwater Seawater
2013-2015
INES) N=3
Sp 0.30 (0.30) 31.30 (0.09)
T (°C) 7.10 (0.40) 12.00 (1.00)
pH (NBS) 6.30 (0.20) 8.10 (0.20)
Ac (mmol kg'l) 0.455 2.10
DIC (mmol kg™") 0.90 2.26
Ca (mmol kg 0.20 (0.20) 10.63 (0.04)
PCO, (ppm) 17561 440
Qcalcite 0.00 3.37
Qaragonite 0.00 2.14
ORP (mV) n.d. 236
Mn (pmol kg™ 1.70 (0.05) 0.00 (0.00)
Fe (wmol kg'") 3.20 (0.00) 3.30 (0.08)
NH,* (wmol kg'') 0.10 (0.30) 0.80 (0.50)

Mean values (and standard deviation) are reported. Note that carbonate parameters were
computed from the DIC-pH g pair. n.d. no ORP data available for inland groundwater.
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ORP values were all positive, consistent with the fact that the water
column is well oxygenated in the Martinique Bay.

Physico chemical features along the STE

Variations of the physicochemical parameters (e.g., Sp, T,
pHnss, and oxygen saturation) along the groundwater flow path
were previously reported (Sirois et al., 2018). Briefly, S, ranged from
"0 to 31 along the STE. The 2D cross section profile revealed the
presence of fresh and low salinity groundwaters with S,<5 in the
deepest samples and in the landward part of the transect
(Figure 1C). In contrast, between the high and low tide marks, S,
was higher than 20 in a narrow recirculation seawater cell located in
the first 0.3 m below the beach surface. The sharp S, gradient
observed along this recirculation cell is characteristic of a microtidal
unconfined beach aquifer dominated by fresh groundwater
discharge, where most of the STE is stratified and the tidal
induced seawater recirculation is limited to the first decimeters
below the beach surface (Robinson et al., 2007; Heiss and Michael,
2014). The pHs ranged from 5.90 to 7.03 (Figure 3A). The lowest
values (5.90<pH<6.23), which were lower than the pH measured in
the inland fresh groundwater (e.g., pH~6.34, Table 1), were
measured in the middle of the intertidal zone, 1.2 m below the
surface. The highest values (>7.00) were mainly recorded at the high
tide mark. Ca anomalies ranged from 5.2 to 3.9 mmol kg-1, but for
most of the samples, they were null (Figure 3B). The most positive
Ca anomaly is coincided with the lowest measured pH,
approximately 1.2 m below the surface. Negative Ca anomalies
were only observed in the first meter below the surface, mainly
centered between M2 and M3.

Redox gradients along the STE

Redox-sensitive species are plotted against S, in the Figure 4.
For the purpose of the discussion, we defined three zones of salinity:
low (Sp<5), mid (5<S,<20) and high (S,>21) salinity. As in surficial
estuaries, the spatial distribution of parameters can be examined
within a theoretical conservative mixing framework, where Sp is
used as the conservative property and the composition of the two
mixing end members (fresh groundwater and seawater) is assumed
to be constant. The redox potential (ORP vs. the Ag/AgCl reference
electrode) ranged from +19 mV in the recirculation seawater cell
(with a S, = 22, in M3) to -135 mV in the deepest part of the STE,
where salinity was low (S,<5; Figure 4A). The most negative values
were measured around the pH minimum. Total dissolved Mn, Fe,
and ammonium concentrations increased with S, and were
maximal at salinities between 15 and 20 (Figures 4B-D). The
dissolved sulfide concentrations were highest in low-salinity
waters (S,<5, Figure 4E) with values up to 1.5 umol kg™* (with
one outlier at 3.2 umol kg™') at the high tide mark. Concentrations
decreased and remained relatively constant (~0.5 umol kg') at
salinities up to 5 (Figure 4E). Methane concentrations ranged from
a few pmol to 10 pmol kg_1 (Figure 4F). High CH,4 concentrations
were measured in mid- (5<5,<20) and high-salinity (S,>21) waters.
The highest concentrations were recorded in the recirculation
seawater cell at M3. The concentrations of the redox-sensitive
species in the STE exhibited non-conservative mixing along the
groundwater flow path.
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FIGURE 3

Cross-section of transect M1-M4 showing the topography and distribution of (A) pH, (B) calcium anomaly and (C) DIC concentrations along the
STE. The high tide (Ht) and low tide (Lt) marks are identified by dashed lines. Contour lines were determined by linear interpolation on Ocean Data
View software that reproduced the empirical data set with a 0.95 confidence level. Depth is reported relative to the mean sea level (0 cm) and was
determined from DGPS measurements. Black dots represent the depths at which samples were collected using multilevel samplers.

Carbonate parameters and saturation states with
respect to carbonate minerals

Like the redox-sensitive species, both DIC and TA distributions
displayed a non-conservative mixing behaviour within the STE.
DIC exhibited a wide range of concentrations, from below the limit
of detection (<0.2 mmol kg_l) to 3.0 mmol kg_1 (Figures 3C, 5A).
The concentrations were high in low- (S,<5) and high- (S,>21)
salinity groundwaters, reaching the highest concentrations at the
top of the recirculation seawater cell (i.e. M2 and M3). The
concentrations were lower in the middle of the intertidal zone,
near the M3 sampler, with the lowest concentration associated to
the lowest pH and the maximum Ca anomaly. The DIC
concentrations, however, were 2 to 5 times lower than those
previously reported by Chaillou et al. (2016) at the same site
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where DIC concentrations reached 15 mmol kg™' in June 2013.
Total alkalinity paralleled the DIC distribution. TA values ranged
from 0 to 2.8 mmol kg~' (Figure 5B). The highest TA values were
measured in low- and high-salinity groundwaters and the lowest
value was recorded at the pH minimum. Fresh groundwater and
seawater samples were all undersaturated with respect to calcite and
aragonite, with Q values near 0. In the STE, Q,; and Qg were also
well below 1 throughout the flow path (Figure 3A). Saturation state
was near 0 at low- (S,<5, as in inland groundwater) to mid-
salinities, implying that dissolution of carbonate minerals, if
present, was possible. The Q values increased in high-salinity
groundwaters and reached values near at S,>30. Conditions
favorable to the precipitation of carbonate minerals are only
found at or near the beach surface.
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FIGURE 4

Distribution of redox-sensitive species along the practical salinity gradient in the STE. (A) redox potential (ORP vs. Ag/AgCl reference electrode),
(B) total dissolved Mn, (C) total dissolved Fe, (D) ammonia, (E) sulfide and (F) methane concentrations. Mean concentrations of redox-sensitive
species in inland groundwater and seawater (in Table 1) are also reported (red dots) and a conservative mixing line is drawn for each species (red

lines) using a salinity-based mixing model.

Discussion

The distribution of redox-sensitive species and carbonate
parameters in the Martinique Beach STE is not determined by
conservative mixing of inland groundwater and seawater, but
reveals the occurrence of internal redox reactions that control both
the production and consumption of DIC and TA. These reactions
modulate the ecological impact of SGD-derived carbon fluxes.
Physical forces that drive subsurface flow and transit times control
the extent of the reactions and thus the chemical transformations in
this transient biogeochemical zone (see Santos et al. (2012) and
reference therein). Based on Darcy flow and assuming that the beach
aquifer is isotropic, the flow velocity was estimated at between 30 and
40 ¢m d'. The transit time, defined as the time required for
groundwaters to flow horizontally along the 20m-long transect was
therefore 50 to 66 days. This is likely an overestimate of the time
spent in the subsurface because it neglects the vertical movement of
the water mass under the effect of the piston flow generated by the
vertical infiltration of seawater (Martin et al., 2007; Chaillou et al.,
2018). Irrespective, the transit time and the high organic carbon
content of the STE are conducive to the development of anaerobic
conditions and processes, metabolite production and accumulation,
as well as the onset of a complex web of redox reactions.

The role of organic matter on the
carbonate system

In carbonate mineral rich aquifers, DIC and TA concentrations
are generally high and generated by the acidic dissolution of
carbonate minerals (Cyronak et al., 2014). In siliciclastic systems,
much of the dissolved inorganic carbon is generated by
heterotrophic processes (Cai, 2003; Chaillou et al.,, 2016; Pain
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et al,, 2019; Charbonnier et al., 2022). Irrespective, the origin and
the reactivity of the organic matter (marine vs terrestrial) in the STE
influence the production of these metabolites. Most studies have
highlighted the importance of the marine organic matter input,
specifically in the recirculation cell where tides and waves
continuously force seawater to infiltrate (Anschutz et al, 2009;
Charbonnier et al., 2013; Kim and Kim, 2017; Charbonnier et al.,
2022). In systems where relative sea-level has risen rapidly over the
last centuries, buried soils also contribute to the reactive pool of
organic matter. This leached terrestrial organic matter, typically
enriched in high molecular weight and humic-like compounds
(Couturier et al, 2016; Hebert et al, 2022), has a very high
affinity for Fe-hydroxides (Seidel et al., 2014). The role of the Fe
in the STE carbon cycle is still poorly understood but it may
modulate the export and the remineralization of the released
terrestrial organic matter (Linkhorst et al., 2017; Sirois et al,
2018; Waska et al, 2021). In the Martinique Beach, despite a
fraction of the leached DOM being trapped by Fe-hydroxides, the
dissolved organic carbon concentrations are high and range from 1
to 10 mmol kg™* (Sirois et al., 2018). The §"*C signature of this DOC
was ~ -25%o, and even more depleted in C-13 above the high tide
mark, where it drops to about -30%o, revealing the dominance of
terrestrial DOM along the entire system. The terrestrial DOM, and
more specifically humic-like compounds, act as both proton
acceptors and donors that influence the acid-base properties of
coastal waters (Kulinski et al., 2014; Delaigue et al., 2020). In marine
environments, the organic fraction of TA (noted [Org] in the
Equation (2)) is generally much smaller than the alkalinity provided
by bicarbonate ([HCO;5'] + 2[CO5* ]+ [OH] - [H*], Equation (2))),
but in DOM-rich systems, such as in the Martinique Beach STE, it
can make up a significant fraction of the TA and, thus, when TA is
used as an input parameter in speciation calculations, it will yield
doubtful values for other carbonate parameters (Kulinski et al.,
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2014; Abril et al,, 2015). Following Hunt et al. (2011), the non-
carbonate alkalinity, which includes the [Org’] term in addition to
inorganic acid-base species, was calculated by subtracting the
carbonate alkalinity (Ac = [HCO5] + 2[CO5*] + [OHT] - [H]),
derived from the DIC-pHyps pair, from measured TA. NCA values
ranged from -1.07 to +1.11 mmol kg ' (£ 3.4%) with a mean value of
-0.26 mmol kg™". The occurrence of negative NCA (i.e., acidity: Ac >
TA) implies that some of the DOM behaves as a proton donor,
in agreement with the low pH of the corresponding water
sample. Based on the absolute values, we calculated that NCA
contributed to approximately 32% of TA. Where TA values were
low (TA< 0.1 mmol kg'), NCA contributed up to 100% of the TA
and the pHs were lower than 6.8. At pHs higher than 6.8, the NCA
contributions dropped to 20%, as it is commonly observed in river
and coastal waters (Kulinski et al., 2014; Abril et al., 2015; Delaigue
et al., 2020).

Sinks and sources of DIC and alkalinity
along the flow path

Various diagenetic reactions contribute to modifying the DIC
and alkalinity in the STE and, therefore, the TA/DIC is used to
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identify the geochemical processes that occur along the
groundwater flow path. Here, we use Ac which mainly refers to
the inorganic alkalinity without the [Org’] fraction. For simplicity
of discussion, we will use the term Ac while remaining critical of the
importance of NCA in some low-salinity groundwater samples, as
discussed above. In addition to precipitation and dissolution of
carbonate minerals (reactions R1 and R1’ in Table 2), other
diagenetic reactions that modify the DIC and Ac include the
aerobic respiration of organic matter (R2), denitrification (R3),
iron (R4), sulfate reduction (R5) as well as methanogenesis (R6). To
discriminate between them, DIC and Ac were expressed as ADIC
and AAc, the differences between their conservative mixing and
measured concentrations. Figure 6 shows the relationship between
ADIC and AAc compared to AAc/ADIC produced by the selected
diagenetic reactions listed in Table 2. The overall distribution of
ADIC and AAc exhibits a ratio around 0.7 (R* = 0.800 with a p value
< 0.001), near the slope of the denitrification (R3) and sulfate
reduction (R5). Nevertheless, a detailed examination reveals that for
low- and mid-salinity (S,<20) groundwaters, the distribution yields
a ratio near 0.7 while for high-salinity (S,>21) groundwaters the
ratio is closer to 0.9. This change in Ac and DIC indicates a change
in the dominant reactions that affect the ratio and increase the
buffering capacity of groundwater at high salinities.
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TABLE 2 Selected diagenetic reactions and their effect on Ac and DIC.

10.3389/fmars.2024.1323463

Individual reactions AAc/ADIC

(R1) Carbonate dissolution

+2/1=2

CaCO; + H,0 + CO, — Ca’* + 2HCO;~

(R'1) Carbonate precipitation

-2/1=-2

Ca’* + 2HCO;~ — CaCO; + H,0 + CO,

(R2) Aerobic respiration

-16/106=-0.15 *

(CH,0),05(NH;)16H; PO, + 1380, — 106CO, + 122H,0 + 16HNO; + H;PO,

(R3) Nitrate reduction

84.8/106 = 0.8

(CH,0),04(NH;),sH;PO, + 84.8NO; — 106CO, + 42.4N, + 16NH; + 148.4H,0 + H;PO,

(R4) Iron reduction

848/106 = 8

(CH,0),06(NH;),H; PO, + 424FeOOH + 848H* — 106CO, + 742H,0 + 424Fe’* + 16NH; + H;PO,

(R5) Sulfate reduction

(53x2)/106=1

(CH,0),06(NH;),4H;PO, +5380,% + 166H" — 106CO, + 106H,0 + 53H,S + 16NH; + H;PO,

(R6) Methanogenesis

0/53 =0

(CH,0),05(NH;),H;PO, — 53CO, + 54CH, + 16NH; + H;PO,

(R7) Abiotic reduction of Fe(lll) and precipitation of sulfide minerals as FeS

(106x2)/212 = 1**

2(CH,0),06(NH;) 4H; PO, + 10650, + 70.6Fe(OH)y5) — 212CO, + 35.3S, + 70.6FeS + 106H,0 + 16NH, + HyPO,

(R8) Abiotic reduction of Fe(lll) and precipitation of sulfide minerals as FeS,

(106x2)/212 = 1**

2(CH,0)105(NH;)4H; PO, + 10650, + 42.4Fe(OH)s5) — 212C0, + 21.25, + 42.4FeS, ) + 127.2H,0 + 42.4H, + 16NH; + H;PO,

R2 is from Chen and Wang (1999) (*) and R7 and R8 are from Rassmann et al. (2020) (**). Note that the presented reactions are based on the marine Redfield ratio as C:N:P = 106/16/1 which is

not representitive of the stochiometry of the organic matter present in the STE.

In sediment containing carbonate minerals, CaCOj; dissolution
can neutralize the metabolic CO, produced during diagenesis.
The low saturation states relative to calcite and aragonite in the
inland groundwater and low- and mid-salinity groundwaters
(Figure 5D) indicate that, if present, carbonate minerals should
dissolve. Nevertheless, the low Ca concentration in these samples
(<0.8 mmol kg'') and the nearly null or slightly positive
Ca anomaly, however, imply a limited interaction with CaCOj;
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FIGURE 6

Relationship between DIC and Ac along the Martinique Beach STE.
The stoichiometric ratio of TA to DIC is reported for carbonate
mineral precipitation and dissolution (R1 = 2 and -2), oxic respiration
(R2=-0.16 based on Chen and Wang (1999)), denitrification

(R3 = 0.8), iron (R4 = 8) and sulfate (R5 = 1) reduction and
methanogenesis (R6 = 0). Note that the oxidation of reduced iron
and sulfides by oxygen leads to an infinite ratio.
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minerals. Along the groundwater flow path, Ca concentrations
increase with salinity and the Ca anomaly clearly becomes
positive at high salinities (S,>21) indicating CaCO; dissolution
likely occurring, consistent with the calculated groundwater
undersaturations. If seawater is mixed with the inland
groundwater that hosted aerobic and anaerobic respiration as well
as CaCQs dissolution, Ac/DIC should increase to a ratio between 1
and 2 (Table 2, R1; see Cai (2003)). This pathway could not explain
the measured ratios comprised between 0 and 1. The low CaCO;
content of the sediment (Chaillou et al., 2014) and the very depleted
e signature of the DIC (i.e. around -25%o; Chaillou et al. (2016)),
well below the signature for marine carbonates, suggest that the
interaction with carbonate minerals is limited whereas organic
matter metabolism is dominant along the STE. In the following
sections, we will use the stoichiometry of relevant diagenetic
reactions to interpret our field data.

At circumneutral pH, denitrification likely occurs and reduces
NOj;™ to N, with a ADIC to AAc ratio of 0.8 (Table 2, R3). NOj3
concentrations were low within the STE, in contrast to the high
concentrations measured in the inland groundwater: there was a
strong attenuation from a mean concentration of 65 umol kg in
inland wells, dropping to 2 wmol kg' near the discharge zone
(Couturier et al. (2017)). Couturier et al. (2017) showed that the
groundwater-born NOj' is reduced by the organic matter present in
the STE, leading to the production of ~82 umol kg™' of DIC,
quantities well below those measured. In STE, where fresh
groundwater mixes with seawater, sulfate reduction and
methanogenesis may also contribute to DIC production (Cai,
2003; Pain et al,, 2019) with a ADIC to AAc ratio of 1 and 0,
respectively. Given the sulfide and methane concentrations -a few
umol kg'- in the STE, the DIC production of these reactions to the
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STE DIC pool is three order of magnitude lower than the measured
DIC concentrations in the STE. In the presence of O,, the oxidation
of sulfides to sulfate would favor the consumption of the previously
produced Ag, increasing the acidity and lowering the pH. Because
the advection of dissolved O, is limited to the first centimeter below
the beach surface (Chaillou et al., 2018), O, is rapidely consumed at
the surface with no impact on Ac. Irrespective, measured
concentrations of sulfide concentrations do not reflect the full
extent of anaerobic reactions and alternative reactions in the STE,
including Fe cycling, reactions that would increase the AAc/ADIC
and the buffering capacity of groundwater.

The iron cycle plays a pivotal role in the chemistry of STEs. Redox
oscillations induced by tides, waves, seasonal water table levels, and
long-term sea-level changes control the location of the redox front
and, therefore, where precipitation of ferrous Fe-hydroxides occurs
(Charette and Sholkovitz, 2002). This Fe curtain acts as an oxidative
barrier for redox-sensitive species such as nitrogen species, sulfides,
and other elements with a strong affinity with Fe-hydroxide surfaces
(e.g., phosphate, arsenate) (Charette and Sholkovitz, 2002; Charette
et al., 2005; Spiteri et al., 2006). Total dissolved Fe concentrations
were high in the studied STE, with a mean of ~0.4 mmol kg ' and
concentrations as high as 1.8 mmol kg' at some locations
(Figure 4C). The microbial reduction of Fe(IIl) to Fe(II) (reaction
R4, Table 2) leads to the production of 0.10 to 0.45 mmol DIC kg*
which accounts for 10 to 50% of the DIC produced between the fresh
groundwater and the beach groundwater. This reaction also produces

much Ac, from 0.8 to 3.6 mmol kg™*

that would explain why Ac is
much higher in the low salinities (S,<5) than in inland groundwater
(2.30 vs. 0.45 mmol kg, respectively). The produced Ac would then
be consumed by the concomitant oxidation of reduced Fe(II) by O, or
NO:s, and the acidity generated by these two reactions would be too
important to explain the observed AAc/ADIC. Alternately, the
precipitation of sulfide minerals, as FeS and FeS, (Table 2,
reactions R7 and R8), may consume Ac and lower pH as observed
in the mid-salinity (5<S,<20) groundwaters. A variety of biotic and
abiotic reactions are also thermodynamicaly favorable under anoxic
conditions and in the presence of sulfate. For example, in high salinity
(Sp>21) groundwaters, the concomitant dissimilatory Fe and SO~
reduction with precipitation of sulfide minerals (FeS and FeS,) would
produce AAc/ADIC close to 1 (see Rassmann et al. (2020)). The exact
mechanism (i.e., biotic or abiotic) cannot be known without a detailed
examination of the S speciation. Nevertheless, the range of AAc/ADIC
(from 0.68 to 1.13; Figure 5C), in the high-salinity (S,>21)
groundwaters is fully compatible with sulfate reduction coupled to
iron reduction and FeS precipitation, and potentially pyrite
precipitation. If the system permanently stores FeS, it would serve
as a long-term source of Ac and act as a buffer to metabolically
produced CO, along the groundwater flow path.

The buffering capacity of submarine
groundwater discharges: what is the
impact on nearshore water chemistry?

The carbonate system parameters varied greatly along the
groundwater flowpath in response to organic matter

Frontiers in Marine Science

10.3389/fmars.2024.1323463

remineralization and redox reactions. The high DIC, Ac, and TA
measured in STE groundwater are consistent with results from
previous studies in intertidal zones where porewater seepages were
considered as the main source of solutes to tidal creeks (Borges
et al, 2003; Sadat-Noori et al., 2015). Whereas groundwater
exported from the Martinique Beach STE clearly delivered large
amounts of carbon to coastal water, the Ac to DIC ratio determines
whether the STE serves as a source or sink of atmospheric CO,. In
non-conservative systems, such as the studied STE, inorganic
carbon speciation for flux calculation is not straightforward, in
particular if metabolically produced CO, escapes to the atmosphere
along the groundwater transit. The set of data provided here allows
for an in-depth analysis of the behaviour of inorganic carbon, in
spring period at least, as well as the possibility to estimate the CO,
emission rate in the discharge zone.

Because of the occurrence of NAC, the pCO, was computed
from the DIC-pHyps pair. The range of calculated pCO, is
extremely high (Figure 7), reaching 6000 ppm in the subsurface of
the discharge zone. The flux across the (ground)water-air interface
was estimated between M3 and M4 using a mean surficial pCO, of
4010 (+ 6.8%) ppm (calculated between 0 to 30 ¢ depth below the
beach surface, N= 6 samples). By following the Wanninkhof (1992)
relationship, the gas transfer velocity parametrization was

Uand

computed based on a mean daily wind speed u; of 4.8 m s~
by assuming the water turbulence is null (which is probably not true
at the water table). The value was then normalized to a Schmidt
number of 600 (Sc= 600, for CO, at 20°C) to obtain a k600 value of
1.6 m d~" which is in the range of values reported by Raymond and
Cole (2001). Accordingly, the CO, fluxes ranged between 286 to 333
mmol m™2 d' (with a mean flux of 310 mmol m > d'). This
emission rate is higher than estimates reported for tropical
mangrove tidal creeks (e.i., 1-200 mmol m?2dl Borges et al.
(2003); 1-80 mmol m™> d~' Bouillon et al. (2007)). In a small
subtropical estuary, Sadat-Noori et al. (2016) estimated water to air
CO, fluxes as high as 1650 mmol m™> d ™" in the wet season when the
contribution of SGD is also high. Comparison of our result to
literature values is difficult given the assumptions used to estimate
the CO, flux from (ground)water to air, including the gas transfer
velocity. Despite these uncertainties, if we consider the extent of the
intertidal zone over the 1200 m of the Martinique Beach, this
emission rate results in a loss from 5165 to 6009 mol d™* of CO,
with a mean loss of 5590 mol d' which corresponds to ~246 kg d "
(227-264 kg d ', Figure 7). This result suggests that the discharge
zone may be a hot spot of CO, degassing, during low tide periods.
During the rest of the tidal cycle, the groundwater flow likely
dominates the transport of carbonate parameters that would alter
the buffering capacity of the receiving water.

Based on inland well concentrations (Table 1) and an inland
volumetric groundwater flow of 0.020 m> 57!, the DIC and Ac
inputs were around 1555 and 778 mol d ', respectively (~19 and
~39 kg d™! for DIC and Ac, Figure 7). Given a mean volumetric
groundwater flow of 0.034 m” s™' measured at the shoreline and the
mean DIC concentrations between piezometers M3 and M4, the
inorganic carbon export was of ~5520 mol d”" from the STE (which
corresponds to 66 kg d', Figure 7). Likewise, the flux of carbonate
alkalinity was twice as low, close to ~2700 mol d! (-32 kg dl,
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Figure 7). These fluxes are 3.5 times higher than fluxes derived from
inland groundwater, and highlight the importance of considering
the redox reactions along the flow path. The loss of CO, to the
atmosphere at low tide probably limits the export of metabolically
produced DIC and the export of acidic SGD to coastal waters. Given
the surface area of the aquifer at the shoreline, the SGD-derived
DIC and Ac fluxes were 1.45 and 0.70 mol m > d ', respectively. The
DIC flux was lower than estimated in June 2013 in the same area
because of the very high concentrations of DIC previously measured
in the intertidal zone (Chaillou et al. (2014)). Nevertheless, it
remains in the upper range of values reported in temperate and
tropical systems, indicating that subarctic STEs must be also
considered as potential sources of acidity to nearshore waters. For
example, Moore et al. (2006) reported SGD-derived DIC fluxes of
1.9 mol m™> d™" to the Okatee Estuary (USA), and Atkins et al.
(2013) estimated fluxes around 1.6 mol m™ d™! in North Creek,
Australia. We note that most of these solute fluxes were calculated
from radon-based SGD. Despite a major part of the metabolically
produced CO, being lost and neutralized along the groundwater
flow path, the SGD-derived DIC flux was still greater, nearly twice,
than Ac flux, reducing the buffering capacity of receiving
nearshore waters.

Our results provide a snapshot of SGD-derived alkalinity (TA
and Ac) and DIC fluxes from a subarctic subterranean estuary on
the Magdelen Island in spring when the unconfined aquifer had
been recharged after a few weeks of snow melt. Although an
investigation of the net annual effect of SGD on nearshore water
chemistry is not possible because of the difficulty to sample in the
presence of ice foot and sea ice during the winter season, we observe
that the SGD exported from the Martinique Beach STE is a net
source of acidity to coastal waters, at least in the spring. The net
production of acidity mainly results from the remineralization of
organic matter released by the old buried forest soil. The
biogeochemical role of paleo-soil on groundwater chemistry is
complex and further investigations are necessary to determine the
impact of weak organic acids on the acid-base properties of a STE
system. In our region, where relative sea-level rises rapidly (Barnett
et al., 2017), marine submersion and coastline retreat will favor the
burial of coastal boreal forest soils which, upon their diagenetic
remineralization, could become major sources of inorganic carbon
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to the atmosphere and coastal waters. In the St. Lawrence Gulf
region, where deep waters are already experiencing the effects of
acidification (Nesbitt and Mucci, 2020), considering CO,-rich
groundwater input is critical to determine the impact of sea-level
rise on regional and global carbon budgets.
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