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ABSTRACT  28 
 29 
Coastal lagoon sediments are important for the biogeochemical carbon cycle at the 30 

land-ocean transition, as they form hotspots for organic carbon burial, as well as 31 

potential sites for authigenic carbonate formation. Here, we employ an early 32 

diagenetic model to quantify the coupled redox cycling of carbon, iron and sulphur in 33 

the sediments of the shallow Ghar El Melh (GEM) lagoon (Tunisia). The model 34 

simulated depth profiles show a good correspondence with available pore water data 35 

(dissolved inorganic carbon, NH4
+, total alkalinity, Ca2+, Fe2+ and SO4

2-) and solid 36 

phase data (organic matter, pyrite, calcium carbonate and iron (oxyhydr)oxides). This 37 

indicates that the model is able to capture the dominant processes influencing the 38 

sedimentary biogeochemical cycling. Our results show that sediment of the GEM 39 

lagoon is an efficient reactor for organic matter breakdown (burial efficiency < 10 %), 40 

with an important role for aerobic respiration (32 %) and sulphate reduction (61 %). 41 

Despite high rates of sulphate reduction, free sulphide does not accumulate in the pore 42 

water, due to a large terrestrial input of reactive iron oxides and the efficient 43 

sequestration of free sulphide into iron sulphide phases. High pyrite burial (2.2 mmol 44 

FeS2 m
-2 d-1) prevents the reoxidation of reduced sulphide, thus resulting in a low total 45 

oxygen uptake (4.7 mmol m-2 d-1) of the sediment and a relatively high oxygen 46 

penetration depth. The formation of pyrite also generates high amounts of alkalinity in 47 

the pore water, which stimulates authigenic carbonate precipitation (2.7 mmol m-2 d-1) 48 

and leads to alkalinity release to the overlying water (3.4 mmol m-2 d-1). Model 49 

simulations with and without an N-cycle reveal a limited influence of nitrification and 50 

denitrification on the overall organic matter diagenesis. Overall, our study highlights 51 

the potential role of coastal lagoons for the global carbon and sulphur cycle, and their 52 

possible contribution to shelf alkalinity, which increases the buffering capacity of the 53 

coastal ocean for CO2 uptake.  54 
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INTRODUCTION 55 
 56 

Coastal lagoons are shallow water bodies, oriented in parallel to the shoreline and 57 

separated from the ocean by a barrier that allows water exchange through one or more 58 

inlets. Bordering 13% of the world’s present-day coast line, they are a common type 59 

of coastal ecosystems, typically resulting from the submergence of coastal plains 60 

during Holocene sea-level rise (Nichols and Allen 1981). Coastal lagoons are highly 61 

dynamic environments in terms of biogeochemistry, and they play an important role 62 

in the transport, modification and accumulation of organic matter at the land-ocean 63 

interface. Because of their proximity to land, lagoons receive considerable quantities 64 

of nutrients, which stimulates in situ primary production by microphytobenthos, 65 

macroalgae, and seagrasses (Bianchi 2007). At the same time, these lagoons receive 66 

considerable amounts of allochtonous carbon from terrestrial sources. Part of the 67 

locally produced as well as the imported organic carbon is stored in the sediments, 68 

making these coastal lagoons prime locations for marine organic matter burial 69 

(Burdige 2007) and rendering them an important “blue carbon” sink (Mcleod et al., 70 

2011).  71 

In these shallow environments, the sediment plays an essential role in the 72 

biogeochemical cycling, as there is a close coupling with water column processes. 73 

Due to the high organic matter (OM) loading, sedimentary mineralisation rates are 74 

high, and oxygen is rapidly depleted in the first few millimetres of the sediment (Glud 75 

2008). This favours the prevalence of anaerobic pathways of organic matter 76 

mineralisation, such as dissimilatory iron reduction and sulphate reduction. The 77 

biogeochemical cycles of sulphur and iron in the sediment are strongly intertwined, as 78 

ferrous iron and reduced sulphide readily precipitate as iron sulphide minerals, such 79 

as mackinawite, greigite and pyrite (Morse et al. 1987, Rickard and Morse 2005). The 80 

formation and burial of iron sulphides forms a source of alkalinity to the pore water in 81 

shallow marine environments (Stumm and Morgan 1996).  82 

Recent studies have pointed out that the alkalinity generation in coastal sediments 83 

may increase the capacity of the coastal ocean to act as a potential sink for 84 

atmospheric CO2 (Thomas et al. 2009; Faber et al. 2012; Brenner et al. 2016). 85 

Sedimentary alkalinity production can offset the effect of dissolved inorganic carbon 86 

production by respiration on the acidification of coastal waters, thus enhancing the 87 

uptake of atmospheric CO2 (Hu and Cai 2011; Brenner et al. 2016). For example, in 88 
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the North Sea, it has been estimated that as much as one-quarter of the overall CO2 89 

uptake may be driven by alkalinity production in the intertidal flats of the southern 90 

North Sea (Thomas et al. 2009). This observation has recently sparked great interest 91 

in quantifying the rates and mechanisms of alkalinity production in coastal sediments 92 

(Cyronak et al. 2013; Faber et al. 2012; Rao et al. 2014; Rao et al. 2016; Brenner et al. 93 

2016). 94 

However, mechanisms that produce alkalinity in coastal sediments remain poorly 95 

understood (Rassmann et al. 2016), due to the complexity and competition of multiple 96 

reactions in anoxic sediments (Froelich et al. 1979; Van Cappellen and Wang 1996). 97 

The aim of the present study is to establish a quantitative understanding of 98 

biogeochemical cycling and alkalinity generation in the sediments of a Mediterranean 99 

lagoon. To address the objective, we compiled a dataset on pore water and solid phase 100 

geochemistry and analysed this dataset by means of reactive transport modelling. This 101 

model-data comparison enables a detailed insight into the coupled cycling of carbon, 102 

iron and sulphur, and allows to arrive at quantitative rate estimates for pyrite 103 

formation and authigenic carbonate formation, and the associated sedimentary 104 

alkalinity production or consumption in the lagoon.  105 

1. MODEL FORMULATION 106 

1.1 Site description  107 

In Tunisia, lagoon environments cover a total area of 1100 km2, and are 108 

distributed over the entire Mediterranean coastline from north to south (Moussa et al. 109 

2005). These lagoons are of great ecological and economic importance, but are 110 

experiencing increasing anthropogenic pressure, being exposed to various types of 111 

environmental degradation resulting from agricultural, industrial and touristic 112 

activities (Oueslati et al. 2010; Zaaboub et al. 2015). The Ghar El Melh (GEM) is a 113 

shallow coastal lagoon in northern Tunisia, which is separated by a narrow vegetated 114 

sand strip from the Mediterranean Sea (Fig. 1). The lagoon has a total area of 35.6 115 

km2 and consists of three main parts (Ayache et al. 2009): the main lagoon where the 116 

field site of this study is located (26.7 km2), the smaller basin of Sebkhet El Ouafi in 117 

the southeast (5.2 km2) which is permanently connected to the main lagoon, and the 118 

small sub-lagoon of Sebkhet Sidi Ali El Mekki in the northeast (3.7 km2) that is 119 

isolated by embankments. The main lagoon is generally very shallow (average water 120 
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depth = 0.8 m; maximum depth = 3.8 m), and therefore, the water column of the 121 

lagoon remains well homogenised throughout the year due to wind-induced mixing. A 122 

narrow channel enables a restricted water exchange with the open sea (water 123 

residence time in the lagoon: 35 days; Rasmussen et al., 2009). The salinity shows 124 

strong seasonal variation, resulting from freshwater runoff in winter (lowest salinity 125 

~32) and strong evaporation in summer (highest salinity ~49).  126 

Five thousand years ago, the GEM lagoon was a large bay, open to the 127 

Mediterranean Sea, into which the Mejerda River discharged. Since then, the bay has 128 

been gradually filled up with fluvial sediment from the Mejerda River, thus evolving 129 

into the present day lagoon (Pimienta 1959; Paskoff 1981; Added et al. 2003). At the 130 

end of the nineteenth century, the Mejerda River drastically changed its course during 131 

a major flood, shifting its natural outlet to the south of the lagoon (Ayache et al. 132 

2009). Subsequently, the river system became the subject of several human 133 

interventions. In 1939, the lower part of Mejerda River was embanked, which 134 

facilitated drainage to the Mediterranean and reduced overflow during floods, thereby 135 

reducing the sediment transport to the lagoon. In 1948, a diverting canal was 136 

constructed further south of the GEM lagoon, designed to evacuate excess flood flow, 137 

and this artificial waterway constitutes the current outlet of the Mejerda River 138 

(Paskoff 1994). Construction of dams in the catchment between 1950 and 1981 have 139 

further reduced the sediment transport to the Mediterranean (Zahar et al. 2008). At 140 

present, sediment is mainly supplied to the lagoon by flash floods and surface runoff 141 

from the small catchment. Likely there is also a net import of sediment from the 142 

Mediterranean, due to relatively high suspended matter concentrations in the coastal 143 

waters outside of the lagoon (Rasmussen et al. 2009).   144 

While the sediment loading has decreased, the nutrient loading to the lagoon has 145 

increased over the last decades, due to intensification of agriculture in the catchment 146 

and the development of an industrial area to the west of the lagoon. Moreover, the 147 

lagoon receives untreated sewage from two towns and a catchment area of 131 km2 148 

(Ayache et al. 2009). As a consequence, the lagoon has shown signs of increasing 149 

eutrophication, such as an increasing cover of macroalgae (mainly Cladophora), and a 150 

decrease in the vegetation of seagrasses (Shili et al. 2002). Concentrations of 151 

chlorophyll-a in the water column vary between 2.2 mg m-3 in winter to 54 mg m-3 in 152 

summer (Moussa et al. 2005). The estimated net primary production is 104 g C m-2 yr-153 
1 or 3,731 tonnes C year-1 over the whole lagoon (Rasmussen et al. 2009). Benthic 154 
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fauna (mostly annelids) are observed only in low abundances, so sediments are likely 155 

subject to low rates of bioturbation. 156 

1.2 Sediment parameters 157 

Fine cohesive surface sediments characterize the central depositional zone of the 158 

GEM lagoon, where the sampling site is located (N 37.132607° and E 10.190882°). 159 

Seagrasses (Ruppia sp., Dhib et al. 2013) and macroalgae are restricted to the 160 

shallower parts of the lagoon, and are not growing near the field site location, which 161 

was unvegetated. Coarse sieving of sediment reveals fragmented mollusc shells that 162 

strongly contribute to the carbonate fraction, as well as seagrass detritus  that is 163 

transported from shallower parts of the lagoon and contributes to the organic matter 164 

pool (Rasmussen et al. 2009). We estimated sediment parameters from a variety of 165 

literature sources. A porosity depth profile was obtained from a 120 cm deep sediment 166 

core in the middle of the lagoon (Rasmussen et al. 2009; Fig. 2a). We fitted an 167 

exponentially decreasing depth relation 
( ) ( ) ( )0 expF F F F ax x xφ φ φ φ∞ ∞= + − −

 to this 168 

profile using non-linear regression (using the Gauss-Newton algorithm of the nls 169 

function from the R package CRAN:stats, R-version 3.4.0). This provided a surface 170 

porosity 0
Fφ  = 0.83, an asymptotic porosity at depth Fφ∞ = 0.69, and a characteristic 171 

attenuation depth ax =19 cm (Fig. 2a). Rasmussen et al. (2009) furthermore estimated 172 

the current sediment load as 42,200 tonnes per year (mean over the period 2003-173 

2004), which provides an average sediment accretion velocity of 1.9 mm yr-1 over the 174 

whole lagoon (assuming a porosity at depth Fφ∞ = 0.69 and a solid phase density sρ  = 175 

2.66 g cm-3). However, sediment accumulation is strongly spatially variable, and the 176 

deeper part in the central lagoon (where the field site is located) experiences the 177 

highest rate of sediment deposition. Sediment cores within this central part were 178 

retrieved in 2003 and dated using natural (210Pb) and artificial (137Cs) radionuclides 179 

(Rasmussen et al. 2009). The resulting 137Cs profile showed a well-resolved peak at 180 

20.5 cm that most probably records the 1963 fallout maximum from the atmospheric 181 

testing of nuclear weapons (Sanchez-Cabeza and Ruiz-Fernandez, 2012) (Fig. 2b). 182 

The sharp peak in the 137Cs profile also indicates that the bioturbation intensity at the 183 

field site must be low, thus inducing little peak broadening. Overall, the core dating 184 

results suggest a fairly uniform mean sediment accumulation rate Fsed = 0.226 g cm-2 185 
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yr-1 over the period 1963-2003 (Flower et al. 2009), resulting in a mean sediment 186 

accretion velocity ( )( )1s sed s Fv F ρ φ∞ ∞= −  = 2.8 mm yr-1 in the central part of the 187 

lagoon. 188 

1.3 Solid phase and pore water dataset  189 

The simulation output of a reactive transport model was compared to available 190 

depth profile data of pore water solutes and solid phase concentrations. This pore 191 

water dataset was assembled from a variety of previously reported field campaigns. 192 

Depth profiles of organic matter, pyrite (FeS2), pH, particulate inorganic carbon 193 

(CaCO3), dissolved iron (Fe2+) and iron (hydr)oxides (FeOOH) were obtained from 194 

Oueslati (2011). Data on pore water sulphate (SO4
2-), Dissolved Inorganic Carbon 195 

(DIC), ammonium (NH4
+), total alkalinity (AT) and dissolved calcium (Ca2+) were 196 

obtained from Added (2001) and Added (2002). The details of the chemical analysis 197 

are also given in these references. Chromium reducible sulphur (CRS) was 198 

determined on dry sediments according to the Cr-reduction method of Canfield et al. 199 

(1986). Acid-volatile sulphide (AVS) was extracted from wet sediment using a hot-200 

acid purge-and-trap technique (Berner, 1974). Reactive iron was extracted from dry 201 

sediment with cold 1M HCl (extraction time = 16h) following the method of Huerta-202 

Diaz and Morse (1990). The pore water data were collected from the same location at 203 

two different times (1990 and 2006). Our primary objective was to make optimal use 204 

of the available data, and to investigate what can be learned about geochemical 205 

cycling in the GEM lagoon from this dataset. There are no indications that the Ghar El 206 

Melh lagoon has experienced drastic environmental changes in the last two decades, 207 

and so we do not expect a strong signature of transient diagenesis in the pore water. 208 

Furthermore, the sediment domain that is investigated (~70 cm sediment column) 209 

encompasses a period of about 150 years, which is a large time interval compared to 210 

the time between the two sampling events.    211 

1.4 Reactive transport model  212 

The aim of the biogeochemical model is to simulate the depth profiles of the main 213 

pore water and solid phase constituents in the sediment of the GEM lagoon. The 214 

biogeochemical model comprises a conventional early diagenetic model, which is the 215 

standard approach to describe reactive transport in marine sediments (Boudreau 1997; 216 

Meysman et al. 2003; Berg et al. 2003). The core of this reactive transport model 217 
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consists of a set of mass balance equations of the advection-diffusion-reaction form 218 

(Boudreau 1997; Meysman et al. 2005). Adopting the assumption of steady-state 219 

compaction, the balance equation for a pore water solute becomes (Meysman et al. 220 

2005): 221 

( ) ,
OWi i

F F i F F i i i i k k
k

C C
D v C C C R

t x x
φ φ φ α γ ∂ ∂ ∂= − + − + ∂ ∂ ∂ 

∑
 
                             [1] 222 

The quantity iC  represents the concentration of a dissolved compound in the pore 223 

water, OW
iC is the value in the overlying water, Fφ   denotes the porosity (implemented 224 

via an exponentially decreasing depth relation as described above), iD is the 225 

sedimentary diffusion coefficient, and Fv  is the advective velocity of the pore fluid. 226 

The quantities kR  represent the rates of the biogeochemical reactions (as detailed in 227 

the next section), where ,i kγ  is the stoichiometric coefficient of the i-th species in the 228 

k-th reaction. The molecular diffusion coefficient mol
iD  is first calculated as a function 229 

of temperature and salinity using the R package CRAN:marelac (Soetaert et al. 2010) 230 

and corrected for tortuosity according to the modified Wiessberg relation of Boudreau 231 

(1996b), i.e., ( )1 2 lnmol
i i FD D φ= − . The quantity α  is the bio-irrigation coefficient, 232 

which is set to zero here, as we assume that the impact of burrowing fauna on the 233 

solute transport is minimal. 234 

For solid components, the general diagenetic equation has the form (Meysman 235 

et al. 2005): 236 

 237 

,
j j

S S B S S j j k k
k

C C
D v C R

t x x
φ φ φ γ

 ∂ ∂∂= − + ∂ ∂ ∂ 
∑                                                 [2] 238 

The solid volume fraction is calculated from porosity ( Sφ =1- Fφ ). The concentration 239 

jC  of a solid compound is expressed per unit volume of solid sediment. The bio-240 

diffusion coefficient is set to a low value (BD  = 0.1 cm2 yr-1 over the first 10 cm), 241 

reflecting a low level of solid phase mixing. As discussed above, the model adopts a 242 

constant sediment accumulation rate Fsed = 0.226 g cm-2 yr-1, determined from core 243 

dating. Under the assumption of steady state compaction (Meysman et al., 2005), the 244 

advective velocity of the solids at infinite depth can be calculated as 245 
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( )S sed S Sv F ρ φ∞ ∞= , where sρ  represents the solid phase density, and 1S Fφ φ∞ ∞= −  with 246 

Fφ ∞  the porosity at infinite depth. Furthermore, compaction ceases at infinite depth, 247 

and so the advective velocity of the pore fluid must be the same as that of the solid 248 

phase, i.e., F Sv v∞ ∞= . Subsequently, one can calculate the advective velocity of solutes 249 

and solids throughout the model domain as ( ) ( )( )F F F Fv x x vφ φ∞ ∞=  and 250 

( ) ( )( )S S S Sv x x vφ φ∞ ∞=  respectively (Meysman et al., 2005).  251 

For all pore water constituents, a fixed concentration was imposed as a boundary 252 

condition at the sediment-water interface. The concentration values were obtained 253 

from measured bottom water conditions at the field site (Table 1). For the solid phase 254 

compounds, a constant flux was imposed at the upper boundary. At the lower 255 

boundary of the model domain (L = 72 cm), a no gradient condition was imposed for 256 

all compounds (pore water and solid phase).  257 

1.5 Reaction set  258 

The reaction set included in the model is listed in Table 2. Our goal was to keep 259 

the reaction set as concise as possible, thus providing a parsimonious description of 260 

biogeochemical cycling in the sediments of the GEM lagoon. The associated kinetic 261 

rate expressions are listed in Table 3 and were adopted from existing models of 262 

sediment biogeochemistry (Boudreau 1996a; Van Cappellen and Wang 1996; Berg et 263 

al. 2003; Meysman et al. 2003). In total, six different reactions were included in the 264 

reaction set. Organic matter in the sediment is microbially degraded via three different 265 

pathways: (1) aerobic respiration, (2) dissimilatory iron reduction and (3) sulphate 266 

reduction (denitrification is only included as a sensitivity test, and is not part of the 267 

core model).  268 

1. 2 2 3CH O O HCO H− ++ → +  269 

2. 2
2 3 24 7 4 6CH O FeOOH H HCO Fe H O+ − ++ + → + +  270 

3. 2 2 34 2 2 2
2 4 3 2 27 7 7 7 7CH O SO Fe HCO FeS H H O− + − ++ + → + + +  271 

 272 
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The mineralisation of organic matter ( 2CH O) is described via classical kinetic 273 

expression, in which the mineralisation rate Rmin linearly scales with the amount of 274 

organic matter that is present. Two types of organic matter are included (slow and fast 275 

decaying, as specified by a different mineralisation rate constant k). The release of 276 

ammonium ( 4NH + ) during mineralisation is specified by the ammonification rate Nmin 277 

= (N/C)*Rmin, where (N/C) represents the nitrogen to carbon ratio of the organic 278 

matter. Both types of organic matter are assumed to have the same N/C ratio.   279 

Iron reduction and sulphate reduction are suppressed under oxic conditions, 280 

which are implemented via a conventional limitation-inhibition formulation (Table 3; 281 

Soetaert et al. 1996). The degree of overlap between the zones iron and sulphate 282 

reduction is governed by the inhibition constant FeOOHK . The ferrous iron (Fe2+) 283 

released from reduction of iron hydroxides (FeOOH) accumulates in the pore water, 284 

and this way, it becomes subsequently available for pyrite formation (FeS2). The pore 285 

water of the lagoon is found to be devoid of free sulphide (Added 2002), but sulphate 286 

reduction appears to be the dominant mineralisation pathway (Oueslati et al., 2010). 287 

Additionally, iron oxide reduction coupled to sulphide oxidation has previously been 288 

found to be of minor importance for the consumption of free sulphide, when 289 

compared to the precipitation of iron sulphide minerals (van de Velde and Meysman, 290 

2016). Therefore, our model assumes a tight coupling between sulphate reduction and 291 

pyrite formation: all free sulphide generated by sulphate reduction is directly trapped 292 

as pyrite. This way the model formulation can be simplified, as no intermediate 293 

sulphur compounds (e.g. free sulphide H2S, or elemental sulphur S0) need to be 294 

included in the reaction set.  295 

When ferrous iron is transported upward from deeper layers by diffusion, it is re-296 

oxidised when it comes into contact with oxygen  297 

4. 2 31
2 24 2 2Fe O H O FeOOH H+ ++ + → +  298 

In a similar fashion, pyrite is also re-oxidised in the oxic layer of the sediment 299 

5.  2 27
2 2 2 42 2 2FeS O H O Fe SO H+ − ++ + → + +  300 

Both re-oxidation reactions are modelled via standard second order rate expressions 301 

(Table 3).  302 
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Dissimilatory iron reduction produces 8 moles of alkalinity per mole of 303 

carbon, while combined sulphate reduction / pyrite formation generates 0.57 moles of 304 

alkalinity per mole of carbon mineralised. Accordingly, anoxic mineralisation can 305 

release substantial quantities of alkalinity to the pore water, which may increase the 306 

pH and promote the authigenic precipitation of carbonates. 307 

6. 2
3 3Ca HCO CaCO H+ − ++ → +  308 

The carbonate precipitation rate was calculated according to the standard kinetic 309 

rate law, ( )1CP S CPR kφ= Ω − , where the reaction rate scales with the saturation state 310 

of the pore water (Boudreau 1996a), and the reaction rate is zero for 1Ω ≤  (no 311 

dissolution. The saturation state was calculated as 2
2 2 SPCa a CO K+ Ω =   ∑ where 312 

the ionisation constant ( )2

2 1 2 1 1 2a K K H K H K K+ +   = + +     represents the 313 

carbonate fraction of the dissolved inorganic carbon (Hofmann et al. 2010). The 314 

solubility product of calcite, SPK , and the apparent equilibrium constants 1K  and 2K  315 

of the carbonate system were calculated as a function of temperature and salinity 316 

using CRAN:AquaEnv, a dedicated R-package for acid-base and CO2 system 317 

calculations (Hofmann et al. 2010). Specifically, for the carbonate equilibria, we used 318 

the relationships provided by Millero et al. (2006). The proton concentration H +   , 319 

or equally the ( )10logpH H + = −   , was not included as state variable in the model. 320 

As protons are consumed or produced in nearly all biogeochemical reactions, and 321 

proton concentrations are low, the accurate model prediction pH depth profiles in 322 

sediments remains challenging. To avoid this complexity, we simply imposed the 323 

observed pH profile upon the model. To this end we fitted an exponential decreasing 324 

depth profile 
( ) ( ) ( )0 exp pHpH x pH pH pH x x∞ ∞= + − −

 to the available date (Fig. 325 

3h; fitting parameters 0pH =8.4; pH∞ =7.2; pHx  = 12 cm).  326 

The dataset does not include pore water nitrate, which makes it difficult to 327 

constrain the rates nitrification and denitrification. To still investigate the impact of 328 

the N cycling on pore water depth profiles and organic matter degradation, a 329 

sensitivity test was performed. To this end, the standard model was extended with 330 

denitrification. 331 
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7.   2 3 3 2 20.8 0.4 0.4 0.2CH O NO HCO N H O H− − ++ → + + +  332 

and nitrification reactions 333 

8. 4 2 3 22 2NH O NO H H O+ − ++ → + +  334 

The associated kinetic rate expressions for these reactions are given in Table 3. 335 

 336 

1.6 Numerical solution  337 

Altogether, the model includes 11 state variables: the concentration of two types of 338 

organic matter [CH2Of] and [CH2Os], ammonium [NH4
+], oxygen [O2], sulphate 339 

[SO4
2-], ferrous iron [Fe2+], iron oxyhydroxide [FeOOH], pyrite [FeS2], dissolved 340 

inorganic carbon (DIC, modelled as bicarbonate [HCO3
-]), calcium [Ca2+], calcium 341 

carbonate [CaCO3]. In the sensitivity model run, nitrate [NO3
-] was additionally 342 

included. We have chosen to not explicitly model the pH, but to externally impose the 343 

pH depth profile upon the model. Hence, the modelled bicarbonate concentration 344 

[HCO3
-] actually represents DIC, and the speciation of the carbonate system is done at 345 

each depth based on the imposed pH (i.e. the calculation of the factor 2a  – see section 346 

1.5). A numerical solution procedure for the resulting partial differential equations 347 

was implemented in the open-source programming language R, following the 348 

procedures of Hofmann et al. (2008) and Soetaert and Meysman (2012). Following 349 

the method-of-lines to solve diagenetic models (Boudreau et al., 1996a), we expanded 350 

the spatial derivatives of the partial differential equations over the sediment grid using 351 

finite differences, using the dedicated routines of the R-package CRAN:ReacTran 352 

(see Soetaert and Meysman 2012 for details). This finite difference grid was obtained 353 

by dividing the sediment domain (thickness L = 72 cm) into a non-uniform grid of 354 

100 sediment layers (finer resolution near the sediment water interface). After finite 355 

differencing, the resulting set of ordinary differential equations was integrated using 356 

the stiff equation solver vode (Brown et al., 1989) as implemented in the R-package 357 

CRAN:deSolve (Soetaert et al. 2012). The steady state solution was calculated by 358 

running the model dynamically to steady state using the function steady.1D from the 359 

CRAN:rootSolve package (Soetaert and Herman 2009). The alkalinity is a posteriori 360 

calculated from the DIC and pH as 
( )1 2 32TA a a HCO H− +   = + −    , where 1a  and 2a  361 
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are the ionisation constants of the carbonate system. This calculation neglects the 362 

contributions of the minor acid-base systems (borate, silicate, ammonium), as their 363 

contribution in pore waters is relatively small.    364 

 365 

1.7 Model parameterisation 366 

Table 1 provides an overview of all parameters, which are classified into three 367 

categories, depending on the way that parameters values were constrained. The first 368 

category, referred to as “Environmental parameters”, could be directly constrained 369 

based on the available field data (e.g. temperature, salinity, porosity depth profile, pH 370 

depth profile, composition of the overlying bottom water at the field site). The second 371 

category, denoted “Biogeochemical parameters”, includes parameters that also feature 372 

in conventional models of sediment geochemistry. This includes the parameters in the 373 

kinetic rate expressions of organic matter mineralisation and subsequent re-oxidation 374 

reactions, as well as the parameters describing the precipitation of calcium carbonate. 375 

The values of these biogeochemical parameters were constrained based on previous 376 

early diagenetic model studies (Table 1 provides the values and references).  377 

2. RESULTS  378 

2.1 Organic matter mineralisation  379 

The sediments underlying the shallow warm waters of the GEM lagoon support a 380 

high organic matter mineralisation rate. The depth profile of organic carbon (OC) 381 

shows a decrease from 2.6% near the sediment water interface to 0.25% at 40 cm 382 

depth. The model closely reproduces the decrease of organic carbon with depth (Fig. 383 

3a) and estimates the input of organic carbon to the sediment at 14.4 mmol C m-2 d-1, 384 

of which 91% is mineralised (13.1 mmol C m-2 d-1) and only 9% is buried past the 70 385 

cm depth horizon (1.3 mmol C m-2 d-1).  386 

  The organic matter arriving at the sediment surface was assumed to belong to two 387 

classes with different reactivity. The model estimates that 55% of the organic matter 388 

is highly reactive (decay constant k = 0.5 yr-1), while the remainder is slowly 389 

decaying (45% with k = 0.02 yr-1). The calculation of the remineralisation length (?? = 390 

/sed kν  where ( )0
sed s s svν φ φ∞ ∞=  = 0.5 cm yr-1 is the sedimentation velocity at the 391 

sediment-water interface and k is the decay constant) illustrates that the highly 392 
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reactive fraction already disappears within the first centimetre of the sediment, while 393 

the slowly decaying fraction mineralises over a characteristic depth scale of ~25 394 

centimetres. Hence, the disappearance of the highly reactive organic matter fraction is 395 

difficult to constrain with a cm-scale resolution of slicing of the sediment.  396 

Oxygen depth profiles have not been recorded in the GEM lagoon, and so no data-397 

model comparison can be made. The model predicts an oxygen penetration depth of 398 

13 mm (operationally defined as the depth where [O2] < 1 µM) (Fig. 3b). The total 399 

oxygen uptake (TOU) of the sediment is estimated by the model at 4.7 mmol m-2 d-1. 400 

This TOU is 2.8 times lower than the total mineralisation rate of organic matter (13.1 401 

mmol C m-2 d-1 as discussed above). In the absence of bio-irrigation by infauna, this 402 

large difference between the TOU and the carbon mineralisation rate indicates that a 403 

substantial amount of the reduced compounds formed during mineralisation are buried 404 

rather than re-oxidised with oxygen. In the model, the burial of pyrite (2.3 mmol FeS2 405 

m-2 d-1) acts the primary sink for reduced compounds (i.e., the main sink for electrons 406 

derived from organic matter oxidation) (Fig. 3d). Since 3.5 moles of O2 are needed to 407 

fully oxidise one mole of pyrite; one would need 8.1 mmol O2 m-2 d-1 to fully re-408 

oxidise the burial flux of pyrite. Thus, the discrepancy between the TOU and the 409 

organic carbon mineralisation rate is explained by the high burial flux of pyrite.   410 

The pore water shows an accumulation of DIC and NH4
+ over the first 30 411 

centimetres, after which the end-products of OM mineralisation reach plateau 412 

concentration values (Fig. 3e,f). While DIC accumulates to relatively high values (10 413 

mM at 30 cm depth), the NH4
+ concentrations only amount to 230 µM. To obtain a 414 

good fit to both depth profiles (Fig. 3e,f), the model required a very high C/N ratio 415 

(C/N = 50) for both the fast and slowly decaying organic matter fractions. The 416 

simulated net effluxes from the sediment of DIC and NH4
+ are 10.34 mmol C m-2 d-1 417 

and 0.26 mmol N m-2 d-1 respectively. The difference between the DIC efflux from 418 

the sediment and the mineralisation rate is explained by carbonate precipitation (2.68 419 

mmol C m-2 d-1) that takes place at depth (Fig. 3i).  420 

2.2 Iron and sulphur cycling  421 

In the GEM lagoon sediment, sulphate shows a progressive decrease with depth 422 

from 28 mM at sediment-water interface to below 15 mM in deeper sediment 423 

horizons (Fig. 3c). Accordingly, organoclastic sulphate reduction is not able to 424 

completely exhaust the sulphate pool in the sediment. Still, sulphate reduction is the 425 
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dominant pathway of organic matter mineralisation (61%) in the GEM sediment, 426 

while aerobic degradation accounts for 32% of the total carbon mineralisation and 427 

dissimilatory iron reduction is responsible for 7% (Fig. 4a). The simulated depth 428 

distribution of aerobic respiration dominates the top centimetre, while below this, the 429 

depth distributions of sulphate reduction and dissimilatory iron reduction show a 430 

substantial degree of vertical overlap (Fig. 4b).  431 

The simulated concentration depth profile of pore water Fe2+ shows a subsurface 432 

maximum and matches the data profile well (Fig. 3k). Ferrous iron increases from 433 

near-zero values at the sediment-water interface to a subsurface maximum (0.27 mM) 434 

at 7 cm depth, after which the concentration gradually decreases to reach < 0.01 mM 435 

at 70 cm depth. Although the shape of the depth profile is similar, the model 436 

simulation overpredicts the stock of reactive iron (oxyhydr)oxides in the sediment. 437 

The FeOOH profile sharply decreases within the first 5 centimetres, after which it 438 

more gradually declines with depth (Fig. 3l). The concentration profile of pyrite 439 

(FeS2) forms almost a mirror image of the FeOOH profile (Fig. 3d), suggesting a 440 

stoichiometric conversion of FeOOH into FeS2. The FeS2 increased from near-zero 441 

values near the surface to > 1 wt-% S by weight at depth. The simulated input flux of 442 

FeOOH to the sediment is 2.50 mmol Fe m-2 d-1, while the burial flux of pyrite 443 

amounts to 2.23 mmol Fe m-2 d-1, thus suggesting a conversion efficiency of > 0.89 of 444 

FeOOH into FeS2. Yet, as noted above, the FeOOH at depth appears to be 445 

overpredicted by the model, thus indicating that in reality, the conversion efficiency is 446 

likely even higher.  447 

2.3 Carbonate dynamics  448 

Alkalinity is assumed to be dominated by the carbonate system and so 449 

experimentally determined alkalinity values are compared to modelled HCO3
- 450 

concentrations. As the pH is not explicitly modelled, but externally imposed, HCO3
- 451 

concentrations actually represent DIC (and not the bicarbonate ion specifically). The 452 

measured alkalinity depth profile (AT) shows a similar evolution as the DIC profile, 453 

and increases from 2 mM to 12 mM over the first 30 cm, while the pore water pH 454 

decreases from 8.1 near the sediment-water interface to 7.3 over the same depth range 455 

(Fig. 3h). The pore water Ca2+ concentration quickly decreases in the first 10 456 

centimetres (from 18 to 12 mM) followed by a more gradual decrease with depth (to 457 

less than 5 mM at 70 cm). The sediment of the GEM lagoon is generally rich in 458 
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carbonates (mean CaCO3 content ~40% by weight). The CaCO3 data showed a 459 

gradually increase with depth from 38.4 to 44.2 %, and together with the pore water 460 

Ca2+ decrease, this hence indicates substantial carbonate precipitation.  461 

 462 

3. DISCUSSION  463 

3.1 Organic matter budget 464 

Organic matter is an important driver for the early diagenetic processes in the 465 

sediment and is either derived from the water column by sedimentation or locally 466 

produced by benthic primary production. Based on catchment nutrient budgets and 467 

ecosystem modelling (Rasmussen et al. 2009), the mean yearly net primary 468 

production within the GEM lagoon (from phytoplankton, macroalgae and seagrass) 469 

has been estimated at 117 g C m-2 yr-1 (or equally 26.7 mmol C m-2 d-1). Similarly, the 470 

anthropogenic input of organic carbon from land has been estimated at 8.2 mmol C m-471 
2 d-1, while there is a small net export to the Mediterranean of 2.3 mmol C m-2 d-1. The 472 

sedimentary OM mineralisation rate as estimated for the GEM lagoon by the 473 

diagenetic model here (13.1 mmol m-2 d-1) is comparable to rates reported by Dedieu 474 

et al. (2007) for the Thau lagoon (France), but lower than the value reported for the 475 

Fogliano lagoon in Italy (Hull et al. 2008). In general, the mineralisation rates 476 

reported for Mediterranean lagoons are lower than those of tropical lagoons (Table 4).  477 

The sediment receives a total input of 14.4 mmol C m-2 d-1 of organic carbon, of 478 

which (13.1 mmol C m-2 d-1) is mineralised, and 1.3 mmol C m-2 d-1 is ultimately 479 

buried. Combined with the carbon flows above, mass budgeting provides a 480 

heterotrophic water column respiration of (26.7 + 8.2 - 2.3 – 14.4) = 18.2 mmol C m-2 481 

d-1. Accordingly, 58% of the respiration takes place in the water column and 42% in 482 

the sediment, and so the sediment compartment emerges as an important site for 483 

mineralisation and nutrient recycling. However, it should be noted that the deeper part 484 

of the GEM lagoon functions as a depot centre (sedimentation velocity of 2.8 mm yr-1 485 

as estimated by radionuclide dating versus an average sedimentation velocity of 1.9 486 

mm yr-1). Therefore, the contribution of the sedimentary component to the total 487 

respiration of the Ghar El Melh lagoon should be regarded as an upper bound.   488 

 In general, it is thought that shallow coastal ecosystems, like estuaries and 489 

lagoons, act as sinks for organic carbon (Nellemann et al. 2009; Smith et al. 2015; 490 

Watanabe and Kuwae 2015). This capacity to sequester OC is driven both by the 491 

anoxic state of pore waters (favouring preservation) as well as the high input of 492 
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organic matter, either allochthonous (high terrestrial carbon input due proximity to 493 

land; Regnier et al. 2013) or autochthonous (high local primary production rate due to 494 

riverine nutrient input; Bianchi 2007). In general, the sedimentation rate is considered 495 

a crucial factor governing the OC burial efficiency (Canfield, 1994). At high 496 

sedimentation rates (> 0.1 g cm-2 yr-1), 50% or more of the organic carbon deposited 497 

typically escapes degradation (Canfield et al. 2005). The GEM lagoon somehow 498 

deviates from this pattern, as it has a relatively high sedimentation rate (> 0.1 g cm-2 499 

yr-1), but the OC burial efficiency does not exceed 9%. The sediment of the GEM 500 

lagoon acts like an efficient reactor for OM mineralisation, which is possibly related 501 

to the high oxygen exposure of organic matter before and after deposition. The 502 

shallow depth (average = 0.8 m) of the lagoon enhances the wind-induced mixing, 503 

which counteracts stratification and oxygen depletion in summer. Combined with the 504 

deep oxygen penetration into the sediment (due to high pyrite burial – see below), this 505 

increases the oxygen exposure of the organic matter and hence could stimulate its 506 

overall degradation (Burdige 2007).  507 

Organic carbon almost disappears below 30 cm (Fig. 3a), while sulphate is not 508 

completely consumed (Fig. 3c), which hence suggests that sulphate reduction is 509 

limited by organic matter availability. This is an uncommon observation in coastal 510 

environments, and one explanation for this could be the sedimentation history of the 511 

lagoon. Detailed interpretation of the radionuclide profiles by Flower et al. (2009) 512 

suggest that the sedimentation velocity has been relatively constant over the last 50 513 

years, but that this was preceded in the late 1950s or early 1960s by an episode of 514 

very rapid sedimentation (with a sedimentation velocity that is four times higher than 515 

today). The sediment horizon at 28 cm was dated to the year 1960 (Flower et al. 516 

2009), and so the low organic carbon values at depth (Fig. 3a) coincide with this high 517 

sedimentation interval. If primary production rates in the lagoon back then were equal 518 

or lower than today (e.g. due to less eutrophication), this would entail an overall 519 

dilution of the incoming organic matter, which hence could partially explain the low 520 

organic carbon values recorded below 30 centimetre. In deep sea environments, the 521 

organic matter flux to the sediment is generally low, and aerobic respiration is the 522 

principal pathway for the degradation of the organic matter in the sediment (Soetaert 523 

et al. 1996). When the water column is shallower, more organic matter arrives at the 524 

sediment surface, and so anoxic degradation pathways, including denitrification, iron 525 

reduction and sulphate reduction, become more important (Canfield et al. 1993). In 526 
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coastal sediments, like lagoons and other transitional environments, more than 50% of 527 

organic matter is typically degraded by sulphate reduction (Lenzi 2010). This is also 528 

the case in the GEM lagoon, where sulphate reduction is estimated to account for 61 529 

% of the mineralisation (Fig. 4a), and hence substantial production of free sulphide 530 

takes place within the sediment.  531 

However, the relatively high input of iron oxides in the GEM lagoon prevents the 532 

build-up of free sulphide in the pore water.  The biogeochemical model estimates that 533 

the contribution of dissimilatory iron reduction is small (0.9 mmol m-2 d-1) and only 534 

accounts for 7% of the overall mineralisation (Fig. 4a). The simulated pore water 535 

profiles of both soluble and solid iron compounds agree well with the observed data, 536 

thus confirming that iron cycling is limited (Fig. 5). Sediment mixing is a crucial 537 

factor for iron reduction in marine sediments, as it ensures the continuous shuttling of 538 

iron between reduced and oxidised forms (Canfield 1994; Kristensen et al. 2000; 539 

Wijsman et al. 2002; van de Velde and Meysman 2016). Thamdrup et al. (1994) 540 

attributed the low contribution of dissimilatory iron reduction to the early diagenesis 541 

of OM in Aarhus Bay sediments to the low bioturbation rate. In contrast, iron 542 

reduction accounted for 84% to total OM mineralisation in Skagerrak sediments that 543 

are characterised by strong bioturbation (Canfield et al. 1993). As explained above, 544 

the sediment of the GEM lagoon does not show any signs of strong bioturbation 545 

activity, and in the model simulations, the bio-diffusion coefficient was set to a low 546 

value ( BD  = 0.1 cm2 yr-1 over the first 10 cm). This low level of solid phase mixing in 547 

GEM lagoon thus explains the limited contribution of dissimilatory iron reduction. 548 

With higher levels of bioturbation (higher BD ), dissimilatory iron reduction becomes 549 

more important (up to 10% when BD = 6 cm2 yr-1; van de Velde and Meysman, 2016). 550 

3.2. Oxygen consumption 551 

The simulated oxygen penetration depth of 13 mm is relatively large, while the 552 

total oxygen uptake (TOU) of the sediment as estimated by the model (4.7 mmol m-2 553 

d-1) is on the low end of estimates for coastal sediments. While this rate is almost 554 

double those reported by Svensson et al. (2000) in seagrass sediments of Venice 555 

lagoon, Italy (2.4 mmol m-2 d-1) and by Alongi et al. (1996) in Ningaloo Reef lagoon 556 

(2.8 mmol m-2 d-1), it is 2-4 times lower compared to those reported for other coastal 557 

lagoons (Eyre and Ferguson 2002, 12 mmol m-2 d-1 in seagrass sediments in 4 558 

Australian lagoons; Dedieu et al. 2007, 8.4 mmol m-2 d-1 in the Thau lagoon; Rao et 559 
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al. 2014, 6.8 mmol m-2 d-1 in a mesotidal lagoon in Netherlands). The GEM lagoon 560 

hence emerges as an environment characterised by intense and efficient organic 561 

matter processing (a relatively high mineralisation rate of 13.1 mmol C m-2 d-1 and a 562 

low burial efficiency of only 9%), but which requires little oxygen to accomplish this 563 

(a TOU of only 4.7 mmol m-2 d-1). As already noted above, this large discrepancy 564 

between TOU and mineralisation rate is a direct consequence of the high burial flux 565 

of pyrite. Sulphide originating from sulphate reduction is trapped as pyrite and buried, 566 

and in this way, it is not re-oxidised back to sulphate. This lack of sulphide re-567 

oxidation strongly reduces the sedimentary demand for oxygen, and also makes that 568 

the majority of the TOU (91%) is devoted to aerobic respiration.      569 

As bio-irrigation is excluded from the model, and molecular diffusion is the only 570 

mode of transport for pore water solutes, the total oxygen uptake must be identical to 571 

the diffusive oxygen uptake of the sediment. The TOU was measured via darkened 572 

benthic chamber incubations in the GEM lagoon in 1990 and 2007 and TOU varies in 573 

the range of 9 and 21 mmol m-2 d-1 (Added 2002; Oueslati 2011). Accordingly, the 574 

predicted TOU is 2-4 times lower than the measured values. There are a number of 575 

factors than can explain this discrepancy. Firstly, the TOU predicted by the model 576 

reflects the long-term (~ years to decade) value of the TOU, as it is principally driven 577 

by the decomposition of low-reactive organic matter (generating O2 demand) and 578 

burial flux of pyrite (decreasing O2 demand). In contrast, TOU measurements by 579 

benthic chambers reflect short-time variations in TOU, and are, for example, 580 

dependent on season and the recent sedimentation history of organic matter. 581 

Additionally, the exclusion of nitrification from the model could contribute to the 582 

discrepancy. If the modelled TOU values are too low, then the actual O2 penetration 583 

depth is underestimated, and in this case, a decreased O2 exposure would lead to more 584 

organic carbon burial. The latter is nonetheless in contrast with the low burial 585 

efficiency observed.  Still, with the presently available information, it is not possible 586 

to properly resolve the discrepancy between measured and modelled TOU. A more 587 

detailed study, in which TOU and DOU are measured concurrently, is required to 588 

better constrain the oxygen budget of the sediments in the GEM lagoon.   589 

3.3 Nitrogen cycling  590 

To match the observational data, the model needed to implement a very high C/N 591 

ratio= 50. Although coastal lagoons typically have higher C/N ratios than the Redfield 592 

ratio of 6.6 for marine phytoplankton, the GEM C/N ratio remains high compared to 593 
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other lagoons, such as the Hog lagoon in Virginia (C/N = 10-19; Tyler et al. 2001), 594 

the Terminos lagoon in Mexico (C/N = 21-39; Rivera-Monroy et al. 1995), the New 595 

Caledonia lagoon (C/N = 6-30; Grenz et al. 2003). To test the sensitivity of the NH4 596 

depth profile towards the C/N ratio, we calculated steady state solutions with C/N 597 

values ranging from 7 to 50, keeping all other parameters constant (Fig. 6). The NH4 598 

depth profile varies strongly with the chosen C/N value, thus indicating that a high 599 

C/N ratio is needed to achieve a proper model fit. Ammonium adsorption onto the 600 

solid phase is not included in the model, but does not provide an explanation for the 601 

high C/N ratio. In steady-state simulations, as performed here, ammonium adsorption 602 

has no effect on the simulated depth profile of ammonium. Only in a transient state, 603 

adsorption will affect the simulated depth profile. It should be noted that the standard 604 

model includes a highly simplified N cycle (only ammonification is represented). As a 605 

sensitivity test, we extended the model with an active N-cycle (nitrification and 606 

denitrification). Overall, this only slightly modifies the simulated depth profiles (Fig 607 

3). As expected, the gradient of the ammonium depth profile diminished near the 608 

sediment water interface: the efflux of ammonium out of the sediment was reduced, as 609 

all ammonium was now consumed by nitrification. Though beyond the first few 610 

centimeters, the explicit inclusion of nitrification and denitrification had very little 611 

effect on the depth profile of ammonium (Fig. 3f). Therefore, the inclusion of an 612 

active N-cycle cannot explain the need for a high C/N ratio.  613 

A substantial part of the GEM lagoon is covered by seagrass, and a thick package 614 

of seagrass detritus (~50 cm thick) accumulates along the north-eastern shore, as a 615 

result of prevailing wind transport. Seagrass detritus is hence likely the main organic 616 

matter input in the GEM lagoon sediments. Seagrasses and macroalgae (seaweed) 617 

often have elevated C/N ratios because they contain higher levels of structural 618 

carbohydrates (lignin and cellulose) and lower amounts of protein (Prado and Heck 619 

2011). Bianchi (2007) showed that the organic matter inputs of these vascular plants 620 

to coastal systems can cause problems for the interpretation of biogeochemical data 621 

because the C/N deviates markedly from the Redfield ratio. Seagrass detritus that is 622 

delivered from the shallower parts of the lagoon is the main organic matter input in 623 

the GEM lagoon sediments, and usually has a C/N ratio of around 25 for fresh 624 

material, and over 50 for aged material (Kristensen 1994; Duarte 1999). The increase 625 

with age is due to preferential nitrogen mineralisation during initial degradation. 626 

However, microbial biomass typically has a C/N ratio of 10 or less (Fenchel and 627 
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Blackburn 1979), and so when aged seagrass detritus is degraded, the microbes need 628 

to acquire nitrogen from sources other than organic matter. Under these conditions, 629 

microbial growth will stimulate the uptake of NH4
+ from the pore water (Kristensen et 630 

al. 2000). The GEM lagoon sediment is very rich in seagrass detritus (Ruppia sp.), 631 

which could explain the elevated C/N sediment ratio (50), while low ammonium 632 

values in the pore water could be the result of efficient bacterial assimilation of 633 

dissolved inorganic nitrogen. In summary, the C/N ratio predicted by our model is 634 

substantially higher than commonly observed in coastal sediments. The hypothesis 635 

that sedimentary organic matter in the GEM lagoon has a high C/N ratio, and the 636 

cause of this, needs to be addressed in future studies, which should target direct 637 

measurements of the C/N ratio with δ13C natural abundance of the sedimentary 638 

organic matter. 639 

3.4. Iron and sulphur cycling and pyrite formation  640 

Pyrite burial is a major sink of reduced sulphur and iron in the marine environment 641 

and is linked to the biogeochemical cycling of O, C, S, and Fe via bacterial sulphate 642 

reduction (Hurtgen et al. 1999). The degree of sulphurisation (DOS) and the degree of 643 

pyritisation (DOP) provide guidance on formation of iron sulphides and pyrite, and 644 

are calculated as:  645 

 646 
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 [4] 648 

where Fe-AVS is the Fe concentration calculated from AVS content (assuming that 649 

FeS is the major component) and Fe-CRS is the Fe concentration calculated from 650 

CRS content (assuming that FeS2 is the major component). Fe-reac is the 651 

concentration of reactive iron in the sediment attacked by a cold HCl 1 M solution, 652 

and so this includes particulate carbonates, reactive iron oxides, and iron sulphide 653 

minerals (excluding pyrite). In the GEM lagoon sediment, AVS is a minor fraction by 654 

weight (<0.1 wt-% S), while CRS rapidly increases from 0.5 wt-% at the sediment-655 

water interface to 1.2 wt-% at 23 cm depth (Fig. 7a). The DOS (0.26 to 0.63) and 656 

DOP (0.22 to 0.57) increase with the first 20 cm and remain thereafter constant with 657 

depth. (Fig. 7b), thus suggesting that the majority of the pyritisation takes place in the 658 
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surface sediment, as has been noted for other coastal sediments (Brüchert 1998, Suits 659 

and Arthur 2000). The lower DOS and DOP values near the sediment-water interface 660 

are consistent with sediment deposition under fully oxygenated bottom-water 661 

conditions (Raiswell et al. 1988).  662 

 Surprisingly, even though sulphate reduction is responsible for the majority of 663 

the organic matter mineralisation (Fig. 4a; Oueslati et al. 2010), the pore water of the 664 

lagoon is devoid of free sulphide (Added 2002). This suggests a tight coupling 665 

between sulphide production via sulphate reduction, and sulphide consumption by 666 

pyrite formation. Our simplified diagenetic model assumes that the HS- production 667 

resulting from sulphate reduction becomes immediately available for FeS2 formation. 668 

The model predicts a conversion efficiency from FeOOH to FeS2 of > 0.89, which 669 

disagrees with the low values for DOS and DOP (Fig. 7b). Most likely, there is a 670 

considerable fraction of iron carbonates that contributes to Fe-reac fraction. 671 

Furthermore, the estimation of the Fe-reac fraction using the HCl extraction has been 672 

shown to extract iron from some silicate minerals that otherwise are considered 673 

unreactive (Kostka and Luther 1994), and thus DOS and DOP values might be 674 

underestimated.  675 

 However, both the low DOS and DOP values (Berner 1970; Dean and Arthur 676 

1989; Raiswell and Berner 1985) as well as the model suggests that there is a surplus 677 

of reactive iron (0.27 mmol FeOOH m-2 d-1 is buried; Fig. 5). Consequently, the input 678 

of reactive iron oxides is not the limiting factor for pyrite formation. Another possible 679 

explanation for the low DOS and DOP values is a limited supply of sulphide, which 680 

can be either due to low sulphate availability or low organic matter availability 681 

(Berner 1984). Since sulphate is not depleted at depth (Fig. 3c), pyrite formation and 682 

burial in the GEM lagoon appears to be limited by the delivery of organic matter to 683 

the sediment surface.  684 

3.5. Authigenic carbonate formation  685 

Traditionally, marine sediments are considered places where carbonate dissolves, 686 

after its deposition from the water column. Still, authigenic carbonate precipitation 687 

has occasionally been observed in marine sediments (Reimers et al., 1996; Aller et al., 688 

1996; Anderson and Dyrssen, 1987), and recently, Sun and Turchyn (2014) have 689 

proposed that the process might amount up to 10% of present-day global carbon 690 
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burial. The sedimentary formation of authigenic carbonates is most relevant in coastal 691 

areas (Sun and Turchyn 2014).  692 

Coastal sediments can thus either decrease or increase the inorganic carbon burial. 693 

Whether carbonates are formed or dissolved depends on the diagenetic processes in 694 

the sediment (Aller 2014). Shallow waters are generally supersaturated (Andersson et 695 

al. 2008), and so carbonate dissolution is restricted to the pore water. Oxygen has a 696 

pivotal role in the dissolution of carbonate, as the oxidation of reduced compounds 697 

like Fe2+ and FeS2 consumes alkalinity (R4 and R5 in Table 5; Aller 2014), which 698 

promotes undersaturation with respect to carbonate phases like aragonite and calcite. 699 

In contrast, anaerobic mineralisation pathways (dissimilatory iron reduction, sulphate 700 

reduction) and pyrite precipitation increase the alkalinity of the pore water (Table 5), 701 

and will increase the saturation state. In the absence of dissolved Fe2+, however, the 702 

build-up of free sulphide during sulphate reduction can lead to the dissolution of 703 

carbonates at low sulphate reduction rates (Walter and Burton 1990).  704 

Sedimentary carbonate increases and Ca2+ concentration decreases (Fig. 3i,j) due to 705 

the precipitation of authigenic carbonate. The model predicts a carbonate precipitation 706 

rate of 2.7 mmol m-2 d-1, which is an order of magnitude higher than the 0.2 mmol m-2 707 

d-1 previously reported by Reimers et al. (1996) for muddy, unbioturbated sediments 708 

of the Santa Barbara Basin, and of a similar range as the 4 mmol m-2 d-1 found in 709 

coastal mudbanks of the Amazon delta (Aller et al. 1996; Zhu et al. 2002). Although 710 

the solid phase carbonate increase observed in the deeper sediment layers is explained 711 

in the model by Ca2+ consumption alone, it is possible that a small part of the 712 

authigenic carbonate formation could be linked to siderite (FeCO3) precipitation 713 

(Jensen et al. 2002). Because the sediments of the GEM lagoon are carbonate rich by 714 

themselves (41%), the authigenic carbonate burial flux only accounts for ~5 % of the 715 

total inorganic carbon burial. One can expect that the importance of authigenic 716 

carbonates increases in sediments that receive less carbonate input from the overlying 717 

water. 718 

Authigenic carbonate precipitation is stimulated by the generation of alkalinity 719 

during anaerobic mineralisation processes and pyrite formation (Table 5). Even 720 

though alkalinity is consumed during the precipitation of carbonate and the aerobic re-721 

oxidation of Fe2+ and FeS2, there is still a net production of alkalinity in the sediment 722 

of 3.4 mmol m-2 d-1, caused by high rates of alkalinity production by dissimilatory 723 

iron reduction and sulphate reduction (Table 5). This leads to an accumulation of 724 
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alkalinity at depth (Fig. 3g), and generates an efflux of 3.4 mmol m-2 d-1, which is in 725 

the same range as the alkalinity fluxes estimated for estuarine bioturbated sediments 726 

(1.2 – 3.6 mmol m-2 d-1; Rao et al. 2014), sandy North-Sea sediments (1.7 – 6.6 mmol 727 

m-2 d-1; Brenner et al. 2016) or net alkalinity fluxes in Australian lagoon sediments 728 

colonised by seagrass (0 – 2 mmol m-2 d-1; Eyre and Ferguson 2002).  729 

Overall, sedimentary alkalinity generation in coastal environments such as the 730 

GEM lagoon clearly play an important role in (i) the global carbon cycle via the 731 

precipitation, and subsequent burial, of authigenic carbonate and (ii) as a source of 732 

alkalinity to the overlying water and open ocean, thus regulating ocean pH and CO2 733 

uptake (Thomas et al. 2009).  734 

4. SUMMARY AND CONCLUSIONS  735 

Diagenetic modelling showed that the sediment of the GEM Lagoon forms an 736 

efficient reactor for OM mineralisation, driven mainly by aerobic respiration in the 737 

upper layer of the sediment and sulphate reduction in deeper sediments. The ferrous 738 

iron (Fe2+) released from reduction of iron hydroxides (FeOOH) accumulates in the 739 

pore water, becoming thus available for pyrite formation (FeS2). Pyritisation is fast in 740 

GEM Lagoon sediment, and is limited by organic matter availability. The anaerobic 741 

mineralisation pathways in organic matter mineralisation (sulphate reduction and 742 

dissimilatory iron reduction), produce a large amount of alkalinity that promotes 743 

authigenic carbonate precipitation. The sediments of the GEM lagoon hence are a 744 

significant source of alkalinity to the overlying water and likely positively contribute 745 

to the CO2 buffer capacity of the coastal ocean.  746 
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FIGURE CAPTIONS 1052 

Figure 1. The Ghar El Melh (GEM) is a shallow coastal lagoon in northern part of 1053 

Tunisia. The red marker denotes the location of the sampling site. The arrow indicates 1054 

the narrow channel which allows water renewal through exchange with the 1055 

Mediterranean.   1056 
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Figure 2. (a) Porosity depth profile. The solid line represents the exponential curve 1057 

that was fitted through the data. (b) 137Cs activity depth profile. Both profiles are 1058 

reproduced from Rasmussen et al. (2009). 1059 

 1060 

Figure 3. Concentration depth profiles of solutes and solids in the sediments from 1061 

Ghar El Melh lagoon. Open markers indicate data, while continuous solid black lines 1062 

and dotted red lines represent model simulated profiles (black is model without an N-1063 

cycle, red model with an N-cycle). Dashed line for the pH indicates that pH was 1064 

imposed and not calculated, and dashed-dotted line for alkalinity indicates that 1065 

alkalinity was calculated from DIC and pH, and not explicitly modelled. Solute 1066 

concentrations expressed in mM (alkalinity, NH4
+, O2, SO4

2-, Fe2+, Ca2+), solid 1067 

concentrations are expressed in expressed in mass % (organic matter, CaCO3, FeOOH 1068 

and FeS2). Note the different depth scale for the O2 depth profile. Organic matter, 1069 

pyrite, pH, CaCO3, dissolved iron and iron oxides were obtained from Oueslati 1070 

(2011). Pore water sulphate, DIC, ammonium, alkalinity and dissolved calcium were 1071 

obtained from Added (2001) and Added (2002).  1072 

 1073 

Figure 4. Partitioning of the total organic matter mineralisation rate in different 1074 

respiratory pathways. (b) Depth profiles of the rates of the different organic matter 1075 

mineralisation pathways (same colour codes). 1076 

Figure 5. Steady state budget of carbon (red), iron (green) and sulphur (blue) in the 1077 

sediments of the Ghar El Melh lagoon. Rates are expressed in mmol C / Fe / S m-2 d-1 1078 

respectively. Rates are taken from the model run without an N-cycle. 1079 

Figure 6. Sensitivity of steady-state ammonium depth profiles towards the C/N ratio 1080 

of organic matter. The C/N value is varied from 7 (Redfield value) to 50. All other 1081 

parameters are kept constant at the value tabulated in Table 1. Rates are taken from 1082 

the model run without an N-cycle. 1083 

Figure 7. [a] Depth profiles of Acid Volatile Sulphide (AVS) and Chromium 1084 

Reducible Sulphur (CRS) content. [b] Depth profiles of the Degree of Sulphurisation 1085 

(DOS) and Degree of Pyritisation (DOP).  1086 
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TABLE CAPTIONS 1087 

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

calculated as ( )( )0
0 1sed S Fv F ρ φ= − , while the burial velocity is calculated as  

( )( )1sed S Fv F ρ φ ∞
∞ = − .  “Method” refers to the procedure by which parameter values 

are constrained: A = Measurements, L = Literature values, F = calculated. References: 

[1] Soetaert et al. (1996) [2] Boudreau (1997) [3] Meysman et al. (2003) [4] Van 

Cappellen and Wang (1996). 

Table 2. List of biogeochemical reactions included in the sediment model. Organic 1088 

matter is described as a amino-carbohydrate, having β carbons for 1 nitrogen. Note 1089 

that the model includes fast and slow reacting organic matter fractions, that are 1090 

implemented with different kinetic constants. R* and R**: denitrification and 1091 

ammonium oxidation are not included in the standard model, only as a senstivity test 1092 

(see Fig. 3). 1093 

Table 3. List of kinetic rate expressions for the reactions included in the model. The 

model includes fast and slow reacting organic matter fractions, that are implemented 

with different kinetic constants. Note that reactions R1, R2 and R3 are only shown for 

the fast reacting fraction. The slow reacting fractions is implemented identically. R* 

and R**: denitrification and ammonium oxidation are not included in the standard 

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

Table 4. Mineralisation rate of organic matter (in mmol C m-2 d-1) in the GEM lagoon 1094 

sediment as compared to other coastal lagoons and embayments. 1095 

Table 5: Reaction rates (integrated with depth and expressed in mmol m-2 d-1) for all 1096 

reactions in the reaction list. The change in alkalinity (∆AT) and dissolved inorganic 1097 

carbon (∆DIC) due to each reaction is also listed.  1098 
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ENVIRONMENTAL PARAMETERS Symbol Value Units Method  References 

Temperature T 30 ºC A  
Salinity S 49 - A  
Water depth  H 1.5 m A  
Porosity (surface value) 0

Fφ  0.83 - A  
Porosity (asymptotic at depth)  

Fφ ∞  0.83 - A  
Porosity attenuation coefficient  xφ  19 cm A  
Solid phase density  

Sρ  2.665 g cm-3 A  
Sediment accumulation rate  

sedF  0.223 g cm2 yr-1 A  
Sedimentation velocity  

0v  0.50 cm yr-1 A  
Burial velocity  v∞  0.27 cm yr-1 A  
Depth of sediment domain L 72 cm A  
BOUNDARY CONDITIONS Symbol Value Units Method  References 

Oxygen bottom water [O2] 0.18 mol m-3 A  
Sulphate bottom water [SO4

2-] 28 mol m-3 A  
DIC bottom water ∑CO2 2.5 mol m-3 A  
Ammonium bottom water [NH4

+] 0 mol m-3 A  
Calcium bottom water [Ca2+] 18 mol m-3 A  
Ferrous iron bottom water [Fe2+] 0 mol m-3 A  
Nitrate bottom water [NO3

-] 0.1 mol m-3 A  
Flux OM fast decaying FCH2O_F 7.9 mmol m-2 d-1 F  
Flux OM slow decaying FCH2O_S 6.5 mmol m-2 d-1 F  
Flux FeOOH FFeOOH 2.5 mmol m-2 d-1 F  
Flux FeS2 FFeS2 0 mmol m-2 d-1 F  
Flux CaCO3 FCaCO3 27 mmol m-2 d-1 F  
BIOGEOCHEMICAL 

PARAMETERS 
Symbol Value Units Method References 

Mixing depth  
mixL  10 cm A  

Biodiffusion coefficient 
bD  0.1 cm2 yr-1 A  

Mineralisation constant fast 
fk  0.5 yr-1 F [1], [2] 

Mineralisation constant slow 
sk  0.02 yr-1 F [3], [4] 

Oxygen saturation constant 
2OK  0.008 mol m-3 L [3] 

Nitrate saturation constant 
3NO

K −  0.008 mol m-3 L [3] 

FeOOH saturation constant 
FeOOHK  1.88 mmol g-1 L [3] 

Sulphate saturation constant 
2
4SO

K −  0.9 mol m-3 L [3] 

C/N ratio organic matter β  50 - F  

NH4
+ oxidation rate constant 

AMOk  10+5 mol-1 m-3 yr1 L [3] 

Fe2+ oxidation rate constant  
FIOk  10+6 mol-1 m3 yr-1 L [3] 

FeS2 oxidation rate constant  
POk  10+2 mol-1 m3 yr-1 L [3]  

CaCO3 precipitation rate constant 
CPk  1.5 mol m-3 yr-1 L [3] 
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CaCO3 precipitation exponent 

CPn  1 - L [3] 

 

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

calculated as ( )( )0
0 1sed S Fv F ρ φ= − , while the burial velocity is calculated as  

( )( )1sed S Fv F ρ φ ∞
∞ = − .  “Method” refers to the procedure by which parameter values 

are constrained: A = Measurements, L = Literature values, F = fitted. References: [1] 

Soetaert et al., (1996) [2] Boudreau (1997) [3] Meysman et al. (2003) [4] Van 

Cappellen and Wang (1996). 

 

 

 

 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 Kinetic reactions  

R1 Aerobic respiration 
2 3 1/ 2

3 4

( )( )

1 1

CH O NH O

HCO NH H

β

β
β β

− + +

+ →

−+ +
 

R* Denitrification 

2 3 1/ 3 2

3 4 2

4 4 5 2
( )( )

5 5 5

1 2
5

CH O NH NO H N

HCO NH H O

β
β

β

β

− +

− +

++ + → +

+ +

 

R2 Dissimilatory Iron reduction 
2 3 1/

2
3 4 2

7 1
( )( ) 4

1
4 6

CH O NH FeOOH H

HCO NH Fe H O

β
β
β

β

+

− + +

++ + →

+ + +

 

R3 Sulphate reduction 
2 24 2

2 3 1/ 47 7

3 71 2 2
3 4 2 27 7 7

( )( )CH O NH SO Fe

HCO NH FeS H H O

β

β
β β

− +

−− + +

+ + →

+ + + +
 

R** Ammonium oxidation 
4 2 3 22 2NH O NO H O H+ − ++ → + +  

R4 Ferrous iron oxidation 2 31
2 24 2 2Fe O H O FeOOH H+ ++ + → +  

R5 Pyrite oxidation  2 27
2 2 2 42 2 2FeS O H O Fe SO H+ − ++ + → + +  

R6 Carbonate precipitation 2
3 3Ca HCO CaCO H+ − ++ → +  

 

Table 2. List of biogeochemical reactions included in the sediment model. Organic 

matter is described as a amino-carbohydrate, having β carbons for 1 nitrogen. Note 

that the model includes fast and slow reacting organic matter fractions, that are 

implemented with different kinetic constants. R* and R**: denitrification and 

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

(see Fig. 3). 

 Reaction Kinetic rate expression 

 Mineralisation  
( ) ( )
( ) ( )

min, 2 3 1/

min, 2 3 1/

1 .( )

1 .( )

s F s

f F f

R k CH O NH

R k CH O NH

β

β

φ

φ

 = −  

 = −  
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Table 3. List of kinetic rate expressions for the reactions included in the model. The 

model includes fast and slow reacting organic matter fractions, that are implemented 

with different kinetic constants. Note that reactions R1, R2 and R3 are only shown for 

the fast reacting fraction. The slow reacting fractions is implemented identically. R* 

and R**: denitrification and ammonium oxidation are not included in the standard 

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

 

 

MINERALISATION RATE STUDY SITE REFERENCE 

13.1 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. (1994) 

R1 
Aerobic 
respiration 

2

2

min,

2

f

O

O
R R

O K

  =
  + 

 

R* Denitrification 2

2 3

3

min,

2 3

O
f

O NO

NOK
R R

O K NO K −

−

−

  =
   + +   

 

R2 Iron reduction 
[ ]

[ ]
32

2 3

min,

2 3

NOO
f

FeOOHO NO

KK FeOOH
R R

FeOOH KO K NO K

−

−
−

=
+   + +   

 

R3 
Sulphate 
reduction [ ]

32

2 2
2 3 4

2 2
4

min, 2 2
2 3 4

NOO FeOOH
f

FeOOHO NO SO Fe

K SO FeK K
R R

FeOOH KO K NO K SO K Fe K

−

− − +

− +

− − +

      =
+       + + + +       

R**  
Ammonium 
oxidation 4 2F AMOR k NH Oφ +   =      

R4 
Ferrous iron 
oxidation 

2
2F FIOR k Fe Oφ +   =      

R5 
Pyrite 
oxidation  

( ) 2 21 F POR k O FeSφ    = −      

R6 
Carbonate 
precipitation ( )

3

2 2
3

1 1

CPn

F CP SP
CaCO

Ca CO
R k

K
φ

+ −        = − −
 
 
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46 - 102 Australian lagoons Eyre and Ferguson (2002)  

 

Table 4. Mineralisation rate of organic matter (mmol C m-2 d-1) in the GEM lagoon 

sediment as compared to other coastal lagoons and embayments.  
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Table 5: Reaction rates (integrated with depth and expressed in mmol m-2 d-1) for all 

reactions in the reaction list. The change in alkalinity (∆AT) and dissolved inorganic 

carbon (∆DIC) due to each reaction is also listed. 

 

 

 

 

 

 

R1 Aerobic mineralisation 
 2 3 1/ 2 3 4

1 1
( )( )CH O NH O HCO NH Hβ

β
β β

− + +−+ → + +  
0 / +1 4.26  

R2 Iron reduction 
 2 3 1/

2
3 4 2

7 1
( )( ) 4

1
4 6

CH O NH FeOOH H

HCO NH Fe H O

β
β
β

β

+

− + +

++ + →

+ + +

 

+8 / +1 0.9 

R3 Sulphate reduction 
with pyrite 

precipitation 
 

2 24 2
2 3 1/ 47 7

3 71 2 2
3 4 2 27 7 7

( )( )CH O NH SO Fe

HCO NH FeS H H O

β

β
β β

− +

−− + +

+ + →

+ + + +
 

+0.57 / +1 7.9 

R4 Iron oxidation 2 31
2 24 2 2Fe O H O FeOOH H+ ++ + → +  -2 / 0 1.4 

R5 Pyrite oxidation 2 27
2 2 2 42 2 2FeS O H O Fe SO H+ − ++ + → + +  -2 / 0 0.04 

R6 Carbonate 
precipitation 

 

2
3 3Ca HCO CaCO H+ − ++ → +  -2 / -1 2.7 
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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) 137Cs activity depth profile. Both profiles are 
reproduced from (Rasmussen et al., 2009). 
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(d) 

 

 

 

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 
calculated, and dashed-dotted line for alkalinity indicates that alkalinity was 
calculated from DIC and pH, and not explicitly modelled. Solute concentrations are 
expressed in mM (alkalinity, NH4

+, O2, SO4
2-, Fe2+, Ca2+), solid concentrations are 

expressed in mass % (organic matter, CaCO3, FeOOH and FeS2). Note the different 
depth scale for the O2 depth profile. Data on organic matter, pyrite, pH, CaCO3, 
dissolved iron and iron oxides were obtained from Oueslati (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 El Melh lagoon. Rates are expressed in mmol C / Fe / S m-2 d-1 
respectively. Rates are taken from the model run without an N-cycle. 

 

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).  
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