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Abstract : 
 
The sampling of surface sediment from two sites of a mudflat of the Loire Estuary during four 
contrasting seasons has led to new information about geochemical cycling under transient diagenesis 
fuelled by flood deposition. Based on stocks of reactive iron-oxides and manganese-oxides (ascorbate-
extracted) and pore water concentrations, the progressive evolution of flood deposits is described. 
Three major steps are observed: at first, there is no manganese, iron and phosphorus release into pore 
water within the flood-deposited layer. Then, during a period of approximately 1 month, Mn oxides are 
consumed while the dissolved Mn concentration increases. Simultaneously, the Fe oxide-rich layer from 
flood deposition prevents (or at least limits) phosphorus release into pore water as shown by the 
increasing P/Fe ratio of the ascorbate extractions. During spring and summer, Fe oxides are reductively 
dissolved until complete depletion results. This period also corresponds to the saturation of Fe oxides 
by phosphorus and probably maximum P release to the water column. The site located closer to the 
shore showed higher density of benthic faunas leading to more intense bioirrigation. The importance of 
bioturbation on the year scale for biogeochemical processes is discussed according to both bioirrigation 
and biomixing processes. 
 

Highlights 

► Flood deposition fuels a > 4 month period of transient geochemical conditions involving sedimentary 
Mn, Fe and P. ► A sequential exhaustion of Mn and Fe reactive oxides due to diagenetic processes 
occurs at yearly average rates of 30 μmol m

− 2
 d

− 1
 and 170 μmol m

− 2
 d

− 1
, respectively. ► These 

reactions control phosphorus release towards water column. 
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1 Introduction 

The transport of particles from rivers to oceans occurs simultaneously with Fe and Mn 

oxide impoverishment (Poulton and Raiswell, 2002). Pioneer studies indicating these oxide 

losses focussed on estuaries (Moore et al., 1979) and deltas (Trefry and Presley, 1982) and 

underlined the potential role of early diagenesis for metal remobilization. Since these early 

studies, remobilization under suboxic conditions has been proposed to cover most muddy 

river-dominated oceanic margins (RiOMar, Aller et al., 2004; McKee et al., 2004; Roy et al., 

2013) with different intensities according to site-specific sedimentary dynamics (Aller, 2004). 

However, due to frequent remobilization of muddy sediments (McKee et al., 2004), the well-

known vertical diagenetic sequence (Froelich et al., 1979) is also expected to occur 

temporally once the oxygen supply stops, e.g. after deposition (Aller, 2004; Sundby, 2006). 

As each oxidant is consumed on different time scales, one complexity of RiOMar 

environments is to capture transient states of diagenesis with a time series at the appropriate 

frequency. Previous studies report time scales of hours for oxygen, days to weeks for nitrate 

and months to years for Mn and Fe oxide consumption (Abril et al., 2000, 1999; Aller, 2004; 

Aller and Blair, 2006; Audry et al., 2006; Robert et al., 2004).  

Because Mn and Fe oxide consumption occurs over months to years, the transient 

diagenesis signature would probably interfere with seasonal changes of environmental 

parameters. To date, most time series on a yearly scale on muddy sediments have explained 

variations of diagenesis as a steady state with changing environmental conditions. Thamdrup 

et al. (1994) invoked high productivity and increasing temperature to explain the collapse of 

Mn oxide stocks, while Rozan et al. (2002) described the transformation from Fe reactive 

oxide to the FeS/FeS2 form by the increase of sulphate reduction with temperature. A last 

parameter, the importance of riverine reactive Fe oxide deposition, has been invoked by 

Meiggs and Taillefert (2011) to explain a time series dataset in which salinity increases 
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without the simultaneous increase in sulphate reduction. Furthermore, numerous studies have 

described the seasonal variation of diagenesis intensity based on integrative indicators or on 

dissolved dataset only (Alperin et al., 1994; Beck et al., 2008; Cathalot et al., 2010; Dang et 

al., 2015; Deborde et al., 2008; Dellwig et al., 2007; Magni and Montani, 2006; Mortimer et 

al., 1999) and have also explained the observed temporal variability with the concept of 

steady state diagenesis, which varies with environmental parameters. However, on longer 

time scales, transient diagenesis is more often invoked. Transient diagenesis has been 

described by Deflandre et al. (2002) during a 2-year, yearly survey after a massive deposition 

in the Saguenay Fjord (Quebec), and it is frequently proposed to explain punctual sampling 

when a discrepancy between pore water and solid concentrations is observed (Alongi et al., 

1996; Gobeil et al., 1997; Mackin et al., 1988; Pedersen et al., 1986).  

In the Loire Estuary, winter flood pushes particles stored in the upstream Estuary towards 

the downstream Les Brillantes mudflat (network SYVEL, GIP Loire Estuaire) and enriches 

the mudflat in Mn and Fe oxides. This dynamics induces a large increase in Mn and Fe oxide 

stocks during winter, creating conditions that are likely to fuel transient diagenesis over 

months. The goal of this study is: (1) to investigate the validity of this scenario and its 

repeatability over different years by sampling Mn and Fe reactive oxides and pore water of 

the sediment in 4 contrasting hydrological seasons; (2) to understand the impact of different 

bioturbation regimes ; (3) to illustrate the impact of Fe cycling on  phosphorus, a key nutrient 

that is often limiting in estuarine ecosystems (Anschutz et al., 1998; Meybeck et al., 1988; 

Rehm, 1985; Sundby et al., 1992).  
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2 Materials and methods 

2.1 Study site 

The Loire River drains a basin with an area of 117,045 km
2
. The mean discharge is 890 m

3 

s
-1

 (range from 5200 m
3 

s
-1

 to 120 m
3 

s
-1

). The Loire Estuary is hyper-synchronous: the estuary 

shows an increasing tidal range upstream (Le Foch, 1961), reaching a maximum tidal range of 

approximately 7 m. The daily surface salinity change is approximately 20 (network SYVEL, 

GIP Loire Estuaire) in the dredged channel in front of the study sites. Site 1 (47°16'56.00"N; 

2°3'47.00"W; Fig. 1) is located on the unvegetated part of Les Brillantes mudflat (largest 

mudflat of the Loire Estuary; ~1350 ha), below the Mean High Water Neap Tide (MHWNT) 

level, approximately 20 m offshore from an  1 m-high eroded cliff. Site 2 (47°17'8.98"N; 42° 

3'49.65"W; Fig. 1) is located approximately 500 m offshore. The differences between the two 

stations rely on the longer emersion time of site 1, which hosts more macrofauna and diatoms 

than site 2 (Métais et al., pers. comm.; Benyoucef, 2014) and is composed of slightly finer 

sediment (Benyoucef, 2014).  

2.2 Sampling strategy 

Sampling was performed during four contrasting seasons (Fig. 1): in September 2012, the 

discharge was low (200 m
3 

s
-1 

at Nantes, DREAL-Pays-de-Loire, 2015), water temperature 

was 17°C and sediment pore water salinity was 16; in the beginning of May 2013, at the end 

of the flood period (discharge between 900 and 1800 m
3
 s

-1
), there was a water temperature of 

13°C and a sediment salinity of 7, and in February 2014, during a major flood (2400 m
3 

s
-1

), 

there was a
 
low water temperature (7°C), strong wind (gusts up to 100 km h

-1
), salinity of 3, 

and maximal tidal range. In April 2015, a weekly survey was performed at site 1 for one 

month while the flow continuously decreased. When temporally compared to the last high 

flood events (Fig. 1), the February campaign occurred during a flood event; the April time 
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series was sampled between 1 and 2 months after the last high flood event, the May campaign 

75 days after the last high flood event, and finally, the September campaign was performed 

135 days after the last high flood event. 

2.3 Solid extraction and analyses 

For the first 3 campaigns, at each site, three cores (internal diameter = 8.2 cm) were 

sampled during low tide and were brought back to the laboratory within 30 min after 

sampling and held at in situ temperature. After a few hours, the first core was sub-sampled 

(internal diameter = 3 cm), sliced, weighed, and frozen for solid phase analyses. Within one 

week, samples were freeze-dried, weighed again to calculate the porosity and manually 

ground using an agate mortar. One aliquot (~2 mg) of this powder was used for organic 

carbon analysis on a EA1110 CHN/S/O (Thermo Fisher) after a 1 h-extraction in an 

atmosphere saturated with HCl. Each chromatogram was inspected visually. Accuracy was 

verified with standards; the uncertainty was 4.5%. A second aliquot (~ 100 mg) was used for 

the extraction of reactive manganese, iron, and associated phosphate. Aliquots were exposed 

to 10 mL of a solution of ascorbic acid (buffered at pH 8) over 24 hours (Anschutz et al., 

1998; Hyacinthe et al., 2001; Kostka and Luther, 1994) to the extract amorphous Fe(III) that 

is available for Fe-reducer microorganisms (Hyacinthe et al., 2006) as well as the reactive 

Mn(III) and Mn(IV) oxides (Anschutz et al., 2005) and associated phosphorus.  

2.4 Pore water analyses 

In each of the two remaining cores, one 1D DET probe (adapted from Davison and Zhang, 

1994; Krom et al., 1994) was deployed for one night. Each DET probe is a perpex support 

containing 75 drilled cells that correspond to approximately 25 μL, allowing a vertical 

resolution of 2 mm. Each cell was filled with agarose (1.5% w/w) and protected by a PVDF 

hydrophilic membrane (0.2-μm size pore, Millipore©). Each probe was prepared the week 
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before deployment, conserved in a wet clean plastic bag and bubbled with N2 for 6 h before 

deployment. During the deployment, the agarose gel equilibrated by diffusion with pore 

water. After retrieval, each agarose cell from the two probes was eluted in 5 mL HNO3 (0.01 

mol L
−1

; Suprapur© Merck) and further analysed by ICP-AES (Thermo Scientific iCAP 6300 

Radial) to measure dissolved iron, manganese and phosphorus (uncertainty is < 5 % for Mn 

and Fe and 25 % for P). This technique allows for the sampling dissolved species at a 200-

fold dilution according to a vertical resolution of 2 mm over a 2-cm width window. Two 

others (1D DETs) were deployed in situ and dedicated to alkalinity measurement following 

the one-step method of Podda and Michard (1994) as adapted by Sarazin et al. (1999) for 

saline water and by Metzger et al. (2013) for 1D DET.  

For the April 2015 survey, one core was sampled each week (t0 - t1 - t2 - t3) and sliced under 

an anoxic atmosphere. Pore water was extracted by centrifugation, acidified with HNO3 and 

analysed by ICP-AES as previously described. The sediment (not available for t0) was 

weighed, freeze-dried, ground and analysed as previously described for porosity and solid 

phase analyses.  

2.5 210
Pb counting 

During the February campaign, a supplementary core was sampled for 
210

Pb analyses at 

station 1. Core sections (2 cm thick) were stored in double-sealed polyethylene bags and were 

immediately refrigerated until transportation to the laboratory, where they were frozen at -

28°C and then freeze-dried and sieved at 2 mm. The sedimentation rate was based on the 

determination of the excess or unsupported activity of 
210

Pb (
210

Pbxs), which is incorporated 

rapidly into the sediment from atmospheric fallout and water column scavenging (Appleby 

and Oldfield, 1992). 
210

Pbxs was calculated as the difference between measured 
210

Pb 

(supported + excess) and 
226

Ra and supported 
210

Pb and 
226

Ra, which were in secular 
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equilibrium. Measurements were performed using a gamma spectrometer (Ortec
®
 HPGe 

GMX30P4-RB coaxial photon detector). The age of each sediment sample was estimated 

directly from the exponential radioactive decay of 
210

Pb (λ = 0.0311 yr
-1

; (Turner and 

Delorme, 1996)). This approach does not require any hypothesis for the sedimentation rate, 

which would be complicated in such a dynamic environment. 

2.6 Production rate and stock calculations 

The production rates were determined from pore water profiles using the Savitzky Golay 

Filter (SGF; Meysman and Burdorf, in prep; Savitzky and Golay, 1964). The procedure is 

based on the polynomial interpolation of data by the SGF, resulting in the replacement of each 

data point by a polynomial function of a degree of three that best fits the actual point and its n 

neighbours. As n increases, more data points are considered for each polynomial calculation 

and more the noise is smoothed. Thus, the best compromise between smoothing and loss of 

information is evaluated using fractal analysis (Gneiting et al., 2012; Meysman and Burdorf, 

in prep.). The production rate R(z) is calculated using the first and the second derivatives of 

the polynomial at each point (Meysman and Burdorf, in prep.; Thibault de Chanvalon et al., in 

press), the porosity profiles (  fitted with an exponential function) and the temperature 

(assumed constant with depth). 

 
          

   

   
   

   
  

   
  

  
  
  

  
  (1)  

where C is the concentration of either Mn, Fe or P and Ds is the effective diffusion 

coefficient Ds = Dmol/θ
2
, where the molecular diffusion coefficient Dmol is calculated as an 

empirical function of the temperature and salinity (Boudreau, 1997). The tortuosity θ
2
 is 

typically taken as a function of porosity, as in the modified Weissberg relationship, θ
2 

= 1-2 

ln( ). The upper condition was defined as a production at the water sediment interface of 
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zero. The SGF procedure was performed on the 15 dissolved profiles for Mn, Fe and P, as 

illustrated in Fig. 3.  

The apparent production rate (APR) was calculated as the sum of the estimated positive 

production along the entire profile. APR represents the dissolution rate along the sediment 

column and thus quantifies the short term transformation rate of the reactive oxides. However, 

the APR calculation was based on four important assumptions: (1) the steady state of 

diagenesis reactions, (2) the absence of advection, (3) the occurrence of only negligible lateral 

exchanges and (4) the absence of solute exchange at a lower scale than the sampling 

resolution (no cryptic cycling). The validity and consequences of these assumptions have 

been abundantly discussed elsewhere (Berner, 1980; Boudreau, 1997; Thibault de Chanvalon 

et al., in press) and limit the use of APR to a relative indicator of the diagenesis intensity (i.e., 

efficient only to make paired comparisons). The uncertainty is calculated as the standard 

deviation of 6 results from different modelling studies, considering an uncertainty of ± 1 n for 

the window size and variability between the 2 replicates. 

Stocks of reactive Fe and Mn oxides and associated P (st(Feasc), st(Mnasc) and st(P)), 

respectively, in mmol m
-2

) were calculated according to: 

 
                    

          
                   

      

   

 (2)  

where        
  is the concentration of reactive Fe oxides of the layer l,   is the density of dry 

sediment (supposedly 2.6), hl is the width of the layer l and lmax is the deeper layer, where the 

profile of reactive oxides reaches a minimal constant value.  
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3 Results 

3.1 Integrative physical and chemical parameters 

The total organic carbon (Corg; Fig. 4) ranges from 3.5 mmol g
-1

 (4.2%) at the surface to 1.5 

mmol g
-1

 (1.8%) at depth. The surface Corg content depends on the season (February > May > 

September). At site 1 in February and May, a local minimum is observed (z = 2 cm). These 

Corg depleted layers correspond to porosity minima. Despite these minima most porosity 

profiles decrease from 0.93 at the surface to 0.75 at core bottoms. In September, porosity 

profiles show for both sites, layers with rather constant values 1 cm below the sediment water 

interface (SWI) which are 6 and 2 cm-thick for sites 1 and 2 respectively. The surface 

alkalinity has a strong temporal variability at site 1 from 2.5 mmol L
-1

 in May to 6.1 mmol L
-1

 

in September while at site 2 alkalinity remains around 3.5 mmol L
-1

. Alkalinity profiles 

(replicates are similar and not shown) present little depth variation in February and May, but a 

slight increase with depth in September.  The 
210

Pbxs profile presents no significant variation 

in the top 8 cm. 
210

Pbxs decreases from 50 to 15 mBq g
-1

 at a depth of 14 cm, suggesting a 

sedimentation rate of approximately 0.16 cm yr
-1

.  

3.2 Mn, Fe and P distribution over 3 years 

Figure 5 presents the profiles of dissolved and ascorbate-extracted Fe, Mn and P from 

September 2012, May 2013, February 2014 and the last sampling (t3) of April 2015. Reactive 

Mn oxides show a constant concentration below a depth of 10 cm ([Mn]asc = 4.5 ± 1.5). 

Above 10 cm, the Mnasc profile is composed of: (1) an extremely sharp decrease of 

approximately 6 ± 3 µmol g
-1

 within the first 0.5 cm depth and (2) a smooth decrease, where 

the depth varies according to the season (February > April > May) and which is not observed 

in September. The dissolved Mn (Mnd) profiles have bell-shaped patterns with maxima 

matching the depth of the 2
nd

 Mnasc gradient (see above) and maximum concentrations 
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varying according to the season (April > February > May ~ September). This feature is not 

observed for February at site 2.  

The reactive iron oxide concentration (Fig. 5) decreases with depth. Minima of [Fe]asc are 

reached at depths  that vary according to the season (February > April ~ May > September). 

Minimum values are between [Fe]asc = 40 µmol g
-1 

and 60 µmol g
-1

. For February and April 

samples, the depth of the Feasc decrease matches the 2
nd

 Mnasc gradient (see above) at both 

sites and occurs simultaneously with the Fed maximum at site 1 (Fig. 5). In May and 

September, at site 1, [Fe]d presents numerous maxima at depths between 2 and 7 cm 

(max[Fe]d ~300 µmol L
-1

 for both campaigns). Site 2 has a lower constant concentration 

excepted for May, when a very narrow peak is observed at a depth of 1 cm (also visible on the 

replicate).  

Fe-bound phosphorus (extracted by ascorbate) has a pattern similar to Feasc (Fig. 5), with 

concentrations ranging from [P]asc = 6 to [P]asc = 22 µmol g
-1

. However, the Pasc profiles differ 

from those of Feasc according to a systematic increase in the top 2 cm. Furthermore, in the first 

10 cm, [P]d follows the [Fe]d trend, but is characterized deeper in the sediment by a regular 

increase at site 1 (mostly visible in the April profile).  

3.3 Mn, Fe and P during the April survey 

Figure 6 shows the evolution of extracted and dissolved Mn, Fe and P during the weekly 

survey of April 2015. Mnd and Fed show a peak that reaches its maximum at t2, with 

concentrations of approximately 250 and 180 µmol L
-1

, respectively. At t0, [Mn]d and [Fe]d 

are almost constant (~25 µmol L
-1

 and below detection, respectively), and at t3, the peaks 

seem to shrink. Contrary to February 2014, May 2013 and September 2012, no peaks were 

observed for dissolved phosphorus during the weekly survey of April 2015. [P]d increases 
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steadily with depth, reaching a maximum of approximately max[P]d (t3) = 180 µm L
-1

 at a 

depth of 20 cm. The [P]d slopes follow the same dynamics as the peak intensities of metals. 

 

3.4 Overall transformation of reactive oxides stocks 

Table 1 shows the reactive oxide stocks calculated from ascorbate-extracted manganese and 

iron for both sites and sampling dates. The stocks of reactive Fe oxides (st(Fe)) are 5 times 

higher than st(Mn) in February, only 2 times higher in May and September. Site 1 showed 

higher stocks than site 2 in February and May while stocks were roughly the same in 

September for both sites.  

The apparent production rates (Fe-APR and Mn-APR; Table 2) have similar ranges from 0 

mmol m
-2

 d
-1 

in April t0, to 1.76 ± 1.15 mmol m
-2

 d
-1 

in September for Fe-APR, and from 0.02 

mmol m
-2

 d
-1 

in April t0, to 1.43 ± 0.58 mmol m
-2

 d
-1

 in April t2
 
for Mn-APR, at site 1. 

However, the temporal distribution differs: higher values are observed in April t2, May and 

September for Fe-APR, while the maxima correspond to the April t1, t2 and t3 samples for 

Mn-APR. Site 1 has a 2 to 10 times higher APR than site 2.  

4 Discussion 

4.1 Flood deposition 

The constant 
210

Pbxs value in the top 8 cm observed in the core sampled at site 1 in 

February 2014 (Fig. 4) can be interpreted either as biomixing or as a recent deposition. 

However, February corresponds to the season with the lowest densities of macrofauna (Métais 

et al., pers. comm.). Important mean discharges (2800 m
3
 s

-1
) and strong winds have been 

observed before and during the February campaign (Fig. 1). According to these observations, 

the constant signal of 
210

Pbxs is probably due to a recent deposition event. Moreover, this 
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scenario matches the high constant porosity layer (Fig. 4) enriched in Corg (Fig. 4),
 
Mnasc, Feasc 

and Pasc (Fig. 5). The mudflat topography was not measured in our study, but deposition of a 

layer with a thickness of 5 to 10-cm on mudflats has frequently been reported for the French 

Atlantic coast (Deloffre et al., 2006; Goubert et al., 2010). Finally, during flooding, the time 

series measurement of the Loire turbidity (SYVEL network) reports a movement of the 

suspended sediment stored in the estuary, from upstream to the Brillantes mudflat. No 
210

Pb 

data are available for site 2, but Corg, porosity (Fig. 4),
 
Mnasc, Feasc and Pasc (Fig. 5) show a 

similar pattern up to a depth of 4 cm, which indicates a recent, but thinner, flood deposition.   
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4.2 Transient diagenesis 

The description of transient diagenesis is based on samples from different years that are 

representative of contrasting seasons and are compared according to the delay between the 

sampling date and last flood. This procedure neglects the yearly variability of flood deposition 

and has been designed to identify processes with yearly cyclicity. Because Feasc corresponds 

to microbial reductible Fe oxides (Hyacinthe et al., 2006; Raiswell et al., 2010) and Mnasc to 

reactive Mn oxides (Anschutz et al., 2005), the flood deposition identified in February 

represents an important stock of oxidants that are likely to fuel transient diagenesis for several 

months.  

For a few days after the sedimentation event (February; Fig. 1), neither [Mn]d nor [Fe]d 

indicates metal recycling in the flood deposition (Fig. 5). However, [Mn]d or [Fe]d presents 

maxima at the interface with the older sediment, probably as relics of the pre-deposition 

steady state. This period corresponds to the delay for oxygen and nitrate to be consumed by 

respiration including the required succession of the microbial community (Aller, 2004), and 

by oxidation of reduced compounds diffusing from below. More precisely, the Mnd maximum 

is located slightly above the Fed maximum (a depth of 6 cm versus 8 cm, respectively), 

indicating the beginning of the consumption of most reactive Mn oxides by reduced 

compounds that diffuse upward.  

Two to three months after deposition, the April time series and May campaign show an 

increase in Mn recycling, as indicated by the Mn-APR increase (Fig. 7). Once reductively 

dissolved, some ions could leave the sediment or re-precipitate in a non-ascorbate extractable 

mineralogical form such as MnCO3 or FeS (Aller, 2014; Robbins and Callender, 1975). As 

expected, a decrease in Mnasc stocks occurs simultaneously with the increase in Mn-APR 

values (Fig. 7), and the Mnasc profiles become characteristic of older deposition (Fig. 5): (1) 
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the 2
nd

 [Mn]asc gradient is smoother due to the progressive dissolution of Mn oxides and (2) 

the produced Mnd that diffuses upward and precipitates in the oxic layer, which produces a 

sharp Mnasc peak below the water-sediment interface (Aller, 1980; Murray and Irvine, 1895; 

Robbins and Callender, 1975; Sundby and Silverberg, 1985).  

During this period, Fe-APR increases progressively from Fe-APR ~ 0.7 mmol m
-2

 d
-1

 in 

April to Fe-APR ~ 1.2 mmol m
-2

 d
-1

 in May (Fig. 7), indicating a switch of the main oxidant 

from Mn oxides to Fe oxides, as predicted by the temporal succession of oxidants in transient 

diagenesis (Aller, 2004; Sundby, 2006). This increase in recycling intensity explains the 

roughly constant stock of Feasc in April and May, while the stock decreases between May and 

September (Fig. 7). 

In conclusion, our results are in agreement with the cyclicity of transient diagenesis in the 

Les Brillantes mudflat. The temporal succession of oxidants is composed of an event of 

oxide-rich sedimentation during flooding (data from February 2014), followed by a 

progressive consumption of reactive oxide stocks (data from May and April) towards a steady 

state (data from September). Previous studies describing seasonal variations for coastal Mn 

and Fe cycles did not report transient diagenesis, but reported steady state diagenesis with 

changing environmental conditions (Meiggs and Taillefert, 2011; Rozan et al., 2002; 

Thamdrup et al., 1994). In the Les Brillantes mudflat, temperature and surface primary 

production appear to be secondary parameters controlling metal recycling during transient 

diagenesis.  
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4.3 Impact of fauna  

The main difference in reactive metal oxides between site 1 and site 2 at steady state 

(September data) is the Feasc increase in the top 2 cm at site 2 (Fig. 5), which is absent at site 

1. Two environmental parameters also differ between the sites: (1) organic matter, which is 

more concentrated and labile at site 1 according to Fig. 4 and surface Chl-a concentrations 

(Meleder, pers. comm.), and (2) bioturbation intensity, which is more pronounced at site 1. 

Macrofauna is represented by contrasting communities with, in September, a dominance of 

Nereis diversicolor at site 1 (~ 200 ind m
-2 

), which has a theoretical faster biomixing rate 

(Duport et al., 2006; Quintana et al., 2007) compared to the dominant species at site 2, which 

is Heteromastus filiformis (~ 50 ind m
-2

; Métais, pers. comm.). Different bioturbation regimes 

are known to impact the vertical distribution of solids. At least two processes are likely to 

increase with bioturbation (Kristensen et al., 2012; Meysman et al., 2006): (1) biomixing, 

which would homogenize the solid phase and (2) bioirrigation, which would increase the 

exchange rate between sediment porewater and overlying water by ventilation of active 

burrows.  

At site 2, steady state diagenesis occurs without major bioturbation interference: reduced 

Fed diffuses upward and is oxidized by Mn-oxide, nitrate or oxygen in the top ~ 2 cm. 

Consequently, the resulting Feasc profile has a marked surface maximum (Fig. 5, Sept., site 2). 

In a highly bioturbated environment, however, diffusive transport of Fed becomes negligible 

due to the exchange generated by burrow ventilation events (Raiswell, 2011; Thibault de 

Chanvalon et al., 2016). These exchanges occur along ephemeral burrow walls that do not 

allow any visible oxide accumulation. Therefore, a high bioturbation short-circuits the 

preponderant role of the interface in water sediment exchanges, resulting in a constant [Fe]asc 

profile (Fig. 5, site 1, September). However, the sharp Mnasc surface gradient seems 

contradictory with a high biomixing rate, as a high biomixing rate would homogenize the 
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sediment. This paradox can be solved by considering a bioturbation regime with low enough 

biomixing to permit the establishment of a Mnasc gradient but with high enough bioirrigation 

to oxidize most of the Fed. In this case, as Mn oxidation is slower than iron oxidation and is 

not favourable because [Fe]d is present (e.g., Wang and Van Cappellen, 1996; Martin, 2003), 

deep oxidation processes such as bioirrigation seem more effective for iron while surface 

oxidation processes due to oxygen diffusion are more effective to oxidize manganese.   

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 

4.4 Yearly budget of reactive Fe, Mn  

The evolution of reactive oxide stocks depends on three main processes: erosion, burial, 

and biogeochemical reactions. Because the apparent production rate (APR) quantifies the 

dissolution of oxide stocks, the APR is expected to be the upper bound of the stock variation 

rate due to biogeochemical reactions. However, the APR is always below the average stock 

variation rate (max(Fe-APR) = 1.76 mmol m
-2 

d
-1

 and max(Mn-APR) = 1.43 mmol m
-2

 d
-1 

versus 
       

  
 = 14 mmol m

-2
 d

-1 
and 

       

  
 = 2.5 mmol m

-2
 d

-1 
for site 1; Fig. 7). The intrinsic 

limitations of APR (see §2.6) can explain part of this offset, but most of  the offset is probably 

due to erosion of the surface sediments (Deloffre et al., 2006; Goubert et al., 2010).  

To quantify the erosive loss from the mudflat, a yearly averaged budget is performed. 

Assuming a yearly steady state, input and output fluxes can be equalized for both particles 

and ascorbate reactive iron. Thus: 

                               (3)  

                           (4)  

where          is the flux of ascorbate reactive iron that settles (in mol m
-2 

d
-1

) and       ; 

      , and        are the output fluxes of iron due to burial, erosion or geochemical 

reactions, respectively.                           represent similar fluxes for particles in g 

m
-2

 d
-1

. We assume that geochemical reactions do not alter the mass of particles (i.e.,         

is neglected). Combining these equations leads to: 

           
        
         

         
      
       

                    
      
       

        (5)  

Then, if we assume that                =                   , i.e., there is no chemical 

transformation before any erosion, equation (5) can be reorganized as:  
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  (6)  

Therefore, the overall output flux (geochemical loss) of iron can be estimated as: 

                                            (7)  

where         is the burial rate, which is estimated from the 
210

Pb profile (1 010 g m
-2 

yr
-

1
); [Fe]asc (flood) is the concentration of flood deposition (estimated from February as 103 

µmol g
-1

), and [Fe]asc (z = ∞) is the concentration of the burial sediment (40 µmol g
-1

).  

This estimation of geochemical loss is a minimum because it implicitly supposes that the 

eroded sediment is as oxide-rich as the deposited sediment, i.e., it neglects geochemical loss 

before sediment is eroded. A similar estimation is performed for [Mn]asc and leads to a 

minimum averaged yearly loss of J(Fe)g = 170 ± 60 µmol m
-2

 d
-1

 and J(Mn)g = 30 ± 10 µmol 

m
-2

 d
-1

. These values are in agreement with the mean APR (mean(Fe-APR) = 930 µmol m
-2

 d
-

1
 and mean(Mn-APR) = 350 µmol m

-2
 d

-1
), as the APR is the upper bound of the stock 

variation rate due to geochemical reactions. These results indicate that on a yearly average, 

18% of Fe and 8% of Mn of the dissolved oxides definitively leave the pool of reactive 

oxides. This budget also underlines the importance of erosive processes that are, at a 

maximum, responsible for J(Fe)e/J(Fe)set = 97 % of the oxide stock variation in the Les 

Brillantes mudflat, whereas geochemical reactions are responsible for at least 1.8 % of the 

stock loss and burial is responsible for 1.2 % of the stock loss.  
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4.5 Phosphorus dynamics 

Dissolved phosphorus (Pd) is produced in sediment by oxidation of organic matter and by 

desorption when Fe oxides are reductively dissolved. The general correlation between [Fe]asc 

and [P]asc (r
2 

> 0.6, Fig. 8) confirms that Pasc is bound to Fe oxides. Moreover, the distribution 

between [Fe]d and [P]d (Figs. 5 and 6) and their correlation (Fig. 8c) indicate that Fe oxides 

are the main sources of Pd in the top 10 cm. However, in April 2015, [P]d increases with depth 

independently from [Fe]d (Fig. 6), which demonstrates the increasing contribution of the 

organic P source from organic matter remineralization according to depth. This observation is 

in agreement with the 2D dataset (Thibault de Chanvalon et al., 2015) from the same site.  

Figure 8a shows the seasonal pattern of [P]asc/[Fe]asc (from [P]asc/[Fe]asc ~ 0.14 in Feb. to 

[P]asc/[Fe]asc ~ 0.2 in May and Sept.), indicating the progressive P enrichment of Fe oxides 

after flood deposition until complete saturation occurs after May. Such ratio is higher than 

most of the values of sediment reported in the literature (Table 3). Although some cited 

studies have used different extraction schemes, these comparisons indicate a nearly complete 

saturation of Fe oxides in the Les Brillantes mudflat. The enrichment of Pasc occurs mostly in 

the top 2 cm, indicating the more effective adsorption of P where Fe oxides are freshly 

precipitated and/or where there is a higher P supply due to intense organic matter 

remineralization. Therefore, during approximately 3 months, Fe oxides buffer phosphorus 

recycling (i.e., release towards water column) by trapping Pd and therefore acting as an ―iron 

curtain‖ (Mortimer, 1971). During spring, [P]asc/[Fe]asc reaches a constant value indicating 

that Fe-oxides are saturated in phosphorus and probably stop buffering phosphorus release to 

the water column. As a consequence, dissolved phosphorus produced in the sediment from 

organic matter remineralisation freely diffuses towards the water column and may stimulate 

primary production during spring. Such scenario could explain recent hypoxia events despite 
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an important decrease of phosphorus inputs from the watershed due to policy regulation since 

the 1990s (ECC, 1991; Minaudo et al., 2015). 

The fact that  [P]d/[Fe]d  and [P]asc/[Fe]asc  have similar values of ~0.2 at the surface of most 

samples (Fig. 8c) confirms that dissolved species originate from reductive dissolution of Fe-

oxides. However, deeper in the sediment, especially in February (Site 1) and September (Site 

1), [P]d/[Fe]d increases, following trends which slopes are about 0.9 and 1.6 respectively (Fig. 

8c). Such observations indicate that pore water is enriched in P compared to its source. This 

offset between [P]d/[Fe]d and [P]asc/[Fe]asc could be explained by (1) the existence of another 

reactive solid phase enriched in both Fe and P or by (2) a longer residence time of Pd 

compared to Fed due to adsorption kinetics of P on freshly precipitated Fe-oxides. Indeed, a 

factor 5 between residence times of Pd and Fed could explain the relative enrichment in Pd 

despite similar production rates. This possibility is supported by the kinetics of P adsorption 

which occurs in few hours (Neupane et al., 2014) while Fe precipitation in oxic conditions 

occurs in few minutes (Millero et al., 1987). This scenario could explain offsets between 

[P]d/[Fe]d and [P]asc/[Fe]asc observed  in other coastal settings during spring and summer while 

Fe-oxide is the dominant source of dissolved phosphorus (Rozan et al. (2002); Deborde et al. 

(2008); Mort et al. (2010)). Moreover, in case of redox oscillations, the delay between Fe 

precipitation and P adsorption would favour P release towards the water column. This would 

be probably magnified in case of ―fast‖ transport processes of solutes such as advection 

occurring during bioirrigation events as suggested in other environments rich in iron oxydes 

(e.g.: Clavero et al, 1991; Davenport et al., 2012; Ekeroth et al., 2012). 

5 Conclusions 

The Fe, Mn and P cycling in the Les Brillantes mudflat appears to be controlled by flood 

deposition events that bring oxide-rich sediments, fuelling transient diagenesis over several 
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months. First, neither iron nor manganese is mobilized in the flood-deposited layer. Then, 

after approximately 1 month, Mn oxides are reductively dissolved while Fe oxides limit the 

phosphorus release by adsorption. Finally, the reductive dissolution of Fe oxide becomes 

more important, increasing Fe-oxide depletion and probably releasing dissolved iron and 

associated metals and nutrients to the overlying water. This geochemical cycle is typical of a 

low sulphate sediment that is undergoing sudden and limited deposition events. Furthermore, 

analyses at sites with contrasting bioturbation intensities show the importance of bioirrigation 

compared to biomixing for metal cycling. A similar approach must be extended to the subtidal 

estuarine sediment to better constrain the large scale heterogeneity of benthic fluxes, 

especially regarding the impact of dredging in the release of nutrients and therefore in the 

hypoxic events documented in the Loire Estuary. 
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Table caption 

Table 1: Stocks of reactive oxides calculated from ascorbate extractions according to 

equation 2. 

Table 2: Apparent production rate (APR) calculated from the production estimated by 

Savitzky Golay Filter procedure summed over the whole available profile of [Mn]d and [Fe]d. 

Table 3: ranges of P/Fe ratios obtained by ascorbate extraction and dithionite extraction of 

sediments from cores sampled in different coastal environments. When available mean P/Fe 

ratio is specified in italic. 
a
 Anschutz et al. (1998) 

b
 Anschutz et al. (2007) 

c
 Rozan et al. 

(2002) 
d
 Deborde et al. (2008) 

e
 Delgard et al. (2013) 

f
 Mouret et al. (2015) 

g
 Anschutz et al. 

(1999) 
h
 Mort et al. (2010) 

i
 Jensen and Thamdrup (1993) 

j 
Sundby et al. (1992) 

k
 Slomp et al. 

(1996) 
l
 van der Zee (2002) 

m
 Andrieux-Loyer et al. (2008).  
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Figure caption 

Figure 1: Location of the two sampling sites. 

Figure 2: Water discharge from January 2012 to December 2015. The black line represents 

daily flow, dotted and grey lines represent median discharge and 20 and 80 percentile of the 

monthly flow. Arrows indicate sampling field work periods; triangles the last flood event 

before each field work and diamonds the last wind event that is characterized by gusts above 

70 km h
-1

.
 
 

Figure 3: Examples of modelled concentrations (black lines) superimposed with original 

data sets (open circles) and corresponding production rates (red lines; negative production 

corresponds to consumption) based on Savitsky-Golay Filter procedure (February, site 1, n = 

5). Upper boundary condition is set as zero production rate.  P has similar pattern than Fe and 

is not shown.
 
 

Figure 4: Total organic carbon, porosity and examples of alkalinity profiles for September 

2012 (yellow). May 2013 (green) and February 2014 (blue). Results of 
210

Pbxs are only 

available for Site 1, February 2014. The dotted line represents the maximum raw 

sedimentation rate of 0.16 cm yr
-1

.  

Figure 5: Ascorbate-extracted and dissolved manganese, iron and phosphorus from 

February 2014 (blue), April 2015 (t3; magenta), May 2013 (green) and September 2012 

(yellow). Only one dissolved profile is shown for each situation, the second is similar. There 

is no data for site 2 in April 2015.
 
 

Figure 6: Ascorbate-extracted and dissolved manganese, iron and phosphorus over a one 

month time series at site 1: t0 corresponds to black diamonds (available only for dissolved 

species), t1 to greys, t2 to whites and t3 to magenta diamonds.  
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Figure 7: Idealised evolution of Mn (open diamonds) and Fe (black diamonds) at site 1. 

Time since the deposition event is calculated from the last flood (Fig. 2). Top: Reactive stocks 

(ascorbate extracted minus background concentration), error bars represent relative standard 

deviation of background concentrations. Bottom: Apparent production rates estimated from 

SGF procedure, error bars are standard deviations taking into account 2 replicates and ± 1 on 

the smoothing parameter n.  

Figure 8: (a) Ascorbate extracted P versus Fe for the whole dataset (only t3 from April), (b) 

[P]asc/[Fe]asc according to depth (site 1 only), (c) pore water concentration of P versus Fe (data 

with concentrations below 50 µmol L
-1

 are omitted).
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Tables 

Table 1 

 

Table 2 

 

  

Stocks of reactive oxides (mmolm-2)

Site 1 Site 2

Fe Mn Fe Mn

Feb 2 162 448 1 460 306

April t1
771 287 no data no data

April t2
665 221 no data no data

April t3
1 132 255 no data no data

May 670 181 251 128

Sept 272 106 222 96

APR (mmolm-2 d-1)

Site 1 Site 2

Fe Mn Fe Mn

Feb 0.58 ± 0.10 0.11 ± 0.01 0.19 ± 0.13 0.01 ± 0.01

April t0
0.00 ± 0.00 0.02 ± 0.00 no data no data

April t1
0.21 ± 0.04 0.75 ± 0.23 no data no data

April t2
1.22 ± 0.53 1.43 ± 0.58 no data no data

April t3
0.41 ± 0.09 1.20 ± 0.36 no data no data

May 1.16 ± 0.65 0.22 ± 0.08 0.28 ± 0.09 0.15 ± 0.05

Sept 1.76 ± 1.15 0.18 ± 0.12 0.19 ± 0.06 0.03 ± 0.01
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Table 3 

 

  

[P]asc/[Fe]asc [P]dith/[Fe]dith

Eastern Canadian continental margin 0.06-0.41a 0.17a 0.01-0.07a 0.03a

Portuguese continental slope 0.07-0.22a 0.13a

Chesapeake Bay 0.01-0.07a 0.02a

Mediterranean lagoon 0.07-0.2b

Rehoboth Bay 0.04-0.12c

Arcachon Bay 0.03-0.09d,e,f 0.04d,e,f

Bay of Biscay slope 0.12-0.46f,g 0.23f,g

Baltic sea 0.11-0.175h 0.06-0.125i

Gulf of St Lawrence 0.1j

North Sea 0.05-0.15k

Iberian margin 0.05-0.1l

Penzé Estuary 0.08-0.25m
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Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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