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ABSTRACT

Coastal lagoon sediments are important for thedmogemical carbon cycle at the
land-ocean transition, as they form hotspots faganrc carbon burial, as well as
potential sites for authigenic carbonate formatidtere, we employ an early
diagenetic model to quantify the coupled redox iogebf carbon, iron and sulphur in
the sediments of the shallow Ghar EI Melh (GEM)olaxg (Tunisia). The model
simulated depth profiles show a good corresponderiteavailable pore water data
(dissolved inorganic carbon, NH total alkalinity, C&", F¢* and S@*) and solid
phase data (organic matter, pyrite, calcium carteoaad iron (oxyhydr)oxides). This
indicates that the model is able to capture theidam processes influencing the
sedimentary biogeochemical cycling. Our resultswslioat sediment of the GEM
lagoon is an efficient reactor for organic mattexaikdown (burial efficiency < 10 %),
with an important role for aerobic respiration &) and sulphate reduction (61 %).
Despite high rates of sulphate reduction, freelsdigpdoes not accumulate in the pore
water, due to a large terrestrial input of reactiven oxides and the efficient
sequestration of free sulphide into iron sulphilages. High pyrite burial (2.2 mmol
FeS m? d™) prevents the reoxidation of reduced sulphides tresulting in a low total
oxygen uptake (4.7 mmol td?) of the sediment and a relatively high oxygen
penetration depth. The formation of pyrite alsoagates high amounts of alkalinity in
the pore water, which stimulates authigenic cart®mpeecipitation (2.7 mmol thd?)
and leads to alkalinity release to the overlyingtewg3.4 mmol rit d). Model
simulations with and without an N-cycle revealraited influence of nitrification and
denitrification on the overall organic matter diagsis. Overall, our study highlights
the potential role of coastal lagoons for the glalaasbon and sulphur cycle, and their
possible contribution to shelf alkalinity, whichcheases the buffering capacity of the

coastal ocean for CQuptake.
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INTRODUCTION

Coastal lagoons are shallow water bodies, oriemtgxhrallel to the shoreline and
separated from the ocean by a barrier that alloatemexchange through one or more
inlets. Bordering 13% of the world’s present-dayastoline, they are a common type
of coastal ecosystems, typically resulting from thdmergence of coastal plains
during Holocene sea-level rise (Nichols and All@381). Coastal lagoons are highly
dynamic environments in terms of biogeochemistng they play an important role
in the transport, modification and accumulationooganic matter at the land-ocean
interface. Because of their proximity to land, lags receive considerable quantities
of nutrients, which stimulatesh situ primary production by microphytobenthos,
macroalgae, and seagrasses (Bianchi 2007). Ataime sime, these lagoons receive
considerable amounts of allochtonous carbon fromed&ial sources. Part of the
locally produced as well as the imported organiea is stored in the sediments,
making these coastal lagoons prime locations forimaaorganic matter burial
(Burdige 2007) and rendering them an important €btarbon” sink (Mcleod et al.,
2011).

In these shallow environments, the sediment playseasential role in the
biogeochemical cycling, as there is a close cogpliith water column processes.
Due to the high organic matter (OM) loading, seditagy mineralisation rates are
high, and oxygen is rapidly depleted in the fisst/fmillimetres of the sediment (Glud
2008). This favours the prevalence of anaerobichveays of organic matter
mineralisation, such as dissimilatory iron reductiand sulphate reduction. The
biogeochemical cycles of sulphur and iron in théireent are strongly intertwined, as
ferrous iron and reduced sulphide readily predeits iron sulphide minerals, such
as mackinawite, greigite and pyrite (Morse et 8B7, Rickard and Morse 2005). The
formation and burial of iron sulphides forms a seuof alkalinity to the pore water in
shallow marine environments (Stumm and Morgan 1996)

Recent studies have pointed out that the alkalgetyeration in coastal sediments
may increase the capacity of the coastal oceanctoaa a potential sink for
atmospheric C® (Thomas et al. 2009; Faber et al. 2012; Brennealet2016).
Sedimentary alkalinity production can offset th&eeff of dissolved inorganic carbon
production by respiration on the acidification afastal waters, thus enhancing the

uptake of atmospheric G@Hu and Cai 2011; Brenner et al. 2016). For examiol
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the North Sea, it has been estimated that as maicdme-quarter of the overall GO
uptake may be driven by alkalinity production ire timtertidal flats of the southern
North Sea (Thomas et al. 2009). This observatiarhaaently sparked great interest
in quantifying the rates and mechanisms of alkliproduction in coastal sediments
(Cyronak et al. 2013; Faber et al. 2012; Rao €2@l4; Rao et al. 2016; Brenner et al.
2016).

However, mechanisms that produce alkalinity in talasediments remain poorly
understood (Rassmann et al. 2016), due to the exityphbnd competition of multiple
reactions in anoxic sediments (Froelich et al. 197&n Cappellen and Wang 1996).
The aim of the present study is to establish a ftifatime understanding of
biogeochemical cycling and alkalinity generatiorthe sediments of a Mediterranean
lagoon. To address the objective, we compiled asg#iton pore water and solid phase
geochemistry and analysed this dataset by meamadiive transport modelling. This
model-data comparison enables a detailed insigbttire coupled cycling of carbon,
iron and sulphur, and allows to arrive at quantitatrate estimates for pyrite
formation and authigenic carbonate formation, ahd tissociated sedimentary

alkalinity production or consumption in the lagoon.

1. MODEL FORMULATION
1.1  Sitedescription

In Tunisia, lagoon environments cover a total acall00 knf, and are
distributed over the entire Mediterranean coastiiom north to south (Moussa et al.
2005). These lagoons are of great ecological amhamic importance, but are
experiencing increasing anthropogenic pressuraigbexposed to various types of
environmental degradation resulting from agric@turindustrial and touristic
activities (Oueslati et al. 2010; Zaaboub et all3)0The Ghar ElI Melh (GEM) is a
shallow coastal lagoon in northern Tunisia, whiglséparated by a narrow vegetated
sand strip from the Mediterranean Sea (Fig. 1). [Blgeon has a total area of 35.6
km? and consists of three main parts (Ayache et &92Ghe main lagoon where the
field site of this study is located (26.7 Rmthe smaller basin of Sebkhet El Ouafi in
the southeast (5.2 Kinwhich is permanently connected to the main lag@om the
small sub-lagoon of Sebkhet Sidi Ali EI Mekki inetmortheast (3.7 kfh that is
isolated by embankments. The main lagoon is gdgeraty shallow (average water
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depth = 0.8 m; maximum depth = 3.8 m), and theegftine water column of the
lagoon remains well homogenised throughout the glaarto wind-induced mixing. A
narrow channel enables a restricted water exchamgje the open sea (water
residence time in the lagoon: 35 days; Rasmusseaih,e2009). The salinity shows
strong seasonal variation, resulting from freshwateoff in winter (lowest salinity
~32) and strong evaporation in summer (higheshitah-49).

Five thousand years ago, the GEM lagoon was a l&@e open to the
Mediterranean Sea, into which the Mejerda Riveclthsged. Since then, the bay has
been gradually filled up with fluvial sediment fraime Mejerda River, thus evolving
into the present day lagoon (Pimienta 1959; Paskesfl; Added et al. 2003). At the
end of the nineteenth century, the Mejerda Rivastitally changed its course during
a major flood, shifting its natural outlet to theuth of the lagoon (Ayache et al.
2009). Subsequently, the river system became thHgedu of several human
interventions. In 1939, the lower part of MejerdaveR was embanked, which
facilitated drainage to the Mediterranean and redwaverflow during floods, thereby
reducing the sediment transport to the lagoon. 9481 a diverting canal was
constructed further south of the GEM lagoon, desigio evacuate excess flood flow,
and this artificial waterway constitutes the cutreutlet of the Mejerda River
(Paskoff 1994). Construction of dams in the catahinbetween 1950 and 1981 have
further reduced the sediment transport to the Medihean (Zahar et al. 2008). At
present, sediment is mainly supplied to the lagopiflash floods and surface runoff
from the small catchment. Likely there is also & imgport of sediment from the
Mediterranean, due to relatively high suspendedenabncentrations in the coastal
waters outside of the lagoon (Rasmussen et al.)2009

While the sediment loading has decreased, theemtittbading to the lagoon has
increased over the last decades, due to intertsdircaf agriculture in the catchment
and the development of an industrial area to thst wé the lagoon. Moreover, the
lagoon receives untreated sewage from two townsaacatchment area of 131 km
(Ayache et al. 2009). As a consequence, the lag@snshown signs of increasing
eutrophication, such as an increasing cover of ozdgae (mainly Cladophora), and a
decrease in the vegetation of seagrasses (Shill.e2002). Concentrations of
chlorophyll-a in the water column vary between ®@ ni® in winter to 54 mg i in
summer (Moussa et al. 2005). The estimated netpyiproduction is 104 g C fryr

! or 3,731 tonnes C yeamover the whole lagoon (Rasmussen et al. 2009)thBen
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fauna (mostly annelids) are observed only in lowrmlances, so sediments are likely

subject to low rates of bioturbation.
1.2  Sediment parameters

Fine cohesive surface sediments characterize thieat@lepositional zone of the
GEM lagoon, where the sampling site is located ™NL32607° and E 10.190882°).
SeagrassesR(ppia sp., Dhib et al. 2013) and macroalgae are restri¢b the
shallower parts of the lagoon, and are not growiegr the field site location, which
was unvegetated. Coarse sieving of sediment refemented mollusc shells that
strongly contribute to the carbonate fraction, adlvas seagrass detritus that is
transported from shallower parts of the lagoon ematributes to the organic matter
pool (Rasmussen et al. 2009). We estimated sedipsaimeters from a variety of
literature sources. A porosity depth profile wasagied from a 120 cm deep sediment

core in the middle of the lagoon (Rasmussen eR@D9; Fig. 2a). We fitted an
(x) = +(A -of Jexp(-%/x) | e

profile using non-linear regression (using the Gahdewton algorithm of the nls

exponentially decreasing depth relati(%

function from the R package CRAN:stats, R-versioh®. This provided a surface

porosity ¢ = 0.83, an asymptotic porosity at depgh= 0.69, and a characteristic
attenuation deptix,=19 cm (Fig. 2a). Rasmussen et al. (2009) furtheznestimated

the current sediment load as 42,200 tonnes per (yjgaan over the period 2003-

2004), which provides an average sediment accregtocity of 1.9 mm yf over the

whole lagoon (assuming a porosity at degfl+ 0.69 and a solid phase dens‘ffy:

2.66 g cnit). However, sediment accumulation is strongly sfigtivariable, and the
deeper part in the central lagoon (where the fetd is located) experiences the
highest rate of sediment deposition. Sediment cerngisin this central part were
retrieved in 2003 and dated using natufafPp) and artificial ¢'Cs) radionuclides
(Rasmussen et al. 2009). The resultifi@s profile showed a well-resolved peak at
20.5 cm that most probably records the 1963 falinakimum from the atmospheric
testing of nuclear weapons (Sanchez-Cabeza andMReumandez, 2012) (Fig. 2b).
The sharp peak in thHé'Cs profile also indicates that the bioturbatioreirsity at the
field site must be low, thus inducing little peato&#adening. Overall, the core dating

results suggest a fairly uniform mean sediment medation rate kq= 0.226 g cnf
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yr! over the period 1963-2003 (Flower et al. 2009¥ulting in a mean sediment

accretion velocityv® = F_, (ps(l—qﬁ;)) = 2.8 mm yt" in the central part of the
lagoon.
1.3  Solid phase and porewater dataset

The simulation output of a reactive transport mogtes compared to available
depth profile data of pore water solutes and sphdse concentrations. This pore
water dataset was assembled from a variety of pusiy reported field campaigns.
Depth profiles of organic matter, pyrite (R&SpH, particulate inorganic carbon
(CaCQ), dissolved iron (F&) and iron (hydr)oxides (FeOOH) were obtained from
Oueslati (2011). Data on pore water sulphate {$Dissolved Inorganic Carbon
(DIC), ammonium (NH"), total alkalinity (A7) and dissolved calcium (€3 were
obtained from Added (2001) and Added (2002). Thmitdeof the chemical analysis
are also given in these references. Chromium rbtucsulphur (CRS) was
determined on dry sediments according to the Cuatoh method of Canfield et al.
(1986). Acid-volatile sulphide (AVS) was extracttdm wet sediment using a hot-
acid purge-and-trap technique (Berner, 1974). Reaaton was extracted from dry
sediment with cold 1M HCI (extraction time = 16l)léwing the method of Huerta-
Diaz and Morse (1990). The pore water data weredeld from the same location at
two different times (1990 and 2006). Our primaryeghive was to make optimal use
of the available data, and to investigate what banlearned about geochemical
cycling in the GEM lagoon from this dataset. Thare no indications that the Ghar El
Melh lagoon has experienced drastic environmeritahges in the last two decades,
and so we do not expect a strong signature ofigandiagenesis in the pore water.
Furthermore, the sediment domain that is invesgygt-70 cm sediment column)
encompasses a period of about 150 years, whichaiga time interval compared to

the time between the two sampling events.
14  Reactivetransport model

The aim of the biogeochemical model is to simuthgedepth profiles of the main
pore water and solid phase constituents in thensadi of the GEM lagoon. The
biogeochemical model comprises a conventional eldgenetic model, which is the
standard approach to describe reactive transpontiine sediments (Boudreau 1997;
Meysman et al. 2003; Berg et al. 2003). The coréhid reactive transport model
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consists of a set of mass balance equations oadkection-diffusion-reaction form
(Boudreau 1997; Meysman et al. 2005). Adopting dssumption of steady-state
compaction, the balance equation for a pore waikites becomes (Meysman et al.
2005):

aC, _ aC "
@a—t'=&{@Dia—)'(—¢%vFQ}+a(Q° —Q)+;m R [1]

The quantityC, represents the concentration of a dissolved comgbani the pore
water, C*"is the value in the overlying wateg denotes the porosity (implemented
via an exponentially decreasing depth relation ascdbed above),D, is the
sedimentary diffusion coefficient, ang is the advective velocity of the pore fluid.
The quantitiesR, represent the rates of the biogeochemical reajas detailed in
the next section), wherg , is the stoichiometric coefficient of theh species in the

k-th reaction. The molecular diffusion coefficiedf" is first calculated as a function

of temperature and salinity using the R package BfRfarelac (Soetaert et al. 2010)
and corrected for tortuosity according to the medilWiessberg relation of Boudreau
(1996b), i.e.,D, =D™ /(1-2Ing ). The quantitya is the bio-irrigation coefficient,
which is set to zero here, as we assume that tpaanof burrowing fauna on the
solute transport is minimal.

For solid components, the general diagenetic egudtas the form (Meysman
et al. 2005):

aC, 9 oC,
=" |pD. —L- C. R 2
/3 ot ax{qﬂs B ax oy J-F;J/,J k [2]

The solid volume fraction is calculated from potpgi@=1-¢@ ). The concentration

C, of a solid compound is expressed per unit volumsodiid sediment. The bio-

diffusion coefficient is set to a low valudf = 0.1 cnf yr* over the first 10 cm),

reflecting a low level of solid phase mixing. Asdissed above, the model adopts a
constant sediment accumulation ratg;E 0.226 g crif yr’, determined from core
dating. Under the assumption of steady state congpag@eysman et al., 2005), the

advective velocity of the solids at infinite deptban be calculated as
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Vg = Fse(/(p gd”s), where p, represents the solid phase density, gid=1-¢f with

¢ the porosity at infinite depth. Furthermore, cowtfmm ceases at infinite depth,
and so the advective velocity of the pore fluid e the same as that of the solid

phase, i.e.V¢ =V;. Subsequently, one can calculate the advectiveitglof solutes

and solids throughout the model domain a\&(x):(qz,i"/qzﬁ(x))\éo and

vs(X) = (¢fs°/¢s( x)) V', respectively (Meysman et al., 2005).

For all pore water constituents, a fixed conceittratvas imposed as a boundary
condition at the sediment-water interface. The eob@ation values were obtained
from measured bottom water conditions at the fsilel (Table 1). For the solid phase
compounds, a constant flux was imposed at the uppendary. At the lower
boundary of the model domain (L = 72 cm), a no gmaidcondition was imposed for

all compounds (pore water and solid phase).
15 Reaction set

The reaction set included in the model is listedable 2. Our goal was to keep
the reaction set as concise as possible, thusdingva parsimonious description of
biogeochemical cycling in the sediments of the GBlybon. The associated kinetic
rate expressions are listed in Table 3 and wergtadofrom existing models of
sediment biogeochemistry (Boudreau 1996a; Van Gkgopand Wang 1996; Berg et
al. 2003; Meysman et al. 2003). In total, six diffet reactions were included in the
reaction set. Organic matter in the sediment igobially degraded via three different
pathways: (1) aerobic respiration, (2) dissimilgtaon reduction and (3) sulphate
reduction (denitrification is only included as ansivity test, and is not part of the

core model).

1. CH,0+Q, -~ HCQ + H
2. CH,0+4FeOOH+7H - HCQ+4F&+6H(

3. CH,0+4SQ +2 Fé . HCQ+Z2 FeSrd H+Z K«
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The mineralisation of organic mattelCil,O) is described via classical kinetic

expression, in which the mineralisation ratg,Rinearly scales with the amount of
organic matter that is present. Two types of orgamatter are included (slow and fast

decaying, as specified by a different mineralisatiate constank). The release of
ammonium (NH; ) during mineralisation is specified by the ammimaifion rate Nn

= (N/C)*Rmin, Where (N/C) represents the nitrogen to carboio rat the organic
matter. Both types of organic matter are assuméave the same N/C ratio.

Iron reduction and sulphate reduction are suppdesseler oxic conditions,
which are implemented via a conventional limitatiohibition formulation (Table 3;

Soetaert et al. 1996). The degree of overlap betwwke zones iron and sulphate

reduction is governed by the inhibition constafit...,. The ferrous iron (Fd)

released from reduction of iron hydroxides (FeOQ@Egumulates in the pore water,
and this way, it becomes subsequently availabl@yate formation (Feg. The pore
water of the lagoon is found to be devoid of frapkide (Added 2002), but sulphate
reduction appears to be the dominant mineralisgtethway (Oueslati et al., 2010).
Additionally, iron oxide reduction coupled to suigd oxidation has previously been
found to be of minor importance for the consumptioh free sulphide, when
compared to the precipitation of iron sulphide mate (van de Velde and Meysman,
2016). Therefore, our model assumes a tight cogfletween sulphate reduction and
pyrite formation: all free sulphide generated bipkate reduction is directly trapped
as pyrite. This way the model formulation can beified, as no intermediate
sulphur compounds (e.g. free sulphideSHor elemental sulphur®Sneed to be
included in the reaction set.

When ferrous iron is transported upward from dedggers by diffusion, it is re-

oxidised when it comes into contact with oxygen

4, Fe" +1Q,+2 H,0- FeOOH+2 H

In a similar fashion, pyrite is also re-oxidisedie oxic layer of the sediment

5. FeS+ZQ+ HO- FE€+2SO+2 H

Both re-oxidation reactions are modelled via stathdaecond order rate expressions
(Table 3).

10
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Dissimilatory iron reduction produces 8 moles okatihity per mole of
carbon, while combined sulphate reduction / pyiotenation generates 0.57 moles of
alkalinity per mole of carbon mineralised. Accoglyy anoxic mineralisation can
release substantial quantities of alkalinity to poge water, which may increase the

pH and promote the authigenic precipitation of oadies.

6. Ca®+HCQ - CaCQ+ H

The carbonate precipitation rate was calculatedrdarg to the standard kinetic

rate law, R., = @.k.-(Q —1), where the reaction rate scales with the saturatate
of the pore water (Boudreau 1996a), and the reaatbe is zero forQ <1 (no

dissolution. The saturation state was calculated)as[Ca2+]azZ CQ/ Ks» Where
the ionisation constanta, = KlKZ/([H+]2 +K[H ]+ K1K2) represents the
carbonate fraction of the dissolved inorganic carlfplofmann et al. 2010). The

solubility product of calcitek,, and the apparent equilibrium constats and K,

of the carbonate system were calculated as a amaif temperature and salinity
using CRAN:AquaEnv, a dedicated R-package for aeise and C© system
calculations (Hofmann et al. 2010). Specifically; the carbonate equilibria, we used

the relationships provided by Millero et al. (2006he proton concentratioExHj,

or equally thepH = —Iogm([H*]), was not included as state variable in the model.

As protons are consumed or produced in nearly iajdochemical reactions, and
proton concentrations are low, the accurate modatligtion pH depth profiles in
sediments remains challenging. To avoid this corifylewe simply imposed the

observed pH profile upon the model. To this endfitted an exponential decreasing
pH(x) = pH, +( pH,~ pH.)exp(~ X %)

3h; fitting parameterpH,=8.4; pH,,=7.2; X, = 12 cm).

depth profile to the available date (Fig.

The dataset does not include pore water nitratachwimakes it difficult to
constrain the rates nitrification and denitrificati To still investigate the impact of
the N cycling on pore water depth profiles and orgamatter degradation, a
sensitivity test was performed. To this end, trendard model was extended with

denitrification.
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7. CH,0+0.8NG, - HCQ + 0.4N,+ 0.4H, O+ 0.2H

and nitrification reactions

8.  NH;+20, - NG +2H"+ H,0

The associated kinetic rate expressions for thesetions are given in Table 3.

1.6 Numerical solution

Altogether, the model includes 11 state variakles:concentration of two types of
organic matter [CkD] and [CHOJ, ammonium [NH'], oxygen [Q], sulphate
[SO,%], ferrous iron [F&7, iron oxyhydroxide [FeOOH], pyrite [FeB dissolved
inorganic carbon (DIC, modelled as bicarbonate [H{}Ocalcium [C&], calcium
carbonate [CaCg). In the sensitivity model run, nitrate [ND was additionally
included. We have chosen to not explicitly model pitd, but to externally impose the
pH depth profile upon the model. Hence, the modelbécarbonate concentration
[HCOg3] actually represents DIC, and the speciation efdrbonate system is done at

each depth based on the imposed pH (i.e. the adilcnlof the factof? — see section
1.5). A numerical solution procedure for the rasgltpartial differential equations
was implemented in the open-source programming uagg R, following the
procedures of Hofmann et al. (2008) and SoetaattMaysman (2012). Following
the method-of-lines to solve diagenetic models Beau et al., 1996a), we expanded
the spatial derivatives of the partial differenggjuations over the sediment grid using
finite differences, using the dedicated routinesttd R-package CRAN:ReacTran
(see Soetaert and Meysman 2012 for details). Timig fdifference grid was obtained
by dividing the sediment domain (thickness L = 1) ¢nto a non-uniform grid of
100 sediment layers (finer resolution near thersedi water interface). After finite
differencing, the resulting set of ordinary diffet@l equations was integrated using
the stiff equation solvevode (Brown et al., 1989) as implemented in the R-pgeka
CRAN:deSolve (Soetaert et al. 2012). The steade stalution was calculated by
running the model dynamically to steady state usiegfunction steady.1D from the

CRAN:rootSolve package (Soetaert and Herman 200%).alkalinity isa posteriori

calculated from the DIC and pH éag :(al+2a2)[ HCQ]_[ H], where® and %
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are the ionisation constants of the carbonate sysiéhis calculation neglects the
contributions of the minor acid-base systems (legrailicate, ammonium), as their

contribution in pore waters is relatively small.

1.7 Modd parameterisation

Table 1 provides an overview of all parameters,ciwhare classified into three
categories, depending on the way that parametéugs/avere constrained. The first
category, referred to as “Environmental parametersuld be directly constrained
based on the available field data (e.g. temperasal@ity, porosity depth profile, pH
depth profile, composition of the overlying bottevater at the field site). The second
category, denoted “Biogeochemical parameters”uphes parameters that also feature
in conventional models of sediment geochemistrys Ticludes the parameters in the
kinetic rate expressions of organic matter minsadion and subsequent re-oxidation
reactions, as well as the parameters describingrim@pitation of calcium carbonate.
The values of these biogeochemical parameters wastrained based on previous
early diagenetic model studies (Table 1 providesvtidues and references).

2. RESULTS
2.1  Organic matter mineralisation

The sediments underlying the shallow warm watershefGEM lagoon support a
high organic matter mineralisation rate. The dgptbfile of organic carbon (OC)
shows a decrease from 2.6% near the sediment wdésface to 0.25% at 40 cm
depth. The model closely reproduces the decreasegahic carbon with depth (Fig.
3a) and estimates the input of organic carbonécs#diment at 14.4 mmol Ca?,
of which 91% is mineralised (13.1 mmol C?d™) and only 9% is buried past the 70
cm depth horizon (1.3 mmol Chu™).

The organic matter arriving at the sediment srf@as assumed to belong to two
classes with different reactivity. The model estiesathat 55% of the organic matter
is highly reactive (decay constant k = 0.5%yrwhile the remainder is slowly

decaying (45% with k = 0.02 ). The calculation of the remineralisation length
Vg K Where V4 :(¢fs°/¢5’s)v°°s = 0.5 cm yt is the sedimentation velocity at the

sed

sediment-water interface and k is the decay cotjstdustrates that the highly
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reactive fraction already disappears within thetfaentimetre of the sediment, while
the slowly decaying fraction mineralises over arabteristic depth scale of ~25
centimetres. Hence, the disappearance of the hrghlstive organic matter fraction is
difficult to constrain with a cm-scale resolutiohsticing of the sediment.

Oxygen depth profiles have not been recorded irfGE® lagoon, and so no data-
model comparison can be made. The model predictsxggen penetration depth of
13 mm (operationally defined as the depth wherg 01 uM) (Fig. 3b). The total
oxygen uptake (TOU) of the sediment is estimatethieymodel at 4.7 mmol tnd™.
This TOU is 2.8 times lower than the total minesation rate of organic matter (13.1
mmol C m? d* as discussed above). In the absence of bio-iiwigdtty infauna, this
large difference between the TOU and the carboreralisation rate indicates that a
substantial amount of the reduced compounds fonedg mineralisation are buried
rather than re-oxidised with oxygen. In the motte, burial of pyrite (2.3 mmol FgS
m? d*) acts the primary sink for reduced compounds, e main sink for electrons
derived from organic matter oxidation) (Fig. 3diné 3.5 moles of @are needed to
fully oxidise one mole of pyrite; one would need 8nmol G m? d* to fully re-
oxidise the burial flux of pyrite. Thus, the discamcy between the TOU and the
organic carbon mineralisation rate is explainedhgyhigh burial flux of pyrite.

The pore water shows an accumulation of DIC and; Ndver the first 30
centimetres, after which the end-products of OM arahisation reach plateau
concentration values (Fig. 3e,f). While DIC accuates to relatively high values (10
mM at 30 cm depth), the NfH concentrations only amount to 230 pM. To obtain a
good fit to both depth profiles (Fig. 3e,f), the aeb required a very high C/N ratio
(C/N = 50) for both the fast and slowly decayingyamic matter fractions. The
simulated net effluxes from the sediment of DIC &tid," are 10.34 mmol C thd™*
and 0.26 mmol N i d* respectively. The difference between the DIC effltom
the sediment and the mineralisation rate is expthioy carbonate precipitation (2.68
mmol C n¥ d*) that takes place at depth (Fig. 3i).

2.2 Iron and sulphur cycling

In the GEM lagoon sediment, sulphate shows a pssgre decrease with depth
from 28 mM at sediment-water interface to below B4 in deeper sediment
horizons (Fig. 3c). Accordingly, organoclastic $wdfe reduction is not able to

completely exhaust the sulphate pool in the sedin®il, sulphate reduction is the
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426 dominant pathway of organic matter mineralisatiéi%) in the GEM sediment,
427 while aerobic degradation accounts for 32% of thteltcarbon mineralisation and
428 dissimilatory iron reduction is responsible for 1¥%ig. 4a). The simulated depth
429 distribution of aerobic respiration dominates tbp tentimetre, while below this, the
430 depth distributions of sulphate reduction and difsitory iron reduction show a
431 substantial degree of vertical overlap (Fig. 4b).

432 The simulated concentration depth profile of porter FE" shows a subsurface
433 maximum and matches the data profile well (Fig.. Jgrrous iron increases from
434 near-zero values at the sediment-water interfacesigbsurface maximum (0.27 mM)
435 at 7 cm depth, after which the concentration griiguecreases to reach < 0.01 mM
436 at 70 cm depth. Although the shape of the deptHilpras similar, the model
437 simulation overpredicts the stock of reactive ifomyhydr)oxides in the sediment.
438 The FeOOH profile sharply decreases within thet ircentimetres, after which it
439 more gradually declines with depth (Fig. 3l). Thencentration profile of pyrite
440 (Fe$S) forms almost a mirror image of the FeOOH profifeg. 3d), suggesting a
441  stoichiometric conversion of FeOOH into ReS$he Fe$ increased from near-zero
442 values near the surface to > 1 wt-% S by weigldeath. The simulated input flux of
443 FeOOH to the sediment is 2.50 mmol F& nfi*, while the burial flux of pyrite
444  amounts to 2.23 mmol Fe'hu™, thus suggesting a conversion efficiency of > @B9
445 FeOOH into Fep Yet, as noted above, the FeOOH at depth appearbet
446 overpredicted by the model, thus indicating thateiality, the conversion efficiency is
447  likely even higher.

448 2.3  Carbonate dynamics

449 Alkalinity is assumed to be dominated by the cadbensystem and so
450 experimentally determined alkalinity values are pamed to modelled HCO
451 concentrations. As the pH is not explicitly mode|l®ut externally imposed, HGO
452 concentrations actually represent DIC (and nothilcarbonate ion specifically). The
453 measured alkalinity depth profile {fAshows a similar evolution as the DIC profile,
454  and increases from 2 mM to 12 mM over the firstcB® while the pore water pH
455 decreases from 8.1 near the sediment-water intetéa€.3 over the same depth range
456 (Fig. 3h). The pore water €aconcentration quickly decreases in the first 10
457  centimetres (from 18 to 12 mM) followed by a moradpal decrease with depth (to
458 less than 5 mM at 70 cm). The sediment of the GElNbdn is generally rich in
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carbonates (mean CagQ@ontent ~40% by weight). The Cag@ata showed a
gradually increase with depth from 38.4 to 44.2aq together with the pore water
C&" decrease, this hence indicates substantial cabpnecipitation.

3. DISCUSSION
3.1 Organic matter budget

Organic matter is an important driver for the eadiggenetic processes in the
sediment and is either derived from the water coluygy sedimentation or locally
produced by benthic primary production. Based digchcaent nutrient budgets and
ecosystem modelling (Rasmussen et al. 2009), thanmgearly net primary
production within the GEM lagoon (from phytoplanktanacroalgae and seagrass)
has been estimated at 117 g G yn* (or equally 26.7 mmol C thd?). Similarly, the
anthropogenic input of organic carbon from land Ibesn estimated at 8.2 mmol C m
2 d*, while there is a small net export to the Medéagan of 2.3 mmol C fnd™. The
sedimentary OM mineralisation rate as estimated tfe GEM lagoon by the
diagenetic model here (13.1 mmofrd?) is comparable to rates reported by Dedieu
et al. (2007) for the Thau lagoon (France), butdowhan the value reported for the
Fogliano lagoon in Italy (Hull et al. 2008). In g=al, the mineralisation rates
reported for Mediterranean lagoons are lower thase of tropical lagoons (Table 4).

The sediment receives a total input of 14.4 mmaeh€d™ of organic carbon, of
which (13.1 mmol C M d?) is mineralised, and 1.3 mmol Ciw* is ultimately
buried. Combined with the carbon flows above, mésglgeting provides a
heterotrophic water column respiration of (26.7.2 82.3 — 14.4) = 18.2 mmol C'm
d™*. Accordingly, 58% of the respiration takes placdhie water column and 42% in
the sediment, and so the sediment compartment esiexg an important site for
mineralisation and nutrient recycling. Howeveshould be noted that the deeper part
of the GEM lagoon functions as a depot centre (sedtation velocity of 2.8 mm yr
as estimated by radionuclide dating versus an geesadimentation velocity of 1.9
mm yrt). Therefore, the contribution of the sedimentapmponent to the total
respiration of the Ghar EI Melh lagoon should bgarded as an upper bound.

In general, it is thought that shallow coastalsystems, like estuaries and

lagoons, act as sinks for organic carbon (Nellematnal. 2009; Smith et al. 2015;
Watanabe and Kuwae 2015). This capacity to sequéxieis driven both by the

anoxic state of pore waters (favouring preservatas well as the high input of
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organic matter, either allochthonous (high terraktarbon input due proximity to
land; Regnier et al. 2013) or autochthonous (haglall primary production rate due to
riverine nutrient input; Bianchi 2007). In generthle sedimentation rate is considered
a crucial factor governing the OC burial efficien¢g€anfield, 1994). At high
sedimentation rates (> 0.1 g émgr), 50% or more of the organic carbon deposited
typically escapes degradation (Canfield et al. 200Hhe GEM lagoon somehow
deviates from this pattern, as it has a relativéfjh sedimentation rate (> 0.1 g ém
yr), but the OC burial efficiency does not exceed J¥e sediment of the GEM
lagoon acts like an efficient reactor for OM mires@ion, which is possibly related
to the high oxygen exposure of organic matter leefand after deposition. The
shallow depth (average = 0.8 m) of the lagoon etémrthe wind-induced mixing,
which counteracts stratification and oxygen deptein summer. Combined with the
deep oxygen penetration into the sediment (duégto yrite burial — see below), this
increases the oxygen exposure of the organic mattérhence could stimulate its
overall degradation (Burdige 2007).

Organic carbon almost disappears below 30 cm @ag, while sulphate is not
completely consumed (Fig. 3c), which hence suggtss sulphate reduction is
limited by organic matter availability. This is amcommon observation in coastal
environments, and one explanation for this couldngesedimentation history of the
lagoon. Detailed interpretation of the radionuclptefiles by Flower et al. (2009)
suggest that the sedimentation velocity has belatively constant over the last 50
years, but that this was preceded in the late 195@sarly 1960s by an episode of
very rapid sedimentation (with a sedimentation egjothat is four times higher than
today). The sediment horizon at 28 cm was dateth@oyear 1960 (Flower et al.
2009), and so the low organic carbon values athd@pgy. 3a) coincide with this high
sedimentation interval. If primary production rateghe lagoon back then were equal
or lower than today (e.g. due to less eutrophicatithis would entail an overall
dilution of the incoming organic matter, which hersould partially explain the low
organic carbon values recorded below 30 centimétreleep sea environments, the
organic matter flux to the sediment is generally,l@and aerobic respiration is the
principal pathway for the degradation of the orgamitter in the sediment (Soetaert
et al. 1996). When the water column is shallowesyerorganic matter arrives at the
sediment surface, and so anoxic degradation pagvigluding denitrification, iron

reduction and sulphate reduction, become more itrapbfCanfield et al. 1993). In
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coastal sediments, like lagoons and other tramsitienvironments, more than 50% of
organic matter is typically degraded by sulphatiuotion (Lenzi 2010). This is also

the case in the GEM lagoon, where sulphate redudsi@stimated to account for 61
% of the mineralisation (Fig. 4a), and hence sutbstaproduction of free sulphide

takes place within the sediment.

However, the relatively high input of iron oxidesthe GEM lagoon prevents the
build-up of free sulphide in the pore water. Thagkeochemical model estimates that
the contribution of dissimilatory iron reductionssall (0.9 mmol i d*) and only
accounts for 7% of the overall mineralisation (M@). The simulated pore water
profiles of both soluble and solid iron compoundsea well with the observed data,
thus confirming that iron cycling is limited (Fi$). Sediment mixing is a crucial
factor for iron reduction in marine sediments, tasnisures the continuous shuttling of
iron between reduced and oxidised forms (Canfi€d@41 Kristensen et al. 2000;
Wijsman et al. 2002; van de Velde and Meysman 20I6amdrup et al. (1994)
attributed the low contribution of dissimilatoryir reduction to the early diagenesis
of OM in Aarhus Bay sediments to the low bioturbatirate. In contrast, iron
reduction accounted for 84% to total OM minerai@atin Skagerrak sediments that
are characterised by strong bioturbation (Canfedlél. 1993). As explained above,
the sediment of the GEM lagoon does not show aggssof strong bioturbation
activity, and in the model simulations, the biokalsion coefficient was set to a low

value (D, = 0.1 cni yr* over the first 10 cm). This low level of solid eamixing in
GEM lagoon thus explains the limited contributiohdissimilatory iron reduction.

With higher levels of bioturbation (highdd,), dissimilatory iron reduction becomes

more important (up to 10% wheB, = 6 cnf yr'’; van de Velde and Meysman, 2016).

3.2. Oxygen consumption

The simulated oxygen penetration depth of 13 mmelatively large, while the
total oxygen uptake (TOU) of the sediment as eséth@y the model (4.7 mmol
d') is on the low end of estimates for coastal sedtmewhile this rate is almost
double those reported by Svensson et al. (200(eagrass sediments of Venice
lagoon, Italy (2.4 mmol fAd?) and by Alongi et al. (1996) in Ningaloo Reef lago
(2.8 mmol n¥ d?), it is 2-4 times lower compared to those repoftedther coastal
lagoons (Eyre and Ferguson 2002, 12 mmdl dt in seagrass sediments in 4

Australian lagoons; Dedieu et al. 2007, 8.4 mmdl aif in the Thau lagoon; Rao et
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560 al. 2014, 6.8 mmol M d™* in a mesotidal lagoon in Netherlands). The GEMbtay
561 hence emerges as an environment characterisedtéysen and efficient organic
562 matter processing (a relatively high mineralisatiate of 13.1 mmol C thd* anda
563 low burial efficiency of only 9%), but which regas little oxygen to accomplish this
564 (a TOU of only 4.7 mmol f d?). As already noted above, this large discrepancy
565 between TOU and mineralisation rate is a direcsegnence of the high burial flux
566 of pyrite. Sulphide originating from sulphate retioc is trapped as pyrite and buried,
567 and in this way, it is not re-oxidised back to &afe. This lack of sulphide re-
568 oxidation strongly reduces the sedimentary demanaxygen, and also makes that
569 the majority of the TOU (91%) is devoted to aeralgispiration.

570 As bio-irrigation is excluded from the model, andlecular diffusion is the only
571 mode of transport for pore water solutes, the totggen uptake must be identical to
572 the diffusive oxygen uptake of the sediment. TheUT@Was measured via darkened
573 benthic chamber incubations in the GEM lagoon iiQl&nd 2007 and TOU varies in
574 the range of 9 and 21 mmol ™ (Added 2002; Oueslati 2011). Accordingly, the
575 predicted TOU is 2-4 times lower than the measwaddes. There are a number of
576 factors than can explain this discrepancy. Firdtiyy TOU predicted by the model
577 reflects the long-term (~ years to decade) valugmefTOU, as it is principally driven
578 by the decomposition of low-reactive organic mafi@g@enerating @ demand) and
579 burial flux of pyrite (decreasing £demand). In contrast, TOU measurements by
580 benthic chambers reflect short-time variations i@U[ and are, for example,
581 dependent on season and the recent sedimentatgiaryhiof organic matter.
582 Additionally, the exclusion of nitrification fromheé model could contribute to the
583 discrepancy. If the modelled TOU values are too, lthven the actual penetration
584 depth is underestimated, and in this case, a demilg@ exposure would lead to more
585 organic carbon burial. The latter is nonethelesscamtrast with the low burial
586 efficiency observed. Still, with the presently gable information, it is not possible
587 to properly resolve the discrepancy between medsane modelled TOU. A more
588 detailed study, in which TOU and DOU are measuradcuarrently, is required to
589 better constrain the oxygen budget of the sedimarttee GEM lagoon.

590 3.3 Nitrogen cycling

591 To match the observational data, the model neenl@dglement a very high C/N
592 ratio= 50. Although coastal lagoons typically hémgher C/N ratios than the Redfield
593 ratio of 6.6 for marine phytoplankton, the GEM Qi#io remains high compared to
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other lagoons, such as the Hog lagoon in Virgi@&N(= 10-19; Tyler et al. 2001),
the Terminos lagoon in Mexico (C/N = 21-39; RivéManroy et al. 1995), the New
Caledonia lagoon (C/N = 6-30; Grenz et al. 2008).t8st the sensitivity of the NH
depth profile towards the C/N ratio, we calculastdady state solutions with C/N
values ranging from 7 to 50, keeping all other paaters constant (Fig. 6). The NH
depth profile varies strongly with the chosen C/&lue, thus indicating that a high
C/N ratio is needed to achieve a proper modelAimimonium adsorption onto the
solid phase is not included in the model, but doa&sprovide an explanation for the
high C/N ratio. In steady-state simulations, asgrared here, ammonium adsorption
has no effect on the simulated depth profile of amimim. Only in a transient state,
adsorption will affect the simulated depth profileshould be noted that the standard
model includes a highly simplified N cycle (only amonification is represented). As a
sensitivity test, we extended the model with anvactN-cycle (nitrification and
denitrification). Overall, this only slightly modifs the simulated depth profiles (Fig
3). As expected, the gradient of the ammonium dgpdiile diminished near the
sediment water interface: the efflux of ammoniurhafuthe sediment was reduced, as
all ammonium was now consumed by nitrification. Uiglo beyond the first few
centimeters, the explicit inclusion of nitrificaticand denitrification had very little
effect on the depth profile of ammonium (Fig. 3fherefore, the inclusion of an
active N-cycle cannot explain the need for a higN @&tio.

A substantial part of the GEM lagoon is coveredsbggrass, and a thick package
of seagrass detritus (~50 cm thick) accumulatesgatbe north-eastern shore, as a
result of prevailing wind transport. Seagrass tetris hence likely the main organic
matter input in the GEM lagoon sediments. Seagsaasel macroalgae (seaweed)
often have elevated C/N ratios because they cortiagher levels of structural
carbohydrates (lignin and cellulose) and lower am®uwf protein (Prado and Heck
2011). Bianchi (2007) showed that the organic maitiguts of these vascular plants
to coastal systems can cause problems for thepnetation of biogeochemical data
because the C/N deviates markedly from the Redfaid. Seagrass detritus that is
delivered from the shallower parts of the lagoomthiss main organic matter input in
the GEM lagoon sediments, and usually has a C/M @t around 25 for fresh
material, and over 50 for aged material (Kristen@®4; Duarte 1999). The increase
with age is due to preferential nitrogen minerdiga during initial degradation.

However, microbial biomass typically has a C/N agabf 10 or less (Fenchel and
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Blackburn 1979), and so when aged seagrass desitlesgraded, the microbes need
to acquire nitrogen from sources other than orgamatter. Under these conditions,
microbial growth will stimulate the uptake of WHrom the pore water (Kristensen et
al. 2000). The GEM lagoon sediment is very richs@agrass detrituskR(ippiasp.),
which could explain the elevated C/N sediment rg&6), while low ammonium
values in the pore water could be the result oiciefit bacterial assimilation of
dissolved inorganic nitrogen. In summary, the Céatlor predicted by our model is
substantially higher than commonly observed in @asediments. The hypothesis
that sedimentary organic matter in the GEM lagoas A high C/N ratio, and the
cause of this, needs to be addressed in futurdestudhich should target direct
measurements of the C/N ratio witi°C natural abundance of the sedimentary

organic matter.

3.4. Iron and sulphur cycling and pyrite formation

Pyrite burial is a major sink of reduced sulphud &on in the marine environment
and is linked to the biogeochemical cycling of Q,S and Fe via bacterial sulphate
reduction (Hurtgeret al. 1999). The degree of sulphurisation (DOS)) the degree of
pyritisation (DOP) provide guidance on formationimn sulphides and pyrite, and

are calculated as:

(Fe—CRS)+(Fe—AVS)

bos = (Fe—CRS)+(Fe—reac) [3]

Fe—CRS
DOP = (Fe—CRS)+(Fe—reac) [4]

where Fe-AVS is the Fe concentration calculatechf®VS content (assuming that
FeS is the major component) and Fe-CRS is the Reettration calculated from
CRS content (assuming that Re% the major component). Fe-reac is the
concentration of reactive iron in the sedimentckiea by a cold HCI 1 M solution,
and so this includes particulate carbonates, readton oxides, and iron sulphide
minerals (excluding pyrite). In the GEM lagoon seent, AVS is a minor fraction by
weight (<0.1 wt-% S), while CRS rapidly increasesi 0.5 wt-% at the sediment-
water interface to 1.2 wt-% at 23 cm depth (Fig. #de DOS (0.26 to 0.63) and
DOP (0.22 to 0.57) increase with the first 20 crd amain thereafter constant with

depth. (Fig. 7b), thus suggesting that the majanitthe pyritisation takes place in the
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surface sediment, as has been noted for otherat@astiments (Briichert 1998, Suits
and Arthur2000). The lower DOS and DOP values near the sedimater interface
are consistent with sediment deposition under fudlyygenated bottom-water
conditions (Raiswell et al. 1988).

Surprisingly, even though sulphate reduction spoasible for the majority of
the organic matter mineralisation (Fig. 4a; Ouestal. 2010), the pore water of the
lagoon is devoid of free sulphide (Added 2002).sTkuggests a tight coupling
between sulphide production via sulphate reductand sulphide consumption by
pyrite formation. Our simplified diagenetic modedlsames that the H®roduction
resulting from sulphate reduction becomes immelyiateailable for Fegformation.
The model predicts a conversion efficiency from B#Dto Fe$ of > 0.89, which
disagrees with the low values for DOS and DOP (Flg. Most likely, there is a
considerable fraction of iron carbonates that dbutes to Fe-reac fraction.
Furthermore, the estimation of the Fe-reac fractisimg the HCI extraction has been
shown to extract iron from some silicate minerdiattotherwise are considered
unreactive (Kostka and Luther 1994), and thus D@8 BOP values might be

underestimated.

However, both the low DOS and DOP values (Berrgat01 Dean and Arthur
1989; Raiswell and Berner 1985) as well as the msuaiggests that there is a surplus
of reactive iron (0.27 mmol FeOOH ™ is buried; Fig. 5). Consequently, the input
of reactive iron oxides is not the limiting facfor pyrite formation. Another possible
explanation for the low DOS and DOP values is atéichsupply of sulphide, which
can be either due to low sulphate availability ow lorganic matter availability
(Berner 1984). Since sulphate is not depleted pthd@-ig. 3c), pyrite formation and
burial in the GEM lagoon appears to be limited by telivery of organic matter to

the sediment surface.

3.5. Authigenic carbonate for mation

Traditionally, marine sediments are considered gdashere carbonate dissolves,
after its deposition from the water column. Stdlthigenic carbonate precipitation
has occasionally been observed in marine sediniBeimers et al., 1996; Aller et al.,
1996; Anderson and Dyrssen, 1987), and recently, &ud Turchyn (2014) have
proposed that the process might amount up to 10%redent-day global carbon

22



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724

burial. The sedimentary formation of authigenicbhcarates is most relevant in coastal
areas (Sun and Turchyn 2014).

Coastal sediments can thus either decrease omasetle inorganic carbon burial.
Whether carbonates are formed or dissolved dependbe diagenetic processes in
the sediment (Aller 2014). Shallow waters are galhesupersaturated (Andersson et
al. 2008), and so carbonate dissolution is resttitd the pore water. Oxygen has a
pivotal role in the dissolution of carbonate, as txidation of reduced compounds
like FE* and Fe$ consumes alkalinity (R4 and R5 in Table 5; Allé12), which
promotes undersaturation with respect to carbopladses like aragonite and calcite.
In contrast, anaerobic mineralisation pathwayss(digatory iron reduction, sulphate
reduction) and pyrite precipitation increase thHealhity of the pore water (Table 5),
and will increase the saturation state. In the atsef dissolved B& however, the
build-up of free sulphide during sulphate reductman lead to the dissolution of
carbonates at low sulphate reduction rates (WalftdrBurton 1990).

Sedimentary carbonate increases arfd €ancentration decreases (Fig. 3i,j) due to
the precipitation of authigenic carbonate. The npdedicts a carbonate precipitation
rate of 2.7 mmol M d*, which is an order of magnitude higher than ttgerdmol m?
d™ previously reported by Reimers et al. (1996) farday, unbioturbated sediments
of the Santa Barbara Basin, and of a similar ramg¢he 4 mmol i d* found in
coastal mudbanks of the Amazon delta (Aller etl8P6; Zhu et al. 2002). Although
the solid phase carbonate increase observed iettyger sediment layers is explained
in the model by Cd consumption alone, it is possible that a small mdrthe
authigenic carbonate formation could be linked iderste (FeCQ) precipitation
(Jensen et al. 2002). Because the sediments @GEM lagoon are carbonate rich by
themselves (41%), the authigenic carbonate buualdnly accounts for ~5 % of the
total inorganic carbon burial. One can expect it importance of authigenic
carbonates increases in sediments that receivedelssnate input from the overlying
water.

Authigenic carbonate precipitation is stimulated the generation of alkalinity
during anaerobic mineralisation processes and eyotrmation (Table 5). Even
though alkalinity is consumed during the precipitatof carbonate and the aerobic re-
oxidation of F&" and Fe§ there is still a net production of alkalinity he sediment
of 3.4 mmol nf d*, caused by high rates of alkalinity production digsimilatory

iron reduction and sulphate reduction (Table 5)isTlhads to an accumulation of
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alkalinity at depth (Fig. 3g), and generates atuefof 3.4 mmol rif d*, which is in
the same range as the alkalinity fluxes estimabede$tuarine bioturbated sediments
(1.2 — 3.6 mmol M d*; Rao et al. 2014), sandy North-Sea sediments{5.8 mmol
m? d; Brenner et al. 2016) or net alkalinity fluxes Amistralian lagoon sediments
colonised by seagrass (0 — 2 mméft dt; Eyre and Ferguson 2002).

Overall, sedimentary alkalinity generation in cehagtnvironments such as the
GEM lagoon clearly play an important role in (i)etlglobal carbon cycle via the
precipitation, and subsequent burial, of authiger@donate and (ii) as a source of
alkalinity to the overlying water and open ocedmst regulating ocean pH and €0
uptake (Thomas et al. 2009).

4, SUMMARY AND CONCLUSIONS

Diagenetic modelling showed that the sediment ef @EM Lagoon forms an
efficient reactor for OM mineralisation, driven mbi by aerobic respiration in the
upper layer of the sediment and sulphate redudtiadteeper sediments. The ferrous
iron (F€") released from reduction of iron hydroxides (FeQQidcumulates in the
pore water, becoming thus available for pyrite fation (Fe$). Pyritisation is fast in
GEM Lagoon sediment, and is limited by organic era#tvailability. The anaerobic
mineralisation pathways in organic matter mineadicn (sulphate reduction and
dissimilatory iron reduction), produce a large amtoof alkalinity that promotes
authigenic carbonate precipitation. The sedimemntthe GEM lagoon hence are a
significant source of alkalinity to the overlyingater and likely positively contribute

to the CQ buffer capacity of the coastal ocean.
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FIGURE CAPTIONS

Figure 1. The Ghar El Melh (GEM) is a shallow coastal lagammorthern part of
Tunisia. The red marker denotes the location oktrapling site. The arrow indicates
the narrow channel which allows water renewal tglouexchange with the

Mediterranean.
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Figure 2. (a) Porosity depth profile. The solid line reprasethe exponential curve
that was fitted through the data. (BYCs activity depth profile. Both profiles are
reproduced from Rasmussen et al. (2009).

Figure 3. Concentration depth profiles of solutes and solid the sediments from
Ghar EI Melh lagoon. Open markers indicate datalendontinuous solid black lines
and dotted red lines represent model simulatedlgsafblack is model without an N-
cycle, red model with an N-cycle). Dashed line floe pH indicates that pH was
imposed and not calculated, and dashed-dotted fonealkalinity indicates that
alkalinity was calculated from DIC and pH, and replicitly modelled. Solute
concentrations expressed in mM (alkalinity, NHO,, SQ*, F&*, Cc&"), solid
concentrations are expressed in expressed in m@ssy#nic matter, CaC{OFeOOH
and Fe9). Note the different depth scale for the @epth profile. Organic matter,
pyrite, pH, CaC@ dissolved iron and iron oxides were obtained frQueslati
(2011). Pore water sulphate, DIC, ammonium, alkgliand dissolved calcium were
obtained from Added (2001) and Added (2002).

Figure 4. Partitioning of the total organic matter mineralisn rate in different
respiratory pathways. (b) Depth profiles of theesabf the different organic matter
mineralisation pathways (same colour codes).

Figure 5. Steady state budget of carbon (red), iron (greswl) sulphur (blue) in the
sediments of the Ghar El Melh lagoon. Rates areessed in mmol C / Fe / Stai™
respectively. Rates are taken from the model ruhoui an N-cycle.

Figure 6. Sensitivity of steady-state ammonium depth pesfilowards the C/N ratio
of organic matter. The C/N value is varied fromRedfield value) to 50. All other
parameters are kept constant at the value tabuilat@dble 1. Rates are taken from
the model run without an N-cycle.

Figure 7. [a] Depth profiles of Acid Volatile Sulphide (AVSand Chromium
Reducible Sulphur (CRS) content. [b] Depth profidghe Degree of Sulphurisation
(DOS) and Degree of Pyritisation (DOP).
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TABLE CAPTIONS

Table 1. List of parameters included in the model. The meditation velocity is

calculated asv,=F,,/(ps(1-¢)), while the burial velocity is calculated as
d/( (1- ;) ) “Method” refers to the procedure by which parganealues

are constrained: A = Measurements, L = Literat@iees, F = calculated. References:
[1] Soetaert et al. (1996) [2] Boudreau (1997) [#ysman et al. (2003) [4] Van
Cappellen and Wang (1996).

Table 2. List of biogeochemical reactions included in tleelimment model. Organic
matter is described as a amino-carbohydrate, hg¥iogrbons for 1 nitrogen. Note
that the model includes fast and slow reacting miganatter fractions, that are
implemented with different kinetic constants. R*dam**. denitrification and
ammonium oxidation are not included in the standaadlel, only as a senstivity test
(see Fig. 3).

Table 3. List of kinetic rate expressions for the reactiomduded in the model. The
model includes fast and slow reacting organic mditgetions, that are implemented
with different kinetic constants. Note that reacidR1, R2 and R3 are only shown for
the fast reacting fraction. The slow reacting fiats$ is implemented identically. R*
and R**: denitrification and ammonium oxidation amet included in the standard
model, only as a senstivity test (see Fig. 3).

Table 4. Mineralisation rate of organic matter (in mmol G i) in the GEM lagoon
sediment as compared to other coastal lagoonsrahdyenents.

Table 5: Reaction rates (integrated with depth and expre&s mmol rif d™) for all
reactions in the reaction list. The change in ati® (AA;) and dissolved inorganic

carbon ADIC) due to each reaction is also listed.
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ENVIRONMENTAL PARAMETERS Symbol Value Units Method  References
Temperature T 30 °C A

Salinity S 49 - A

Water depth H 15 m A

Porosity (surface value) # 0.83 - A

Porosity (asymptotic at depth) @ 0.83 - A

Porosity attenuation coefficient X, 19 cm A

Solid phase density O 2.665 g crit A

Sediment accumulation rate Fe 0.223 g criiyrt A

Sedimentation velocity v, 0.50 cm yit A

Burial velocity V. 0.27 cmytt A

Depth of sediment domain L 72 cm A

BOUNDARY CONDITIONS Symbol Value Units Method  References
Oxygen bottom water %) 0.18 mol n? A

Sulphate bottom water S8 28 mol m® A

DIC bottom water YCO, 25 mol n?’ A

Ammonium bottom water [NK] 0 mol m® A

Calcium bottom water [C4 18 mol m® A

Ferrous iron bottom water [Ee 0 mol m?® A

Nitrate bottom water INQY 0.1 mol m® A

Flux OM fast decaying &Foo F 7.9 mmol nf d* F

Flux OM slow decaying o s 6.5 mmol nf d* F

Flux FeOOH FeooH 2.5 mmol nf d* F

Flux FeS Freso 0 mmol n? d* F

Flux CaCQ Feacos 27 mmol nf d* F
SLgi;ii:Eg'CAL Symbol Value Units Method  References
Mixing depth L. 10 cm A

Biodiffusion coefficient D, 0.1 cnf yr* A

Mineralisation constant fast K, 0.5 yrt F [1], [2]
Mineralisation constant slow K, 0.02 yrt F [31, [4]
Oxygen saturation constant Ko, 0.008 mol ¥ L [3]
Nitrate saturation constant KNO; 0.008 mol m-3 L [3]
FeOOH saturation constant Koo 1.88 mmol ¢ L [3]
Sulphate saturation constant Kso}’ 0.9 mol m? L [3]
C/N ratio organic matter £ 50 - F

NH," oxidation rate constant Ko 10% mol* m? yrt L [3]
Fé&* oxidation rate constant Keo 10* mol* m? yrt L [3]
FeS oxidation rate constant Koo 10 mol* m® yr* L [3]
CaCQ precipitation rate constant ~ k_, 1.5 mol m® yr* L [3]



CaCQ precipitation exponent Ny 1 ’ L [3]

Table 1. List of parameters included in the model. The meditation velocity is

calculated asv,=F,,/(ps(1-¢¢)). while the burial velocity is calculated as
v, = Fsed/(ps (1—;0;“)). “Method” refers to the procedure by which partanealues

are constrained: A = Measurements, L = Literatwdeies, F = fitted. References: [1]
Soetaert et al., (1996) [2] Boudreau (1997) [3] Btagn et al. (2003) [4] Van
Cappellen and Wang (1996).



Kinetic reactions

(CHzo)(NHs)up +Oz -
R1  Aerobic respiration 1 g-1

HCO;+ENH;+ H*

ABH5 . —gN:

4 _
(CH ZO)(NHS)llﬁ + g NO3 +

R*  Denitrification 1 2
HCO, +ENHZ +gHZO

(CH,0)(NH),, + 4FeO0H + 7’8ﬂ+1H+ .

R2  Dissimilatory Iron reduction

HCO; + = NH: +4Fe” +6H 0
3 B 4 2

(CH,O)(NH,), ), +4 807 +3Fe”

R3  Sulphate reduction ) L
HCO; +4NH; +2FeS,+ % IH" +2H O

R**  Ammonium oxidation NH; +20, -~ NO; +H,O+2H"
R4  Ferrous iron oxidation Fe* +10,+2H,0 ~ FeOOH +2H"*
R5  Pyrite oxidation FeS, +20,+H,0 - Fe +290% +2H"

R6  Carbonate precipitation Ca* +HCO; - CaCO,+H"

Table 2. List of biogeochemical reactions included in tleeliment model. Organic
matter is described as a amino-carbohydrate, hg¥iogrbons for 1 nitrogen. Note
that the model includes fast and slow reacting miganatter fractions, that are
implemented with different kinetic constants. R*dam**. denitrification and

ammonium oxidation are not included in the standaadlel, only as a senstivity test

Reaction Kinetic rate expression

Runs = (1= )k, [ (CH,0) .(NH ), |

Mineralisation
Riint = (1_ % ) Ky [(CH 20) (NH 3)1//;:|

(see Fig. 3).



Aerobic _ 3
R1 respiration R=Runs [0, ]+K,,
Ko, [No; |
O, |+Ko, [NO; [+K

R* Denitrification R=an,f[

Ko, Ko [ FeOOH ]
0, ]+ Ko, [ NO; |+ K, [FEOOH]+ Koo

R2 Iron reduction R=an,f[

r3 Sulphate R=R. Ko, Kyo; Keeoon (07 [Fe* ]
reduction 1[0, ]+ Ko, [ NO; [+ K, [FEOOH ]+ Keeogyy [ SO} [+ K, [FE™ [+K .
Ammonium .

R™ oxidation R= ko[ NHZ ][O ]
Ferrous iron _ 2

R4 oxidation R= ko Fe” ][O, ]

rs Qyrite R=(1-¢ )k [O, ][ FeS; |
oxidation FoL™2

Carbonate i I:Ca2+:||:CO32_:|_ Ncp
RO precipitation R=(1 #)'%{KT 1

Caco,

Table 3. List of kinetic rate expressions for the reactiomduded in the model. The
model includes fast and slow reacting organic mdtgetions, that are implemented
with different kinetic constants. Note that reacidR1, R2 and R3 are only shown for
the fast reacting fraction. The slow reacting fiats$ is implemented identically. R*
and R**: denitrification and ammonium oxidation amet included in the standard

model, only as a senstivity test (see Fig. 3).

MINERALISATION RATE STUDY SITE REFERENCE

131 Ghar El Melh lagoon, Tunisia This study

7.2-8.2 Thau lagoon, France Dedieu et al. (2007)

21 Fogliano lagoon, Italy Hull et al. (2008)

29 - 48 Términos lagoon, Mexico Origel Moreno (2015
44 - 61 Gazi lagoon, Kenya Middelburg et al. (1996)

60 New Caledonia lagoon, France Boucher et al.4)199



46 - 102 Australian lagoons Eyre and Ferguson (R002

REACTION AAT/ADIC RATE

Table 4. Mineralisation rate of organic matter (mmol C*mi) in the GEM lagoon

sediment as compared to other coastal lagoonsrahdyenents.



R1

R2

R3

R4

R5

R6

Aerobic mineralisation

Iron reduction

Sulphate reduction
with pyrite
precipitation

Iron oxidation
Pyrite oxidation

Carbonate
precipitation

(CH,0)(NH,),., +O, ~ HCO; +%NH2+

(CH,0)(NH),,; + 4FeOOH +_7ﬁﬂ+ TR

HCO; + - NH; +4F€” + 6H .0

B
(CH,0)(NH,),, +4S0; +2Fe” -
HCO; +4NH; +2FeS,+*% H"+2H O
Fe* +10,+3H,0 — FeOOH +2H"
FeS, +10,+H O - Fe” +230; +2H"

Ca® +HCO; - CaCO,+H"

5-1
B

H+

0/+1

+8/+1

+0.57/+1

-2/0

-2/0

-2/-1

4.26

0.9

7.9

1.4

0.04

2.7

Table5: Reaction rates (integrated with depth and expessmmol nf d™) for all

reactions in the reaction list. The change in a3l (AAT) and dissolved inorganic

carbon ADIC) due to each reaction is also listed.
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Figure 1. The Ghar El Melh (GEM) is a shallow coastal lagoon in northern part of
Tunisia. The red marker denotes the location of the sampling site. The arrow indicates
the narrow channel which allows water renewal through exchange with the
Mediterranean.
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Figure 2. (a) Porosity depth profile. The solid line represents the exponential curve
that was fitted through the data. (b) **'Cs activity depth profile. Both profiles are
reproduced from (Rasmussen et al., 2009).
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Figure 3. Concentration depth profiles of solutes and solids in the sediments from
Ghar El Melh lagoon. Open markers indicate data, while continuous solid black lines
(without N-cycle) and dotted red lines (with N-cycle) represent model simulated
depth profiles. Dashed line for the pH indicates that pH was imposed and not
caculated, and dashed-dotted line for akalinity indicates that akalinity was
calculated from DIC and pH, and not explicitly modelled. Solute concentrations are
expressed in mM (alkalinity, NH,", O,, SO, Fe**, Ca"), solid concentrations are
expressed in mass % (organic matter, CaCOs, FEOOH and FeS,). Note the different
depth scale for the O, depth profile. Data on organic matter, pyrite, pH, CaCOs,
dissolved iron and iron oxides were obtained from Ouedlati (2011). Data on pore
water sulphate, DIC, ammonium, alkalinity and dissolved calcium were obtained from
Added (2001) and Added (2002).
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Figure 4. (a) Partitioning of the total organic matter mineralisation rate in different
respiratory pathways. (b) Depth profiles of the rates of the different organic matter
mineralisation pathways (same colour codes). Rates are taken from the model run
without an N-cycle.
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Figure 5. Steady state budget of carbon (red), iron (green) and sulphur (blue) in the
sediments of the Ghar EI Melh lagoon. Rates are expressed in mmol C/ Fe/ Sm™? d™*
respectively. Rates are taken from the model run without an N-cycle.
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Figure 6. Sensitivity of steady-state ammonium depth profiles towards the C/N ratio
of organic matter. The C/N value is varied from 7 (Redfield value) to 50. All other
parameters are kept constant at the value tabulated in Table 1.
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Figure 7. [a] Depth profiles of Acid Volatile Sulphide (AVS) and Chromium
Reducible Sulphur (CRS) content. [b] Depth profiles of the Degree of Sulphurisation
(DOS) and Degree of Pyritisation (DOP).



