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Abstract

Asthe-majorglobal- CO.-sinktThe oceanic buffering capacity total alkalinity (TA), as the major global CO; sink, is of growing
scientific interest. TA is mainly generated by weathering, and further by various anaerobic metabolic processes. The Wadden

Sea, located in the southern North Sea is_ hypothesized theughtto be a source of TA for the earbenate-system-efthe-North Sea,
but quantifications are scarce. Herewe-ebserved-This study observed TA, dissolved inorganic carbon (DIC), and nutrients in
the Dutch Wadden Sea in May 2019. Along several transects, surface samples were taken to investigate spatial distribution
patterns and to compare them with data from the late 1980s.\We-sampled-transect-surface-waters-to-detectspatial-distributions
and-compared-it-with-earlier-data: A tidal cycle was sampled to further shed light on TA generation and potential TA sources.
We identified the Wadden Sea as a source of TA with an average TA generation of 7.6 umol kg h* TA during ebb tide in the

Ameland Inlet. TA was generated in the sediments with deep pore-water flow during low tide enriching the surface water.and
washed-eut-with-offrunaning-water. A combination of anaerobic processes and CaCO; dissolution were potential sources of
TA in the sediments. We assume that seasonality and the associated nitrate availability in particular influence TA generation

by denitrification, which we assume is low in spring and summer.

1 Introduction

Astheregulatorof the-oceancarbon-dioxide (CO.)-sink; Ttotal alkalinity (TA) is of increasing scientific interest as the regulator
of the ocean carbon dioxide (CO;) sink, and is investigated worldwide in the Anthropocene (Abril and Frankignoulle,
2001;Bozec et al., 2005;Chen and Wang, 1999;Dickson, 1981;Middelburg et al., 2020;Norbisrath et al., 2022;Renforth and
Henderson, 2017;Thomas et al., 2004;2009;Sabine et al., 2004). The Anthropocene describes the current era of our planet,

when environmental changes, driven by humans, have become identifiable in geological records (Zalasiewicz et al.,
2010;Crutzen, 2002). The climate and the increasing atmospheric CO, content is mainly regulated by the open ocean. Around
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of the North Sea is an important atmospheric CO, sink as it exports the absorbed CO, in the deep layers of the Atlantic Ocean

where it is stored on longer time scales (Borges et al., 2005;Bozec et al., 2005;Burt et al., 2016;Brenner et al., 2016;Hu and

Cai, 2011;Schwichtenberg et al., 2020;Thomas et al., 2004;2009). Two important aspects of the oceanic climate regulation are

the oceanic circulation and TA. Both interact well in highly active ocean areas such as coastal zones, and shallow areas like

continental and marginal shelves. In these shallow areas, TA is very susceptible due to various metabolic processes and the

influence of adjacent zones like rivers, estuaries, marshes, and tidal flats (e.g., Norbisrath et al., 2022;2023;Wang et al.,

2016;VVoynovaetal., 2019). A previous study by Norbisrath et al. (2022) showed that an enhanced riverine, metabolic alkalinity

regulation in adjacent zones of coastal oceans.

Coastal zonesregions, which are the direct interface between most, if not all, compartments of the Earth system (i.e., terrestrial,
aquatic, oceanic) and human societies, appear particularly vulnerable to environmental and climate change (Glavovic et al.,
2015). This holds true for the Wadden Sea, the shallow, coastal sea along an approximately 500 km coastline of the
Netherlands, Germany, and Denmark, in the southern North Sea, which is declared as an UNESCO world natural heritage site
since 2009. Most of the Wadden Sea part-ofitis located between the protecting barrier Islands and the Mainland, which makes
it a-unigue-and-the world’s largest uninterrupted stretch of tidal flats with multiple tidal inlets (Fig. 1). Due to the topography,
the Wadden Sea is a highly dynamic ecosystem with influences from the mainland and the North Sea (Hoppema, 1993;Postma,
1954;van Raaphorst and van der Veer, 1990). Driving forces of the biogeochemical dynamics in the Wadden Sea are nutrient
and organic matter (OM) imports by rivers; and high suspended particulate matter (SPM) imports fromby the North Sea (Van
Beusekom et al., 2012;Postma, 1954).; Physical sources of variability in the Wadden Sea are and-oceanic driven wind, waves,

and tidal currents, as well as the counterclockwise circulation of the North Sea (Elias et al., 2012). Large tidal amplitude and
currents in conjunction with shallow water depths allow for vertical water column mixing and an exchange between the benthic
and pelagic realms_including deep pore-water exchange (Rey et al., 2008). The high tidal currents also impact the

biogeochemistry of the North Sea (Postma, 1954), as they cause an streng-exchange of water massesbetween the North Sea

and the Wadden Sea and play an important role in the import of particulate matter from the North Sea (Burchard et al., 2008).

TA, primarily consisting of bicarbonate and carbonate, is generated by Nextte-chemical rock weathering (Suchet and Probst,
1993;Meybeck, 1987;Berner et al., 1983), and - isti i j
stoichiometries by calcium carbonate (CaCOs) dissolution and anaerobic metabolic processes, such as denitrification, which

atee-in various

is the reduction process of nitrate to dinitrogen gas in the nitrogen cycle (Hu and Cai, 2011;Wolf-Gladrow et al., 2007;Chen
and Wang, 1999;Brewer and Goldman, 1976). Understanding of TA sources have recently become increasingly important due

to increasing anthropogenic CO, emissions, and the resulting demand for ocean based net-negative CO, emissions (e.g., Keith
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et al., 2006;Matthews and Caldeira, 2008;Zhang et al., 2022). In previous studies, the Wadden Sea was identifiedestimated as
a TA source of the North Sea with a loading between 39 Gmol yr (Schwichtenberg et al., 2020) and 73 Gmol yr* (Thomas
et al., 2009). Both studies suggested the entire Wadden Sea as one of the most important TA sources of the carbon storage
capacity of the North Sea. Burt et al. (2016) highlighted the importance of coastal TA production for regulating the buffer
system in the North Sea, and whereby-they-suggested denitrification as the major TA source. Due to the strong connection
between the North Sea and the Wadden Sea, a better understanding of TA generation in the latter-ene is required. Here, we
focus on the Dutch Wadden Sea that has been well-studied during the past decades (Hoppema, 1990, 1991, 1993;De Jonge et
al., 1993;Elias et al., 2012;Ridderinkhof et al., 1990;Postma, 1954;Van Beusekom et al., 2019;Schwichtenberg et al., 2017).
In particular Hoppema (1990);(1993) observed the spatial and temporal variability of TA in May, which we compare with our
observed transect data to detect potential differences over the last 30 years. In addition, we further shed light on potential TA
sources in the Dutch Wadden Sea.

2 Methods
2.1 Study site and sampling

This study is based on samples collected on a research cruise (LP20190515) in the Dutch Wadden Sea (Frisian Islands) on RV
Ludwig Prandtl in May 2019 (Fig. 1). We collected water samples in the Wadden Sea starting at Harlingen, through the Vlie
Inlet around the islands Vlieland and Terschelling, through the Ameland Inlet to Ameland Island, from there on via the Frisian
Inlet to Lauwersoog, and around Schiermonnikoog Island via the Ems-Dollard Inlet to Emden. In addition, we sampled a tidal
cycle from high tide to low tide (21.05.2019) and from low tide to high tide (23.05.2019) on each day as an anchor station in

the waterway at the western side of Ameland in the Ameland Inlet.

Nearly half-hourly, we continuously collected discrete surface (1.2 m depth) water samples with a bypass from the onboard
flow-through FerryBox system (Petersen et al., 2011), which also provided essential physical parameters such as salinity and

temperature. tr-additionwe-sampled-a-tidal-cyele-from-high-tide-to-low-tide-and-from-low-tide-to-high-tide-on-each-o

For TA and DIC measurements we sampled water with overflow into 300 mL BOD (biological oxygen demand) bottles and

preserved them with 300 L saturated mercury chloride (HgCl,) to stop biological activity. Each BOD bottle was filled without

air bubbles and closed by using a ground-glass stopper coated in Apiezon® type M grease and a plastic cap. The samples were

stored in a cool dark environment until measurements in the lab.

Water for nutrient samples was filtered through pre-combusted (4 h, 450 °C) GF/F filters and the filtrate was stored frozen in

three 15 mL Falcon tubes for triplicate measurements in the lab.

dn-ordertTo determine the total carbon (C), organic carbon (Corg) and nitrogen (N) concentrations in SPM and associated

Corg:N ratios, we used pre-combusted (4 h, 450 °C) GF/F filters, which wewere dried after sampling at 50 °C to remove all
humidity and were stored frozen afterwards until measurement.
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Figure 1 Sampling site in the Dutch Wadden Sea. The sampling stations around the Frisian Islands in May 2019 are visualized

5°50'0"E

with-the white triangles. The yellow circle highlights the anchor stations for the tidal cycle sampling in the Ameland Inlet on
two days. During the sampling day from low tide to high tide, we had two samples that we took slightly more western due to
drifting. The island and city names are shown in white, the inlets in yellow. The tidal flats and sedimentary structures are well
visible between the barrier islands and the mainland.

2.2 Samphing-andCarbon species analyseis

stored-in-a-cooldark-environment-until- measurements-in-the lab.
The parallel analyses of TA and DIC were carried out by using the VINDTA 3C (Versatile INstrument for the Determination

of Total dissolved inorganic carbon and Alkalinity, MARIANDA - marine analytics and data), which measures TA by
potentiometric titration and DIC by coulometric titration with a measurement precision < 2 umol kg (Shadwick et al., 2011).
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To ensure a consistent calibration of both measurements,-we-used certified reference material (CRM batch # 187) provided by
Andrew G. Dickson (Scripps Institution of Oceanography) was used.

The calcite_and aragonite saturation states (Q2) and the pH were computed with the CO,SYS program (Lewis and Wallace,
1998), using the measured parameters TA, DIC, salinity, temperature, silicate and phosphate as input variables, together with
the dissociation constants from Mehrbach et al. (1973), as refit by Dickson and Millero (1987).

2.32.2 Nutrient analyses bl

We-meastred-tThe nutrients were measured with a continuous flow automated nutrient analyzer (AA3, SEAL Analytical) and
a standard colorimetric technique (Hansen and Koroleff, 2007) for nitrate (NO3’), nitrite (NO’), phosphate (PO,%), and silicate
(Si), and a fluorometric method (Kérouel and Aminot, 1997) for ammonium (NH,") (Grasshoff et al., 2009).

lnardor ta dotoarmina tho tntal rhan (C) roani arbhan (C ) and nitranan (N neontratin
A} TSorgs gerrYy ©

—For the Corq determination, filters were acidified with 1IN HCI and dried overnight to remove
all inorganic carbon content. Filters were measured with a CHN-elemental analyzer (Eurovector EA 3000, HEKAtech GmbH)
in the Institute of Geology, University Hamburg, and calibrated against a certified acetanilide standard (IVA Analysentechnik,
Germany). The standard deviations were 0.05 % for carbon and 0.005 % for nitrogen.

2.4 Data analyses -

The data analyses were performed by using RStudio Version 1.3.1073 © 2009-2020 RStudio, PBC. The linear regression
Model 11 was performed by using the “lmodel2” R package, and the plots were created with the “ggplot2” R package.

3 Results
3.1 Spatial parameter distribution

tn-ordertTo investigate the spatial distribution of total alkalinity (TA) in the Dutch Wadden Sea and compare its general status
with earlier studies (e.g., Hoppema, 1990)the-past, we observed the spatial distribution of TA and related parameters from the
coastal mainland towards the open North Seaecean as surface water transect.

The temperatures varied between 12 and 16 °C with higher temperatures towards the coastal mainland (Fig. 2a). Salinity was
relatively stable with only minor differences varying from 28 to 33 (Fig. 2b). Lower salinities were only observed in the four
sampling stations in the Ems Estuary with the minimum value of 20.25 at the most upstream station.

Spatial transect TA contents ranged from 2332 pmol kg™ to 2517 umol kg*. We observed lower contents on the oceanic, i.e.,
North Sea side of the Frisian Islands with somewhat higher contents around Ameland (Fig. 2c). In contrast to the oceanic side,
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the valueseontents were higher with-values-(> 2380 umol kg TA) in the Wadden Sea. Only in the Ems Estuary, the contents
were even higher, with values up to 2517 pmol kg™ TA at the most upstream station. We-saw-higherThe TA values_were
higher in the Wadden Sea than in the open ocean, supporting the assumption of TA being generated in this tidal flat area. \We
alse-observed The highest TA contents were observed at the coastal mainland-that decreasinged towards the North Sea.

In-sSilicate (Si),we-observed showed a similar pattern-as-in-FA; with higher concentrations in the Wadden Sea and lower ones
towards the ocean (Fig. Al). Highest concentrations were observed at the coastal mainland and in the Ems Estuary. Silicate
concentrations were between 0.26 and 56.32 pmol L. Both, tFhe calcite and aragonite saturation states (Q) was-were
supersaturated in the entire-observed study site-(Fig-—A2).-We-observed Vvalues ranged from 2.32 to 4.65 for calcite (Fig. A2)
and from 1.4 to 3.0 for aragonite (not shown). Highest values were observed at the oceanic side of the barrier islands in the

North Sea. The Llowest values were observed near Harlingen and in the Ems Estuary. Like Simiarto-the ealeite-saturation
states (Q2),-we-observed-higher the pH values were higher in the North Sea, and lower values-in the Wadden Sea and near the
coastal mainland (Fig. A3). The pH values ranged from 7.86 to 8.19. The Llowest values were observed near Harlingen and
in the Ems Estuary. The nitrate (NOs’) concentrations were in a similarly-simiar-in-a low range (< 3 pmol L* NOs’) throughout
in the transect., with-hHigher concentrations (< 6 umol L'* NOs") were observed at-only at a few stations close to land, and
maximum concentrations (< 38 umol L' NO3) were observed in the Ems Estuary (Fig. A4). Ceneentrations-o£-DIC contents
ranged from 2097 umol kg™ to 2430 pmol kg (Fig. A5). DIC values showed a similar pattern as were-similarto-TA values,
with higher concentrations near the coastal mainland and in the Ems Estuary, and decreasing concentrations toward the North
Sea, where we-observed-lowest DIC-contents reached minimum values.
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Figure 2 Spatiat-distribution-of variousparameters-Latitudinal and longitudinal distribution of a) temperature (°C), b) salinity,
and c) total alkalinity (TA; umol kg)-d)-siicate{Si:pmol-L4)-e)-calcite saturation-state(Q)f)-pHg)-nitrate (NO5pmol
L) -and-h)-dissolved-inorganic-carbon{DIC:pmel-kg™) from surface water samples in May 2019.

The strong impact from the inner Ems Estuary is visible in all parameters with higher values in the outer estuary and its adjacent
zones, or with lower values in case of pH and the calcite saturation state. Furthermore, we observed higher values around
Ameland Island than in the western part ofr theeur transect starting from Harlingen towards the Vlie Inlet. tn-particularaAt
the oceanic side offrem the Vlie Inlet, the impact of the North Sea is visible through lower temperatures and higher salinities.
The North Sea impact is also visible in the mixing between TA and salinity (Fig. 3). We-only-observed aA relatively linear
mixing behavior was only observed in the transect through the Ems-Dollard Inlet and Vlie Inlet(Fig—3), where—Fherewe
observed-decreasing TA contents decreased with increasing salinities from the mainland towards the ocean (Fig. 3)—Fherefore;
we identifyingied the Dutch Wadden Sea as-being a source of TA. In contrast to the TA content computed for the salinity end-

member in the Ems-Dollard Inlet, we detected higher TA contents around Ameland, both at the North Sea side (Ameland NS)

and the Wadden Sea side (Ameland WS), as well as in the Vlie Inlet, which further support additional TA sources in the

Wadden Sea (Fig. 3). W

clearly indicated non-conservative behavior with increasing TA contents atae constant salinities.
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Figure 3 Fotalalkalinity—salinity-mixing—Mixing between total alkalinity (TA) and salinity in the oceanic side of Ameland
and the Frisian Inlet (Ameland NS), in the Wadden Sea site of Ameland (Ameland WS), around Schiermonnikoog and in the
Ems-Dollard Inlet, and in the Vlie Inlet.

3.2 Tidal cycle

In-ordertTo estimate TA generation in the Dutch Wadden Sea, to shed light on potential TA sources, and to estimate the
potential TA amount that is exported to the North Sea, we observed a tidal cycle at an anchor station in the Ameland Inlet on
two days during with-the-ebservation-of-flood tide and ebb tide, respectively. Here, our focus is on ebb tide data that we used
to identify patterns in the several biogeochemical parameters-various-parameters in off running water (Table B1). The salinity
observations allow us to exclude addition by mixing with freshwater sources, since the salinity was constant between 32.50

and 32.52 (Table B1). We-observed-Salinity values were in the range of saline waters like-simiarte water of the North Sea.
During ebb tide, TA ranged from high tide with 2387 umol kg™ TA to low tide with 2438 umol kg™ TA (Fig. 4a). We identified

an increase of 51.6 pmol kg* TA (ATA) over a duration of 6.8 h during ebb tide, resulting in a TA increase of 7.6 pmol kg™
h TA at the sampling location.
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DIC contents were similar to TA with minimum values at high tide (2172 umol kg DIC) and highest values (2273 pumol kg
1 DIC) at low tide. During ebb tide, we observed an increase of 101.3 pmol kg™ DIC (ADIC) resulting in a DIC increase of
14.9 umol kg ht DIC (Fig. 4b). DIC increased almost twice as much as TA.

Nitrate concentrations approached seawater concentrations with a minimum observed nitrate concentration of 1.26 pmol L*
NO5 and a maximum concentration of 2.17 pmol L™ NOs™ (Fig. 4cg). During ebb tide, nitrate slightly increased by 0.92 umol
L NOs™ (ANOy), resulting in a nitrate increase of 0.13 umol L h* NOs.

In silicate, we-detected-a similar pattern with low values (1.8 pmol L Si) at high tide and increasing concentrations during

ebb tide to a maximum of 11.2 umol L, Si was detected. The silicate increase (ASi) of 9.4 umol L™ Si resulted in a silicate

increase of 1.4 pmol Lt h Si during ebb tide (Fig. 4de).

Ammonium increased from 3.47 umol L* NH,* to 6.22 umol L* NH4* during ebb tide (Fig. 4eh). We observed an ammonium

increase (ANH,*) of 2.74 pmol L* NH,* resulting in an increase of 0.4 umol L™ h"t NH,*.
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The calcite_and aragonite saturation states had amaximum values (Q = 3.8/ 2.4) at high tide and decreased_to their minimum
t0-3-3-(Q = 3.1/ 2.0) during ebb tide (Fig. 4fe, Table B1). The maximum at high tide indicated the influence of the North Sea
that-decreased during the ebbreduced-with-offrunning-water.

Similar-teLike omega, the pH had maximum values (8.07) at high tide and decreased to a minimum (7.93) during ebb tide

(Fig. 4g§).

Corg:N ratios of SPM increased during ebb tide (Fig. 4ht).\We-ebserved-a A minimum Corg:N ratio of 5.6 around high tide that
increased to a maximum of 13.0 during ebb tide was observed. Simultaneously, the SPM concentration increased during ebb
tide, from 12.8 mg L* SPM to a maximum of 82.4 mg L SPM at the second last station (Table B1).
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Figure 4 Tidal cycle from high tide to low tide. Temporal distribution of a) total alkalinity (TA), b) dissolved inorganic

carbon (DIC), ¢)
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11

ammonium, f) calcite saturation state (Q2), fg) pH,-g)-ritrate; h)
ammonitm—1-Corg:N ratio of SPM, and i) DIC:TA ratio-frem-high-tide-te-low-tide. Note the different y-axes.
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3.3 TA generation

The Dutch Wadden Sea is exposed to strong tidal forcing by the North Sea leading to a bi-diurnal exchange of water. The
strong tidal forcing induces a stronghighlights-the benthic-pelagic coupling. Many studies supportand-tet-ts-assume that the
outflowing water exports material from the sediment _(e.g., Billerbeck et al., 2006;Ray et al., 2008). {r-ordertTo support our
assumption_of a sediment source of TA, we further investigated potential TA sources.

For a first rough estimate of a maximum TA export during ebb tide, we used the observed TA increase (ATA) of 51.6 umol
kg TA during ebb tide (in the Ameland Inlet), and the tidal prism of 478 *10% m® of the Ameland Inlet (Louters and Gerritsen,
1994). With this estimate, we obtained arrived-at-a rough TA export on the order of 23.9 mol TA during ebb tide from the
Ameland Inlet into the North Sea. With an-ebserved tidal duration of 6.8 h, the estimated TA export of 23.9 mol would result
ina TA export of 3.5 mol h* TA.

Based on the correlation of TA and silicate (R% = 0.93), and on the nonlinear relation between both, TA and salinity (R2=

0.32), as well as silicate and salinity (R? = 0.21), we were able to determine whether TA originates in this part of thee Wadden

Sea or is carried by river runoff. Both; TA and silicate increased almost proportionally during ebb tide, pointing to the same
origin (Fig. 5b). The non-conservative behavior simitar-pattern-of TA over salinity and silicate over salinity suggested-non-
conservative-behavior-of both-and-rules out any sources due to fresh-water dilution and river runoff (Table B1).

tr-ordertTo further elucidateshed-ight-en potential TA sources in the Dutch Wadden Sea, we correlated TA with DIC, silicate
nitrate, and ammonium varieus-parameters-from high tide to low tide_(Fig. 5). The first four samples on the left side of the

plots in Fig. 5 show values probably at the tipping point of high tide, whereby we recommend neglecting these samples in the

interpretation of ebb tide samples. The-observation-of samples-collected-during-ebb tide-allowed usto-examine potential-sou

of TA generation.
First,-we-tested the correlation between TA and DIC-that reveals the ratio between anaerobic and aerobic processes,: which
We identifiesd a strong positive correlation between DIC and TA (R? = 0.93) with TA contents higher than DIC contents (Fig.

5a). However, even with contents of TA higher than DIC, the slope of 1.877 indicated DIC release excess with an increase in
DIC (ADIC = 101.3 pmol kg*) almost twice as high as TA (ATA = 51.6 umol kg?) (Fig. 5a). This may be caused by strong
CO; production due to high aerobic OM degradation, or uptake from the atmosphere-by-enrhaneed-due to water movement by
tidal forcing. The TA increase can be fueled by various processes which we will discuss belowattater-stage. We detected an

outfloweutwashingprocess-from-the-pore-water (Fig. 5h).\We-identified-a A stronger influence of the pore-water with ongoing
ebb tide_is indicated by increasing values. The positive correlation between nitrate and TA (R? = 0.67) (Fig. 5c) was less

strongewer than the correlations between TA and DIC and TA and Si, which could be traced back on an effect of the first four
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257 samplings as mentioned above. In the remaining samples, we-ebserved-the increasing nitrate and TA contents; suggesting a
258 stronger effect of TA generation than nitrate production.
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260 Figure 5 Correlations of TA with a) dissolved inorganic carbon (DIC), b) silicate, c) nitrate, and d) ammonium during ebb
261 tide in the Ameland Inlet.
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4 Discussion
4.1 Spatial TA variability

1n-the-past-Hoppema (1990) reported TA distributions in the western-most part of the Dutchwestern Wadden Sea around the

barrier islands Texel, Vlieland, and Terschelling. He focused on the tidal basins drained by the tidal inlets Marsdiep and Vlie

located more to the western than our sampling stations_(not visible on the map). Hoppema (1990) did not observe an increase
of salinity in the Wadden Sea from the fresh-water source towards the ocean and associated this to the influence of tidal

differences and an arbitrary sampling scheme. -The presence
of seawater in the Dutch Wadden Sea and on the tidal flats is supported by our transect data, which show relatively high

salinities at coastal North Sea level. Brackish salinities were was-only detected in the large Ems Estuary, which receives-with

high discharges of fresh-water from the river Ems, and close to Harlingen and Lauwersoog, which have directly fresh-water

ea-_The absence of clear salinity
gradients in this part of the Dutch Wadden Sea suggest that most of the IJsselmeer discharge was exchanged with the North

Sea through the Marsdiep.

While-tThe spatial TA data by Hoppema (1990), showed lower TA contents at stations with more fresh-water influence and
higher TA contents in the tidal inlets. The data of this study also show we-ebserved-high TA contents in the tidal inlets,
suggesting TA generation in sediments, which is fueled by high imports of nutrients and OM (Van Beusekom and De Jonge,

2002);. The even higher TA contents_at stations with lower salinities close to the mainland observed in this study also show

the influence from the catchment area on the coast and TA generation in the shallow sediments near the coast.- Fhisresuit
ion i i ichi ighti i . In May (1986), Hoppema’s (1990)
data showed TA contents ranging between 2319 and 2444 umol kg™ TA at salinities between 18.62 and 29.17, while our

lowest observed TA content was 2332 pmol kg™ TA at a salinity of 32.14, and our highest TA content was 2517 umol kg*

TA at a salinity of 20.25 close to the coastal mainland. Comparing both studies, one can say that the general level of TA was
in a similar range. tn-addition-to-the spatial differences; the general-level of TA was-only slightly-higher-in-our-data than-in-th
data-from- the early 1990s.

A conservative mixing between TA and salinity is only visible in the Ems-Dollard Inlet and the Vlie Inlet (Fig. 3). The

conservative mixing Fer-thein the Vlie Inlet;-this can be explained by the fact that more North Sea water masses—from-the
Nerth-Sea-pass through the deeper inlets and transport more seawater towards the coast. The Vlie Inlet has the is-the-ene-with
the-highest average tidal prism and_is the second largest inlet after the Marsdiep Inlet in the Dutch Wadden Sea (Elias et al.,
2012). Similar to our findings, Hoppema (1990) noted a linear mixing of TA and salinity in the Vlie Inlet-during-his-time, and
suspected a lower fresh-water contributionntent there as well.
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In theFer-the Ems-Dollard Inlet, conservative mixing was observed indicating minor contributions from other sources.;-the

ing- In a previous study, Norbisrath et al. (2023)
observed very high TA contents and TA generation in the upper tidal river of the highly turbid Ems Estuary, which may explain

the high levels of TA in the estuary (at low salinities) that-we-observed in this study.

Hoppema (1990) also identified varying TA contents within the Dutch Wadden Sea and related these to different sinks and
sources. TA sinks can be calcium carbonate (CaCO3) precipitation, or extraction of seawater carbonate by mollusks (e.g., Chen
and Wang, 1999;Hoppema, 1990). Variable fresh-water inflows can either serve as a sink or a source (e.g., Chen and Wang,
1999;Hoppema, 1990). Other sources can be CaCOjs dissolution, anaerobic metabolic processes in the sediment, or erosion of
TA enhancing sediments (e.g., Hoppema, 1990;Chen and Wang, 1999).

Since we-atmest observed constanterly marine salinities (> 30), and higher TA values in the Dutch Wadden Sea than in the
North Seawhich-is-in-contrast-te-, we exclude TA sinks and-enly focus only on TA sources-here. According to Hoppema
(1990), the main causes for TA variations in the Dutch Wadden Sea were fresh-water inflows and sources in the sediment. In

our study, fresh-water inflows with high TA contents were only observed in the Ems Estuary and Ems-Dollard Inlet, but not
around the islands and the tidal flats. For a further TA source identification in the Dutch Wadden Sea, we investigatedebserved

the TA variability duringwithin a tidal cycle close to Ameland.

4.2 Determination of TA generation

and-Burt et al. (2016) and

Schwichtenberg et al. (2020) assumed TA generation in the Wadden Sea as an important source for the North Sea’s carbon

storage capacity.; Here, we want to further identify shed-light-on-the-TA generation and potential TA sources.

In a study from the early 1990s, Hoppema (1993) observed a tidal cycle in the Marsdiep in May and September - while he
fFocusinged on TA, DIC, and oxygen, he -
than-ours(>-32),-were-observed—Hoppema-(1993)-also observed increasing TA values during ebb tide and assumed the tidal
flats and discharging rivers and canals as TA sources.-of FA-

Our present TA data and the historical TA data show no We-detected-ne-large differences between-our-data-and-the FA-values
during-a-tidal-cyele-observed-by-in the range of values observed during a tidal cycle. However, an in-depth interpretation and

comparison of both data sets would exceed the capacity of these data, leading us to focus on TA generation during our cruise.

Our observation of a TA generation of 7.6 umol kgt h™* TA during ebb tide supports the assumption of the Wadden Sea being

a TA source for the North Sea. With the tidal prism of the Ameland Inlet estimated by Louters and Gerritsen (1994), we
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estimated an upper bound first-reugh-petential-maximum-TA export from the Dutch Wadden Sea into the North Sea on the

rough maximum estimate, because some waters in the main tide-ways-and channels have no direct contact to the areas of the

tidal flats. Schwichtenberg et al. (2020) assumed an annual export of 10 to 14 Gmol yr* TA for the entire Dutch Wadden Sea.
An inclusion of our TA exportSince-we-only-have-one-value-of one-tidal-observation—an-inclusion into the model used by

Schwichtenberg et al. (2020) would be unreliable, since it based on only one value of one tidal observation (personal

communication J. Pétsch, 2022). To test whether theeur observed TA generation match their suggested TA export, more
observational data are required. Therefore, we suggest as-future-work-to-collect-samples—at-least-in-each-season-seasonal
observational data in order to run the model and gain a representative result (personal communication J. Pétsch, 2022) as future

work.

4.3 TA source attribution
4.3.1 Local sediment outwash

In order to gain further insight inside-into potential sources of TA, we included nutrients in our investigation. The main focus
was on silicate that we used as a natural tracer since it is not directly provided anthropogenically and allowed us to determine
the silicate source (Van Der Zee and Chou, 2005). #a-thesilicate-coneentrations-w\We identified a silicate increase of 1.4 umol
L1 ht Si during ebb tide. Silicate originates from dissolution of diatoms and pore-water exchangesediment-eutwash in the
Wadden Sea (Van Bennekom et al., 1974;Van Der Zee and Chou, 2005). Here, we relate the silicate increase to outwash from
sediments, because it markedly increased during ebb tide. This assumption isean-be supported by Van Bennekom et al. (1974),
who suggested silicate diffusion from interstitial water in the sediment as potential source, since very high silicate
concentrations were found in deeper sediment layers (Rutgers van der Loeff, 1974). Due to the absence of large estuaries
nearby and-a salinity consistently being above 32, we exclude fresh-water runoff as a major silicate source. This can be
supported by the relation between silicate and salinity in which we observed a non-conservative behavior (Table B1). Since
TA behaves also non-conservative relative to salinity (Table B1), the_silicate observations support the occurrence of TA
sources in the tidal flats of the Wadden Sea.-ether-than-riverrunoff-is-supported:

Submarine groundwater discharge (SGD) was identified as a source for nutrient fluxes in tidal flat ecosystems in previous
studies (e.g., Billerbeck et al., 2006;Rgy et al., 2008;Santos et al., 2021;Waska and Kim, 2011;Wu et al., 2013). Waska and
Kim (2011) identified strong SGD contributing up to 50 to 70 % of the nutrient fluxes that fuel primary production in a tidal

embayment (Hampyeong Bay) in southwest Korea. In May, they observed low salinities indicating fresh-water. However, in
September they observed constant marine salinities referring them to be exclusively composed of recirculating seawater. Since
we constantly observed marine salinities, we suspect that recirculating marine groundwater enriched with nutrients eeuld-act

as a source for our observed increasing TA and nutrients parameters.

16

[ Formatiert: Nicht Hochgestellt/ Tiefgestellt




358
359
360
361
362
363
364
365
366
367

368

369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384

|385
386
387
388

|389
390

TA generation in tidal flats was also observed by Faber et al. (2014), who focused on a large macro tidal embayment in southern
Australia. They also found increasing TA values during ebb tide, —Because-they-used-*?Rna{radon-222)-as-a-conservative
tracer-to-detectpore-water-exchange;-they-were-able-te-associated the TA increase with a higher fraction of pore-water, which
centained-higher TA-contents;-and determined the tidal cycle as the controlling force for pore-water exchange. Their findings
Fhis-explanation-and the observed silicate outwash support our assumption that TA is generated in the sediments of the tidal
flats and is washed out during ebb tide. In addition, we exclude lateral advected signals from more western regions as the Vlie
Inlet, since the TA contents in the surface transect samples in the Vlie Inlet (except of the two samples close to the coastal
mainland near Harlingen) were in the same range as the other observed TA contents and were below the increasing TA contents
during ebb tide. Both increases in TA and silicate are clearly tidal signals, and we clearly identify TA generation in the
sediments of the tidal flats here as local TA sources.

4.3.2 TA generating processes

The observed TA generation of 7.6 pmol kg h™* TA and the silicate increase of 1.4 pmol L* h* Si indicated an excess of TA
under-consideration-of given a TA:silicate ratio of 2:1 (Marx et al. 2017), and under the condition of silicate being bound in
minerals, which would then account for a TA generation of 2.8 umol kg* h™ TA. However, when silicate occurred dissolved
in water it does not contribute to TA generation (Meister et al., 2022). A TA excess related to silicate was also observed in the
correlation between TA and silicate (Fig. 5b). Since we observed more TA generated than silicate being washed out, other
biogeochemical processes must be responsible for the TA generation in the sediments of the tidal flats in the Dutch Wadden
Sea.

With the observed omega values, we exclude CaCOs dissolution as TA source in the overlying water, since the omega values

were clearly supersaturated with Q > 1(Fig. 4fe, Table B1). The continuous calcite supersaturation nicely indicated the inflow

and dominance of North Sea water during the flood, with omega values similar to previously observed North Sea values (Q ~
3.5t0 4) (Charalampopoulou et al., 2011;Carter et al., 2014). However, because of the Q supersaturation of the overlying water
and a lack of pore-water data, we were unable to determine if TA generation by CaCOs dissolution occurs in deeper sediment
layers. There, CaCOs dissolution can only be driven metabolically, when CO is produced during OM remineralization or
reduced compounds that were previously produced during anaerobic processes are oxidized and lead to undersaturation with
respect to carbonates (Brenner et al., 2016;Jahnke et al., 1994).

By-aA more detailed interpretation of ADIC, ATA, and various nutrient ratios, we-tried-te-further narrows down the potential
sources of TA generation in the sediments and used an upper bound estimate for CaCOj3 dissolution. The correlation of DIC
and TA reveals an excess of released DIC compared to TA (Fig. 5a), as indicated by the slope of 1.87, while we observed an
increase in DIC (ADIC) almost twice as high as in TA (ATA). The high ADIC points to high aerobic OM degradation and
remineralization, resulting in high CO- export. High aerobic OM degradation was also previously observed in the heterotrophic
Wadden Sea (e.g., De Beer et al., 2005;Van Beusekom et al., 1999), assuming an OM degradation and remineralization
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occurring in the water and sediment in about equal parts (Van Beusekom et al., 1999). High OM degradation is also indicated
by the increasing Corg:N ratios of SPM during ebb tide (Fig. 4h, Table B1). Because we observed constant coastal North Sea
salinities, we rule out fresh-water runoff and terrestrial signals as source for the increasing Corg:N ratios of SPM. We assume
that fresh OM is rapidly degraded, and the older OM settles on and in the sediment where the degradation continuous and
where it is resuspended by the water exchange with outflowing water. Therefore, we assume that the increase of SPM
concentrations and their Corg:N ratios is an indicator for older and more refractory OM. The increase in TA contents point to

anaerobic processes, CaCOjs dissolution, or a combination thereof as TA sources occurring in the sediments.

For the upper bound estimate, we assumed CaCOj3 dissolution in the sediments with the DIC:TA ratio of 1:2 as source of TA.
Considering this ratio and the observed ATA of 51.6 umol kg™ TA, a potential ADIC of 25.8 umol kg* DIC of the observed
ATA would be produced by CaCOs dissolution. The remaining potential 75.5 pmol kg™ DIC (101.3 — 25.8 umol kg* DIC) of
the observed (ADIC) could then be produced by OM degradation and remineralization, and would, using the expected Redfield
ratio of C:N (6.6), correspond to an estimated potential dissolved inorganic nitrogen (DIN) production of 11.4 pmol kg* DIN.
However, this estimated potential DIN production (11.4 pmol kg* DIN) of OM degradation and remineralization exceeded
the observed increase of ADIN (3.97 pmol L DIN; Table B1, sum of NOs, NO; and NH4*) during ebb tide. With this
estimation and the assumption that all DIN produced is released and thus lost, TA is probably produced by CaCOs dissolution
and anaerobic metabolic processes other than denitrification in the sediment. In addition to that, and with a N-focused
perspective, the DIN loss also hints to the occurrence of other processes that consume nitrogen species but have no net effect
on TA, such as anammox and coupled nitrification-denitrification (Hu and Cai, 2011;Middelburg et al., 2020). The suggested
DIN loss can be supported by considering the marine DIN:Si ratio, which is supposed to be 1:1 (Brzezinski, 1985). We
observed DIN:Si ratios decreasing from 2.7 to 0.8 from high tide to low tide. The decreasing ratios show that both parameter
concentrations increased during ebb tide, whereby DIN concentrations increased lower than silicate concentrations. We
observed a silicate excess with respect to DIN at the end of ebb tide, supporting the DIN loss.

Denitrification, the anaerobic irreversible reduction of NOs™ to N, that generates 0.9 mole TA by using 1 mole NOj3 as electron
acceptor (Chen and Wang, 1999) is a net TA source. Denitrification depends on the supply of nitrate, which seasonally varies
(Van Der Zee and Chou, 2005 and references therein). Generally, nitrate is depleted in summer due to high turnover rates and
occurs in higher concentrations in winter (Kieskamp et al., 1991;Jensen et al., 1996;Van Der Zee and Chou, 2005). This
seasonality lead to denitrification rates also being lower in summer and higher in winter (Kieskamp et al., 1991;Jensen et al.,
1996). In previous studies, Faber et al. (2014) identified denitrification as a minor source for TA due to low denitrification
rates, and also Kieskamp et al. (1991) observed low denitrification rates in the Wadden Sea, with low nitrate concentrations
(< 2.5 umol L) in the overlying water. We observed nitrate concentrations (< 2.17 umol L) lower than the concentration
sufficient for denitrification assumed by Kieskamp et al. (1991). Therefore, we do not exclude denitrification, but suspect it as
a minor source of TA in the Dutch Wadden Sea at least in spring and summer due to the seasonal lack of nitrate. Thomas et
al. (2009) detected TA seasonality in the southern bight of the North Sea, which is also influenced by the TA generation in the
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Wadden Sea. We support their findings of lowered TA generation by denitrification in late spring and early summer. In
addition, the calculated potential DIN excess compared to the observed DIN not only hints to other N consuming processes
that have no effect on TA, but also suggests that allochthonous nitrate would be needed to fuel the TA increase by
denitrification. In addition, the albeit low availability of nitrate indicates to predominantly aerobic metabolic activity during
the time of our observations, which is in line with earlier studies reporting an enhanced relevance of anaerobic activity later in
summer (Luff and Moll, 2004;Thomas et al., 2009).

Another source of TA in sediments is aerobic OM respiration with the associated formation of ammonium while consuming
H* (Blackburn and Henriksen, 1983;Berner et al., 1970;Brenner et al., 2016). The observed increasing ammonium
concentrations (Fig. 4eg) could be associated with aerobic OM degradation leading to ammonium formation. The resulting
ammonium formation in the upper oxygenated sediment layers would increase DIC by the production of CO, and increase
TA by the consumption of H* (Fig.5) (Brenner et al., 2016). In sediments, the production of one mole ammonium (from
ammonia) would then generate one mole TA (Berner et al., 1970;Meister et al., 2022). In contrast, in the water column, the
aerobic respiration of OM produce CO- and increase DIC, also visible in decreasing pH values (Fig. 4gf), but consume TA
and would not produce ammonium (Chen and Wang, 1999). Therefore, aerobic OM respiration in the water column could only
explain the higher increase in DIC than in TA, but not the simultaneous increase in TA and ammonium (Fig. 5). Based on this,
we assume that OM respiration associated with TA generation occurs in the sediments, leading to TA and DIC generation and
also to ammonium production, being washed--out during ebb tide. The produced ammonium is then also accessible for
nitrification that produces nitrate. A slightly increased nitrate concentration in the most upper sediment layers was observed
by Beck et al. (2008a) in the German Wadden Sea. This observation, a potential nitrate reservoir, nitrate production due to OM
degradation and nitrification occurring in the upper oxygenated sediment layers (Martin and Sayles, 1996), or a
combinationmix thereof could explain the observed low increasing nitrate concentrations during ebb tide. However, as we rule
out terrestrial nitrate imports as nitrate source here, the simultaneous increase of TA and nitrate is noticeable for us, because
nitrification consumes TA (Brenner et al., 2016). We assume that potential nitrification has a minor effect on TA, since we
observed only low nitrate concentrations and a really low increase of nitrate compared to the increase of ammonium and TA
during ebb tide. Fhe-tLow nitrate concentrations resulting in a reduced availability of bound oxygen, i.e., electron acceptors.
This promotes the occurrence of other anaerobic processes of the redox system to generate TA in the deeper, anoxic sediment
layers in the Dutch Wadden Sea, such as sulfate and iron reduction.

Sulfate reduction followed by iron reduction and the formation and burial of pyrite are net sources of TA, since TA
consumption by reoxidation is excluded when buried in sediments (Berner et al., 1970;Faber et al., 2014). Whether these
processes contribute to TA generation in the deeper sediments of the Dutch Wadden Sea cannot be further identified without
the necessary data. However, sulfate reduction was also mentioned as source of TA by Thomas et al. (2009). The temporary
slight appearance of noticeable sulfuric odor could be another indirect indicator for the occurrence of sulfate reduction. In
previous studies of tidal flats in the German Wadden Sea, Beck et al. (2008a);(2008b) observed increasing TA contents with

19



459
460
461
|462
463
|464
465
466
467
468
469
|470

471

472
473
474
475
476
477
478
479
480
481
482
483
484
485

depth and identified sulfate reduction as the most important process for anaerobic OM remineralization in pore-water cores.
Sulfate reduction releases 1.14 mole TA with the oxidation of one mole carbon of POC , and iron reduction releases 8.14 mole
TA with the oxidation of one mole carbon of POC, indicating that both processes are large sources of TA generation (Brenner

et al., 2016), but eannot-be-further studies are needed to support this.-interpreted-without-the-necessary-data-

A strict comparison of the northern and the western parts of the Wadden Sea is difficulteannet-be-fulthy-recommended-because
the areas vary in terms of OM import and eutrophication effects (Van Beusekom et al., 2019), sediment composition, and
extent between the barrier islands and the mainland, all of which influence the occurrence and interaction of biogeochemical
processes (Schwichtenberg et al., 2020). Altheugh—tThe area characteristics of the northern and western Wadden Sea differ
especially in terms of OM turnover being lower in the norther Wadden Sea. —aA previous study by Brasse et al. (1999)
identified high TA and DIC contents in the sediment of the North Frisian Wadden Sea and identified CaCO3 dissolution and

sulfate reduction as major TA sources, which is appear-consistent with our findings.

5 Conclusion

The Dutch Wadden Sea is a unique and highly dynamic ecosystem. While observing the spatial TA distribution and TA
generation in the Dutch Wadden Sea, we detected higher TA values than in the North Sea; and identified the Dutch Wadden
Sea clearly as a TA source foref the North Sea’s carbonate system. Compared to previous histerieal-studies (Hoppema, 1990,

1993), the TA values we observed were in a similar range, with high TA values in the tidal basins. Beside the need for seasonal
observations, future work should also focus on the tidal end-members to better understand the general and seasonal influence
of freshwater inflows on the TA status in the Dutch Wadden Sea. but-while-he-observed-lower TA-values-nearthe coast—we

By observing salinity and using silicate as a tracer, we excluded fresh-water dilution and river runoff as TA sources on the
tidal flats, and instead, identified local outwash from the tidal-flat-sediments as sources of TA. Aerobic, metabolic processes
such as CaCOjs dissolution and ammonium formation seem to dominate TA generation in the upper oxic sediment layers and
the overlying water, while anaerobic, metabolic processes such as denitrification, sulfate and iron reduction are potential TA
sources in the deeper anoxic sediment layers. However, in spring and early summer, denitrification seems to play a minor role

in generating TA in the sediments of the Dutch Wadden Sea due to seasonality and associated limited nitrate availability.
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Figure A Latitudinal and longitudinal distribution of A1) silicate (Si; umol L), A2) calcite saturation state (), A3) pH, A4)

nitrate (NO3"; umol L), and A5) dissolved inorganic carbon (DIC; umol kg*) from surface water samples in May 2019.

Appendix B

Table B1 Tidal cycle sample parameter during ebb tide. Sample no. 545 is the first sample at high tide and sample no. 557 is

the last sample at ebb tide on May 21 2019. Shown are rounded up values of temperature (Temp), salinity (Sal), total alkalinity

(TA), dissolved inorganic carbon (DIC), silicate (Si), nitrate (NOg), nitrite (NO2"), ammonium (NH,*), dissolved inorganic

nitrogen (DIN), the amount of carbon (C) and organic carbon (Corg) of SPM, the amount of nitrogen (N) of SPM, the calcite

(Ca) and aragonite (Ar) saturation states, the pH, and phosphate (PO.*) per sample.

Sample Temp Sal TA DIC Si NOsz NO2 NH4*
No. [°C] [umol kg]  [umol kg?]  [umol L] [umol L]  [umol L]  [umol L]
545 13.26 32.52 2387 2172 184 1.26 0.19 3.47
546 13.25 32.52 2385 2190 1.77 1.24 0.19 3.40
547 13.28 32.52 2389 2185 1.72 121 0.19 3.35
548 13.38 32.52 2391 2183 1.6 1.19 0.19 3.52
549 14.32 32.50 2400 2204 211 0.91 0.25 3.57
550 14.61 32.50 2400 2221 2.78 1.09 0.29 3.98
551 14.64 32.51 2405 2216 2.72 1.01 0.29 4.27
552 14.73 32.51 2411 2234 4.59 1.23 0.34 5.51
553 14.77 3251 2402 2228 4.24 1.26 0.33 5.08
554 14.72 32.51 2419 2234 5.66 1.46 0.36 5.33
555 14.66 32,51 2428 2256 8.18 1.77 0.43 6.04
556 14.68 3251 2433 2271 9.79 1.87 0.47 6.27
557 14.70 32.50 2438 2273 11.22 217 0.50 6.22
Sample DIN C/Cag (SPM) N (SPM) Corg:N SPM Ca/Ar pH PO4*
No. [umol L] [umol L] [umol LY (SPM) [mg LY Q] [umol L]
545 4.93 86.8/65.1 8.8 7.4 12.8 3.8/24 8.07 0.12
546 4.83 7271424 74 5.8 8.7 35/23 8.03 0.11
547 4.76 112.4/93.4 9.6 9.7 15.4 3.7/23 8.05 0.11
548 491 108.5/104.6 9.9 10.5 16.8 37/24 8.05 0.12
549 4.73 111.1/97.8 8.8 111 139 36/23 8.01 0.32
550 5.37 233.0/180.3 17.7 10.2 322 33/21 7.97 0.42
551 5.56 193.2/174.3 145 12.0 29.6 35/22 7.99 0.47
552 7.08 248.6/163.5 18.4 8.9 34.3 33/21 7.96 0.57
553 6.67 257.6/199.3 18.3 10.9 41.6 32/21 7.95 0.54
554 7.15 324.4/271.1 23.2 11.7 55.0 34/22 7.98 0.54

23



497

498

499

500
501
502

503

504

505

506
507
508

509

510
511

512

513
514
515
516
517

555 8.24 440.4/345.2 29.2 11.8 75.7 3.2/21 7.95 0.58
556 8.61 430.5/363.3 27.9 13.0 82.4 3.1/2.0 7.93. 0.62
557 8.90 308.9/199.1 21.2 9.4 48.8 3.1/2. 7.93 0.63
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