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Résumé 
 

Des biofilms benthiques se développent à la surface des zones intertidales dans les estuaires. 

Ces biofilms correspondent à une association de microorganismes principalement 

photoautotrophes, principalement des diatomées, associés entre eux et fixés à la surface des 

sédiments grâce à la sécrétion d’une matrice extracellulaire adhésive composée de substances 

exopolymeriques (EPS). Les EPS sont constituées d’un assemblage de molécules de différentes 

tailles, principalement des polysaccharides et des protéines, ayant des propriétés physico-

chimiques variables. Certaines de ces molécules possèdent une forte réactivité, une capacité à 

interagir avec des éléments (cations, molécule d’eau, etc.) de l’environnement, ce qui permet 

aux EPS d’assurer de nombreux rôles pour la communauté microbienne constituant le biofilm : 

protection contre la dessiccation, protection contre certains polluants et pathogènes, fixation au 

substratum et migration dans les sédiments, accumulation de nutriments issus de 

l’environnement, limitation de l’érosion, etc. Ainsi les diatomées à travers la production d’EPS 

sont de plus en plus considérées comme des bio-ingénieurs des écosystèmes. Les EPS sont 

produites principalement en surface et sont progressivement dégradées et consommées par des 

microorganismes hétérotrophes en profondeur. Bien que les propriétés des EPS des biofilms de 

surface soient maintenant bien connues, leur préservation et leur évolution durant 

l’enfouissement et au cours de la diagenèse précoce restent méconnus. 

Dans cette thèse, j’ai caractérisé les propriétés physico-chimiques des EPS extraites de biofilms 

à diatomées, ainsi que de sédiments du point bar fluvio-estuarien de Bordeaux-Nord, dans 

l’estuaire de la Gironde. Les propriétés des EPS ont été ensuite analysées dans une carotte 

sédimentaire de 6 mètres de profondeur afin d’évaluer leur préservation. Ces résultats sont 

ensuite comparés (i) aux propriétés des sédiments (faciès, granulométrie, carbone organique 

total, etc.), (ii) à des mesures chimiques des eaux porales, ainsi qu’à (iii) des mesures des 

activités métaboliques et enzymatiques microbiennes. L’objectif principal est d’établir un 

modèle géomicrobiologique de l’évolution des sédiments estuariens au cours de la diagenèse 

précoce incluant pour la première fois le rôle des EPS. Une fois les EPS des biofilms de surface 

caractérisées, j’ai testé en laboratoire leur rôle dans l’agrégation des sédiments détritiques 

(minéraux argileux et sable). 

Dans l’estuaire de la Gironde, des EPS réactifs (i.e., acides) sont produites abondamment en 

surface des sédiments par les biofilms à diatomées. Ces EPS sont composées de polysaccharides



et de protéines qui comportent des fonctions chimiques réactives comme des acides 

carboxyliques. La quantité et la réactivité des EPS diminuent dans les premiers décimètres du 

sédiment. Cette diminution coïncide avec le maximum d’activité métabolique microbienne, 

indiquant leur probable dégradation par des organismes hétérotrophes. Néanmoins, certains 

horizons profonds de la Long Core (à plus 4 mètres de profondeur) ont fourni des EPS en 

concentration et ayant une acidité comparable aux biofilms de surface. Cette préservation 

pourrait s’expliquer par des conditions sédimentaires particulières. Une période de 

sédimentation à dominante tidale pourrait ainsi permettre le développement du point bar ainsi 

qu’une stabilité des zones intertidales sur des échelles pluri-décennales. Cette zone étendue et 

stable permettrait le développement des biofilms et la production d’EPS. A l’inverse, une 

période dominée par les crues fluviales induirait une migration du point bar, une érosion plus 

importante des zones intertidales, impliquant une préservation limitée des EPS. D’importantes 

variations de la concentration d’éléments (oxygène, nitrate, sulfate, manganèse et fer) 

nécessaires au métabolisme microbien sont observées dans le premier mètre des sédiments ainsi 

qu’une activité microbienne élevée. Dans le sédiment, les métabolismes microbiens sont 

stratifiés selon un gradient de métabolites fournissant une énergie décroissante lors de leur 

réduction : oxygène, nitrate, sulfate, manganèse et fer. Dans les carottes étudiées, l’activité 

microbienne est fortement réduite en dessous du premier mètre, ce qui coïncide avec la 

diminution des accepteurs d’électrons potentiels. De ce fait, les EPS, qui servent de source de 

carbone organique aux microorganismes hétérotrophes, ont un plus fort potentiel de 

préservation à des profondeurs supérieures à un mètre. Les résultats des gradients géochimiques 

de l’eau porale expliquent donc probablement en partie la préservation des EPS.  Les 

métabolismes microbiens impactent également la géochimie du sédiment et des eaux porales 

(pH, oxydo-réduction, etc.), créant les conditions pour la précipitation de phases minérales 

métalliques métastables, telles que des sulfures ou des oxydes. Des modélisations de 

précipitation-dissolution sous phreeQC montrent que de telles phases ont le potentiel de 

précipiter dans certains horizons sédimentaires : la mackinawite ou la pyrite dans la zone de 

réduction des sulfates (entre 4 et 18 cm de profondeur) ou la ferrihydrite ou l’hématite dans des 

zones plus profondes (entre 18 et 35 cm de profondeur) via des processus de ré-oxydation du 

sédiment. Dans les environnements carbonatés, les EPS sont connues pour favoriser (ex. 

silicates magnésiens) ou inhiber (ex. carbonates) la précipitation de phases minérales. Dans les 

sédiments étudiés, les seuls minéraux authigènes observés sont de rares pyrites, impliquant un 

potentiel rôle inhibiteur de ces EPS. En revanche, mes observations en cryo-microscopie 

électronique ont montré que les EPS forment des complexes organo-minéraux avec les



sédiments estuariens (sables, silt, mica et argile), et que ces complexes peuvent être préservés 

de la surface du sédiment jusqu’à au moins 6 mètres d’enfouissement. Nous avons mené une 

série d’expériences en laboratoire impliquant des mélanges entre des EPS purifiées de l’estuaire 

de la Gironde et des minéraux standards (argiles et quartz). Nos expériences ont résulté en la 

formation d’enveloppes d’argiles et d’EPS autour des grains de sables, autrement appelés clay-

coats détritiques, et ont démontré le rôle de colle organique joué par les EPS dans les sédiments 

détritiques. Ces clay-coats ont été retrouvés dans de nombreux grès estuariens anciens.  

Les EPS préservées en profondeur ont ainsi un fort potentiel pour la cohésion des sédiments, 

mais pourraient également jouer un rôle dans la précipitation de phases minérales pendant la 

diagenèse d’enfouissement. Les résultats de cette étude peuvent servir de base à de futures 

études sur les rôles des EPS dans d’autres environnements sédimentaires détritiques. Enfin, ces 

résultats apportent de nouvelles idées pour l’interprétation des processus sédimentaires anciens, 

des transformations minérales diagénétiques et dans la recherche de biosignatures. 

 

Mots clés : biofilms à diatomées, substances exopolymériques, estuaire de la Gironde, carotte 

sédimentaire, clay-coat, sable, argile, caractérisation physico-chimique, eau porale, géochimie, 

métabolismes microbiens, activité microbienne, microbiologie 



Abstract 
 

Benthic biofilms develop on the surface of intertidal zones in estuaries. These biofilms 

correspond to an association of pirincipaly photoautotrophic microorganisms, mainly diatoms, 

associated with each other and attached to the surface of the sediment by the secretion of an 

adhesive extracellular matrix composed of exopolymeric substances (EPS). The EPS are 

composed of different sizes molecules, mainly polysaccharides and proteins, with variable 

physicochemical properties. Some of these molecules have a strong reactivity, a capacity to 

interact with elements (cations, water molecule, etc.) of the environment, which allows EPS to 

ensure many roles for the microbial community constituting the biofilm: protection against 

desiccation, protection against certain pollutants and pathogens, attachment to the substratum 

and migration in sediments, accumulation of nutrients from the environment, limitation of 

erosion, etc. Thus, diatoms, through the production of EPS, are more and more considered as 

ecosystem bioengineers. EPS are produced mainly at the surface and are progressively degraded 

and consumed by heterotrophic microorganisms at depth. Although the properties of EPS in 

surface biofilms are now well known, their preservation and evolution during burial and early 

diagenesis remain poorly understood. 

In this thesis, I characterized the physico-chemical properties of EPS extracted from diatom 

biofilms, as well as from sediments of the fluvio-estuarine point bar of Bordeaux-Nord, in the 

Gironde estuary. The properties of the EPS were then analyzed in sediment cores up to more 

than 6 meters deep to assess their preservation. These results are then compared to (i) sediment 

properties (facies, grain size, total organic carbon, etc.), (ii) chemical measurements of pore 

waters, and (iii) measurements of microbial metabolic and enzymatic activities. The main 

objective is to establish a geomicrobiological model of the evolution of estuarine sediments 

during early diagenesis including for the first time the role of EPS. Finally, once the EPS of the 

surface biofilms were characterized, I tested in the laboratory their role in the aggregation of 

detrital sediments (clay minerals and sand). 

In the Gironde estuary, reactive (i.e., acidic) EPS are produced abundantly on the sediment 

surface by diatom biofilms. These EPS are composed of polysaccharides and proteins that 

contain reactive chemical functions such as carboxylic acids. The amount and reactivity of EPS



decreases in the first few decimeters of the sediment. This decrease coincides with the 

maximum microbial metabolic activity, indicating their probable degradation by heterotrophic 

organisms. Nevertheless, some deep horizons of the long core (at more than 4 meters depth) 

provided EPS in concentration and with an acidity comparable to the surface biofilms. This 

preservation could be explained by particular sedimentary conditions. A period of 

predominantly tidal sedimentation could thus allow the development of the bar point as well as 

a stability of the intertidal zones on multi-decadal scales. This extended and stable zone would 

allow the development of biofilms and the production of EPS. Conversely, a period dominated 

by river floods would induce a migration of the bar point, a more important erosion of the 

intertidal zones, implying a limited preservation of the EPS. Important variations in element 

concentration (oxygen, nitrate, sulfate, manganese and iron) necessary for microbial 

metabolism are observed in the first meter of the sediment as well as a high microbial activity. 

In the sediment, microbial metabolisms are stratified according to a gradient of metabolites 

providing a decreasing energy during their reduction: oxygen, nitrate, sulfate, manganese and 

iron. In the cores studied, microbial activity is strongly reduced below the first meter, coinciding 

with the decrease in potential electron acceptors. As a result, EPS, which serve as a source of 

organic carbon for heterotrophic microorganisms, have a greater potential for preservation at 

depths greater than one meter. Thus, the results of pore water geochemical gradients probably 

explain in part the preservation of EPS.  Microbial metabolisms also impact sediment and pore 

water geochemistry (pH, redox, etc.), creating conditions for the precipitation of metastable 

metal mineral phases, such as sulfides or oxides. Precipitation-dissolution modelling under 

phreeQC shows that such phases have the potential to precipitate in certain sedimentary 

horizons: mackinawite or pyrite in the sulphate reduction zone (between 4 and 18 cm depth) or 

ferrihydrite or hematite in deeper zones (between 18 and 35 cm depth) via sediment re-oxidation 

processes. In carbonate environments, EPS are known to promote (e.g. magnesian silicates) or 

inhibit (e.g. carbonates) the precipitation of mineral phases. In the studied sediments, the only 

authigenic minerals observed are rare pyrites, implying a potential inhibitory role of these EPS. 

On the other hand, my cryo-electron microscopy observations showed that EPS formed organo-

mineral complexes with estuarine sediments (sands, silt, mica and clay), and that these 

complexes could be preserved from the sediment surface to at least 6 meters of burial. We 

conducted a series of laboratory experiments involving mixtures between purified EPS from 

the Gironde estuary and standard minerals (clays and quartz). Our experiments resulted in the 

formation of envelopes of clays and EPS around sand grains, otherwise known as detrital clay



coats, and demonstrated the role of organic glue played by EPS in detrital sediments. These 

clay-coats have been found in many ancient estuarine sandstones. 

Thus, EPS preserved at depth have a strong potential for sediment cohesion, but could also play 

a role in the precipitation of mineral phases during burial diagenesis. The results of this study 

can serve as a basis for future studies on the roles of EPS in other detrital sedimentary 

environments. Finally, these results provide new insights into the interpretation of ancient 

sedimentary processes, diagenetic mineral transformations and in the search for biosignatures. 

 

Key words: diatom biofilms, exopolymeric substances, Gironde estuary, sediment core, clay-
coat, sand, clay, physicochemical characterization, pore water, geochemistry, microbial 
metabolisms, microbial activity, microbiology
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1 Thesis plan 

Thesis plan 

 
This thesis is structured around 6 chapters: 

1. The first chapter “State of the art on the Gironde estuary, benthic diatom biofilms and 

Exopolymeric Substances in sedimentary systems. Research questions and objectives.” 

presents the sedimentary context of the Gironde estuary, with a focus on the estuarine 

point bar of Bordeaux Nord. We also propose a state of art on diatom biofilms, 

Exopolymeric Substances (EPS) and their functions in estuaries. In a final part, we 

present the challenges and research questions of this thesis.  

2. The second chapter “Material and methods” describes the workflow developed in this 

thesis. 

3. In the third chapter “Production and preservation of Exopolymeric Substances in the 

Gironde estuary sediments”, we characterize the physico-chemical properties and the 

preservation of EPS in a six-meter-long sedimentary core. This chapter is largely based 

on an article in revision in the journal Frontiers in Microbiology. 

4. The fourth chapter “Impact of microbial activity on biogeochemical cycles and 

Exopolymeric Substances in estuarine sediments” aims to propose a conceptual 

geomicrobiological model of the estuarine sediments. To this aim, we characterized 

(i) pore water and sediment chemistry, (ii) metabolic and enzymatic activities and 

(iii) EPS physico-chemical properties, in three cores. This chapter includes a draft of a 

paper to be submitted to Geobiology. 

5. The fifth chapter “Role of diatom biofilm Exopolymeric Substances on clay coat 

formation in estuaries” presents the experimental formation of detrital clay coats and 
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the role of EPS in the aggregation of clay and sand in estuaries. This chapter is based 

on an article published in Geology (Duteil et al., 2020). 

6. The sixth chapter “Discussion and way forward” is a general discussion divided in three 

parts. First, we compare the production, composition and preservation of EPS in various 

sedimentary environments (e.g., rivers, estuaries, hypersaline lakes). Second, we discuss 

the role EPS in the sediment to rock transition. Finally, we present some potential 

perspectives for future EPS research. 
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1.1 The Gironde estuary 
 

1.1.1 Definition of estuaries 
 

Estuaries are transition zones between rivers and oceans, characterized by dynamic and 

high-energy environments (Dyer, 1997). Estuaries are characterized by salinity gradients: they 

are made up a transition zone between a fresh water river and the marine environment with a 

salinity ranging from 0.1‰ to 30-35‰ (Pritchard, 1967). Estuaries develop during relative sea 

level rise and generally occupy the seaward parts of submerged valleys that subsequently fil 

with a mixture of river and marine sediments (Martinius & Van den Berg, 2011). Two types of 

estuaries can be distinguished: (i) macrotidal estuaries are tide-dominated; (ii) microtidal or 

mesotidal estuaries are wave-dominated (Hayes, 1980). Tidally dominated estuaries show a 

predominance of elongated tidal bars and tidal channel systems and the absence (or limited 

development) of wave-generated barriers and/or beaches parallel to the coast (Dalrymple & 

Choi, 2007). In microtidal and mesotidal estuaries, waves are dominant at the mouth, producing 

littoral transport and creating a barrier that partially closes the mouth (Hayes, 1980). There 

typically is a permanent competition between tidal energy and river flow in the estuaries. The 

impact of river flow increases progressively as the tidal energy dissipates by friction on the 

estuarine banks. 

 

1.1.2 Physiography and hydrology of the Gironde estuary 
 

The Gironde estuary is located in south-west of France, at the confluence of the Garonne 

and the Dordogne rivers, draining the water from the watershed of which includes the Pyrenees 

and the Massif Central (Benaouda, 2008). It is one of the largest estuaries in Europe, with a 

length of 75 km and a surface area of 630 km², from the junction of the Garonne and the 

Dordogne (Bec d’Ambès) to the estuarine mouth (Soulac-sur-Mer) at the Bay of Biscay 

(Figure 1.1). The maximum width of the estuary is of 12 km near the mouth, and the maximum 

depth is 20 m. The tidal range comprises 1.5 meters during neap tides at the estuarine mouth 

and 6.3 meters during spring tides in Bordeaux (Castaing et Allen, 1981; Jalon-Rojas et 

al., 2018). The average annual river flow entering the estuary is about 900 m3.s-1, with two 

distinct seasons: (i) the period of high river flow extends from December to June with a mean 

flow that can reach 3 000 m3.s-1. Major river floods occurred during high river stages 

(e.g., 1930, 1981, 1988, 2010); (ii) The period of low river flow extends from July to November 
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with a mean flow of less than 500 m3.s-1 (Coynel et al., 2004). During low river flow, tidal 

current reversal can occur up to 160 km upstream from the estuarine mouth (Chaumillon et 

al., 2013). 

 

1.1.3 Physicochemical conditions in the Gironde estuary 
 

The Gironde estuary has a well-developed turbidity maximum zone (TMZ). The TMZ 

is characterized by very turbid water with a high concentration of particles in suspension. In the 

Gironde, the TMZ extends over a distance of 70 to 80 km along the estuary axis. The 

concentration of suspended particulate matter (SPM) varies is of 1 to 10 g.L-1 in surface water 

and reaches several hundreds of g.L- 1 near the bottom of the estuary (i.e., “crème de vase”; 

Castaing & Allen, 1981; Sottolichio et al. 2011). The position of the TMZ in the estuary varies 

seasonally with changes in river flow: during periods of high river flow, the TMZ is restricted 

to the estuary funnel, whereas during periods of low flow it is essentially located in the estuarine 

channels (Sottolichio et al., 2011; Jalon-Rojas et al., 2015; Figure 1.1). The TMZ expands and 

the SPM concentration increases during spring tides, river floods or storms. The total transport 

of SPM during these periods is estimated between 2.5x106 and 4x106 tons through the estuary 

(Migniot, 1968). Relative positions of the TMZ during the year have been summarized on a 

figure by Virolle et al. 2021 (Figure 1.1).  

Two hydrodynamic mechanisms explain the formation of the TMZ (Dyer, 1988; Allen et al., 

1980): 

(i) In the Gironde estuary, the tidal flood current is stronger than the ebb current, with 

the difference increasing landward. The results in a “tidal pumping mechanism”, 

which is determined by this tidal wave asymmetry. This mechanism is active all year 

long and results in the erosion of bottom mud and upstream transport of suspended 

particles. The settling of fine particles and the accumulation of mud at the bottom of 

the channel occurs at the tide nodal point, i.e., the zone where the river current equals 

the tidal current (amphidromic point). 

(ii) During the high river stage, a density gradient forms with a seaward-oriented current 

at surface and a landward-oriented bottom current. The density nodal point is the 

zone where fresh surface water and salty bottom water meet. It is an effective trap 

for fine sediments during the winter, when the estuary is well-stratified.  
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The Gironde TMZ is made of fine-grained material with a size between 0.45 and 150 μm. It 

comprises detrital minerals (e.g., organic colloids, clay minerals, micas, quartz) and a biogenic 

fraction (e.g., phytoplankton, such as diatoms, and zooplankton; Verney et al., 2006). In the 

TMZ, mineral particles form complexes with reactive organic matter (including expolymeric 

substances) eventually producing flocs (Eisma, 1986). This complexation process is enhanced 

by salinity. In the Gironde estuary, Gibbs et al. (1989) documented the formation of flocs at 

salinity higher than 0.2 g.L-1. The water characteristics (dissolved oxygen, salinity and 

temperature) have been monitored continuously since 2005 in the City of Bordeaux, near our 

main investigation area, the Bordeaux North Point Bar (Schmidt et al., 2016; Figure 1.1). 

Monthly trends have been calculated for the period 2005-2014. Dissolved oxygen 

concentrations ranged between 9.5 and 12.5 mg.L-1 in winter when low water temperatures 

favor oxygen solubility. With the gradual increase in temperature from spring to summer, there 

is a gradual decrease in dissolved oxygen concentration, with values between 3.1 and 

8.2 mg.L- 1. The oxygen saturation, which is independent of the temperature, is between 39 and 

104%. Brief episodes of phytoplankton bloom in the spring produced dissolved oxygen and 

account for the slight oversaturation (Schmidt et al., 2016). The salinity varied from 0.09 to 

2.0 g.L-1, with the highest values observed during the summer. The temperature ranged from an 

average annual low of 7°C in February to an average high of 24°C in July. The TMZ is present 

during five to eight months per year in Bordeaux, which explains the strong variations of 

turbidity between 100 and 5000 NTU (nephelometric turbidity unit). 
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Figure 1.1: Map of the depositional environments of the Gironde estuary. Red dot localizes the Bordeaux North Point Bar. 
Double arrows indicate the seasonal position of the turbidity maximum zone (TMZ). The insert at the bottom right shows the 
location of the Gironde estuary in France. Map from Virolle et al. (2021). 

1.1.4 Sedimentology of the Gironde estuary 
 

The Gironde estuary can be classified as a wave- and tide-dominated estuary (Allen & 

Posamentier, 1993) that can be subdivided into three sedimentary and geomorphological zones, 

as recently described by Virolle et al. (2021): (i) the fluvio-estuarine channels, (ii) the inner 

estuary funnel and (iii) the outer estuary funnel (Figure 1.2). 

(i) The fluvio-estuarine channels extend over an 85 km long area from the Bec d'Ambès 

to the upstream limit of tidal action, at 160 km from the mouth, near La Réole. This 

area is constituted by the hydrographic network of the Garonne and Dordogne rivers, 

influenced by tides and fluvial currents, and composed of meandering channels (up 

to 10 meters deep) and heterolithic point bars. Our main investigation area, the 

Bordeaux North Point Bar, is located in this zone (Figure 1.1). 

(ii) The inner estuary funnel is tide-dominated channel extends from 75 to 35 km from 

the mouth of the estuary and includes the bayhead delta of the Gironde. The bay 
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head delta is composed of elongated and lobate (e.g., U-shaped) tidal sand bars 

separated by 6 to 10 meters deep muddy channels. 

(iii) The outer estuary funnel is tide-dominated. This is where the estuary reaches its 

maximal width. The outer estuary funnel extends from the Gironde mouth to 35 km 

upstream.  It is composed of the muddy central basin (20 km long) and of the sand-

rich tidal inlet channel fill (15 km long). The latter includes a few elongated tidal 

sand bars (e.g., Banc de Richard). 

These three zones are surrounded by an extensive mud-dominated intertidal zone (Figure 1.1), 

which sediments are covered by diatom biofilms. 

 

 
Figure 1.2: The various sedimentary facies present along the Gironde estuary. Adapted from Allen (1991). 

 

There are three types of sand bars in the Gironde estuary: fluvial point bars, estuarine point bars 

and estuarine tidal bars (Alen, 1991): 

(i) The fluvial point bars are located upstream of the bay line and consist of 

conglomerates at the base, fining up to cross-bedded coarse sand without clay 

lamination. 

(ii) After the bay line, we find heterolithic point bars. These bars are composed of 

upward thinning medium grained sand with sigmoidal cross-beds and ripples. There 

are a vast number of clay laminae within the coarse-sand matrix more abundant 

towards the top. These heterolithic bars are generally between 1-2 km long and 100-
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500 m wide and located in the estuarine channel (75-130 km from the mouth of the 

Gironde estuary; Figure 1.1).  

(iii) Finally, the tidal bars are made up of vertical fining upward medium-grained sand 

displaying ripple and sigmoidal cross-beds. Bars displays also abundant clay 

laminae. The tidal bars are between 3-5 km long and 300m-1.5 km wide and 

predominantly located in an area between 35 and 75 km from the mouth of the 

Gironde estuary (Figure 1.1).  

 

1.1.5 Bordeaux North Point Bar 
 

The Bordeaux North Point Bar is our main investigation area. It is located north of the 

City of Bordeaux, approximately 94 km upstream from the estuary mouth. The point bar is 1 

100 m long (north-south axis) and 200 m wide (east-west axis; Figure 1.3). The western channel 

bank is composed of a 3-m thick section of muddy estuarine coastal-plain sediments that were 

deposited up to the high-tide limit (Figure 1.4). Three sedimentary environments can be 

distinguished at the point bar: (i) an intertidal mudflat, (ii) a muddy chute channel located 

between the crest of the point bar and the channel bank flat and (iii) a network of tidal dunes, 

some observable at low tide (Figure 1.3). The size of the point bars can increase during very 

high tidal amplitude. Diatom biofilms proliferate on the intertidal mudflats and the chute 

channels but less abundantly on the tidal dunes due to high hydrodynamic regime. 
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Figure 1.3: (A) Map of the Gironde estuary showing the location of the Bordeaux North Point Bar, and a satellite image of the 
point bar at low tide (Google Earth Pro). Three sedimentary domains are visible in the intertidal zone of the point bar: the mud 
flat, the muddy chute channel and the crest of the point bar covered with sand dunes. Section shown in Figure 1.4 is highlighted 
in red. (B) Picture of the mudflat covered with diatoms. (C) Picture of the sand dunes area at low tide. Biofilms are not visible 
in this high energy area. 

 

This point bar is heterolithic, as it is composed of fluvial-sourced sand reworked by tidal 

currents that alternate with decimeter to meter thick mud-dominated layers (Musial et al., 2012; 

Virolle et al., 2021). Such alternation of sand and mud are organized as meter-thick lateral 

accretion unit, prograding towards the channel (Figure 1.4). 
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Figure 1.4: Schematic cross section of the Bordeaux North Point Bar. Accretion of the sand-mud alternances is heading towards 
the channel. High and low tide levels are represented by dashed blue lines. The bar is 500 m wide and around 10 m depth.  

Tidal cycles and currents are primary controls on the short term sediment deposition. The semi-

diurnal tidal cycle (12.5 hours) comprises flood and ebb currents. On the point bar, dunes 

migrate with the flood and ebb, when the current velocity is above 50 cm.s-1 resulting in the 

formation of tidal bundles (Figure 1.5). High and low tide slack waters are recorded in the form 

of cm-thick clay drapes (Fenies et al., 1999; Figure 1.5). Dunes cover the lower part of the 

intertidal zone, and the entire subtidal zone, up to the canal thalweg (Figure 1.4). On the 

intertidal mudflat, where the current is slower, sand ripples alternate with cm-thick clay drapes, 

forming lenticular or wavy beddings. The spring-neap cycle (14.7 days) also modulates the 

thickness of tidal bundles (Allen et al., 1977), as well as that of ripples and clay drapes in the 

intertidal zone (Musial et al., 2012). Four facies were identified on the point bar:  

(i) Fluvial flood facies consisted of coarse-grained sand mixed with detrital gravels 

intercalated with floating rounded to sub-angular soft mud clasts. 

(ii) Tidal sand dunes facies composed of fine-to-medium sands with trough cross-

bedding and reactivation surfaces. Dune foresets were locally draped by muds 

forming mud couplets. 

(iii) Heterolithic fine sands and laminated mud facies made up of thick laminated 

heterolithic intervals composed of grey to brown laminated clay and fine-to-medium 

micaceous sands. 

(iv) Fluid and laminated mud facies consisted of fluid mud layers alternating with very 

fine-grained sands to silty lenses and slack-water clay drapes. 
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A detailed description of the facies on the Bordeaux North Point Bar can also be found in 

chapter 3 of this thesis, and details of the point bar stratigraphy are described in 

Virolle et al. (2021). 

 

 
Figure 1.5: Cross section of a trench dug within the surface of point bar, showing a small sand dune with clay drapes and trough 
cross-bedding. Clay couplets (green circle) and reactivation surface (red dotted line) are visible and highlighted in this trench. 
Adapted from Virolle et al., 2019a. 

 

The average mineral composition of the point bar sediment is 37 % quartz, 17 % clay and silt 

sized particles, 14 % lithics (wood debris, mud clasts), 11 % feldspars, 5% micas and 3 % 

carbonates (Virolle et al., 2021). Based on XRD analysis, Virolle and coworkers (2021) 

determined four main clay minerals: chlorite, illite, kaolinite, and smectite. The clay fraction 

consists on average of illite (45%), smectite (35%), chlorite (10%) and kaolinite (10%; Figure 

1.6).  The average suspended assemblage of clay minerals in the water column is composed of 

illite (49%), smectite (22%), kaolinite (14%) and chlorite (15%; Jouanneau & Latouche, 1981). 
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Figure 1.6: X-ray diffractograms of the < 2 µm fraction showing dominant clay minerals in the BORNW-11 sample at 2.81m 
depth: illite (45%), smectite (35%), chlorite (10%) and kaolinite (10%) from Virolle et al., 2021. The facies of this sample is 
heterolitic medium-grained sand dunes, equivalent to facies F2 that can be found in this study. 

 

1.1.6 Mineralogy of clay minerals 
 

Clay minerals are defined by a layer structure with one dimension in the nanometer 

range (1:1 TO layer or 2:1 TOT layer), anisotropy of the layers, the existence of several types 

of surfaces (e.g. external or basal surface), plasticity and hardening on drying or firing (Bergaya 

et al, 2013). This should not to be confused with clay sized-particles, which is a strictly 

granulometric term that groups sedimentary particles with a diameter < 3.9 μm (Wentworth, 

1922). Gironde clay minerals are mainly classified as phyllosilicates, i.e., alumino-silicates with 

a layered structure (Bergaya et al., 2013). At the atomic scale, clay minerals are composed of 

tetrahedra or octahedra organized into planar layers. Tetrahedra and octahedra are linked 

together by sharing oxygen atoms connected by a covalent bond (Brigatti et al., 2013). A 

tetrahedron is formed by a cation (generally Si4+, more rarely Al3+) coordinated to four oxygen 

anions O2-. This tetrahedron shares three oxygen atoms with the neighboring tetrahedra (Figure 

1.7). Clay mineral layers consist of repetitive tetrahedral and/or octahedral sheets. The oxygen 

atoms are organized into hexagonal networks, forming the base of the tetrahedral layer. The 

octahedral layer is formed by octahedra duh. An octahedron consists in one Al3+, Mg2+ or Fe2+ 

coordinated to six anions, mostly oxygens but also hydroxyls (OH-). Octahedra share common 
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anions and are organized in planar layers. The connections between the sheets are made when 

the apical oxygens of the tetrahedron become the vertices of the octahedron. 

Depending on the combination of layers, three main structural types are distinguished 

(Brigatti et al., 2013; Figure 1.7: (i) a 1:1-layer structure consists of the repetition of one 

tetrahedral and one octahedral layer (e.g., kaolinite, halloysite). In contrast, (ii) a 2:1-layer 

structure consists of repetitions of one octahedral sheet between two tetrahedral sheets 

(e.g., illite, smectite); (iii) 2:1:1 minerals include an octahedral layer composed of cations and 

hydroxyls inside the inter-layer space (e.g., chlorite). In 1:1-clay minerals, the tetrahedral 

surface is composed of oxygen atoms and the octahedral surface is mostly composed of O-H 

groups (Figure 1.7). In kaolinite, the layers are piled up without any inter-layer molecules. In 

2:1-clay minerals, both surfaces consist of tetrahedral basal oxygen atoms, while the hydroxyl 

groups of the octahedral layer are replaced by oxygen atoms from the tetrahedral sheets 

(Brigatti et al., 2013). The interlayer space includes weakly-bound cations (e.g., K+, Mg2+) or 

water molecules (Figure 1.7). 
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Figure 1.7: Organization of clays, from the atomic to the mineral scale. (A) The two different atomic organizations 
arrangements: (A.1) a tetrahedron composed of one central cation (generally Si4+) connected to four oxygen anions or (B.2) an 
octahedron consisting of one Al3+ or Mg2+ bound to six anions, mostly oxygen but also hydroxyl groups. (B) The two different 
sheet organizations: the tetrahedral sheet repetition of tetrahedron linked together (or, dioctehedral sheet), repetition of 
octahedra linked together. (C) The two different organization of layers: a 1:2 TO layer and a 1:1 TOT layer. (D) The resulting 
clay mineral particles. Smectite is a type-1:2 clay with the unique feature of hydrated interfoliar cations (unlike illite or chlorite). 
Kaolinite is a 1:1-clay with layers that are stacked without any interlayer molecules. Reproduced from Tournassat et al., 2015. 

 

1.1.7 Clay minerals reactivity 
 

The surface properties of clay minerals depend on many properties: the chemical 

composition, the surface type, the nature of the interacting atoms, the type of charge and the 

type of exchangeable cations (Schoonheydt & Johnston, 2013). Three zones of interaction can 

be distinguished in clay minerals: (i) the basal surface, (ii) the edge of the layer and (iii) the 

interlayer space (only for certain clay species, e.g., smectite; Figure 1.8). The electronegativity 

of the oxygen atoms in the clay mineral structure determines the hydrophilic or hydrophobic 

character of the surface (Schoonheydt & Johnston, 2013). The clay mineral basal surface is 

composed of oxygen atoms in Si–O bonds, and referred to as the siloxane surface. The siloxane 
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surface has a considerable covalent character and is hydrophobic (Brigatti et al., 2013). While 

the siloxane surface is neutral, a permanent charge can be introduced through isomorphic 

substitution, which is the replacement of an atom of the sheet by a less electronegative one. For 

example, the replacement of Al by a Si cation in the tetrahedral sheet, or of Mg by Al in the 

octahedral sheet, leads to a local distortion (Schoonheydt & Johnston, 2013).  As a consequence, 

the charge on the neighboring oxygen atoms is expected to increase, which can modify the 

reactivity of the siloxane surface. The negative charge that results from isomorphous 

substitution is balanced by the presence of exchangeable cations of which Ca2+, Mg2+, K+, and 

Na+ ions are the most common (Schoonheydt & Johnston, 2013). Changes in surface properties 

combined with exchangeable cations can polarize the surface oxygen atoms and make the 

properties more hydrophilic (Nulens et al., 1998). This result in three types of surfaces in clay 

minerals: (i) neutral siloxane surfaces, (ii) charged surfaces and (iii) hydroxylated surfaces 

(Figure 1.8): 

(i) Neutral siloxane surfaces are nonpolar and interact weakly with water molecules, 

because of the absence of hydrogen bond formation (Croteau et al., 2009). Indeed, 

the external oxygen atoms on the siloxane surface are relatively weak electron 

donors and nonpolar (Schoonheydt & Johnston, 2013). The neutral siloxane surfaces 

are favorable adsorption domains for non-polar and semi-polar molecules such as 

hydrophobic parts of proteins (Poorni & Natarajan, 2013). 

(ii) Charged siloxane surfaces are produced through isomorphous substitutions. This 

process results in the development of a negative charge on the siloxane surface 

(Schoonheydt & Johnston, 2013). The negative charge is balanced by presence of 

exchangeable cations (e.g., Ca2+ or Mg2+), which can interact with water molecules 

by forming hydrogen bonds, making the surface partially or fully hydrophilic. The 

charged siloxane surfaces are adsorption domains for polar molecules such as 

hydrophilic parts of proteins (Poorni & Natarajan, 2013). 

(iii) Hydroxylated surfaces are pH dependent and interact strongly with water 

molecules. Hydroxyl groups present a positive or negative charge depending on the 

adsorbed metal ion and on the pH of the ambient aqueous solution (Schoonheydt & 

Johnston, 2013). Depending on pH, the hydroxylated surfaces are adsorption 

domains for polar molecules such as hydrophilic parts of polysaccharides (Poorni & 

Natarajan, 2013).  
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The reactivity of clay minerals can be measured through the cation-exchange capacity (CEC), 

the specific surface area and the anion exchange capacity (AEC). The CEC is defined as the 

sum of the exchangeable cations that a mineral can adsorb at a given pH in meq.100 g-1. In 

other words, it is a measurement of the negative charges carried by the mineral (Bain & Smith, 

1994). These negative charges are created by isomorphous substitutions (i.e., permanent 

charges), by broken bonds at layer edges and external surfaces, or by dissociation of accessible 

hydroxyl groups. The specific surface area of clay mineral is the total area accessible for 

sorption processes. The anion-exchange capacity (AEC), i.e.  the sum of exchangeable anions 

that a clay mineral can adsorb, has been shown to be proportional to the surface area (Bain & 

Smith, 1994). 

 

 
Figure 1.8: Surface properties of the clay minerals found in the Gironde estuary. (A) The different surfaces between 1:1- and 
2:1- clay type. The 1:1 clay type has a hydrophobic neutral siloxane surface and a hydrophilic hydroxyl surface. The 2:1 clay 
type has a hydrophobic siloxane surface and a hydrophilic charged siloxane surface which can interact with exchangeable 
cations. (B) The main areas of interaction in the clay mineral particles found in the Gironde estuary. Smectite has the most 
interaction zones with basal surface edges and interlayer space. Illite, chlorite and kaolinite cannot interact at the interlayer 
space but can do so on edges and basal surfaces. 

 

1.1.8 Properties of the clay mineral species found in the Gironde estuary 
 

Four clay minerals have been found in the Gironde estuary using FT-IR spectroscopy and 

XRD analyses (Figures 1.6 and 1.10): kaolinite, chlorite, smectite and illite. In Gironde, these 

minerals have a detrital origin, derived by erosion of the Massif-Central, drained by the 

Dordogne, and from the Pyrenees drained by the Garonne, which constitute the drainage area 

constituting the watershed of the Gironde estuary. 
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(i) Kaolinite: The kaolin group presents a 1:1-layer structure with an average chemical 

formula of Al2Si2O5(OH)4 (Figure 1.7D). The kaolinite layer is essentially neutral 

and has a thickness of 7.2 Å. Two contiguous layers are linked through hydrogen 

bonding. The O-H groups of the hydroxyl surface present different properties 

depending on their position and orientation within the layer. For example, outer O-

H groups form strong hydrogen bonds if they are oriented nearly perpendicular to 

the tetrahedral layer (Brigatti et al., 2013). The kaolinite standard material used in 

this study for clay EPS mixing (ref. KGa-1; Clay Minerals Society) has a chemical 

composition of 44.2% SiO2, 39.7% Al2O3, 1.39% TiO2, 0.13% Fe2O3, 0.08% FeO 

and MnO with some trace elements (e.g., K2O, MgO). The FT-IR spectrum of 

kaolinite (Madejova et al., 2017) is characterized by wavenumber peaks at 

3694 cm- 1 (O-H bands), 3669 cm-1 (O-H bands), 3652 cm-1 (O-H bands), 3620 cm- 1 

(O-H bands), 1102 cm-1 (Si-O bands), 1033 cm-1 (Si-O-Si bands), 1011 cm-1 (Si-O 

bands), 938 cm- 1 (O-H bands from Al2OH) and 915 cm-1 (O-H bands from Al2OH; 

Figure 1.9). Kaolinite is a clay mineral with a low reactivity, especially towards 

xanthan, as demonstrated in a study by Dontsova and Bigham (2005). This low 

reactivity can be explained by low CEC, comprised between (3-15 meq.100g-1), 

AEC (7-20 meq.100g-1). The surface area of kaolinite is intermediate (44 m2.g-1; 

Van Olphen & Fripiat, 1981; Bain & Smith, 1994). 

(ii) Illite: The illite group presents a 2:1-layer structure. The illite sheet is formed of 

three layers: one octahedral layer sandwiched between two opposing tetrahedral 

layers (Fig. 3D) with a thickness of 100 Å. The average chemical formula of illite is 

(K,H3O)(Al,Mg,Fe)2 (Si,Al)4O10 [(OH)2,(H2O)]. The interlayer space is occupied by 

potassium cations (K+), explaining why illite does not have a swelling property. The 

illite standard material used in this study (ref. IMt-2; Clay Minerals Society) has a 

chemical composition of 49.3% SiO2, 24.25% Al2O3, 7.83% K2O, 7.32%, 2.56% 

MgO, Fe2O3, 0.55% TiO2 and FeO, 0.43% CaO with some trace elements (e.g., 

P2O5). The FT-IR spectrum of illite shows typical peaks at 3623 cm-1 (O-H bands), 

1100 cm-1 (Si-O bands), 1030 cm-1 (Si-O bands) and 916 cm-1 (O-H bands from 

Al2OH; Madejova et al., 2017; Figure 1.9). Illite is more reactive than kaolinite, with 

a CEC comprised between 10-40 meq.100 g-1, an AEC between 4-17 meq.100 g-1 

and a specific surface area of ca. 183 m2.g-1 (Van Olphen & Fripiat, 1981; Bain & 

Smith, 1994). These properties may explain the high reactivity of illite towards 

xanthan, as documented by Dontsova and Bigham (2005).  
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(iii) Chlorite: The chlorite group presents a 2:1:1-layer structure with an average 

chemical formula (Si3Al)(MgFeAl)6O10(OH)8. The interlayer space is generally 

occupied by magnesium and iron oxyhydroxides (Mg-Fe)3OH6) and the layer has a 

thickness of thick 14–14.5 Å (Brigatti et al., 2013; Figure 1.7D). Ripidolite used in 

this study is a classical chlorite mineral enriched in Mg and Fe (so called Mg-Fe-

Chlorite). The standard (ref. CCa-2; Clay Minerals Society) has a chemical 

composition of 26.6% Fe2O3, 26% SiO2, 20.8% FeO, 20% Al2O3, 17.2% MgO, 0.5% 

TiO2, 0.25% CaO with some trace elements (e.g., K2O). Ripidolite has a CEC 

comprised between 10 and 40 meq.100 g-1, an AEC comprised between 5 and 20 

meq.100 g-1 and a surface area of 36 m2.g-1 (Van Olphen & Fripiat, 1981; Bayley, 

1988). The FT-IR spectrum of ripidolite is characterized by peaks at 3671 cm-1 (O-

H bands), 3570 cm-1 (O-H bands), 3429 cm-1 (O-H bands), 989 cm-1 (Si-O bands) 

and 822 cm-1 (Si-O bands; Madejova et al., 2017; Figure 1.9). 

(iv) Smectite: The smectite group presents a 2:1-layer structure. Smectites have a total 

negative layer charge comprised between 0.2 and 0.6 e per unit cell (deviation from 

neutrality due to isomorphic substitution). Montmorillonite, a smectite type clay 

used in this study, has a dioctahedral character and an average chemical formula of 

(Na,Ca)0,3 (Al,Mg)2 Si4O10(OH)2 (Figure 1.7D). The standard (ref. SAz-2; Clay 

Minerals Society) has a chemical composition of 60.4% SiO2, 17.6% Al2O3, 6.46% 

MgO, 2.82% CaO, 1.42% Fe2O3, 0.24% TiO2, 0.2% K2O, 0.1% MnO with some 

trace elements (e.g., Na2O). Montmorillonite has a CEC comprised between 100 and 

150 meq.100 g-1, a specific surface area of 97.42 m2.g-1 and an AEC comprised 

between 20 and 30 meq.100 g-1 (Van Olphen & Fripiat, 1981; Bain & Smith, 1994). 

The FT-IR spectrum of montmorillonite is characterized by typical peaks at 3621 

cm-1 (O-H bands), 3253 cm-1 (H2O vibration), 1635 cm-1 (H2O vibration), 1030 cm- 1 

(Si-O bands) and 924 cm-1 (O-H bands from Al2OH; Johnston & Premachandra, 

2001; Madejova et al., 2017; Figure 1.9). Various exchangeable cations can occupy 

interlayer positions in smectite, e.g., Na+, K+, Ca2+ or Mg2+. Interlayer cations are 

commonly hydrated and exchangeable (Brigatti et al., 2013). The swelling 

properties of smectites is controlled by the type of the specific exchangeable cations 

in the interlayer space, the layer charge, and the Brownian swelling that occurs 

between two different smectite particles (Ferrage et al., 2010). Different molecules 

can insert themselves into the interfoliar space, for example water, which will make 
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the particles swell. Other molecules can interact with the interfoliar space as well, 

for example EPS molecules produced by bacteria. (Alimova et al., 2009). 
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Figure 1.9: Fourier transform infrared (FT-IR) spectra of clay mineral standards used in this study: kaolinite, illite, chlorite (ripidolite type) and smectite (montmorillonite type). The most common 
peaks are O-H bands (around 3670, 3565 and 3621 cm-1), Si-O bands (around 1100, 1030 and 990 cm-1) and O-H bands from Al2OH (around 920 cm-1).
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1.1.9 Summary of the results of the ClayCoat Project 
 

This thesis follows the ClayCoat Project, which aimed to understand the mechanisms 

responsible for the formation and distribution of detrital clay coatings by studying a modern 

analogue of estuarine reservoirs the Gironde estuary. This project was funded by Engie 

Exploration Production service (2015-2017), Neptune Energy (2018-2022). The formation of a 

clay coating around the quartz grains delays or inhibits the development of quartz overgrowth 

during sandstone diagenesis. This allows to strongly limit the decrease of the petrophysical 

properties of the reservoir rocks. Petrophysical properties are impacted by mechanical and 

chemical compaction processes and the overgrowth of quartz during the diagenetic processes. 

Among the clays that can constitute coatings, authigenic chlorites, and in particular iron-rich 

chlorites, are the most frequently studied. The link between inhibition of quartz overgrowths 

by the formation of authigenic chlorite crystals in deeply buried sandstone reservoirs has been 

demonstrated (Ehrenberg, 1993). The process of chloritization (formation of chlorite crystals) 

is carried out via the transformation of precursor clay minerals, such as berthierine, during 

diagenesis (Beaufort et al., 2015). Virolle's work in a modern estuarine environment (i.e., the 

Gironde estuary) has allowed to advance on the understanding of the mechanisms responsible 

for the formation and distribution of clay precursors, potentially responsible for the setting of 

clay coatings during diagenesis. Virolle’s investigation analyzed and compared tidal bars and 

point bars in the Gironde estuary with ancient estuarine reservoir bodies of the Cape Hay 

Formation (Australia, Permian), the Sego Formation (Colorado, USA, Cretaceous) or the 

McMurray Formation (Alberta, Canada, Cretaceous; Musial et al, 2012; Saïag et al, 2016; 

Aschoff et al, 2018; Virolle et al., 2019a). His work revealed for the first time the presence of 

clay coats (composed of detrital clay minerals) around the grains in all the sampled sand bars 

(Virolle et al., 2019b). Moreover, the primary elements that may be involved in the 

chloritization process (Al, Fe, Si, Mg) are already present at the time of deposition and are 
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preserved several meters deep (Virolle et al., 2022). Berthierine is hypothesized to be the clay 

mineral precursor to chlorite coatings and is formed during the eogenesis with shallow burial 

(<1000m) via the transformation of detrital minerals such as kaolinite, smectite or micas 

(Virolle et al., 2021). The presence of reactive iron is essential for this transformation (Beaufort 

et al., 2015). The work of the current thesis is connected to the ClayCoat Project through the 

characterization of the potential role of diatom biofilms in the formation of detrital clay coats 

around sand grains in a highly energetic hydrodynamic regime (Topic 3). The preservation of 

diatom biofilm exopolymers at depth was also studied to determine their impact on the 

diagenesis of primary clay minerals. The following section will present the state of the art of 

diatom biofilms in the estuarine domain. 
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1.2 Benthic biofilm and Exopolymeric Substances in 
estuaries: state of the art 

 

1.2.1 Generalities on diatoms 
 

The surface of the estuarine intertidal zone is often covered with a microphytobenthic 

biofilm (Admiraal, 1976; Underwood & Paterson, 1993; Underwood & Kromkamp, 1999; 

Decho, 2000). Diatoms are the most common group of microorganisms inhabiting intertidal 

soft sediments (sand and/or clay; Smith & Underwood, 1998). These benthic eukaryotes are 

unicellular photosynthetic algae with a characteristic cell wall impregnated with silica (SiO2, 

nH2O; Qin et al., 2008). This cell wall, or frustule, is composed of two large units, referred to 

as valves, which are linked together by several thinner structures, termed girdle elements (Hoek 

et al., 1995; Figure 1.10). Depending on the taxon, the size of the cells, and consequently that 

of the frustule, varies from a few micrometers to more than 500 micrometers (Lavoie & 

Hamilton, 2008). The exchange of material across the frustule takes place through pores and 

slits. The two valves of the frustule are called epivalve and hypovalve and the girdle elements 

are referred to as epicingulum and hypocingulum, respectively (Round et al., 1990; Figure 

1.10). The epivalve and the epicingulum grouped together are called epithecae, while the 

hypovalve and the hypocingulum form a structure called the hypotheca (Figure 1.10). Because 

the valves and girdle elements are quite rigid, cell growth can occur in one direction as the 

epitheca and the hypotheca move apart (Hoek et al., 1995). During cell division by vegetative 

reproduction, each frustule of the daughter cell has one valve from the mother cell, and one 

formed just after the cell division. New parts of the wall are formed in the protoplasts and added 

by exocytosis. After each cellular division, the new valve and girdle are smaller than the old 

one, and so is the cell. Cell size is restored through sexual reproduction (triggered by cell size 

and environmental factors), which results in the formation of a special cell called an auxospore 

that grows and expands in a very controlled way before producing a frustule (Lavoie & 

Hamilton, 2008).  
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Figure 1.10: Cryo-scanning electron microscope images of diatom frustules from the Gironde estuary. (A) and (B) Navicula 
sp., frontal (A) and side (B) view with names of the different parts of the frustule. (C) Fractured frustule which allows to see 
the internal organization of the different parts and their organization. The interior of the cell was probably removed during 
cryofracture. (D) Internal view of a valve that shows the internal organization of the latter. 

 

The cell organelles and cytoplasm are protected by this silica wall. Diatom cells comprise 

generally plastids, mitochondria, dictyosomes and other organelles packed into a thin peripheral 

layer of cytoplasm, compressed between cell walls by one or two large central vacuoles (Figure 

1.11). The nucleus is generally easy to see, suspended at the center of the cell or lied to one side 

of the cell. Lipid vesicles or other reserve organelles are often visible within the cytoplasm 

(Figure 1.11). Due to the carotenoid pigments (β-carotene, diatoxanthin, diadinoxanthin and 

fucoxanthin) masking the color of the chlorophylls (a and c), the chloroplasts have a pale yellow 

to brown color, which has determined the classification of diatoms in the "brown algae" group 

(Lavoie & Hamilton, 2008; Figure 1.11). 
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Figure 1.11: (A) Polarizing microscope image of a diatom (Nitzchia sp.) from the Gironde estuary surface biofilm. Details of 
the cell and the silica frustule are visible. (B) Polarizing microscope image of a slide stained with Triphenyltetrazolium (TTC). 
The reduction of TTC into formazan stains gives organelles with a functional an active electron transport system a pink 
appearance, here most likely the mitochondria (diatom: Nitzchia sp.). (C) Epifluorescence microscope image of a fluorescein 
di-acetate (FDA) stained diatom (Pleurosigma sp.; BH2-RFCA microscope; 490 nm). The hydrolyze of FDA by non-specific 
enzymes results in green fluorescence in the nucleus and the lipid vesicles. Chloroplasts show a red autofluorescence due to 
photosynthetic pigments. 
 

Diatoms are divided into two main groups: (i) centric diatoms, with an axial symmetry and a 

radial or concentric ornamentation, and (ii) pennate diatoms, with a bilateral symmetry, which 

can present a conjunctive line interrupting the striae. When this line is discontinuous (pseudo-

raphe) or continuous (raphe; Lange-Bertalot et al., 2017). The raphe plays a major role in diatom 

motility through the excretion of exopolymeric substances (EPS). The classification of diatoms 

is based on morphological characteristics of the frustule in valvular front view, in connective 

view (side) and on the appearance of the valves (Paulmier, 1997; Lavoie & Hamilton, 2008; 

Lange-Bertalot et al., 2017). The number of extant identified species is estimated between 

20,000 and 30,000, but Mann and Droop (1996) suggest that there could be as many as 200,000 

species. Diatoms have two contrasting lifestyles: (i) planktonic forms thrive in the water 

column, while (ii) benthic forms are attached to sediment surface (Lavoie & Hamilton, 2008). 

The oldest fossil diatoms are dated as Lower Jurassic (ca. 190 Ma), and the oldest pennate 

benthic diatoms as Late Cretaceous (ca. 75 Ma). Diatoms are thought to have progressively 
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colonized inland brackish and freshwater environments between the end of the Cretaceous and 

the Oligocene, mainly during periods of elevated sea level. The adaptation to dynamic 

sedimentary environments, such as river and estuaries, appears strongly linked with the 

evolution of the raphe (Sims et al., 2006). Two modes of life can be distinguished in benthic 

diatoms: epipsammic (sessile forms attached to the particles of sandy sediments) or epipelic 

(free-living forms that move over muddy sediment surfaces; Round, 1984; MacIntyre et 

al., 1996; Consalvey et al., 2004). Diatoms make up the most abundant taxa in the mudflat 

environments, but are part of a large diversity of eukaryotic and prokaryotic organisms grouped 

under the term microphytobenthic organisms (e.g., including prokaryotes such as cyanobacteria 

or filamentous sulfur bacteria; Hubas et al., 2018). In benthic habitats, microalgae and bacteria 

often secrete EPS into the surrounding environment to form a stabilizing and protective 

microenvironment and to allow for attachment to the sediment (Decho, 2000; Underwood & 

Paterson, 1995). The association of microorganisms and EPS matrix is referred to as a biofilm. 

In diatoms, EPS are synthesized in the Golgi apparatus, then externally secreted via specialized 

vesicles through the raphe or perforations along the frustule (Underwood and Paterson 2003; 

Crawford et al., 2001; Wotton, 2004). The following part will present the general characteristics 

of the EPS, then the unique characteristics of the diatom EPS. Finally, a section will review the 

roles of the EPS for the biofilm in general in estuarine environment. 

 

1.2.2 Microphytobenthic biofilms and exopolymeric substances 
 

1.2.2.1 Background on EPS  
 

EPS is a complex mix of molecules of different sizes and molecular weights 

(e.g., polysaccharides, proteins, nucleic acids, etc.) ranging from mucilages in various stages of 

hydration (gels, slimes) to dissolved components soluble in aqueous media (Decho, 1990: 

Marvasi et al., 2010). The matrix also includes a wide variety of small molecules and ions 

sorbed to the EPS (e.g., Na, Mg, Ca; Decho & Gutierrez, 2017). Thus, EPS are generally 

separated into two different fractions, depending on their function and location (Underwood et 

al., 1995): (i) bound EPS (also termed bulk EPS) and (ii) colloidal EPS (also called soluble 

EPS; Nielsen and Jahn, 1999). There is also a third, less studied fraction, the capsular EPS 

which are closely associated with the cell wall (Hubas et al., 2018), which is not subject of this 

thesis. Bound EPS (e.g., condensed gels) are found further from the cell, often as a densely 

packed network, while colloidal EPS (e.g., soluble macromolecules) are mainly dissolved and 
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interact more with sediments and/or water (Underwood & Paterson, 2003). While colloidal EPS 

are easily extracted with water from sediments, bound EPS are more tightly absorbed to 

sediment particles or cells (Underwood et al., 1995; Yallop et al., 2000). Bound and colloidal 

carbohydrates have been shown to differ in their vertical distribution with sediment depth 

(Taylor & Paterson 1998). These authors report that colloidal carbohydrates are concentrated 

at the sediment surface and that their concentration decreases with depth, but that bound 

carbohydrates increase in concentration with sediment depth. The results of this study are, 

however, to be taken in context because the extraction of bound EPS was not performed, as the 

measurements were done on sediment samples. Using a more efficient extraction method to 

obtain the bound EPS fraction would be a good way to verify this assumption. Carbohydrates 

typically represent between 60 and 80% of the weight of total EPS, which also includes uronic 

acids, proteins and lipids (Underwood and Paterson, 2003). Extraction of EPS from benthic 

diatom cultures of Cylindrotheca closterium and Navicula salinarum reveals a different 

contribution of the bound and colloidal monosaccharide fractions. The monosaccharide 

(carbohydrate) fraction of bound EPS contained glucose (82-85%; Staats et al., 1999) mannose 

(0.5-7.6%), xylose (0.9-3.9%), rhamnose (1-9.1%), galactose (2.2-4.3%) and arabinose (0.6-

2.8%).  

A major role of bound EPS for the biofilm community is support of vertical migration (e.g., of 

diatoms), sorption of nutrients, water retention, adhesion and aggregation of cells, food and 

nutrient sources and cohesion and biostabilization of the sediment (Decho, 2000; Yallop et al., 

2000; Decho & Gutierrez 2017; Hubas et al., 2018; Figure 1.12). Colloidal EPS present a more 

balanced distribution of the various monosaccharides: 22.9-41.6% of glucose, 5.6-14.7% of 

rhamnose, 12.2-19.1% of galactose, 20.2-46.1% of xylose, 4.1-13.8% of mannose and no 

arabinose (Staats et al., 1999). Taylor et al. (1999) have measured a mean in situ concentration 

of 1.8 mg glucose eq.g-1 dry sediment for colloidal EPS on mudflats surface of two estuaries 

(Humber and Eden, UK) over emersion period. Their roles in the environment include exo-

enzymatic activity, export of cell products and wastes, sorption and transport of nutrients, 

communication, and promotion of polysaccharide gel formation (Decho, 2000; Decho & 

Gutierrez 2017; Hubas et al., 2018; Figure 1.12). The secretion of different types of EPS is 

varies and depends on the response of the organisms within the biofilm to environmental 

consitions. For example, De Brouwer et al. (2002) demonstrated, using a diatom culture, that 

colloidal EPS is continuously released into the medium. In contrast, bound EPS is produced 

exclusively in the light. Extraction of EPS fractions is described in detail in the material and 

method chapter 2. 



 

 

31 State of the art 

 

 
Figure 1.12: Different fractions of EPS in biofilms and their various roles and functions. Adapted from Hubas et al. 2018. 

 

1.2.2.2 Diatom EPS specificities  
 

The biochemical composition of the EPS of approximately 30 genera of diatoms has 

been reviewed by Hoagland et al. (1993). However, only a few benthic species are included in 

that study and no EPS fractions were separated. For example, Nitszchia frustulum perpusilla, a 

benthic diatom, has EPS composed of 74% of carbohydrate (34% mannose, 24% rhamnose, 8% 

galactose and 34% unknown monosaccharides) and 9% sulfated sugars. Another benthic 

diatom, Navicula incerta has EPS with a monosaccharide composition of 33% rhamnose, 20% 

fucose, 10% mamnose, 9% xylose, 8% galactose and 20% of unknown sugars. It is 

demonstrated that the bound EPS presents more glucose contrary to the colloidal EPS, which 

more balanced distribution of monosaccharide (Staats et al., 1999). In addition to anionic 

polysaccharides, benthic diatom EPS can be made up of a substantial portions of acidic 

polysaccharides, proteins, sulphate esters, methylated sugars, uronic acids and some lipids 

(Hoagland et al., 1993; Staats et al., 1999; McConville et al., 1999). Depending on the diatom 

genus, carbohydrates contribute between 60 and 80% of the total EPS weight (Staats et 

al., 1999). EPS secretion requires an energy investment from the microorganisms and studies 

have shown a positively correlation between rate of primary production and carbohydrate 
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production (Staats et al. 2000; Perkins et al. 2010). The secretion of EPS by benthic diatoms 

will furthermore depend on the environment conditions. Colloidal EPS are produced both with 

and without light (Perkins et al. 2006), in contrast to bound EPS, which is only produced only 

in the presence of light (Orvain et al., 2003). EPS from diatom cultures is enriched in glucose 

when produce during light period. The glucose contribution to bound EPS fraction increase by 

10-15%, but while no changes in the colloidal EPS are observed (De Brouwer & Stal, 2001; 

Figure 1.13). In certain cases, tidal emersion can also impact the EPS composition, with glucose 

increases in >100 kDa and <10kDa fractions (De Brouwer & Stal, 2001; Figure 1.13). 

Furthermore, a higher production rate is observed at the end of low tide (Van Duyl et al. 1999). 

Passarelli et al. 2015 link the increased production of EPS in the summer with a higher 

photosynthetic rate. Other factors that can impact the production of EPS include nutrient 

limitation (Stal, 2003) or seasonal and daily cycles (Orvain et al., 2014; Passarelli et al., 2015). 

The relative contribution of protein in EPS varies from species to species (between 5.4-16.9% 

of the total EPS weight; Staats et al., 1999). The amino acid composition in the protein fraction 

of EPS also differe between diatom species (Staats et al., 1999). Detailed studies of the protein 

composition of EPS have been performed for some benthic diatoms, but only for epipsammic 

species. For example, Amphora longipes EPS has an amino acid composition consisting of 

alanine (17%), glycine (13%), valine (13%), serine (13%), and aspartate (13%; Xiao & Zheng, 

2016). Some extracellular proteins are specific to diatoms: for example frustulin, a 

glycoproteins most likely covering the cell, but this was shown in only few investigations 

(Kröger et al., 1994). Frustulin has domains enriched with acidic cysteine residues that are 

stabilized by Ca2+ bridges on the cell wall surface (Chiovitti et al., 2003). 
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Figure 1.13: Conceptual model of different benthic diatom EPS fractions and features of their production patterns from 
Underwood and Paterson, 2003. For specifics of the EPS, please refer to the manuscript. 

 

1.2.3 Benthic biofilms biological functions 
 

Diatoms are merely the top of the biofilm iceberg, since microphytobenthos (MPB) 

comprise a large diversity of eukaryotic and prokaryotic organisms, which interact in multiple 

ways and contribute to the functioning of the whole biofilm community (Hubas et al., 2018). 

The biological functions of EPS in estuarine environments for will be discussed with an 

emphasis on diatoms. The different roles of EPS in diatom biofilms are summarized in table 

1.1 and detailed in the following section.  

 

1.2.3.1 Adhesion to the sediment and substratum stabilization 
 

The first step in microbial colonization of sediment surfaces is the establishment of the 

biofilm through EPS secretion (Decho, 2000). By creating a biofilm, organisms establish and 

maintain an association between individual cells and/or between cells and their immediate 

environment. Although the majority of EPS is produced by photoautotrophs, such as diatoms, 

heterotrophic bacteria also contribute to the EPS pool (Braissant et al., 2007; Taylor et al., 
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2013). EPS can bind sediment particles together by forming adhesive bridges, forming a 

network that traps and protects the cells (De Winder et al, 1999; Yallop et al., 2000; Sutherland, 

2001). EPS can also coat sediment particles, increasing the cohesiveness (Underwood & 

Paterson, 1993; Tolhurst et al., 2002; Lundkvist et al., 2007; Grabowski et al., 2011) and 

reducing resuspension and erosion (Paterson, 1995; Decho, 2000; Morelle et al., 2020). EPS 

can also reduce sediment roughness by filling the space between particles and smoothing the 

surface of particles (De Winder et al., 1999). All these processes limit sediment erosion and 

promote sediment stabilization, and consequently, the development of biofilms significantly 

increases the stability of intertidal mudflats (Paterson, 1989; Sutherland et al., 1998). A number 

of studies report on the positive effects of diatom biofilms on sediment stability, which is often 

related to positive correlation between EPS concentrations in the sediment and various 

properties of sediment stability (Paterson, 1989; Underwood and Paterson 1993; Sutherland et 

al., 1998; Paterson and Hagerthey 2001; Stal, 2010). Malarkey et al. (2015) experimentally 

demonstrate that low concentrations of xanthan mixed with the sediment (1%) significantly 

reduce particle movement and increase the stability of small-scale bedform (e.g., current 

ripples) development, because EPS inhibit the grains from moving independently. In riverine 

sediments, Gerbersdorf et al. (2008) demonstrate for both colloidal and bound EPS moieties a 

strong positive correlation with the critical shear stress for erosion. EPS can influence the 

sediment properties by binding fine-grained sediment, changing the water content and 

enhancing the organic composition. Zhou et al. (1998) further show that ratio of sugar 

monomers may be important in EPS interaction with sediments. These authors suggest that the 

cohesive properties of the EPS and the ability to form aggregates is predominantly related to 

rhamnose and fucose monomers. Comparison of EPS stabilizing properties from diatom and 

bacteria was tested in laboratory flumes (Lundkvist et al. 2007). The diatom EPS increases the 

biostabilisation by 80%, and bacterial EPS enhances this approximately by 12%. The increase 

in erosion threshold induces by EPS from benthic diatoms is 120%, and by EPS from bacteria 

20%. Diatoms and bacteria combined increase the erosion threshold by 150%, showing the 

significant potential of interactions within the MPB. By impacting sediment properties through 

EPS secretion, MPB and in particular the diatom component, may be consider as ecosystem 

engineers (Paterson & Daborn, 1991; Gerbersdorf et al., 2009). 
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1.2.3.2 Frustule stabilization 
 

The frustule is coated by thick mucilaginous EPS material approximately 10 nm thick, 

interrupted only near the raphe (Crawford et al., 2001). The interruption of this particular part 

can be related to the secretion of EPS by the raphe for the gliding mobility. This EPS coat that 

encases each cell, composed of bound EPS, is non-adhesive, soft, and compressible and 

contains a degree of crosslinking that makes it cohesive (Crawford et al., 2001). Bound EPS 

may have a protective function for the cell and their composition may vary considerably 

between diatom taxa (Hoagland et al. 1993). EPS has also a role of stabilization and sealing of 

the different parts of the frustule. Without a thin EPS coat, the frustule easily breaks up into 

separate parts (Round et al., 1990). 

 

1.2.3.3 Cell motility in response to light and tidal cycles 
 

Diatoms adjust their position by gliding at the sediment surface in response to a range 

of stimuli, including tidal fluctuation, diurnal rhythm, nutrient availability, and UV-B irradiance 

(Consalvey et al., 2004; Molino et al., 2016). They migrate towards the surface of the sediment 

at low tide in order to perform photosynthesis. At high tide, they move down, inside the 

sediment at a depth ranging from one millimeter to possibly a few centimeters (Consalvey et 

al., 2004; Hubas et al., 2018; Round & Palmer, 1966). The rate of diatom movement has been 

measured and theorical distance covered during one hour has been calculated for several benthic 

diatom species and varies between 0.17-0.28 µm.s-1 (theorical distance: 0.6-1 mm.h-1) vertically 

and 2.5-9µm.s-1 horizontally (theorical distance: 32-9 mm.h-1; Consalvey et al., 2004). This 

movement occurs through the secretion of multi-stranded adhesive mucilage tethers composed 

of specific EPS at the raphe, where, as discuss above, an opening provides the secretion 

(Higgins et al., 2003). Smith and Underwood (1998) show that diatom secretion of EPS is 

closely related to their motility and occurred predominantly during the dark period. Gliding is 

enable through an adhesive complex composed of transmembrane linker molecules between 

adhesive EPS in contact with the substrate and intracellular motor proteins (e.g., actin filaments; 

Edgar and Pickett-Heaps, 1984; Molino et al., 2016; Figure 1.14). The gliding force of diatoms 

is generated by myosin in actin filaments (Poulsen et al., 1999). EPS secretion is continuous as 

diatoms slide across the surface or into the sediment. The mucilaginous strands break away 

from the cell and are left behind as "trails" that eventually accumulate as components of the 

biofilms (Higgins et al., 2003). Diatoms are also able to increase EPS secretion and to migrate 
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vertically in the sediment when UV irradiance or temperature are excessive, in order to avoid 

potential cell damage (Perkins et al., 2010; Wolfstein & Stal 2002; Fig 4E). UV exposure results 

in modifications of EPS properties, e.g., a decrease in average molecular size (Decho, 1990). 

 

 
Figure 1.14: Schematic diagram of a benthic diatom cell with detail of the components of the adhesion complex secreted 
through the raphe (from Molino et al. 2016). Diatom gliding movement is then generated by myosin actin interactions. 

 

1.2.3.4 Cell protection 
 

Diatoms are particularly sensitive to changes in nutrient concentrations (primarily 

phosphorus and nitrogen), pH and to organic loads from agricultural and industrial activities 

(Lavoie & Hamilton, 2008). Tidal flats are variable in chemical composition and physical 

condition (salinity, temperature etc.) and EPS can act as a buffer maintaining stable conditions 

(e.g., pH, salinity) in the immediate cell environment (Decho, 1990; Decho 2000). EPS contain 

high amounts of hydrophilic molecules (e.g., hydroxyl functional groups of polysaccharides), 

preserving the biofilm hydration and protecting the microorganisms against desiccation, 

particularly during low tide (Decho, 1990; Potts, 1994). Sulfate functional groups present in 

EPS have the capacity to retain water molecules that play an important role in imparting a gel-

like consistency to the EPS (Wingender et al., 1999). Elevated concentrations of some metal 

species (e.g., cadmium or zinc) are toxic for diatom cells (Morin et al., 2007), resulting in a 

decrease of their abundance within the biofilm. In the absence of EPS, frustule deformation is 
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more common when cells are exposed to heavy metals (Gold et al., 2003; Morin et al., 2007; 

Morin et al., 2012). Mature laboratory biofilms of diatoms increase the EPS production in 

presence of Cd contamination (Duong et al., 2010). Organic pollutions (e.g., chlordecone) can 

also induce changes both in the biofilm community and in EPS properties, e.g., sorption and 

viscoelasticity (Hubas et al., 2022). EPS are rich in negatively charged functional groups 

(e.g., carboxyls, sulfates; Braissant et al., 2009; Figure 1.15). These functional groups have 

distinct pKa and deprotonate at various pH (Figure 1.15). As a consequence, the EPS matrix 

acts as a cation sponge, binding metals (Decho & Gutierrez, 2017). This binding mostly occurs 

through cation exchange processes, with metal cations substituting for water on EPS. 

Polysaccharide moieties, including abundant carboxyl and hydroxyl groups, are particularly 

efficient in metal binding (Decho, 1990).  For example, EPS extracted from a marine bacterium 

culture have the ability to bind metals due to abundant carboxyl moieties (Gutierrez et al., 

2012). As a result, molecules absorbed onto EPS do not reach the cells, which is why biofilms 

can grow in contaminated environments when other organisms often cannot (Sutherland, 2001; 

Morin et al., 2007). Other factors can result in a change in EPS secretion in order to protect 

organisms: for example, increased EPS production is shown in the presence of a grazing 

nematode (Hubas et al., 2010). 
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Figure 1.15: Diagram showing the functional groups commonly associated with exopolymeric substances and their possible 
interaction with metal (M+) from Braissant et al. 2007. pKa ranges for each functional group are indicated in the upper bar and 
for phosphoryl groups both pK1 and pK2 are considered. 

 

1.2.3.5 Communication and interactions between cells 
 

Quorum sensing (QS) consists of communication and coordination between dense 

populations of microorganisms in the biofilm through the production, detection and response 

by cells to signaling molecules (Decho et al., 2010; Decho & Gutierrez, 2017). QS relies on the 

production and release of signaling molecules, called autoinducers (Camilli & Bassler 2006). 

The development of biofilms on the sediment surface is thought to be mediated by QS, 

especially through enhanced EPS production (Decho, 2000; Solano et al., 2014). However, 

there is a lack of field studies in mudflats to confirm such a hypothesis. Diffusible signaling 

molecules allow the self-regulation of the microbial community when cells density is high 

(Decho, 2000). The cells within a biofilm can move and reorient themselves in relation to one 

another and escape from invasion by other cells, owing to the diffusion of molecular messages 

(e.g. fatty acid amides) in the EPS (Decho & Gutierrez, 2017). QS can also impact the 

development of biofilm architecture by intercellular communication (Decho, 2000). Diatoms 
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secrete signaling molecules, such as pheromones, inducing reproduction and transition from 

mitosis to meiosis (Moeys et al. 2016; Figure 1.16). However, as highlighted by Hubas et al. 

(2018), the signaling molecules produced by diatoms are poorly known, especially under 

natural conditions. For example, the synchronized migration of benthic diatoms during diurnal 

and tidal cycles can be coordinated through cell-to-cell communication in the biofilm matrix. 

But It is not known how fluctuating conditions (e.g., pH, dessication, high temperature) in 

natural environments influence chemical signaling and coordination of microbial activities 

(Decho & Gutierrez, 2017). Inter-microbial species competition for nutrients and space also 

takes place in the biofilm. For example, the EPS of the benthic diatom Navicula phyllepta 

inhibits the development of some bacterial species (e.g., Flavobacterium sp.), or promoting that 

of others (e.g., Roseobacter, Shewanella sp.; Doghri et al., 2017). Diatoms can secrete 

allelopathic halogenated compounds in the EPS matrix against competing species, as well as 

antibacterial compounds such as free fatty acids and esters (Hubas et al., 2018). Molecules that 

may act as signals for some bacteria, may act as antibiotics against other bacteria (Schertzer et 

al., 2009; Johnson et al., 2016). 

 
Figure 1.16: The life cycle of Seminavis robusta linked to sex-inducing pheromone from Moeys et al. (2016). During the 
vegetative phase, average cell size decreases. Once below a certain cell size, called the sexual size threshold, diatoms become 
capable of sexual reproduction. When passing this, both homothallic (MT-) and heterothallic (MT+) reproduction type cells 
start the production of sex-inducing pheromones, SIP+ and SIP− respectively. Under the influence of these pheromones, MT− 
secretes the attraction pheromone diproline and MT+ probably expresses a diproline receptor. Diproline signalling then leads 
to mate finding and pair formation, after which gametes and zygotes are formed. The resulting auxospore cells, elongate then 
to initial cell size. 
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1.2.3.6 Food and micronutrient accumulation source 
 

Due to their sorptive properties, EPS can accumulate metals (e.g., Ca, Si, Fe) and 

organic micronutrients (e.g., low-molecular weight (LMW) compounds, such as simple sugars 

or amino acids) that can be used by the biofilm community (Decho, 1990; Gutierrez et al., 2012; 

Decho & Gutierrez, 2017). Bound EPS contain exo-enzymes responsible for the mobilization 

and transformation of organic matter, for example, the hydrolysis of large macromolecules 

(e.g., polysaccharides) into smaller ones (e.g., LMW organic compounds; Decho, 1990). In the 

biofilm, EPS can be used as a carbon source by bacteria (Underwood & Paterson, 2003). Low 

molecular EPS components are more rapidly degraded by bacteria than high molecular weight 

polymers (Smith & Underwood, 1998). Bacteria are the main EPS degraders in the biofilm, 

with a rapid transfer of carbon fixed by diatoms to the heterotrophic community (Bellinger et 

al., 2009; Taylor et al., 2013). Up to 60% of photosynthetically fixed carbon can be transferred 

to heterotrophic bacteria within 36 h (Oakes et al., 2010). Pseudomonas sp. and possibly some 

other EPS producing bacteria are able to consume their own EPS (Decho 1990), in addition to 

other EPS making up the biofilm. Similar to bacteria, some diatoms may also assimilate the 

EPS, or EPS-breakdown products, from other diatom species (Taylor et al., 2013). 

 

1.2.3.7 Sedimentary EPS cycling 
 

In estuaries, EPS is lost from sediments by various mechanisms, e.g., solubilization due 

to currents, removal by overlying water and bacterial degradation (Underwood & Paterson, 

2003). Typically abundant at the sediment surface, the quantity of EPS decreases with depth 

(Paterson et al., 2000; De Brouwer & Stal, 2001). The main cause of this decrease is likely the 

degradation of EPS by heterotrophic bacteria. Van Duyl et al. (1999) find a positive correlation 

between heterotrophic microbial activity and the amount of colloidal EPS secreted by diatoms. 

Degradation of EPS consists of a multistep process, by sequential removal of different 

components, ranging from highly labile to relatively refractory parts (Nankai et al., 1999). 

Although the EPS consumption of heterotrophic bacteria can be important, some prokaryotes 

also secret a significant amount of their own EPS (e.g., sulfate-reducing bacteria; Braissant et 

al., 2007). Several studies suggest that the bound EPS fractions represent a refractory pool left 

behind following the biodegradation of labile, colloidal EPS components (De Winder et al., 

1999; De Brouwer & Stal, 2001). This can result in accumulation of refractory, biodegraded 

EPS deeper in the sediment (Gerbersdorf et al., 2009; Oakes et al., 2010). Aggregates of EPS 
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and EPS fixed to mineral surfaces may prevent microbial degradation of these polymers 

(Kleber et al., 2015). A small amount of EPS can be present at depth in the sediment, but the 

properties seems to differ from the EPS produced at the surface (e.g. reactivity modifications). 

The “deep” EPS differs from the surface EPS due to a combination of heterotrophic microbial 

degradation and new production by heterotrophic microorganisms. For example, Braissant et 

al. (2007) shown that the EPS of sulfate-reducing bacteria have an unusually high content of 

sulfur, which had not been reported for EPS before. The elevated sulfur content seemed to 

correlate with increased sulfide concentrations in the sediment. 

 

1.2.3.8 EPS-mineral interactions molecular mechanisms 
 

EPS links to mineral surfaces through an ionic interaction between carboxylate groups 

(negatively charged) and the edges of the clay platelets (Henao & Mazeau, 2009). Xanthan, 

frequently used as a model for microbial EPS in laboratory studies, is known to adsorb onto 

clay depending on the surface properties (e.g., the EPS adsorption is greater on montmorillonite 

than kaolinite surfaces; Dontsova & Bigham, 2005). The charge of the tetrahedra in clay 

minerals is positively correlated with xanthan sorption. This indicates the importance of cation 

bridging in EPS-clay interactions (Dontsova & Bigham, 2005). For example, negatively 

charged groups in EPS (e.g., carboxylic and sulfate acidic groups) can form bidentate bridges 

with minerals (e.g., clay minerals, oxides) in the presence of divalent cations 

(Kleber et al., 2007; Braissant et al. 2009; Ghashoghchi et al., 2017; Fig. 4D). The biofilm 

community can adapt the production of EPS to alter the interaction with the environment by 

secreting a larger amount of EPS depending on the type of mineral (Poorni & Natarajan, 2013). 

For example, a hematite mineral surface increases the amount of proteinaceous compounds in 

EPS in compared to kaolinite. EPS are therefore very reactive molecules responsible for many 

vital roles in biofilms. By performing these roles, EPS impact the surrounding environment, 

especially the physical processes related to sediment deposition. This thesis aims to understand 

in more detail impacts of EPS secretion in estuaries, especially in deep sediments. 
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Function of EPS in 
diatom biofilm 

Environmental impact for the microbial community EPS components 
involved 

References 

Sorption of organic 
compounds 

Accumulation of organic nutrients from the environment (e.g., 
Fe or LMW compounds) and protection against environmental 
pollutants (e.g., chlordecone). 

Polysaccharides and 
proteins 

Decho 1990; Decho, 2000; Gutierrez et al., 2012; 
Decho & Gutierrez, 2017; Hubas et al., 2022 

Sorption of inorganic 
compounds 

Enhance trace element bioavailability from the environment 
(e.g., iron), protection against environmental pollution (e.g., 
cadmium) and promotion of polysaccharide gel formation. 

Polysaccharides and 
proteins 

Decho, 1990; Decho, 2000; Sutherland, 2001; Morin et 
al., 2007; Duong et al., 2010 

Adhesion, cohesion of 
biofilm and cell 
aggregation 

Attachement to sediment surface. Spatial organization of the 
community. 

Polysaccharides and 
proteins 

Decho, 1990; De Winder et al., 1999; Decho, 2000; 
Sutherland, 2001 

Water retention Maintenance of highly hydrated 
microenvironment around organisms  
especially during low tide. 

Polysaccharides, sulfate 
esters and proteins 

Decho, 1990; Wingender et al., 1999 

Micro-environment 
stabilization 

Maintaining stable conditions in the immediate surroundings of 
cells, protecting against quick environmental changes. 

Polysaccharides and 
proteins 

Decho, 1990; Potts, 1994; Decho, 2000; Decho & 
Gutierrez, 2017 

Enzymatic activity Retention and stabilization of enzymes 
Enables the digestion of macromolecules for nutrient 
acquisition. 

Proteins and 
polysaccharides 
 

Decho 1990; Decho, 2000; Decho & Gutierrez, 2017; 
Hubas et al., 2018 

Nutrient sources Organic carbon source for heterotrophic bacteria within the 
biofilm. 

Potentially all EPS but 
specifically the LMW 
colloidal parts 

Decho 1990; Van Duyl et al., 1999; Braissant et al., 
2009; Underwood & Paterson, 2003; Bellinger et al., 
2009; Taylor et al. 2013 

Sediment stabilization Biofilm stabilization, community settlement and protection 
against erosion. 

Proteins and 
polysaccharides 

Paterson, 1995; De Winder et al., 1999; Decho, 2000; 
Sutherland, 2001; Tolhurst et al., 2002; Lundkvist et al., 
2007; Gerbersdorf et al., 2008; Grabowski et al., 2011; 
Malarkey et al., 2015; Morelle et al., 2020 

Motility on the 
sediment 

Protection on the sediment according to environmental stress 
(temperature, UV, etc.). Adaptation to light condition. 

Proteins (actin/myosin) 
and polysaccharides 

Edgar & Pickett-Heaps, 1984; Smith & Underwood, 
1998; Poulsen et al., 1999; Higgins et al., 2003; 
Consalvey et al., 2004; Molino et al., 2016 

Communication 
between cells 

Localization of cells, cooperation and/or competition and 
reproduction within the biofilm. 

The whole matrix that 
transports chemical 
messages 

Decho, 2000; Solano et al., 2014; Moeys et al., 2016; 
Decho & Gutierrez, 2017; Doghri et al., 2017; Hubas et 
al., 2018 

 
Table 1.1: Main functions extracellular polymeric substances of MPB biofilm on mudflats (adapted from Flemming & Wingender 2010). 
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1.3 Summary and research questions addressed in this thesis 
 

This thesis studies (i) the physico-chemical properties of exopolymeric substances in 

the Gironde estuary, (ii) their preservation with depth in the sedimentary column, and 

(iii) their potential roles during early diagenesis (e.g., interaction with sedimentary 

particles and metals). To this aim, we will also investigate the modifications resulting from 

microbial metabolisms in the sediment, the properties of sediments and the interaction between 

EPS and sediments and the geochemistry of porewaters. This study aims to serve as a basis for 

future studies on the role of EPS in estuarine sedimentary systems (e.g., sediment trapping, 

interaction with metals), to extrapolate to other sedimentary environments (e.g., rivers, deltas), 

and to apply to early diagenesis and biogeochemical models, and to preservation of biofilm and 

EPS biosignatures.  

 

Topic 1. Preservation of EPS, evolution of EPS properties and EPS-sediment interactions 

with depth (Chapter 3).  

At the surface of estuarine mudflats, EPS are mainly produced by photoautotrophic 

microorganisms (e.g., benthic diatoms and cyanobacteria; Taylor et al., 2002). The amount of 

EPS typically decreases exponentially in the first millimeters to centimeters of the sediment 

(Taylor et al., 1999; Paterson et al., 2000; Braissant et al. 2009). This decrease may be linked 

to consumption by heterotrophic bacteria (Taylor et al., 2013; Bohorquez et al. 2017). Studies 

of EPS preservation are generally limited to a depth of 30 cm because it is assumed that all 

polymers are totally consumed at depth. Kleber et al. (2015) proposed that EPS can be protected 

from degradation by inherent recalcitrance of certain EPS parts against consumption or 

protection through the interactions with minerals. In the sediment, heterotrophic communities 

(e.g., sulfate-reducing bacteria) are also able to produce their own EPS, albeit at lower 

production rates than that of photosynthetic organisms (Braissant et al., 2007). The first 

objective of this thesis will therefore be to study the presence and preservation of EPS in 

sediment cores taken from the Gironde estuary through the EPS extraction and 

physicochemical characterization. The study of EPS-mineral interactions will be 

conducted for the first time to a depth of 6m. The chapter 3 of this thesis aims at answering 

the following questions: 

Q1: Are the EPS preserved at depth in the sediment? If so, how do EPS physicochemical 

properties evolve? 
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 Q2: Do EPS still interact with sediments at depth? If so, are there modifications of EPS-mineral 

complexes between the surface and deeper sediments? 

Q3: Can we link the preservation of EPS and the sedimentary dynamics in an estuary? In other 

words, does the preservation of EPS depend on depositional conditions? 

 

Topic 2. Geochemical gradient, microbial activity, EPS and related impacts in the sediment 

early diagenesis (Chapter 4).  

The preservation of EPS in the sediment (Topic 1) could have a major impact on the fate of 

metals and on biogeochemical cycles. Indeed, EPS possess reactive functional groups 

(e.g., carboxyls, sulfates) that are able to bind large quantities of cations (e.g., Pace et al., 2018), 

and can be considered as “metal sponges”. Heterotrophs preferentially consume labile forms of 

EPS, notably low molecular weight compounds (Smith & Underwood, 1998), which can result 

in the release of adsorbed compounds (e.g., Braissant et al., 2007). As a result, the consumption 

of EPS leads to changes in porewater chemistry equilibria that could impact the precipitation 

of mineral phases in sediments. It has also been shown that, in estuarine conditions, the sorption 

of metals by EPS depends on external parameters such as salinity or pH (Schlekat et al., 1998). 

Porewater geochemistry allows to monitor the evolution of dissolved chemical elements during 

sediment early diagenesis and to calculate if mineral phases have a potential to precipitate or to 

dissolve. This also highlights the presence of gradient changes related to microbial metabolism 

at depth (O’Sullivan et al., 2013; Hong et al., 2019). Various microbial activities change the 

chemical environment and impact the fate of metal species in the sediment (e.g., solubility of 

cadmium or iron). The cycles of some key metal species such as manganese and iron are tightly 

coupled with the sulfur cycle, and are mediated by microbial activity (Burdige, 1993; Kappler 

et al. 2021). For example, the sulfide produced by sulfate reducing bacteria (SRB) can 

precipitate as iron sulfides (Jorgensen & Nelson, 2004; Kraal et al., 2013), leading to a 

sequestration of sulfur and iron in the sediment. Through their metabolism, SRB also consume 

EPS, potentially liberating bound cations. Beyond serving as a potential source of energy for 

heterotrophic microorganisms, EPS can impact the chemistry of the sediment either as nucleus 

or as inhibitors of mineral precipitation (e.g., Dupraz et al., 2009). For example, bacterial and 

algal EPS may increase iron solubility, accelerate Fe(II) oxidation (Norman et al., 2015) or bind 

heavy metals (Hao et al., 2016). The second objective is to better understand the potential 

interactions between microbial metabolisms, the Gironde sedimentary EPS and the 

subsurface metal cycles. To this aim, we monitored the porewater geochemical gradients 

along three estuary cores from an estuarine point bar. The variations of pH, dissolved O2, 
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and the concentrations of sulfate, nitrate, sulfide and metals (Ca, Mg, Fe, Mn) with depth 

allows to the establish the stratification of microbial metabolisms in the sediment. For the 

first time these hypotheses can be corroborated with measurements microbial activity 

(colorimetric assays and calorimetry). A conceptual model linking microbial activity, 

geochemical gradients and potential precipitation/dissolution of mineral phases is 

proposed in chapter 4 of this thesis to answer the main research questions raised in this 

section: 

Q4: How do microorganisms impact sediment geochemistry in the Gironde estuary? Can we 

link metal concentrations to a stratification of microbial metabolisms at depth? What is the 

impact of microbial metabolisms on the precipitation/dissolution of mineral phases in the 

sediments?  

Q5: Is there a role for EPS in the precipitation/dissolution of metals in estuarine sediments? 

 

Topic 3. Role of EPS in the aggregation of clay and sand: an experimental approach 

(Chapter 5). 

Many studies have investigated the impact of EPS in sedimentary environments. In estuaries, 

the presence of EPS in the sediment promotes the cohesiveness and stability of sediments 

(Tolhurst et al., 2002), impacting bedform morphology (De Winder et al., 1999; Malarkey et 

al., 2015). The physicochemical properties of minerals, especially clay minerals, are strongly 

modified by their interactions with EPS (Chenu, 1993). These mechanisms have led to 

laboratory studies showing that electrostatic force and chemical interactions are the main 

mechanisms leading to the formation of EPS-mineral complexes (Fang et al., 2012; Lin et al., 

2016). For example, xanthan can form bidentate bridges with clay minerals in the presence of 

divalent cations (Ghashoghchi et al., 2017), and EPS secreted by bacteria can interact with 

various parts of clay minerals, including the interlayer space (Alimova et al., 2009). In diatom 

EPS, charged functional groups and neutral oxygen groups form the basis for EPS sorptive and 

adhesive properties, which allow the development of the biofilm in dynamic intertidal zones 

(Decho, 2000). Wooldridge et al. (2017) proposed a pivotal role for EPS in the aggregation of 

clay- and sandy sediments by correlating the distribution of photopigments to the proportion of 

detrital clay coats in estuaries. However, to date no experimental evidence supports this 

hypothesis. The third objective of this thesis is therefore to experimentally demonstrate a 

role of EPS in the aggregation of sedimentary particles in estuaries. Additional analyses 

of EPS properties will be conducted to understand their physicochemical properties and 



 

 

46 Chapter 1 

roles in the aggregation detrital sedimentary particles and in the formation of clay coats. 

The main research questions addressed in chapter 5 of this thesis are: 

Q6: Do EPS produced in diatom biofilms interact with sedimentary particles (e.g., sand and 

clay) in the Gironde estuary? If so, what are the products of these interactions? 

Q7: What are the possible mechanisms of EPS-mineral interactions in estuarine sediments? 
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2.1 Methodology and its specificities relative to the 
Gironde estuary 

 

This section aims to give an overview of the protocols used in this thesis, even if specific 

methodological sections are detailed in other sections and associated scientific papers. We will 

also explain the adaptations that have been made to adapt to the conditions in the Gironde 

estuary. This work benefitted from collaborations with several laboratories and institutes. Table 

2.1 summarizes the methods, the instruments, the laboratories where the analyses were done 

and the people involved. My first experience with EPS consisted in the purification and 

physicochemical characterization of EPS from hypersaline microbial mats from Great Salt Lake 

and Cuba during my master thesis (parts of the results were published in Pace et al., 2018). In 

this thesis, the protocol for EPS extraction had to be modified because of the high proportions 

of detrital sediments in the samples, specifically silts and clay. In order to obtain higher EPS 

yields we added additional steps (e.g., ultrasonication) to our initial EPS extraction protocol. 
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Analyzes Studied objects and objectives Method Instrument  Locality People involved 
Biofilm sampling Surface diatom biofilm for 

community characterization and 
EPS extraction 

Surface scraping to sample 
the biofilm and reduce the 
quantity of sediment 

Scraper Bordeaux North 
point bar 

R. Bourillot 
T. Duteil 

EPS extraction and 
purification 

Extract purified exopolymeric 
substances (EPS) 

Centrifugation, 
ultrasonication and ethanol 
precipitation 

Centrifuge, ultrasonic 
bath, dialysis bags… 

EPOC, Bordeaux P.T. Visscher 
O. Braissant  
P. Désveronnières 
E. Durand 
T. Duteil 

EPS physico-chemical 
characterization 

Determine the quantity, reactivity 
and physico-chemical properties 
of EPS 

Fourier Transform InfraRed 
spectroscopy (FTIR) 

Nicolet IS50 
(ThermoScientific) 
spectrometer in 
attenuated total 
reflection (ATR) mode 

IC2MP, Poitiers B. Grégoire 
T. Duteil 

Colorimetric assays:  
Alcian Blue (acidic sites) 
Phenol sulfuric (neutral 
sugars) and Lowry 
(proteins) 

Reagents, 
spectrophotometer, 
standards (xanthan, 
albumin) 

EPOC, Bordeaux P.T. Visscher 
O. Braissant  
R. Bourillot 
T. Duteil 

Isothermal Calorimetry TAM III ITC (Waters / 
TA instruments, 
Delaware, USA) 

Center for 
Biomechanics and 
Biocalorimetry, 
Basel 

O. Braissant  
T. Duteil 

Sediment core sampling Sample sedimentary cores (up to 6 
meters long) for subsequent  

Piston-coring, box-coring.  
Access to the field site by 
boat 

Portable vibro-corer, 
tubes, box core 
 

Bordeaux North 
point bar 
EPOC, Bordeaux 

H. Derriennic 
M. Virolle  
E. Portier 
H. Féniès 
R. Bourillot 
T. Duteil 

Core opening and 
photographs 

Open the cores for subsequent 
sediment and EPS analyzes, take 
high resolution photographs  

 Core-opening saw, 
photography bench 

EPOC, Bordeaux I. Billy 
O. Ther 
 

Sedimentological 
description 

Sedimentological description and 
interpretation of cores 

Observation  EPOC, Bordeaux E. Portier 
H. Fenies 
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T. Duteil 
Core analyzes Semi-quantification of major and 

minor elements (Al, Si, S, K, Ca, 
Mn, Fe, Rb, Zn, Pb) 

X-ray fluorescence 
spectrometry (XRF) 

XRF Avaatech bench EPOC, Bordeaux I. Billy 
O. Ther 
 

Sediments properties Characterization of sediment 
properties: grain size, total 
organic carbon 

Laser granulometry Mastersizer 2000 
(Malvern, UK) 

EPOC, Bordeaux M. Perello 
C. Larvor 
T. Duteil 

Non Purgeable Organic 
Carbon method (NPOC) 

TOC-LCSH analyzer 
(Shimadzu, Japan) 

IC2MP, Poitiers M. Leloup 
T. Duteil 

Fourier Transform InfraRed 
spectroscopy (FTIR) 

Nicolet IS50 
(ThermoScientific) 
spectrometer in 
attenuated total 
reflection (ATR) mode 

B. Gregoire 
T. Duteil 

Preparation of reference 
minerals for experiments 

Preparation of clay mineral 
standards (Clay Minerals Society, 
USA) 

Grinding and washing Grinder, centrifuge, 
reagents 

EPOC, Bordeaux T. Duteil 

Petrographic thin sections Preparation of thin sections for 
petrographic and mineral analyzes 

Sampling of sediment 
minicores (2 inches in 
diameter), impregnation in 
epoxy and preparation of 
thin section  

Equipment for thin 
section preparation 

EPOC, Bordeaux L. Pigot 

Microscopic analyzes Microscopic characterization of 
biofilms, sediments or EPS: 
sediment composition, EPS-
sediment interactions, biofilm 
state and communities 
 
 

Polarizing and 
epifluorescence microscopy 

-Nikon Eclipse 
polarizing microscope  
-Olympus BH-2 UV 
epifluorescence 
microscope (BH-
RFCA)  
-Cameras 

EPOC, Bordeaux R. Bourillot 
I. Betelu 
J. Caumartin 
A. Henry 
T. Duteil 

Environmental scanning 
electronic microscopy (E-
SEM) on experimental 
samples 

Phenom X Pro SEM 
(Phenom-World B.V., 
Netherlands) 

University of 
Paris-Saclay, 
GEOPS, Orsay 

J. Nouet 
M. Virolle 
T. Duteil 

Cryo-scanning electronic 
microscopy (cryo-SEM) on 

Gemini SEM 300 
(Zeiss, Germany) 

Bordeaux 
Imaging Center, 
Bordeaux 

E. Gontier 
I. Svahn 
T. Duteil 
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natural and experimental 
samples 
Atomic force microscopy Dimension3100 AF 

microscope (Bruker 
Corporation) 

University of 
Paris-Saclay, 
GEOPS, Orsay  

J. Nouet 
R. Bourillot 
T. Duteil 

Microbial activity Measurements of metabolic 
activity in the sediment   

Metabolic assays:  FDA 
(enzymatic activity), TTC 
(metabolic activity) 

Spectrophotometer, 
reagents 

EPOC, Bordeaux O. Braissant  
T. Duteil 

Metabolic heat 
measurement and modified 
Gompertz model 

aTAM air (TA 
Instruments, New 
Castle, DE) 

Center for 
Biomechanics and 
Biocalorimetry, 
Basel  

O. Braissant  
T. Duteil 

Porewater extraction Extraction of pore water from 
sedimentary cores 

Drilling of holes in the core 
tube and rhizon sampling 

Rhizons EPOC, Bordeaux T. Duteil 

Geochemical analyses 
Biochemical activity  

Analyses of sediment porewater to 
characterize vertical geochemical 
gradients. 
Microelectrode profiles (in situ) 
IC and ICP-OES (ex situ). 
Modelling of mineral saturation 
indices. 

Ion Chromatography  Dionex equipped with 
CS12A analysis 
column and an 
IONPAC CG12A 
protection column 

EPOC, Bordeaux M. Franceschi 
T. Duteil 

Inductively Coupled 
Plasma – Optical Emission 
Spectrometry (ICP-OES) 

ICP-AES (iCAP 6000 
Series; ThermoFisher) 

EPOC and 
Eurofins 
laboratory, 
Bordeaux 

T. Duteil,  
M.-J. Olivier 
 

Geochemical modeling Phreeqc software EPOC, Bordeaux M. Franceschi 
T. Duteil 

Specific polarographic 
microelectrodes to measure 
O2, HS- and pH 

Polarographic 
microelectrodes 
coupled with a 
picoammeter 

EPOC, Bordeaux  
Bordeaux North 
point bar 

P.T. Visscher 

 

Table 2.1: Synthesis of the methods used in this thesis with the principal objectives, the type of instruments used, the laboratory collaborations and the persons involved in analyzes.  
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2.2 Comparison of EPS extraction procedures and 
quality of the purified material 

 

There is no standard method for EPS extraction. The choice of an extraction method depends 

on the studied material (biofilm, culture, sediment) and on the information needed to address 

the research questions. Knowing that our samples had low EPS concentration, we privileged a 

protocol allowing to extract the EPS without selecting a specific fraction (e.g. colloidal, bound 

EPS). In order to compare studies, it is critical to take into account the protocol of EPS 

extractions. The various procedures can show important differences in EPS yields, and some 

protocols induce contamination with intracellular material. Two groups of extraction 

approaches are used: (i) physical extraction e.g., centrifugation, ultrasonication; and (ii) 

chemical extraction e.g. formaldehyde, EDTA (Lui and Fand, 2002; Comte et al., 2006; 

Takahashi et al., 2009). Here is a non-exhaustive list of extraction methods with their pros and 

cons:  

- Centrifugation, is generally efficient for the extraction of colloidal carbohydrates and 

proteins (Comte et al., 2006). This is also a method that minimizes cell lysis and 

contamination by intracellular material (Klock et al., 2007). Klock et al. (2007) 

observed that this method slightly increases yields for diatom EPS extraction. 

- Ultrasonication helps to break bonds between EPS and minerals (Dignac et al., 1998). 

It is often combined with other methods and allows to improve the extraction yield, as 

demonstrated experimentally when combined with dowex resin extraction (Dignac et 

al., 1998; Comte et al., 2006). 

- Cold alcohol extraction (<0°C) is particularly effective for extracting polysaccharides 

and proteins with limited structural modification of these molecules (D’Abzac et al., 

2010). The principle is that EPS compete with ethanol for water molecules. When there 

are not enough remaining water molecules, the EPS precipitate. A concern with this 

type of extraction is that it preferentially selects polymers larger than 100 kD (De 

Brouwer & Stal, 2001). On the other hand, this precipitation isolates extracted EPS from 

low molecular weight organic carbon (LMWOC), and consequently from intracellular 

elements (e.g., intracellular carbohydrates such as chrysolaminarine) produced during 

cell lysis (De Brouwer and Stal, 2004). This method does not allow the selection of one 
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EPS fraction (e.g. colloidal or bound EPS) or another during precipitation, segregation 

must be done beforehand (D’Abzac et al., 2010). Successive precipitations can also 

improve the extraction of EPS, the organic carbon content and the percentage of 

structurally identified EPS fractions (Klock et al., 2007). 

- Cation Exchange Resins (e.g., Dowex) remove cations from the organo-mineral 

aggregates, leading to a breakup of the links and to subsequent release of EPS (Frolund 

et al., 1996). The destabilization of the matrix by the resin and the mechanical shear 

forces applied during the stirring allow the release of the bound EPS (D’Abzac et al., 

2010). This method is very efficient in terms of yield and minimal disruption of the 

exopolymers (Frolund et al., 1996; Takahashi et al., 2009). It also favors protein 

extraction because proteins have a higher affinity for multivalent cations than 

polysaccharides (Frolund et al., 1996; Dignac et al.,1998).  

- Water extraction with DI or saline water allows to extract an important quantity of 

EPS without selection of a molecule size. This method has also the lowest impact on 

the structure of the EPS (Comte et al., 2006) although Takahashi et al. (2009) observed 

a contamination by intracellular diatom compounds through cell lysis when using DI 

water to extract EPS of a marine diatom species.  

- Formaldehyde or glutaraldehyde allows to extract large amount of EPS but induces 

contaminations. Comte et al. (2006) demonstrated that the biochemical composition of 

EPS was largely impacted by this technique. Formaldehyde or glutaraldehyde react with 

amine groups of proteins or amino sugars, thus modifying the structure and properties 

of the proteins in EPS. These molecules crosslink the amines of EPS, which makes EPS 

less reactive because the amine functions are unavailable. There is a possibility to 

partially remove glutaraldehyde by dialyzing the extracts, but most of the crosslinking 

is irreversible. 

- EDTA is a chelating agent. EDTA removes divalent ions from EPS and reduces the 

strength of the EPS matrix. It also helps to release EPS from cell or mineral surfaces, 

when EPS are stabilized by ionic interactions via divalent ions (Comte et al. 2006). 

However, the formation of complexes between EDTA and EPS leads to changes in EPS 

chemical properties, inducing for example shifts in FTIR peaks (Liu & Fang, 2002; 

Comte et al., 2006; D’Abzac et al., 2010). Dialysis is a solution to remove the EDTA 

after extraction. 
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Two or more extraction methods can be coupled to increase EPS yields, e.g. dowex resin plus 

sonication (Nielsen and Jahn, 1999; Comte et al., 2006). The extraction efficiency also depends 

on the type of organism or material. The most efficient extraction methods for diatom cultures 

(without alcohol precipitation) were respectively: freshwater, dowex resin, saline water (15psu) 

and glutaraldehyde (Takahashi et al., 2009; Figure 2.1), though in that case freshwater induced 

contamination. For cyanobacterial mats, the most efficient extraction methods (with alcohol 

precipitation) were respectively: artificial seawater (ASW) + EDTA, ASW, 10% NaCl + EDTA 

and NaCL (Klock et al., 2007). Contrastingly, the most efficient extraction technique for 

activated sludge (without alcohol precipitation) are respectively: formaldehyde, glutaraldehyde, 

EDTA, heating, sonication+ dowex resin and dowex resin only (Comte et al., 2006). Two 

fractions are generally extracted in mudflat or estuarine biofilm or sediment EPS (Underwood 

et al., 1995). Colloidal EPS are extracted in water or artificial sea water (depending on the 

salinity of the studied site) and then centrifuged to recover the supernatant containing the 

colloidal fraction. In a second step, the bound EPS are extracted from the residual sediments 

with the use of EDTA or dowex resins (Underwood et al., 1995; De Winder et al., 1999; Pierre 

et al., 2012; Orvain et al., 2014). In this study, we focused on the colloidal fraction of EPS 

(section 2.5.1). 
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Figure 2.1: Comparison of EPS extraction methods applied to diatom cultures (Navicula jeffreyi). (A) Amount of carbohydrate 
pg.cell-1 measured against glucose standards and (B) Quantity of protein in pg.cell-1 measured against BSA (Takahashi et al., 
2009). 
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Once extracted, the EPS physico-chemical properties are characterized by different methods. 

The most common is the phenol sulfuric assay for carbohydrate sugars concentration (colloidal 

or bound; Dubois et al. 1956). For protein concentrations, the most common is the Lowry assay 

(Lowry et al. 1951) but there is also the Bradford assay (Bradford, 1976). It is possible to 

characterize in more detail the different fractions of monosaccharides in EPS using GC-MS 

(Taylor et al., 1999; Bellinger et al., 2005; Figure 2.2) or by ultrafiltration followed by high 

performance liquid chromatography (HPLC) analysis (De Brouwer and Stal, 2001). FTIR can 

also be used to determine, in addition to the composition, the chemical functions in EPS 

(Braissant et al., 2007; D'Abzac et al., 2010).  

 
Figure 2.2: Variation in monosaccharide composition of EPS extracted from diatom biofilm using GC-MS (Taylor et al., 1999). 
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2.3 Sediment sampling and measurements 
 

2.3.1 Sedimentary core extraction 
 

The portable vibro-corer developed by EPOC (“Amaury” corer; Service Terrain of the 

laboratory) is adapted to extract long cores from soft sandy and muddy sediment. The Amaury 

corer is stationary and avoids the effects of fluid overpressure that could deform the sediments. 

It consists of an aluminum tube ca. 7.6 cm (3 inches) in diameter. Inside this tube, a mobile 

piston is attached to a wire, and a fixed "orange peel" keeps the sediment inside the tube during 

the coring process. During coring, the casing is left in place to allow the installation of the 

aluminum tube and to continue the coring session which can go to depths of 8 m (by using a 

2m PVC tube extension). The tube is pushed in the sediment and raised very slowly, so as not 

to compact or deform the sediment or prevent the fluid from rising. After extraction, in the field, 

the vibracores are (i) oriented seaward so as to distinguish between ebb and flood dune 

stratifications, and (ii) are cut into one meter long sections to facilitate their transport. To avoid 

water mixing, the sections were kept straight until the pore water was sampled. Following 

microelectrode profiling and pore water extraction (see 2.4.1), cores are opened photographed 

PAACS platform of the EPOC laboratory in Bordeaux. X-radiographies and XRF are then 

performed on the open cores (see Virolle, 2019 for details about the procedures).  One part was 

used for sampling and another was left undisturbed for sediment descriptions.  

Short cores (0.7 m) are sampled manually. To do so, a plexiglass tube with sharpened ends was 

gently pushed into the sediment (Figure 2.3B). The core was then gently removed to avoid any 

modification of the sedimentary structures, and kept straight during transport. Finally, sediment 

boxes are extracted using steel sampling boxes (length: 28cm, width: 17.5cm, depth: 6.2cm; 

Figure 2.3A).  

In this thesis most of the analyses were performed on 3 cores sampled in june 2019: BXN-LC 

(long vibracore, 6.08 meters deep), BXN-SC (short hand cores; 0.7 meter deep) and BXN-B 

(boxcore; 0.28 m deep). 
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Figure 2.3: (A) Sampling box on the field before push it to sample 30 cm of sediment. (B) The box and the short core on the 
field pushed in sediment juste before sampling. (C) Details of the method used to sample diatom biofilm for EPS extraction. 

 

2.3.2 Reference mineral material 
 

Reference mineral materials are used in experiments (chapter 5). Four clay reference minerals 

are selected for the experiments (Clay Minerals Society; Chantilly, USA): kaolinite (KGa-1b), 

illite (Imt-2), montmorillonite (Saz-2) and chlorite (CCa-2) (their properties are detailed in 

section 1.1.8.). Claystone samples are mechanically crushed using a RETSCH PM 400 grinder 

in order to separate the micrometer sized clay crystals. Clay solutions are prepared according 

to annex 7 of this chapter. 

Fontainebleau quartz sand (Sibelco, France) was used as reference for quartz (96.5% of the 

grains size <120µm). The sand is cleaned and rinsed before use to remove organic matter and 

impurities (annex 7).  

 

2.3.3 Surface sediment and core samples 
 

For surface biofilm sampling, the sediment surface is scraped using a large plastic spatula to 

collect as much biofilm as possible and reduce the quantity of sediment (Figure 2.3C).  

In cores, EPS extraction started just after core opening. For this, 20 cm long sediment half core 

sections are sampled in the long core (10 cm above and below hole made for water extraction). 

For grain size measurements, ca. 2 cm3 of sediment are sampled (Figure 2.4). For thin sections, 

plastic plugs (diameter 1.5 inch) are inserted into the wet sediment. Plugs are subsequently 
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dried (40°C; 24 hours) and impregnated with blue epoxy resin under vacuum to make thin 

sections. Each sediment sample is weighed before and after drying. 

 
Figure 2.4: Example of sampling for grain size analysis in a vibracore. 

 

2.3.4 FTIR spectroscopy (EPS and clay minerals) 
 

Fourier Transform Infrared Spectroscopy (FT-IR) is performed on a Nicolet IS50 

(ThermoScientific) Spectrometer in Attenuated Total Reflection (ATR) mode at the IC2MP 

laboratory (Poitiers, France). For this, one drop of EPS and/or clay solution is placed on the 

diamond ATR element and evaporated (Figure 2.8). Spectra are acquired between 650 cm-1 and 

4000 cm-1, with a 4 cm-1 spectral resolution and 100 scans are co-added for each spectrum. 

  



 
 

 

 

 

70 Chapter 2 

2.3.5 Grain size analyzes 
 

Approximately 1 gram of sediment (16 samples) is first sieved to remove large particles (>1200 

µm). Sediment grain size is then measured with a Mastersizer 2000 laser granulometer 

(Malvern, United Kingdom; Figure 2.14), with an obscuration rate of 2–25% at the EPOC 

laboratory (Bordeaux, France). Each sample is measured in triplicate. The median grain size 

(D50, in µm) and the proportion of sand (63-1200 µm), silt- (<63 µm), and clay-sized (<4 µm) 

particles are calculated for each sample. A detailed protocol is available in annex 8. 

 

2.3.6 Measurements of microbial activity in the sediment 
 

The FDA (fluorescein diacetate) assay measures the enzymatic activity, more particularly that 

of non-specific hydrolase (lipase, esterase, and protease). The principle is the hydrolysis of the 

acetate moieties of the FDA molecule (Braissant et al., 2020). The released fluorescein is then 

extracted, and its concentration is calculated using the absorbance at 490nm measured with a 

spectrophotometer. The TTC (triphenyltetrazolium chloride) assay is a marker of metabolically 

active cells. The principle is the reduction of TTC to formazan by the electron transport chain 

during cell metabolism (either enzymatically or through direct reaction with NADH or 

NADPH; Braissant et al., 2020). The formazan has a rose-red colour. The absorbance is 

measured at 480 nm using a spectrophotometer in order to calculate the concentration of 

formazan.  

In order to degrade enzymes and potential spores, a double sterilization process is applied to 

prepare blank samples: (i) autoclave (autoclaved 20 minutes at 121°C) and (ii) glutaraldehyde 

addition (final concentration 1.5%). Detailed protocols are given in annex 2.5 for FDA and 

annex 2.6 for TTC.  

Microbial activity was also measured with isothermal microcalorimetry. Analyzes are 

performed with a TAM air calorimeter (TA Instruments, New Castle, DE). Two grams of 

sediments are put inside the calorimeter with 200 µL of R2A culture medium (Reasoner & 

Geldreich, 1985; Figure 2.5). Blanks are prepared using sterilized samples autoclaved 20 

minutes at 121°C. For each depth, the measurements are done in triplicate. The heat release is 

measured during 24h to quantify the microbial activity. The growth rate (µ), the lag phase (λ) 

and the heat produced (Q) are calculated by fitting the heat over a time curve with the modified 
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Gompertz model (Gil et al., 2006). The maximum heatflow is used to estimate the number of 

active cells assuming a heat production rate of 3pW.cell-1. For aerobic microbial plate counts, 

1g of sample is dissolved in 10ml of PBS and then subjected to 10 folds dilution series. The 

appropriate dilutions are then deposited in petri dishes filled with agarized R2A medium 

(Reasoner & Geldreich, 1985). Bacterial communities are counted after 1, 7 and 30 days (CFU1, 

7 and 30) and aerobic microbial counts were calculated using the sample dilutions. 

 
Figure 2.5: (A) Isothermal calorimetry thermometric TAM air. (B) Detail of the sediment sample with the culture medium 
before putting it in the calorimeter. 

 

2.4 Water chemistry 
 

2.4.1 Porewater sampling 
 

Following extraction, cores are sealed and kept vertical to avoid water mixing. Rhizons 

(Rhizosphere Research Products; Wageningen) are used for pore water sampling. Rhizons are 

made of a hydrophilic porous polymer tube (pore diameter of 0.1 μm; outer diameter 2.4 mm; 

filter section 5cm) extended with a polyvinyl chloride tube. Rhizons present several advantages, 

for example they cause low disturbance to the sediment, they have a small area of influence, 

and the pore diameter implies no further filtering before analysis (Seeberg-Elverfeldt et al., 
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2005). To improve water recovery, Rhizon samplers were saturated with deionized water for 

30 minutes in a beaker before use. For the long core (BXN-LC), 16 holes were drilled in the 

core tube, and Rhizons were inserted horizontally in the sediment to extract the water in situ 

(Figure 2.6B). 25 mL syringe were connected with Luer-Lock system to the Rhizons with 

wooden retainer to create a vacuum (Figure 2.6A). Water extraction was performed during 24h, 

then syringes were closed with Luer-Lock plug and stored in the fridge (4°C). Same operations 

were made for the box and short core.  

 

 
Figure 2.6: (A) Detail of the water extraction made with the rhizon with the different parts. (B) Portions of the core during the 
water extraction with the rhizon placed at the targeted depths. 

 

2.4.2 Porewater chemical analyzes 
 

In situ measurements of pH, oxygen and sulfide are performed using polarographic 

microelectrodes combined with a picoammeter (Unisense, Aarhus, Denmark; Visscher et al., 

2000). Shallow O2 profiles (max.  2 cm deep) are done directly in the field (Figure 2.7A) using 
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a micromanipulator, with a vertical resolution of 250 µm. pH, HS- and O2 profiles are measured 

in the cores by inserting the microelectrodes in the holes used for porewater sampling (Figure 

2.7B). 

The concentrations of major cation (Ca2+, Mg2+, Mn2+, Na+, K+) and anions (Cl-, NO3
−, SO4

2− 

and PO4
3−) concentrations are measured in porewater samples (ex situ) by ion chromatography 

(Dionex ICS-1500, with an analytical precision of 0.2 mg.L-1 ±5%) at the EPOC laboratory. 

Metal concentrations (Cd2+, Ca2+, Mg2+, Mn2+, total dissolved Fe, Pb2+, Zn2+) are measured by 

ICP-OES at Eurofins laboratory. Concentrations of Fe2+ and Fe3+ cations are measured using 

the iron (II/III) LCK 320 colometric test (Hach Lange) with a Helios Epsilon spectrophotometer 

(Thermo scientific).  

 

 
Figure 2.7: (A) Microelectrode measurements (dissolve O2) in the field. The holder is equipped with a micromanipulator that 
allows a 250µm vertical resolution. (B) Microelectrode measurements in the core. 

 

2.4.3 Porewater geochemical modeling 
 

Porewater compositions are entered in the PhreeQC software in order to calculate the saturation 

indices of mineral phases, e.g., oxides, sulfides or carbonates. PhreeQC calculates 

thermodynamic equilibria based on the Pitzer model (Pitzer, 1979).  
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2.5 EPS extraction and characterization 
 

2.5.1 EPS extraction 
 

The goals of the EPS extraction was to have as much material as possible to carry out the 

subsequent physico-chemical characterizations without altering the EPS structure. We followed 

the classical method for extracting EPS from intertidal sediments developed by Underwood & 

Paterson (1995). It consists in DI water extraction followed by cold alcohol precipitation (here 

we used cold propanol). This simple and reproducible method allows for the characterization 

of colloidal EPS of microbial assemblages in natural sediments.  

Water extraction followed by ethanol precipitation ensures a good extraction efficiency without 

changing the physical properties of proteins or polysaccharides (Comte et al., 2005; Takahashi 

et al., 2009). In order to increase the EPS yield, we have added an ultrasonication step to break 

bonds between EPS and particles (Dignac et al. 1998). Finally, we purify EPS by dialysis (>10 

kDa) in addition to the classical extraction methods. The detailed protocol can be found in 

Annex 1.  

Extraction methods with potentially higher yields (e.g., EDTA) were not used because of 

potential contamination of EPS during chemical extractions. The subsequent extraction of 

bound EPS using e.g., Dowex resin could have been an interesting complement, but was not 

envisaged at the beginning of this thesis. 

 

2.5.2 EPS physico-chemistry: colorimetric assays 
 

We used three complementary assays to characterize EPS. All these assays are based on the 

Beer-lambert law for the calculation of the concentration of colored complexes or molecules 

formed by the reaction. Detailed protocols are available in annex 2 (Alcian Blue assay), annex 

3 (phenol sulfuric assay) and on Thermos scientific web site for the Pierce modified Lowry 

protein assay (https://www.thermofisher.com/order/catalog/product/23240). 

1/the Alcian Blue assay is an adaptation from the method of Passow & Alldredge (1995). This 

method is a proxy for the density of reactive sites in EPS (mainly carboxylic acids and sulfates) 

through the fixation of Alcian Blue these sites. It is a negative test, i.e. the lower the absorbance 

the more reactive the EPS is. Xanthan is used as a laboratory equivalent of EPS for the standard 
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samples. We chose xanthan rather than the widely used glucose, because xanthan is probably 

closer in size and properties to the natural EPS.  

2/the phenol sulfuric assay is adapted from the method of Dubois et al. (1956). This method is 

used to measure the concentration sugar polymers in EPS. Pure sulfuric acid hydrolyzes the 

sugar polymers and phenol reacts with the formed monomers, resulting in a dark brown colored 

compound. This is a positive test, i.e. the higher the absorbance is, the more polysaccharides 

there are in EPS. Xanthan is used as a laboratory equivalent of EPS for the standard samples. 

A caution point is to use pure fuming sulfuric acid. 

3/the Pierce modified Lowry assay is adapted from a method by Lowry et al. (1951) commonly 

used for protein quantification. The procedure consists in the reaction of proteins with cupric 

sulfate and tartrate in alkaline solution, resulting in the formation of tetradentate chelated copper 

complexes. This complex produces a blue color measurable at 750 nm. Again, this is a positive 

test, i.e. the higher the absorbance is, the more protein there is in EPS. Bovin serum albumin 

(BSA) was used as a protein standard.  

 

2.5.3 FTIR spectroscopy on EPS 
 

Fourier Transform Infrared Spectroscopy (FT-IR) analyses of the samples were performed on 

a Nicolet IS50 (ThermoScientific) Spectrometer in Attenuated Total Reflection (ATR) mode at 

the IC2MP laboratory (Poitiers, France). One drop of EPS solution was placed on the diamond 

ATR element and evaporated (Figure 2.8). Spectra were acquired between 650 cm-1 and 

4000 cm-1, with a 4 cm-1 spectral resolution and 100 scans were co-added for each spectrum. 
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Figure 2.8: (A) Nicolet IS50 (ThermoScientific) Spectrometer. (B) Zoom on the drop of EPS solution on the diamond ATR 
element before evaporation. 

 

2.5.4 EPS acid-base titration 
 

Acid-base titrations have been performed on two EPS samples (surface water EPS and at 6.08 m 

in BXN-LC) to determine the potential types and densities of the functional groups present in 

the EPS. For this, 3 mL of EPS are acidified with 100 µL of HCL (1 M) to lower the pH, and 

100 µL of KCl (1 M) are added to provide sufficient ionic concentration to stabilize the pH 

electrode. Once acidified, the solution is left under constant N2 flow for 20 minutes to avoid 

potential CO2 dissolution and carbonate or bicarbonate formation during the titration. The 

solution is titrated with NaOH (0.1 M) added stepwise in 10 μL increments and 5 µL increments 

when the pH rise is fast. The pH is recorded up to 11 with a pH microelectrode (Sentix 60, 

A005106A030) connected to a Consort C561 meter (De Bruyne, Belgium). Control titrations 

are effected with DI water under the same experimental conditions. The experimental set-up 

has been adapted to work with small volumes of EPS (Figure 2.13). The titration curves were 

analyzed using the PROTOFIT 2.1 software, assuming three main biding sites (Turner & Fein, 

2006). A detailed protocol can be found in annex 4. 
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2.5.5 EPS cation binding capacity 
 

The binding of Ca2+ and Mg2+ to EPS is measured by isothermal titration calorimetry (ITC) at 

the University of Basel. For each measurement a 4mL hasteloy ampoule is filled with 2.7 mL 

of freshly dialyzed and degassed EPS solution. TRIS is adjusted at a final concentration of 

20mM and the ITC syringe is filled with 300 μL of divalent cation solution (CaCl2 or MgCl2) 

dissolved in the same buffer. The ampoule with the EPS and the syringe with calcium or 

magnesium ions is placed in the TAM III ITC (Waters / TA instruments, Delaware, USA). The 

titration is achieved through 17 injections of 15 μL of the cation solution over 15 s, with an 

interval of 45 min. Blank titrations were made using the buffer. In addition to EPS samples, 

dextran was used as a commercially available polysaccharide as a reference compound. Binding 

parameters and affinity were calculated using TAM assistant. The cation binding capacity is 

currently being calculated, so the data are not shown in this thesis. 

 

2.6 Microscopy 
 

2.6.1 Cryo-scanning electronic microscopy 
 

We chose cryo-SEM to document EPS and their interactions with sediments, because 

conventional SEM causes drying and retraction of the highly hydrated organic matrix. Small 

fractions of sediments are placed in gold or silver cups (0.9-1 mm in diameter; 0.3 mm in depth; 

Figure 2.9A). Then, a cryo-fixation is performed by high-pressure freezing (HPF; pressure: 

2,050 bars) with an EM HPM 100 device (Leica Microsystems) at the Bordeaux Imaging Center 

(Bordeaux). HPF reduces ice crystals formation and ensures a very fast freezing process (in a 

few milliseconds). Cryo-fixation prevents the collapse of EPS, allowing optimal observations 

of the three dimensional organo-mineral architecture and ensures a simultaneous 

immobilization of all the EPS macromolecular components. Samples are stored in a cryo-bank 

(liquid nitrogen; -196°C) until processing. Cryofracture, sublimation, platinum coating and 

transfer of the sample to the SEM chamber are done with a cryo-transfer system PP3010T 

(Quorum Technologies; Figure 2.9A). Due to the highly hydrated nature of our samples, it was 

necessary to adapt the duration of sublimation. A classic sublimation lasts between 2 and 5min 

but it was not enough to defrost our sample for observations. After a few tests and some samples 
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lost, we fixed the best sublimation duration at 40min even if it does not allow a 100% defrost 

each time. Samples are subsequently coated with Platinum during 40 seconds (Figure 2.9B), 

and observed under cryo-SEM with a Gemini SEM 300 (Zeiss; Germany; Figure 2.9A) at the 

BIC. In this manuscript, a mineralogical characterization of the sedimentary particles was 

performed with an EDX probe at an energy of 12keV (EDX system: XFlash 6/60; BRUKER, 

Germany).  

 
Figure 2.9: (A) Gemini SEM 300 SEM (Bordeaux Imaging Center). The insert on the bottom left shows gold cups filled with 
sediment just before HPF cryo-fixation. (B) Cryo-transfer unit PP3010T photographed during the sample metallization. 

 

2.6.2 Optical microscopy: petrographic thin section and microbiological glass 
slides 

 

Petrographic thin sections have been observed and photographed with a Nikon Eclipse 

polarizing microscope equipped with a camera. This allows the determination of the 

microfacies and of the nature of sedimentary particles. Thin section are subsequently scanned 

in high-resolution (4800 ppp) using an Epson V750 Pro scanner. The relative surface area of 

each category of grains (quartz, coated sands, etc.) is calculated using random point counting 

with the JMicrovision software (https://jmicrovision.github.io). For each thin section, 12 

representative areas of 5x5 mm are selected for point counting, for a total of about 800 random 

points counts per thin section.  
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Microbiological preparations have also been observed under the same microscope in order to 

determine diatoms (genus level) and to check for the presence of other organisms (e.g., green 

algae, Euglenids). For this, a drop of the biofilm is placed on a glass slide and covered with a 

lamella.  

Similar preparations have been made to observe the location of reactions of three assays: FDA, 

TTC and Alcian Blue (see above). For this we mixed a drop of biofilm with a drop of reagent. 

Alcian Blue and TTC assays can be observed under a polarizing microscope. The FDA assay 

necessitates an incubation time of 30 minutes in the dark. The observation of fluoresceine is 

done under an epifluorescence microscope Olympus BH-2 equipped with a UV BH-RFCA 

filter cube.  

 

2.6.3 Atomic force microscopy 
 

For AFM (Atomic Force Microscopy), a drop of the clay-sand-EPS mix is deposited on a glass 

plate and air-dried. Observations are carried out on a Dimension 3100 AF microscope (Bruker) 

at University of Paris-Saclay (GEOPS, Orsay). 
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Annexes  
Annex 1: EPS extraction protocol 
 
Use latex gloves to prevent contamination of EPS or destruction of dialysis bags. 

Dialysis bags preparation: 
1. Cook dialysis tubing in 2% Na2CO3 (20g), 1mM EDTA (0.372g) in 1L of DI water for 

30min. Add the EDTA first, and then when it is dissolved, add the Na2CO3. 
2. Rinse the dialysis bags and put them in distilled water. They are ready for use, or you 

can put them in the fridge for a future utilization. 
Method: 

1. Weigh the mass of the sample (wet weight) then dilute it in 2 times its volume of DI 
water. Put the solution formed in ultrasonic bath for 10 min then gently stir during 4h 
with a magnetic stirrer. Note: keep an aliquot of the sample to measure the dry mass 
(dry weight). 

2. Centrifuge the obtained solution for 20min (2800 rpm), recover the supernatant and 
discard the sediment stuck to the bottom of the tube (sand and clay) and cells. If the 
supernatant is to clayey, repeat this step.  

3. Filter the supernatant through 0.22 µm polycarbonate filters (to avoid contamination of 
EPS). If the supernatant is to clayey, repeat filtration.  

4. Precipitate the filtrate using three volumes of cold propanol (<0°C) per volume of filtrate 
for a day. EPS should form a white/grey aggregate in the bottom of the container. 

5. Centrifuge the solution to recover the precipitate (2800xg, 20min). For each 
centrifugation step, throw the propanol and centrifuge again to increase the EPS pellet. 

6. At the end of the centrifugation, recover the EPS pellet with a metal spatula and place 
them in placed in dialysis bags (10kDa) taking care not to puncture the bag. Make sure 
the bag is well closed with a knot plus a plier at both ends. 

7. Dialyze three days in a buffer solution (2L of DI water and 0,744g EDTA) and three 
other days against 2L of DI water (>18 MΩ) at 4°C. Keep Liquid EPS solutions in the 
fridge at 4°C before use. 

8. Cut the dialysis bag just after the node and recover the EPS in a 15 or 50 mL centrifuge 
tube (falcon-type). 

 
Figure 2.101: (A) Result of the precipitation of the EPS at stage 4. (B) EPS pellet collected in the bottom of the centrifuge tube 
after the step 5. (C) Dialysis bag with the final EPS solution at the end of the manipulation. 
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Annex 2: Alcian Blue assay protocol 
 
Always wear gloves while handling acid and samples. Ensure all glassware used is clean; ideally acid washed 
with 1% HCl and rinsed at least 3 times with distilled water. Prepare pH meter by soaking electrode in 0.1N HCl 
for at least 2 hours before calibrating with pH standards. Allow the spectrophotometer to warm up for at least 15 
minutes prior to taking measurements. 

Alcian Blue 8GX solution 
1. Prepare a solution of acetic acid 5% and adjust the pH between 2.6 and 3.0. pH is very 

important to have a good reaction. 
2. Take the volume needed and dissolve in it a small quantity of Alcian Blue to obtain a 

saturated solution. Estimate the absorbance at 614 nm, and calculate the dilution needed 
to obtain a solution having an absorbance of almost 1.5.  

3. Filter the final solution (0.5 µm), and measure its absorbance. It should be comprised 
around 1.0. 
 
Method: 

1. Dissolve 0.12g of Xanthan in 50 mL of DI water (0.25% Xanthan solution). The 
dissolution of the Xanthan is hard so it’s better to prepare your Xanthan solution one 
day before and put it on fridge. Before using it, vortex it.  

2. Prepare your standard curve with Xanthan: 0, 20, 40, 60, 80 and 100 µL of Xanthan 
0.25% in triplicate. 

3. Prepare your sample by adding 100µL of purified EPS in triplicate. 
4. Add 2mL of Alcian Blue and vortex it for 10s. Let react during 30 min. 
5. Centrifuge (2800xg, 5min) the tube to drop the formed Alcian Blue pellets. 
6. Measure the absorbance of the supernatant at 614nm. Be careful not to touch or 

resuspend the Alcian Blue pellets, which are very sticky. It is a negative test, the less 
absorbance there is, and the more reactive the EPS is. 

7. Plot the data for the standard samples to obtain a curve. Get the regression equation to 
calculate the amount present in other samples. An example of equation measured for 
experiments in this study was: x=(1.17-y)/3.57 (x= amount of EPS and y= measured 
absorbance). Final solutions are in mg eq. Xanthan.mL EPS sample-1. 

 
Figure 2.112: (A) Example of standard samples where we can see that the Alcian Blue assay is a negative test. (B) Resulted 
standard curve. 
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Annex 3: Phenol sulfuric assay protocol 
 
Always wear lab coat, glasses and gloves because of the risks with phenol and concentrated acid and under 
extractor hood. Use glass tubes, not plastic tubes to avoid the risk of dissolution. Ensure all glassware used is 
clean; ideally acid washed with 1% HCl and rinsed at least 3 times with distilled water. Prepare pH meter by 
soaking electrode in 0.1N HCl for at least 2 hours before calibrating with pH standards. Allow the 
spectrophotometer to warm up for at least 15 minutes prior to taking measurements. 

 
Method: 

1. Dissolve 0.12g of Xanthan in 50 mL of DI water (0.25% Xanthan solution). The 
dissolution of the Xanthan is hard so it’s better to prepare your Xanthan solution one 
day before and put it on fridge. Before using it, vortex it.  

2. Prepare your standard curve with Xanthan: 0, 20, 40, 60, 80 and 100 µL of Xanthan 
0.25% in triplicate. 

3. Prepare your sample by adding 50µL of purified EPS in triplicate. 
4. Add 500µL of DI water. 
5. Add 25µl of phenol (heat the phenol (50-60°C) if it is solid at room temperature). 
6. Mix this solution by vortexing for 10 second. The solution may turn slightly cloudy due 

to the phenol droplets formed. 
7. Put the tube on sand and add 2mL of concentrated sulfuric acid (>95%) as fast as 

possible (cut the end of the plastic pipette to facilitate the adding of acid before the 
experiment). Close the tube with a glass marble. 

8. Wait 30 minutes to 1 hour to allow the reaction to complete and allows the tube cools 
down. 

9. Measure the absorbance of the solution at 490nm. 
10. Plot the data for the standard samples to obtain a curve. Get the regression equation to 

calculate the amount present in other samples. An example of equation measured for 
experiments in this study was: x=(y-0.036)/9.16 (x= amount of EPS and y= measured 
absorbance). Concentrations are expressed in mg eq.xanthan.mL EPS sample-1. 
 

 
Figure 2.123: (A) Example of standard samples where we can see that the phenol sulfuric assay is a positive test. (B) Resulted 
standard curve. 
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Annex 4 EPS acid-base titration protocol 
 
Always wear glasses and gloves. Do the titration under N2 atmosphere. Prepare your titration sheet and pH meter 
by soaking electrode in 0.1N HCl for at least 2 hours before calibrating with pH standards. 

Method: 
1. In a 5 ml beaker, add a known amount of pure EPS with a stirrer. If EPS is highly 

concentrated, dilute it in DI water. 
2. Add 100 ul of KCl 1M for the ionic balance. 
3. Transfer into the titration setup, close the beaker with parafilm. Ensure nitrogen flow 

through the setup to avoid CO2 dissolution at high pH. Place pH electrode in the system 
away from the stirrer. 

4. Add 100ul of 1M HCl to the system. Stir the beaker at least 20 minutes to degas the CO2 
and for a stable pH around 2. If the pH remains above 2.5, add more HCl. 

5. Add 10 µl of 0.1M NaOH. Record the pH when the pH reading is stable.  
6. Repeat until you reach pH jump. Decrease the volume at 5µL during six step to be more 

precise near the pH jump. 
7. Repeat the 10µL adding until you reach pH 11 
8. Use the PROTOFIT 2.1 software (Turner and Fein, 2006) to estimate the reactive 

functions in titrated EPS. 

 
Figure 2.13: Example of titration setup used in this study. 
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Annex 5 Fluorescein Diacetate (FDA) assay protocol 
 
Allow the spectrophotometer to warm up for at least 15 minutes prior to taking measurements. 

FDA solution 
Dissolve 50mg of FDA in 50ml of acetone. 
 
Method: 

1. Take 2 grams of sample ideally in glass tubes for later extraction with organic solvents. 
Make triplicate in order to have good data. 

2. Add 4 mL of solution per gram of sample and homogenize. Adapt your solution from 
the natural environment of your sample (for example “Instant Ocean”, saline solution, 
or sterile filtered site water). 

3. Prepare in triplicate blank by heat inactivation of the bacteria in the sample. Autoclave 
the sample two-time to ensure killing all the spores and add formaldehyde or 
glutaradehyde to the sample to obtain a final concentration of 1.5%. 

4. Add 60µl of FDA solution in the tubes and homogenize (vortex). 
5. Incubate the sample at room temperature for 2 to 24 hours (ideally 25°C) until a visible 

yellow green color develops. 
6. Extract the fluorescein by adding 4mL of acetone and centrifuge (2800xg; 5 min). If 

there are particles in suspension make a second centrifugation. 
7. Measure absorbance at 490 nm. 
8. Calculate the amount of fluorescein (i.e., reduced FDA) produced per unit of time with 

the Beer Lambert Law: A = E*l*C (A: measured absorbance; E: molar absorption 
coefficient (73 350 L.mol-1.cm-1); l: length of the cuvette (1cm)). 
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Annex 6 Triphenyltetrazolium (TTC) assay protocol 
 
Allow the spectrophotometer to warm up for at least 15 minutes prior to taking measurements. 

TTC solution 
Dissolve 0.4g of TTC in 50ml solution equivalent to the natural environment of your 
sample (for example “Instant Ocean”, saline solution, or sterile filtered site water). 

 

Method: 
1. Take 2 grams of sample ideally in glass tubes for later extraction with organic solvents. 

Make triplicate in order to have good data. 
2. Add 2ml of TTC solution. Adapt your TTC solution from the natural environment of 

your sample (for example “Instant Ocean”, saline solution, or sterile filtered site water). 
Final concentration of TTC is 0.4%. 

3. Incubate the sample at room temperature (ideally 25°C) for 1 to 3 hours until a visible 
violet or red color develops. 

4. Centrifuge the sample (2800xg; 10 min) and throw the supernatant. 
5. Extract the TTC by adding 2mL propanol and centrifuge (2800xg; 5 min). If there are 

particles in suspension make a second centrifugation. 
6. Measure absorbance at 480 nm. Calculate the amount of formazan (i.e., reduced TTC) 

produced per unit of time with the Beer Lambert Law: A = E*l*C (A: measured 
absorbance; E: molar absorption coefficient (14 320 L.mol-1.cm-1); l: length of the 
cuvette (1cm)). 
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Annex 7 Sediments preparation for analysis and experiment 
 

Always wear gloves to avoid sample contamination. 
Sand preparation 

1. Sieve your quartz sand through 100-200 µm filter and wash it with 1 M HCl during 2h. 
2. Throw the liquid and rinse 3 time the sand by centrifuging with DI water. 
3. Put the sand on a 30% H2O2 solution during 24h and repeat the DI water washing. 
4. Dry in the oven at 120°C until completed desiccation. 

 
Clay preparation 

1. Grind the clay standard as thin as possible to make a powder and put the powder on the 
crusher (10min, 400 rpm). 

2. Wash it with 1 M HCl during 2h then, throw the liquid and rinse 3 time the clay by 
centrifuging with DI water. 

3. Put the clay on a 30% H2O2 solution during 24h and repeat the DI water washing. 
4. Dry in the oven at 40°C until completed desiccation. 
5. For clay solution, put the wanted amount of clay (e.g. 1g in 100 mL DI water for 10 g.L-

1 solution). Made the solution a 1 g.L-1 NaCl in order to have a good ionic strength 
balance. 
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Annex 8 Sediments preparation for Granulometry 
 
This protocol allows having an obscuration rate be between 2% and 25% to guarantee a good quality 

measurement. 

Method: 
1. Make a first sieving (1200 µm) with DI water in order to remove big particles. 

Granulometer is not able to measure elements of this size. Pour DI water over the sample 
in order to carry the fine particles to the recipient under the sieve. 

2. The mixture recovered in the beaker is left to decant then dried in the oven at 40°C. 
3. To prepare the sample add very little water to make a paw that ensures a good particle 

size distribution.  
4. Take a drop of this paste in the most representative way possible with a metal spatula 

and dispose it in the container of the e-sampler. Do this step in triplicate. 
5. Program the sequence and measure the grain size. 
6. The program calculates and displays directly the particle size distribution of each 

sample. 
 

 
Figure 2.144: Mastersizer 2000 laser granulometer. The inset on the left shows the typical sample used. 
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Annex 9 Diatom F/2 medium 
 
Always wear lab coat and gloves to avoid any contamination. Use sterile DI water.  

Artificial SeaWater solution: 
4. Dissolve 1 g of ‘’Instant Ocean’’ in 1L of DI water (For 1 g.L-1 salinity solution). 
5. Put under stirring until salt complete dissolution. 

 

Stock solutions: 
1. Prepare the three stock solutions dissolving weight of the major nutrient powder as write 

on the table below. 
2. After complete dissolution, autoclave the NaNO3 and NaH2PO4 solutions.  
3. Filter Na2SiO3

.9H2O solution (0.2 µm). 
4. Store at fridge (4°C) until processing. 

Major 

nutrients 

Stock solutions Concentration 

(M) in 1 L H2O in 100 mL H2O 

NaNO3 75 g 7.5 g 8.82.10-1 

NaH2PO4 5 g 0.5 g 3.62.10-2 

Na2SiO3
.9H2O 30 g 3 g 1.06.10-1 

 

Metal Stock solutions: 
1. Prepare the rare metal stock solutions dissolving weight of the metal powder as write 

on the table below. 
2. Prepare the global solution ("Metal solution") from the five 1st stock solutions and the 

two powders as write on the table below. 
3. After complete dissolution, filter stock and metal solutions (0.2 µm).  
4. Store at fridge (4°C) until processing. 
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Trace metals 1st Stock solutions *Metal solution 

Concentration 

(M) 

in 1 L H2O in 50 mL H2O  in 1 L H2O   in 100 mL H2O  

Na2
.EDTA.2H2

O - -  4.36 g 0.436 g 1.17.10-2 

FeCl3
.6H2O - -  3.15 g 0.315 g 1.17.10-2 

CuSO4
.5H2O 9.8 g 0.49 g 1 ml 0.1 ml 3.93.10-5 

ZnSO4
.7H2O 22 g 1.1 g 1 ml 0.1 ml 7.65.10-5 

CoCl2
.6H2O 10 g 0.5 g 1 ml 0.1 ml 4.2.10-5 

MnCl2
.4H2O 180 g 9 g 1 ml 0.1 ml 9.1.10-4 

Na2MoO4
.2H2O 6.3 g 0.315 g 1 ml 0.1 ml 2.6.10-5 

 

 

Vitamins Stock solutions: 
1. Prepare the stock solutions dissolving weight of the vitamin powder as write on the table 

below. 
2. Prepare the global solution from the two 1st stock solutions and thiamin HCL powder 

as write on the table below. 
3. After complete dissolution, filter solutions (0.2 µm). 
4. Store at freezer (-20°C) until processing. 

 

Vitamins  

1st Stock solutions Vitamin solution 

Concentration (M) 

in 1 L H2O in 100 mL H2O  in 1 L H2O 

 in 100 mL 

H2O 

Thiamin.HCl 

(B1) -   200 mg 20 mg 2.96.10-3 

Biotin (H) 1 g 10 mg 1 ml 0.1 ml 2.05.10-5 

B12 1 g 10 mg 1 ml 0.1 ml 3.69.10-6 
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Method: 
8. Prepare the F/2 medium by adding stock solutions as write on the table below. Note 

vitamin solutions are added after the autoclave. 
9. Adjust pH between 7.8 and 8.2 with NaOH (1M) and HCL (1M). 
10. Autoclave and let cold down at ambient temperature. 
11. Add vitamins. 
12. Complete volume to 1 L. 
13. Store at fridge (4°C) until processing. 

 

Stock solutions 
Final medium Concentration 

(M) in 1 L ASW in 2 L ASW 

Stock NaNO3 1 ml 2 ml 8.82.10-4 

Stock NaH2PO4
.H2O 1 ml 2 ml 3.62.10-5 

Stock Na2SiO3
.9H2O 1 ml 2 ml 1.06.10-4 

Metal solution* 1 ml 2 ml  

• Na2
.EDTA.2H2O    

• FeCl3
.6H2O    

• CuSO4
.5H2O    

• ZnSO4
.7H2O    

• CoCl2
.6H2O    

• MnCl2
.4H2O    

• Na2MoO4
.2H2O    

Adjust pH around 7.8-8.2 

Autoclave 

Vitamin solution 0.5 ml 1 ml  

• Thiamin.HCl 
(B1)    

• Biotin (H)    

• B12    

 

  



 
 

 

 

 

94 Chapter 2 

 

 

 

  



 

 

95 Production and preservation of EPS in sediments 

 

 

 

 

 

 

Chapter 3: Production and preservation 

of Exopolymeric Substances in the 

Gironde estuary sediments 



 

 

96 Chapter 3 

  



 

 

97 Production and preservation of EPS in sediments 

Table of contents 
 

Chapter 3: Production and preservation of Exopolymeric Substances in the Gironde estuary sediments          95 

3.1 Characterization of microphytobenthic biofilm community ........................................................................... 98 

3.2 Preservation of exopolymeric substances in estuarine sediments ................................................................. 104 

ABSTRACT ................................................................................................................................................................ 106 

INTRODUCTION ...................................................................................................................................................... 107 

Sedimentological settings ........................................................................................................................................... 109 

MATERIALS AND METHODS ............................................................................................................................... 112 

Field site description, sample location, and core sampling ...................................................................................... 112 

Core processing and sampling ................................................................................................................................. 112 

Sediment properties ................................................................................................................................................. 113 

Cryo-Scanning Electron Microscopy (Cryo-SEM) .................................................................................................. 113 

Radiocarbon dating .................................................................................................................................................. 114 

EPS extraction and purification ............................................................................................................................... 114 

Physicochemical properties of EPS: wet assays and acid base titrations ................................................................. 114 

Fourier Transform Infrared spectroscopy ................................................................................................................ 115 

Statistical analyses ................................................................................................................................................... 116 

RESULTS .................................................................................................................................................................... 116 

Vertical evolution of sedimentary facies and sediment properties ........................................................................... 116 

Microscopic characterization of biofilms, EPS, and sediments ............................................................................... 122 

Wet chemical assays: protein, phenol-sulfuric, and Alcian Blue ............................................................................. 125 

Fourier-Transform-Infrared spectroscopy (FT-IR) .................................................................................................. 126 

Statistical analyses ................................................................................................................................................... 129 

DISCUSSION .............................................................................................................................................................. 131 

EPS constituents, extraction, and quantification ...................................................................................................... 131 

Relationships between EPS and sediment grain size ............................................................................................... 132 

Production and consumption of EPS in the sediment .............................................................................................. 134 

EPS-mineral interactions and EPS preservation ...................................................................................................... 136 

Potential tide versus river flood control on EPS preservation .................................................................................. 138 

CONCLUSION ........................................................................................................................................................... 144 

ACKNOWLEDGEMENTS ....................................................................................................................................... 145 

REFERENCES ........................................................................................................................................................... 146 

SUPPLEMENTARY MATERIAL (for Duteil et al. submitted in Frontier in Microbiology) ............................. 151 

3.3 Annexes .............................................................................................................................................................. 157 

3.3.1 Cryo-SEM and EDX complementary data for BXN-Long Core ............................................................... 157 

3.3.2 Cryo-SEM and EDX complementary data for BXN-Box and BXN-Short Core ....................................... 163 

 

  



 

 

98 Chapter 3 

3.1 Characterization of microphytobenthic biofilm 
community   

 

In the field, biofilms were observed at the surface of sediments mainly on the intertidal mudflat 

and in the muddy chute channel. Biofilms form a thin millimeter-thick layer of cohesive gel 

(Figure 1) with a golden brown color characteristic of diatom biofilms. On one occasion in 

spring 2020, the color was green due to a bloom of green algae. Biofilms were also visible on 

solid surfaces such as trunks or stones and more rarely on the mud between reeds on the 

supratidal marsh (Figure 3.1). 

 

 
Figure 3.1: Field pictures of diatom biofilm. (A) Diatom biofilm covering on the crest of a mud relief on the mud flat. Diatom 
biofilms were also observed on rocks (B) or trunks (C).  

Biofilms were collected on the Bordeaux Nord point bar at several periods of the year between 

2018 and 2021, but mostly during spring and summer when the biofilm was highly active. The 

sampling is done at low tide by scrapping the sediment surface. Subsequent microscopic 

observations allowed to observe some of the biofilm-forming microorganisms. Details about 

technical aspects of microbiological preparations are available in chapter 2, material and 
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methods. Microphytobenthic biofilms were largely dominated by benthic diatoms (Figures 3.2 

and 3.3). Other microorganisms were observed low abundance, e.g., euglenids, cyanobacteria 

(coccoid and filamentous; Figure 3.3), green algae and microscopic worms. In order to 

determine the main diatom genera, a few preparations were made following the protocol of 

Lavoie et al. (2008). For this, 4 mL biofilm is diluted in 20 mL of 30% H2O2 during a day to 

digest cells and EPS. Then the solution is centrifuged to remove the supernatant. DI water is 

added to the pellet to have a ready observable diatom frustule solution. The results of these 

characterizations showed a predominance of these genera in order: Nitzschia, Navicula and 

Pleurosigma (Figure 3.2). Other genera were also found in a punctual way as for example 

Achnanthes genera (Figure 3.3). Variation in diatom communities were observed along the 

year, with a predominance of a certain genus over the others (e.g., Nitzschia or Pleurosigma 

genera). For example, a large morphotype of Nitzschia often predominated in late summer-early 

autumn (Figure 3.3). 
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Figure 3.2: Optical microscopic pictures of cleaned frustules. (A) and (B) Nitzschia sp. frustules. (C), (D) and (E) Navicula sp. 
frustules. (F) Achnanthes sp. frustule. 
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Figure 3.3: Polarizing microscope photographs of diatom biofilm samples. The sampling date is also indicated. Na: sample 
Navicula sp., Ni: Nitzschia sp. and Pl: Pleurosigma sp. (A) and (B) sample dominated by Navicula sp. (C), (D) and (E) samples 
dominated by Nitzschia sp. (F) Sample dominated by Pleurosigma sp. (G) and (H) Diatoms (Navicula and Nitzschia) are 
predominant, but rare euglenids (G) or filamentous cyanobacteria (H) can be observed. 
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Most organisms in microphytobenthic biofilms are able to secrete EPS, but diatoms are the 

most efficient group for EPS production (Underwood et al., 1995). Microbiological 

preparations from Bordeaux Nord showed aggregates between diatoms and fine detrital 

particles (clay and silts). The diatoms and the sediments were held together by a translucent 

organic matrix (Figure 4A). Staining with Alcian Blue (which binds to acidic EPS molecules) 

revealed the EPS between the cells (Figure 4B). Translucent expansions were also visible 

around the frustules of Nitzschia sp. (Figure 4C, 4D). They could correspond to the extracellular 

strands responsible for the gliding of these diatoms in the sediment. Cryo-SEM observations 

showed details of the EPS, form an organic matrix around the cells and between the clay and 

silt particles (Figure 4E, 4F). Within the biofilm, the microorganisms secrete a significant 

amount of EPS which seems to adhere to the sedimentary particles (see chapter 5 for a detailed 

analysis of the mechanism of formation of EPS-sediment complexes). The following section 

will describe the composition, properties and preservation of these EPS with depth.  



 

 

103 Production and preservation of EPS in sediments 

 
Figure 3.4: Interactions between diatoms and sedimentary particles in the Gironde diatom biofilms. (A) Polarizing microscope image showing three genera of diatom: Nitzschia (Ni), Pleurosigma 
(Pl) and Navicula (Na). Diatoms form aggregates with silt and clay, which are held together by the EPS matrix. (B) Alcian Blue staining of acidic EPS strands surrounding diatoms. (C) and (D) 
Polarizing microscope images showing small expansions outside the frustules of Nitzschia sp, which could correspond to EPS strands involved in diatom gliding. (E) and (F) Cryo-scanning electron 
microscope images of frustules coated with EPS. EPS can form an alveolar network (E) or occur as individual filaments (F). Part of the EPS secretion occurs through the pores visible in the 
frustule. Image (F) also displays clay particles bound to EPS. 
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3.2 Preservation of exopolymeric substances in 
estuarine sediments  

 

 

This part is the subject of an article submission in the journal Frontiers in Microbiology 

currently in revision.  

 

Résumé en français :  

 

La surface des sédiments estuariens intertidaux est couverte de biofilms de diatomées excrétant 

des substances exopolymériques (EPS) par photosynthèse. Ces EPS sont très réactives et 

augmentent la cohésion des sédiments notamment par des interactions organo-minérales. Dans 

la plupart des environnements sédimentaires, les EPS sont partiellement ou totalement 

dégradées par des bactéries hétérotrophes dans les premiers millimètres du sédiment et on pense 

donc qu'elles sont pratiquement absentes plus profondément dans la colonne sédimentaire. 

Nous présentons ici la première preuve de la préservation des EPS et des agrégats minéraux-

EPS dans une carotte sédimentaire de 6 mètres de long extraite d'une barre tidale estuarienne 

de l'estuaire de la Gironde. Les EPS ont été extraites à 18 profondeurs le long de la carotte et 

leurs propriétés physico-chimiques ont été caractérisées par (i) des tests colorimétriques pour 

mesurer les concentrations de polysaccharides et de protéines, ainsi que la densité des sites 

acides sur les EPS, (ii) des titrations acide-base, et (iii) la spectroscopie infrarouge à transformée 

de Fourier. Les complexes EPS-sédiments ont également été imagés par cryo-microscopie 

électronique à balayage. Les résultats ont été comparés aux propriétés des sédiments, 

notamment les faciès sédimentaires, la taille des grains et le carbone organique total. Nos 

résultats ont montré une diminution attendue des concentrations d'EPS (protéines et 

polysaccharides) et de la réactivité des EPS, du biofilm de surface jusqu'à une profondeur de 

0,5 m. Cette diminution est probablement liée à une dégradation hétérotrophe. Les 

concentrations sont restées relativement faibles jusqu'à environ 4,3 m de profondeur. 

Étonnamment, à cette profondeur, l'abondance des EPS est comparable à celle du biofilm de 

surface. Les EPS montrent ensuite une nouvelle diminution jusqu'au pied de la carotte à 6,08 

m. Le cryo-MEB a montré que les complexes EPS-sédiments étaient abondants à toutes les 

profondeurs étudiées. La composition des EPS ne change pas substantiellement de la surface 

au fond de la carotte et les propriétés des EPS ne montrent aucune corrélation statistique avec 
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la taille des grains, le TOC ou la profondeur. Cependant, les concentrations maximales d'EPS 

ont été trouvées au sommet des séquences sédimentaires dominées par la marée, et de très 

faibles concentrations ont été trouvées dans les séquences sédimentaires dominées par les crues 

fluviales. Sur la base de cette observation, nous proposons un scénario où le développement du 

biofilm et la production d'EPS sont maximaux lorsque (i) la barre tidale et les zones intertidales 

étaient les plus étendues, c'est-à-dire au toit des séquences dominées par la marée et (ii) le dépôt 

dominé par la marée a été suivi d'un enfouissement rapide sous les sédiments de crue fluviale. 
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ABSTRACT 
 

The surface of intertidal estuarine sediments is covered with diatom biofilms excreting 

exopolymeric substances (EPS) through photosynthesis. These EPS are highly reactive and 

increase sediment cohesiveness notably through organo-mineral interactions. In most 

sedimentary environments, EPS are partly to fully degraded by heterotrophic bacteria in the 

uppermost millimeters of the sediment and so they are thought to be virtually absent deeper in 

the sedimentary column. Here we present the first evidence of the preservation of EPS and EPS-

mineral aggregates in a 6 m-long sedimentary core obtained from an estuarine point bar in the 

Gironde Estuary. EPS were extracted from 18 depth intervals along the core and their 

physicochemical properties were characterized by (i) wet chemical assays to measure the 

concentrations of polysaccharides and proteins, and EPS deprotonation of functional groups, 

(ii) acid-base titrations, and (iii) Fourier transform infrared spectroscopy. EPS-sediment 

complexes were also imaged using cryo–scanning electron microscopy. The results were 

compared to sediment properties including facies, grain size, and total organic carbon. Our 
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results showed a predictable decrease in EPS concentrations (proteins and polysaccharides) and 

reactivity from the surface biofilm to a depth of 0.5 m, possibly linked to heterotrophic 

degradation. Concentrations remained relatively low down to ca. 4.3 m deep. Surprisingly, at 

that depth EPS abundance was comparable to the surface, and showed a downward decrease to 

6.08 m. Cryo-SEM showed that the EPS complexes with sediment were abundant at all studied 

depth. EPS composition did not change substantially from the surface to the bottom of the core. 

EPS properties showed no statistical correlation with grain size, TOC, or depth. However, 

maximum EPS concentrations were found at the top of tide-dominated sedimentary sequences, 

and very low concentrations were found in river flood-dominated sedimentary sequences. 

Based on this observation, we propose a scenario where biofilm development and EPS 

production is maximal when (i) the point bar and the intertidal areas were the most extensive, 

i.e., tide-dominated sequences and (ii) the tide-dominated deposit was succeeded by rapid burial 

beneath river flood sediments. 

 

INTRODUCTION 
 

Diatoms are a major constituent of microphytobenthic biofilms covering intertidal or shallow 

subtidal coastal and estuarine sediments (Smith & Underwood, 1998). These biofilm 

communities excrete copious amounts of exopolymeric substances (EPS), forming a hydrated 

matrix between the cells and the sediments (De Winder et al., 1999). By secreting EPS, benthic 

diatoms establish a microenvironment that protects cells against desiccation, allows motility 

through the sediment, and supports communication and exchange of metabolites among cells 

(Underwood & Paterson, 2003; Decho & Gutierrez, 2017). Diatom EPS are composed of 40 to 

90% polysaccharides, but also include proteins, nucleic acids, lipids, and low-molecular weight, 

non-carbohydrate compounds such as pyruvate and succinate (Underwood & Paterson, 2003). 

The negatively-charged reactive functional groups provide the EPS a cation binding capacity 
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to sequester metal ions or metalloids (Braissant et al., 2007). EPS also possess electrostatic, 

hydrophilic and hydrophobic properties allowing their sorption to mineral surfaces (Decho, 

2000; Duteil et al., 2020). As a consequence, EPS promote the cohesiveness and stability of the 

sediment (Tolhurst et al., 2002), impacting bedform morphology (De Winder et al., 1999; 

Malarkey et al., 2015). In estuaries, EPS also bind clay and sand particles, resulting in the 

formation of thin clay envelopes, also referred to as detrital clay coats, that surround sand grains 

(Wooldridge et al., 2017; Virolle et al., 2019; Duteil et al., 2020; Virolle et al., 2021). 

The production and consumption of EPS in subsurface sediments, as well as their composition 

and properties (e.g., negatively charged groups), are poorly understood. EPS are mainly 

produced by photoautotrophic microorganisms at the surface (e.g., cyanobacteria, purple- and 

green sulfur bacteria, benthic diatoms; Taylor et al., 2013). Below the sediment photic zone, 

heterotrophic communities (e.g., sulfate-reducing bacteria) are also able to produce EPS, albeit 

at lower production rates than photosynthetic communities (Braissant et al., 2007). 

The amount of EPS typically decreases exponentially in the first millimeters to centimeters of 

estuarine mudflats (Paterson et al., 2000), but also in hypersaline stromatolites and microbial 

mats (Decho et al., 2005; Braissant et al., 2009; Pace et al., 2018), riverine sediments 

(Gerbersdorf et al., 2009a), or dryland cyanobacterial crusts (Mager, 2010). This decrease could 

result from their consumption by heterotrophic microorganisms. While labile forms of EPS 

such as low molecular weight components are preferentially consumed by heterotrophs, 

refractory high molecular weight polymers (e.g., proteins) have a higher preservation potential 

(Smith & Underwood, 1998; Kleber et al., 2007). The preservation of EPS in the sediment could 

be enhanced by three mechanisms: (i) inherent recalcitrance of specific EPS moieties against 

enzymatic microbial degradation, (ii) chemical stabilization by interactions between minerals 

and reactive groups in EPS, and (iii) physical protection through the formation of aggregates 
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with minerals (Kleber et al., 2015). However, it is not well understood to which degree the EPS 

persist with depth in sediments (Kleber et al., 2015). 

In this study, we analyzed EPS extracted from a 6 m-long sedimentary core drilled in an 

estuarine point bar in the Gironde Estuary (southwest France). The composition including the 

physicochemical properties of EPS are determined at several depths by a combination of wet 

chemical assays, acid-base titrations, Fourier Transform-Infrared spectroscopy (FT-IR), and 

cryo-electron microscopy. EPS characteristics are compared to sediment properties (e.g., grain 

size, total organic carbon) and sedimentary facies (e.g., tidal and river flood deposits), in order 

to understand the factors potentially controlling EPS production and preservation in estuaries. 

 

Sedimentological settings 
 

The Bordeaux North point bar is located in the Garonne estuarine channel, 94 km upstream 

from the estuary mouth. The accretion of this point bar was probably started less than 300 years 

ago (Virolle et al., 2021). The bar is 1.1 km long (north–south axis) and 0.2 km wide (east–west 

axis). The Gironde Estuary has a turbidity maximum zone (TMZ) that forms a dynamic turbid 

cloud in the water column (Sottolichio et al., 2011). The TMZ has a high concentration of 

suspended particulate matter (concentration between 1 and 10 g.L-1), spreading for 70 to 80 km 

along the estuary (Allen & Castaing, 1973). Salinity near the Bordeaux North point bar is about 

1 g.L-1 (Sottolichio et al., 2011). The suspended matter is composed of clay minerals (60%), 

fine quartz grains (<10 µm; 25%), calcite (5%), organic matter (3%), and feldspars (6%). The 

average suspended clay assemblage is composed of illite (49%), smectite (22%), kaolinite 

(14%), and chlorite (15%) (Jouanneau & Latouche, 1981). In the sandy sediments of the point 

bar, the clay-fraction reached on average 20% of the total sediment volume, with about 7% of 

smectite, 9% of illite, 2% of chlorite, and 2% of kaolinite (Virolle et al., 2021). At low tide, the 

exposed part of the point bar can be divided into three zones (Figure 1), from the channel bank 
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to the estuarine point bar: (i) an intertidal mud flat (Figure 1A), (ii) a muddy chute channel 

extensively covered by gold-colored diatom biofilms (Virolle et al., 2019a; Duteil et al., 2020), 

and (iii) a low relief (<1 m) formed by the sandy point bar relative to the surface of the chute 

channel. The surface of the point bar is covered by tidal sand dunes. The point bar is heterolithic, 

being composed of sand dunes and muddy tidal rythmites (Allen, 1991). Details of the point 

bar stratigraphy can be found in Virolle et al. (2021). 
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Figure 1: (A) Map of the Gironde estuary showing the location of the Bordeaux North point bar, and 
satellite image of the point bar at low tide (Google Earth Pro) showing the location of the studied core 
(BXN Long Core) and surface samples. Three sedimentary domains are visible in the intertidal zone of 
the point bar: the mud flat, the chute channel, and the sand dunes. (B) Photographs and X-Ray image 
(SCOPIX) of the principal facies found in the BXN long core. 
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MATERIALS AND METHODS 
 

Field site description, sample location, and core sampling 

 

The field campaigns to the Bordeaux North point bar were conducted in June 2019. A 6.23 m-

long vertical core (BXN Long Core; taken at 44°53'47.40"N, 0°32'24.80"W) was extracted with 

the EPOC portable vibro-corer (Bordeaux, France) from the chute channel (Figure 1). To 

protect sediment structures from deformation and fluidization due to water escape, the core 

barrel was hammered without any rotation and the piston was maintained with a cable. The core 

was stored at 4 °C until opening. 

Core processing and sampling  

 

Cores were photographed upon opening. Two-dimensional X-ray images of the cores 

were obtained with a SCOPIX device (EPOC laboratory, Bordeaux; Migeon et al., 1998), 

allowing for identification of sedimentary fabrics with a non-destructive approach at high 

resolution (125 μm). Sixteen 20 cm-long samples (10 cm above and below the target depth) 

were taken along the core. Samples were homogenized and a subsample was weighed before 

and after drying in the oven (24 hr at 30 °C), in order to determine sediment wet and dry 

weights. A second subsample was kept for measurements of grain size and TOC content, and 

for cryofixation. The remaining part of the sample was used for EPS extraction, purification, 

and characterization.  

Biofilms were collected by scraping from the surface of the intertidal muddy area 

(N 44°53'39.10", W 0°32'22.70") in the zone of drilling for comparison with core samples 

(Figure 1A). Surface samples were then split into two portions that were analyzed separately: 

(i) EPS extracted from the mud-poor supernatant were called water EPS; (ii) EPS extracted 

from the mud-rich sediment were referred to as mud EPS. 
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Sediment properties 

 

Grain size was measured with a Mastersizer 2000 laser granulometer (Malvern, United 

Kingdom), with an obscuration rate of 2–25% at the EPOC laboratory (Bordeaux, France). The 

16 sub-samples (approximately 1 g) were first sieved to remove large particles (>1200 µm). 

Each sample was then measured in triplicate. The median grain size (D50, in µm) and the 

proportion of sand-, silt-, and clay-sized particles were calculated for each sample. 

Total organic carbon analyses of sediments were performed with a TOC-LCSH analyzer 

(Shimadzu, Japan) at the IC2MP laboratory (Poitiers, France) using the Non Purgeable Organic 

Carbon method on the 16 core samples. This method consists in adding 2M HCl to the sample, 

and then removing dissolved inorganic carbon by air bubbling (2 min 30 s, flow rate: 

150 mL.min-1, purified air 5.0 quality). Then 50 µL of sample was placed in a furnace at 720 °C 

for complete catalytic combustion and the CO2 formed was detected by Infra-Red absorption. 

TOC concentrations of the liquid samples are expressed relative to a calibration curve 

established with sodium hydrogenophtalate standard solutions (range 0.2 to 10 mg-C.L-1). 

Analyses were performed in duplicate. 

Cryo-Scanning Electron Microscopy (Cryo-SEM) 

 

For cryo-fixation, small fractions of each of the eight samples (seven core samples plus one 

sample from the surface biofilm) were placed in gold or silver cups (0.9–1 mm in diameter; 

0.3 mm deep) and cryo-fixated under high-pressure freezing (HPF; pressure: 2050 bars) with 

an EM HPM 100 device (Leica; Switzerland) at the Bordeaux Imaging Center (BIC; Bordeaux, 

France). Cryo-fixation prevents the collapse of EPS, allowing optimal observations of three-

dimensional organo-mineral relationships. HPF is rapid (freezing occurs within milliseconds) 

and ensures the simultaneous immobilization of all the EPS macromolecular components. 

Samples were stored in a cryo-bank (liquid nitrogen; -196 °C) until processing. They were 
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subsequently observed under cryo-SEM with a Gemini SEM 300 (Zeiss; Germany) at the BIC. 

Sublimation, coating, and transfer of the sample to the SEM chamber were done with a cryo-

transfer system PP3010T (Quorum Technologies). 

Radiocarbon dating 

 

Radiocarbon ages (∆14C) were measured on two gastropod shells (Viviparus sp.) found in the 

core (2.6 and 6.4 m) at the Atmosphere and Ocean Research Institute (University of Tokyo, 

Japan), using Single Stage Accelerator Mass Spectrometry. Sample preparations and analytical 

conditions vary depending on the sample size and are described in detail in Yokoyama et al. 

(2010). 

EPS extraction and purification 

 

EPS were extracted from the core and surface samples by diluting one volume of sample with 

two volumes of DI water. The solution formed was then put into an ultrasonic bath for 

10 minutes then gently stirred for 4 hours. Centrifugation was performed (2500xg, 10 min) to 

remove the sediments (silt, clay, and sand) and cells. The recovered supernatant was filtered 

through polycarbonate filters (0.22 μm). The filtrate was precipitated using three volumes of 

cold propanol (<0 °C) per volume of filtrate for a day. The precipitate was recovered by 

centrifugation (2800xg, 20 min), placed in dialysis tubing (10 kDa), and dialyzed for three days 

in a buffer solution (2 L of DI water at 1mM EDTA) and three more days against 2 L of DI 

water (>18 MΩ). Liquid EPS solutions were then stored in the refrigerator at 4 °C. 

Physicochemical properties of EPS: wet assays and acid base titrations 

 

The composition of EPS was estimated using three colorimetric assays: (i) phenol-sulfuric acid 

assay (Dubois et al., 1956), (ii) the alcian blue assay (Passow & Alldredge, 1995) and (iii) the 

Pierce-modified Lowry assay (Lowry et al., 1951). The three assays provide an estimate of (i) 

the amount of sugar monomers in the sample (i.e., the amount of neutral sugars in EPS); (ii) the 
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amount of cationic dye binding sites (i.e., the amount of negatively-charged reactive sites in the 

EPS); and (iii) the amount of proteins. Triplicates (100 µl) were used for each assay. The 

standards were xanthan for the phenol-sulfuric and alcian blue assays, and bovine serum 

albumin for the Pierce-modified Lowry assay. Absorptions were measured on a Helios Epsilon 

spectrophotometer (Thermo scientific; cat: 9423UVE100CE). 

Acid-base titrations were performed on two EPS samples (surface water EPS and 6.08 m depth) 

to determine the potential types and densities of the functional groups present in the EPS. For 

that, 3 mL of EPS were acidified with 100 µL HCL (1 M), and 100 µL of KCL (1 M) were 

added to provide sufficient ionic concentration. Once acidified, the solution was left under 

constant nitrogen flow for 20 minutes to avoid potential CO2 dissolution and carbonate or 

bicarbonate formation during the titration. The solution was titrated with NaOH (0.1 M) added 

stepwise in 10 μL increments and 5 µL increments when the pH rise was fast. The pH was 

recorded up to 11 with a pH microelectrode (Sentix 60, A005106A030) connected to a Consort 

C561 meter (De Bruyne, Belgium). Control titrations were effected with DI water under the 

same experimental conditions. The titration curves were analyzed using PROTOFIT 2.1 

software (Turner & Fein, 2006).  

Fourier Transform Infrared spectroscopy 

 

Fourier Transform Infrared Spectroscopy (FT-IR) analyses of the 18 EPS samples (16 core 

samples and 2 surface samples) were performed on a Nicolet IS50 (ThermoScientific) 

Spectrometer in Attenuated Total Reflection (ATR) mode at the IC2MP laboratory (Poitiers, 

France). One drop of EPS solution was placed on the diamond ATR element and evaporated. 

Spectra were acquired between 650 cm-1 and 4000 cm-1, with a 4 cm-1 spectral resolution and 

100 scans were co-added for each spectrum.  
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Statistical analyses 

 

Statistical analyses were performed with the Matlab® R2018b statistic toolbox software. 

Normality of data was assessed by the Kolmogorov-Smirnov test. As non-parametric 

distributions were observed, the relationships between EPS and sediment properties were 

assessed using Spearman rank correlation as well as principal components analysis (PCA). 

 

RESULTS 

 

Vertical evolution of sedimentary facies and sediment properties 

 

Four facies were defined in the BXN Long Core (Figure 1B):  

Facies 1 (F1; fluvial flood facies) consisted of centimeter- to decimeter-thick horizons of 

coarse-grained sand mixed with detrital gravels, generally exhibiting a fining-upward trend. 

These deposits were intercalated with floating centimetric- to multi-centimetric-sized rounded 

to sub-angular soft mud clasts, some armored with quartz grains (Figures 1 and 2). Mud clasts 

were more abundant at the base, and were locally totally amalgamated. Facies 1 could also be 

recorded locally as a single erosive surface marked by sparse granule pavements or local 

accumulation of soft mud clasts over a few centimeters (e.g., between 0.9 and 1 m depth, 

Figures 1 and 2).  

Facies 2 (F2; tidal sand dunes facies) was composed of well- to moderately-sorted fine-to-

medium sands, organized in 10 to 25 cm-thick beds of coarse sands with trough cross-bedding 

and reactivation surfaces. Dune foresets were locally draped by muds forming mud couplets 

and were mostly oriented seaward indicating a predominant ebb current (Figures 1 and 2).  

Facies 3 (F3; heterolithic fine sands and laminated mud facies) was made up of decimeter to 

meter-thick laminated heterolithic intervals composed of grey to brown laminated clay 
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(lamination was more clearly visible in ScopiX images; Figures 1 and 2) and well- to 

moderately-sorted fine-to-medium micaceous sands with occasional centimetric current ripples 

draped by muds.  

Facies 4 (F4; fluid and laminated mud facies) consisted of centimeter to decimeter-thick fluid 

mud layers alternating with millimeter-thick layers of very fine-grained sands to silty lenses 

and slack-water clay drapes. 

Figure 2 shows the vertical evolution of sedimentary facies, median grain size (D50), and the 

proportion of particle class sizes. The core is dominated by silt (23–78%) and sand (17–90%), 

while clay-sized particles account for 0 to 7% of the sediment. Four sequences (Sequence 1 to 

Sequence 4) could be defined based on sedimentary facies, grain size, and bed thickness trends:  

(i) sequence 1 (depth 6.46 m to 4.25 m). The base of sequence 1 (6.46–5.95 m) was 

dominated by fluid mud (F4). Three sand and mud pebble-rich flood deposits (F1) 

were found, respectively at 6.4 m, 6.10 m, and 6.00 m. A gastropod found at 6.40 m 

yielded a radiocarbon age of 2939±24 BP. The top of sequence 1 (Figure 2) was 

made up of decimeter-thick sand dunes (F2) alternating with fine-grained silty 

heterolithic layers exhibiting centimeter-thick current ripples (F3). Tidal dunes 

showed a thickening-upward trend, and the proportion of sand increased from 55 to 

98% between 6.08 and 4.33 m. The D50 followed approximately the same trend, 

increasing from 174±93 to 473±7 µm. This sequence is tide-dominated.  

(ii)  sequence 2 (depth 4.25 m to 2.80 m). The base of sequence 2 (4.25 m to 3.50 m) 

was dominated by silty heterolithic layers displaying centimeter-thick current 

ripples (F3). From 3.50 to 3.65 m, the mud showed a reddish stain. A decimeter-

thick fluvial flood layer rich in mud pebbles (F1) was found at 4.05 m and a sandy 

layer with ebb-oriented dune foresets was found at 3.90 m. The top of sequence 2 

(3.50 m to 2.80 m) consisted of successive fluvial flood deposits rich in sand and 
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mud pebbles and bounded by erosive bases (F1). The proportion of sand and the D50 

increased respectively from 61 to 82% and from 371±3 to 487±3 µm in the same 

depth interval. The uppermost fluvial flood layer was 25 cm thick. This sequence is 

dominated by river flood deposits. 

(iii) sequence 3 (depth 2.80 m to 1.30 m). The base of sequence 3 (1.75 m to 2.80 m) is 

made up of fine grained heterolithic layers with current ripples (F3). The proportion 

of sand reached its lowest relative content (17%) at 2.59 m, while D50 reached 

20±0.7 µm at 2.16 m. Two decimeter-thick fluvial flood layers with sand and mud 

pebbles (F1) were found at the top of the sequence (1.70 m and 1.40 m). The 

proportion of sand and D50 increased respectively to 75% and 485±5 µm at 1.63 m, 

and decreased to 66% and 367±79 µm at 1.3 m. A gastropod shell found at 2.59 m 

had a 1459±24 BP radiocarbon age. This sequence is dominated by river flood 

deposits. 

(iv) sequence 4 (depth 1.30 m to the sediment surface). The base of sequence 4 consisted 

in a 5 cm thick homogeneous fluid layer (F4), overlain by fine-grained heterolithic 

deposits (F3) from 1.25 to 0.75 m. Two river flood events (F1) were recorded at 

1.00 m and 0.93 m as centimeter-thick coarse sand to granules and mud pebble 

layers with erosive bases. An ebb-oriented sand dune (F2) was found between 0.75 

and 0.5 m. The top of sequence 2 was dominated by silty heterolithic deposits (F3). 

A second ebb-oriented sand dune (F2) was observed between 0.25 and 0.35 m. The 

proportion of sand increased from 17% to 90% between 0.93 and 0.5 m, and 

decreased to 50% at 0.06 m. The median grain size follows approximately the same 

trends, increasing from 24±0.4 to 274±2 µm, then decreasing to 69±19 µm. This 

sequence is tide-dominated. 
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TOC fluctuated between 0.17 and 10.84 milligrams of carbon per gram of dry sediment (mg.g-

1 DW). TOC decreased from 7.92 to 0.17 mg.g-1 DW between 6.08 m and 4.33 m, which was 

followed by an increase to 5.97 mg.g-1 DW at 4.12 m. It subsequently dropped to 1.83 mg.g-1 

DW at 3.68 m, and then progressively increased and reached a maximum of 10.84 mg.g-1 DW 

at 2.16 m. In the upper part of the core, TOC was below 0.8 mg.g-1 DW at 1.63 m, 1.30 m, and 

0.5 m, and exhibited high values of 7.58 mg.g-1 DW and 4.72 mg.g-1 DW at 0.93 m and 0.06 m 

respectively. 
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Figure 2: Evolution of exopolymeric substances (EPS) and sediment properties with depth along the 6 m-long BXN Long Core (see location 
Figure 1). First column to the left: sedimentary description. (1) X-Ray image (SCOPIX); (2) core photographs; (3) sketch; (4) facies; (5) 
sedimentary log, and (6) sedimentary sequences. Sample depths are written in red. Second column: median grain size (D50; yellow dots). Third 
column: particle size class percentage: clay (brown), silt (grey), and sand (yellow). Fourth column: Sugar and protein concentrations: phenol-
sulfuric assay (yellow) and protein assay (green). Fifth column: EPS acidic site density measured with the alcian blue assay (blue). Sixth column: 
total organic carbon (TOC) in the sediment (black). 
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Microscopic characterization of biofilms, EPS, and sediments 

 

The biofilm formed a golden layer, approximately one-millimeter-thick, at the surface of the 

sediment (Figure 3A). Microscopic inspection revealed abundant diatom presence (Figure 1B) 

and also contained a few green microalgae (e.g., Euglena sp.). Three main genera of diatoms 

were identified: Nitzschia sp., Pleurosigma sp., and Navicula sp (Lange-Bertalot et al., 2017). 

Exopolymeric substances (EPS) occurred as a transparent gel around diatoms and/or within and 

around clay and silt aggregates. Alcian blue staining showed that the EPS were acidic (Figure 

3B). Cryo-SEM observations revealed the fine alveolar or filamentous texture of EPS 

surrounding diatoms covered with clay- to silt-sized particles (Figures 3C and 3D).  

Diatoms were scarce below the surface biofilm (Figure 4), but EPS were found at all sampled 

depths within the core (Figures 2, 4, S1 and S2). Sand and large silt grains were covered by 

EPS alone (Figures 4A and 4B), or by a detrital coat composed of clay to fine silt attached to 

EPS (Figure 4C to 4F). Similar coats were observed in all sand-dominated layers (4.76, 4.33, 

2.80, and 0.50 m). In mud-rich layers, EPS formed an alveolar network between clay and silt 

particles (Figure S1). The resulting organo-mineral complex was observed in all muddy layers 

sampled (Figures 4, S1, and S2).  
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Figure 3: Field and microscope observations of the surface biofilm. Exopolymeric substances 
(blue arrow), diatoms (green arrow), and clay-EPS complexes (brown arrow). (A) Field picture 
of the diatom biofilm at the surface of the sediment. The biofilm forms a millimeter-thick 
golden lamina at the surface of the sediment. (B) Transmitted light microscopic image of the 
biofilm colored with alcian blue. The blue coloration shows acidic EPS fibers surrounding 
diatoms. Three diatom genera were identified: Nitzschia sp., Pleurosigma sp., and Navicula sp. 
(C) Cryo-SEM picture of the surface biofilm showing two diatoms surrounded by a mixture of 
clay and EPS. EPS fibers form an organo-mineral complex with clay platelets. (D) Cryo-SEM 
picture of a diatom. Cryo-fixation preserves the 3D structure of EPS and allows the observation 
of very thin EPS fibers. The clay-EPS complex displays a typical alveolar structure. 
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Figure 4: Cryo-SEM images of subsurface sediments from the BXN Long Core at three depths. 
Exopolymeric substances (blue arrow), quartz grain (yellow arrow), mica (red arrow), and clay-
exopolymeric substance (EPS) complexes (brown arrow). (A) and (B) Depth of 0.06 m. Alveolar EPS 
cover a large part of a quartz grain. EPS are locally complexed to clay particles, forming a detrital clay 
coat. (C) and (D) Depth of 4.33 m. A clay-quartz-EPS complex covers a large part of a mica (C). A sand 
quartz grain is fully covered by a clay-rich detrital coat (D). (E) and (F) Depth of 6.08 m. EPS fibers are 
partially covered with clay platelets and coat both quartz and mica grains (E). The surface of a quartz 
sand grain is partially coated by a dense clay-EPS complex (F). 
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Wet chemical assays: protein, phenol-sulfuric, and Alcian Blue  

 

The amount of EPS measured with the three colorimetric assays (i.e., protein, phenol-sulfuric, 

and alcian blue) exhibited large variations with depth (Figures 2 and S3). For comparison, the 

results of the assays are expressed as micrograms of EPS per gram of dry sediment (μg.g-1 DW), 

relative to albumin (protein assay) or xanthan (phenol-sulfuric and Alcian Blue assays) 

standards. The biofilm at the surface of the sediment had the highest EPS value for the phenol-

sulfuric assay (23±3 μg.g-1 DW), and high values for the protein and Alcian Blue assays 

(37±5 μg.g-1 DW and 27±1 μg.g-1 DW respectively). The EPS extracted from the surface mud 

showed a more than a twofold decrease in EPS amount (14±0.3 μg.g-1 DW). They also had the 

highest acidic site concentration (32±0.5 μg.g-1 DW) but small amounts of proteins 

(7±1 μg.g- 1 DW). At 0.06 m, the amount of EPS neutral sugars showed a slight decrease as 

well as proteins and acidic sites density (4.9±0.05 µg.g-1 DW, 13.6±0.5 µg.g-1 DW, and 

16.6±0.1 µg.g-1 DW respectively). This was followed at 0.5 m by a seven-fold decrease for the 

phenol-sulfuric and protein assays and by a 24-fold decrease for the Alcian Blue assay. EPS 

concentrations increased at 0.93 m to 1.2±0.7 µg.g-1 DW for neutral sugars, 11±0.5 µg.g-1 DW 

for proteins and 11±0.05 µg.g-1 DW for the acidic sites density. Between 1.3 and 2.16 m, EPS 

amounts were low, below 1 µg.g-1 DW for the neutral sugars, 3 µg.g-1 DW for proteins and 

2 µg.g-1 DW for acidic sites density. At 2.59 m, EPS concentrations increased to 3±3 μg.g-1 DW 

for neutral sugars, 8±0.2 µg.g-1 DW for proteins and 18±0.7 μg.g-1 DW for acidic sites density. 

Between 2.8 and 4.12 m, EPS concentrations were below 2 µg.g DW-1 for the phenol-sulfuric 

assay, 3 µg.g-1 DW for the protein assay, and 5 µg.g-1 DW for the Alcian Blue assay. At 4.33 m, 

concentrations were high, reaching 6.6±0.2 μg.g-1 DW for neutral sugars, 35.7±9 μg.g-1 DW for 

protein, and 13±0.24 μg.g-1 DW for acidic sites. Between 4.33 m and 6.08m, EPS 

concentrations decreased progressively to around 2.2 µg.g-1 DW for the phenol-sulfuric assay, 

8 µg.g-1 DW for the protein assay, and 8.4 µg.g-1 DW for the Alcian Blue assay (Table S3). 
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Fourier-Transform-Infrared spectroscopy (FT-IR) 

 

EPS extracted from the core displayed several major infrared absorption peaks typical of 

polysaccharides and proteins, and also of nucleic acids and lipids (Braissant et al., 2007; 

Braissant et al., 2009; Duteil et al., 2020; Figures 5, S4, S5 and S6): (i) the vibrational bands in 

the spectral range 2800-3000 cm-1 represent the symmetric and antisymmetric stretching of C-

H from CH2 and CH3 groups; (ii) the peak at 1710 cm-1 could be attributed to protonated 

carboxylic acid groups (iii) the peak at 1630 cm-1 was likely due to amide I C=O stretching; 

(iv) the peak at 1535 cm-1 could be attributed to the amide II C-N stretching and NH bending; 

(v) the peak at 1450 cm-1 represented the CH2 scissoring vibration; (vi) the doublet at 1404 and 

1365cm-1 was likely due to C-OO- stretching; (vii) the peaks at 1235 cm-1 could be attributed 

to stretching of P=O bond in phosphate and the C-O-C group in esters, and at 1155 cm-1 to S=O 

stretches vibration from sulfate; (viii) the peak at 1024 cm-1 represented the carbohydrate C-O 

stretching vibrations. While present in the surface biofilm EPS, protonated carboxylic acid 

groups disappeared at 0.06 m and 4.33 m. This group could be characterized again by a very 

small peak at 6.08 m (Figure 5). The observed frequency variation of amide I between samples 

(1619-1651 cm-1) can be explained by the angular deformation of water from EPS or smectite 

(Chukanov & Chervonnyi, 2014). The amide II band exhibited a shift with depth between the 

surface and the bottom of the core (from 1535 to 1521 cm-1).  

While absent from the surface biofilm, clay stretches (Figure 5) of various heights were 

identified in the 0.06 m sample and below. They could be attributed to one or more of the four 

clay mineral species found in the estuary, i.e., chlorite, smectite, kaolinite, and illite (Virolle et 

al., 2019a; Duteil et al., 2020). The four minerals have common around 3620 (structural OH 

stretching) and 1020 cm-1 (SiO stretching) that were identified in all samples. Chlorite presents 

specific peaks at 3550, 3400, and 990 cm-1, smectite at 3400 cm-1, and kaolinite at 3627, 1113, 

and 914 cm-1 (Bergaya & Lagaly, 2013; Chukanov & Chervonnyi, 2014). Some of these peaks 
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(e.g., Si-O at 1020 cm-1) masked EPS peaks, e.g., carbohydrates C-O at 1024 cm-1. The broad 

peak between 3500 and 2800 cm-1 were assigned to water H2O stretching vibrations.  

 

Figure 5: Fourier transform infrared spectroscopy spectra of four exopolymeric substances 
samples recovered from different depths along the BXN Long Core. Colored lines highlight the 
EPS absorption bands, while black dotted lines indicate clay mineral absorption bands. The red 
arrows show the position of the protonated carboxylic acid group stretches, which attenuate or 
disappear at a certain depth. Green arrows show the shift of the amide II stretches. 
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EPS acid-base titrations 

 

Acid-base titrations performed on EPS extracted from the surface biofilm (water EPS) and from 

the bottom of the core (6.08 m depth) exhibited similar patterns and could be described using a 

model assuming three main buffering zones (Figure 6). These buffering zones correspond to 

the capacity of the EPS to counteract the pH changes induced by the addition of NaOH through 

a release of protons. The first buffering capacity was encountered at a pH close to 2 and could 

be attributed to carboxyl or sulfate groups. The second buffering zone, found at pH 3.4 in the 

surface EPS and at pH 5.52 for the 6.03 m EPS, could be attributed to carboxyl groups. The 

third buffering area observed around pH 10 in both samples could be attributed to amine groups. 

Typical pK values range below 2.8 for sulfates, between 1 and 5 for carboxylic acids, and 

between 8.5 and 12.5 for amines (Stumm & Morgan, 1996; Braissant et al., 2007). Using 

Protofit 2.1 software (Turner & Fein, 2006), and assuming three non-electrostatic binding sites, 

the pKa of the proton-binding sites as well as their densities could be estimated (Figure 6). A 

first pKa (pK1) between 1.9 and 1.98 was attributed to either carboxyl or sulfate groups and 

accounted respectively for 73% and 72% of site density in the surface and 6.08 m EPS. The 

second buffering zone (pK2) was located at 3.4 and represented 23% of site density in surface 

EPS. In 6.08 m EPS, pK2 was found at 5.32, accounting only for 5% of site density. The third 

buffering zone (pK3) located at 9.28 (surface EPS) and 10.53 (6.08 m EPS) was attributed to 

amino groups, with a higher site density at 6.08 m (21%) than at the surface (4%). These results 

showed that EPS predominantly included low pKa sites in both surface and deep sediment EPS. 

However, a higher amino group density indicated a potential for deep sediment EPS to 

deprotonate at higher pH. 
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Figure 6: Acid-base titration curves from exopolymeric substances (EPS) extracted from the 
surface biofilm and the bottom of the BXN Long Core (depth=6.08 m). The titration curves 
obtained were analyzed using PROTOFIT 2.1 software, and both show three buffering zones. 
The first zone located around pH 2 is attributed to carboxyl or sulfate groups, the second zone 
located near pH 5 is attributed to carboxyl groups, and the third buffering zone near pH 9.5 is 
attributed to amino groups. Control titration was performed using the same volume of deionized 
water adjusted to the same initial pH with HCl 1M.  
 

Statistical analyses 

 

The correlation matrix (Figure 7) reveals significant correlations between sediment grain size 

and TOC and EPS properties (based on three assays). The first axis of the plot explains 47% of 

the variation and the second 35%. D50 and silt and clay are strongly anti-correlated (n=16 

samples, p-value ≤0.05, r=-0.91). TOC is inversely correlated with D50 (n=16, r=-0.6; p-value 

≤0.05) while being positively correlated with silt+clay (n=16, r=-0.57, p-value ≤0.05), 

confirming that finer sediments contain more organic carbon (Figure 2). The amount of sugars 

in EPS (phenol-sulfuric assay) is positively correlated with the amount of proteins 

(n=16, r=0.83, p-value ≤0.05). The alcian blue assay (density of acidic sites in EPS) is 

positively correlated with the phenol-sulfuric and the protein assays (n=16, r=0.70; p-value 

≤0.05 and r=0.57; p-value ≤0.05, respectively). There were no statistical correlations between 
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sediment grain size and EPS abundance/reactivity (p-values >0.05), and depth was not a 

discriminating factor either (p-values >0.05). 

 

Figure 7: Left, Principal Components Analysis circle plot of correlation between the samples 
from the BXN Long Core. Right, correlation matrix of Pearson’s r coefficients between EPS 
properties, sedimentological factors, and depth for the 16 samples. Green boxes indicate p-
value ≤ 0.05. 
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DISCUSSION 
 

EPS constituents, extraction, and quantification 

 

Exopolymeric substances are composed of numerous molecules from gels to fully dissolved 

states that provide the particular physical properties and critical functions of the biofilm (Decho, 

2000; Flemming et al., 2016). The EPS matrix is usually separated into two fractions, the bound 

EPS and the colloidal EPS (also called soluble EPS; Nielsen & Jahn, 1999). Bound EPS 

(e.g., capsular polymers, condensed gel) are closely associated with cell surfaces, while 

colloidal EPS (e.g., soluble macromolecules, “slimes”) are mainly dissolved and interact more 

with sediments and/or water (Underwood & Paterson, 2003). The two fractions usually have 

different properties. The colloidal EPS were particularly targeted in our study due to their 

reactivity toward sediments (De Brouwer et al., 2002), including the capacity to form organo-

mineral complexes with clay minerals (Duteil et al., 2020). Physical methods, particularly 

centrifugation, are generally efficient for the extraction of colloidal carbohydrates and proteins 

(Comte et al., 2006). EPS can be isolated from cells by centrifugation, a method that minimizes 

cell lysis and contamination by intracellular material (Klock et al., 2007). Due to the large 

amount of fine sediments in our samples, we added a short ultrasonication step in order to break 

bonds between EPS and minerals (Dignac et al., 1998). Furthermore, ultrasonic treatment 

increases the EPS yield by 1.17 on average (Comte et al., 2006). Chemical extractions including 

propanol as a solvent ensure that the extracted EPS are not contaminated by the intracellular 

material (Comte et al., 2006). EPS precipitation in cold propanol is particularly effective for 

extracting polysaccharides and proteins with limited structural modification of these molecules 

(D’Abzac et al., 2010). This precipitation method mostly selects polymers larger than 100 kD 

(De Brouwer & Stal, 2001), which are key polymers for the physical and chemical properties 

of biofilm (Decho & Gutierrez, 2017) or interactions with sediment (De Brouwer et al., 2002; 
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Xu et al., 2020). Based on our protocol, we assume that the EPS extracted in our study include 

mostly the colloidal fraction and possibly (a small part of) the bound fraction of EPS.  

The concentrations of sugars in EPS are commonly measured with the phenol-sulfuric acid 

assay. In estuarine or intertidal mudflats the colloidal EPS concentration for the surface biofilms 

ranged from 8–10 µg.g-1 sediment DW (Orvain et al., 2014; Paterson et al., 2000 respectively) 

to 3 mg.g-1 DW (Yallop et al., 2000). In these studies, glucose is used as a standard for the 

phenol-sulfuric assay. In our work, EPS concentrations were measured using xanthan as a 

standard and were between 0.7 µg.g-1 DW in some deep sediment horizons and 17 µg.g-1 DW 

in the surface biofilm. Xanthan was chosen because it is a large polysaccharide closely related 

to the molecules naturally present in EPS (Chenu & Robertson, 1996; Braissant et al., 2008). 

Xanthan is composed of five hexoses, i.e., it is five times larger than glucose. Even multiplied 

by 5, the sugar concentrations measured in this study remain largely below 100 µg.g-1 DW (in 

glucose equivalent), which places our results in the low to medium range of EPS concentrations 

in similar environments. Such EPS concentrations could reflect moderate EPS production in 

the studied area possibly related to seasonal variations. However, the very high sedimentation 

rates on the Bordeaux North point bar (up to 4 cm.yr-1; Virolle et al., 2021) could dilute EPS 

both in surface and subsurface sediments. 

 

Relationships between EPS and sediment grain size 

 

Estuarine microphytobenthic biofilms grow in the intertidal zone of estuaries, preferentially on 

muddy and stable substrates (e.g., Underwood & Paterson, 2003; Orvain et al., 2012). However, 

EPS components show a differential response to sediment grain size. In surface sediments or 

short sedimentary cores (<30 cm), the amount of colloidal carbohydrates is often positively 

correlated to the proportion of mud (i.e., particles <63 um; Paterson et al., 2000; Hope et 

al., 2020), while proteins or bound carbohydrates are not (Gerbersdorf et al., 2009a). Similar 
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observations were made in laboratory experiments, with greater secretion of colloidal 

carbohydrates by diatoms on mud than on sand, while bound proteins were more abundant in 

sand-mud mixtures (Ubertini et al., 2015). Our results show no correlation between grain size, 

and the amounts of sugars, proteins, or the acidity of EPS in the 6 m-long core BXN-LC 

(Figures 2 and 7), indicating that grain size does not exert a major influence on EPS preservation 

in subsurface sediments.  

Light attenuation is greater in muddy sediments than in sands. While light penetrates just the 

uppermost millimeter of muds, it can persist up to several millimeters or centimeters in sands 

(Kühl et al., 1994; Cartaxana et al., 2011). Distinct assemblages, of epipelic and epipsammic 

diatoms, develop on mud and sand. Epipelic diatoms are able to migrate vertically through the 

sediment as a possible adaptation to lower and more fluctuating light conditions, and/or to avoid 

resuspension (Jesus et al., 2009). A high level of production of EPS in mud and sand mixtures 

could reflect a balance between light and nutrient availability (Morelle et al., 2020). Biofilm 

development could be less efficient at the surface of sands, but persist deeper, attenuating the 

difference in EPS concentrations between sandy and muddy facies. Besides, erosion of EPS by 

tidal currents could be intensified in sands due to their greater permeability (Ubertini 

et al., 2015). Underwood and Krompkamp (1999) estimated that 30 to 50% of the EPS produced 

in intertidal biofilms could be transported during a semi-diurnal cycle. Strong tidal currents and 

wind waves cause resuspension and redistribution of sediments including EPS-sediment 

complexes (e.g., Underwood, 2010; Redzuan & Underwood, 2021), which could contribute to 

the homogenization of EPS concentrations in low-energy muddy and high-energy sandy areas 

(Duteil et al., 2020).  
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Production and consumption of EPS in the sediment 

 

Our results show that the photosynthetically active diatom biofilm has the highest 

concentrations in colloidal EPS (both sugars and proteins) in the intertidal zone of the Gironde 

estuary (Figures 2 and 4). We also show for the first time that significant amounts of EPS can 

be preserved several meters deep in estuarine sediments (Figure 4). Benthic diatoms produce 

EPS with functions (e.g., motility in the sediment, adhesion to the sediment, protection against 

desiccation) allowing their establishment and sustainability on the estuary sedimentary bottom, 

despite highly fluctuating light conditions, hydrodynamics or frequent emersions 

(Decho, 2000). In sedimentary environments, EPS are highly concentrated and reactive in the 

biofilms developing at the surface of the sediment and within the first millimeters of the 

sediment, owing to photoautotrophic production (Braissant et al., 2009; Pace et al., 2018). The 

diatom genera present in the Gironde epibenthic biofilms (e.g., Navicula, Nitzchia) are efficient 

EPS producers, as observed in cultures (Underwood & Paterson, 2003). 

EPS quantities generally decrease exponentially with depth, as documented in several 

sedimentary environments such as river sediments (Gerbersdorf et al., 2009a), estuarine 

mudflats (Paterson et al., 2000; De Brouwer & Stal, 2001), hypersaline lake microbial mats 

(Pace et al., 2018; Braissant et al., 2009), and tropical soil crusts (Mager, 2010). The decrease 

in the amount of EPS and in their reactivity with depth is interpreted as the result of (i) lowered 

photoautotrophic EPS production below the photic zone of the biofilm/mat and (ii) increased 

heterotrophic consumption associated with aerobic and anaerobic respiration (Decho et al., 

2005; Braissant et al., 2009; McKew et al. 2013). Within the sediment, heterotrophs rapidly 

(within days) consume the smaller and more labile fraction of the EPS (also LMWOC), while 

larger and refractory molecules are degraded more slowly (Decho et al., 2005; Braissant et 

al., 2009). In intertidal sediments, anaerobes are more efficient than aerobes at degrading the 
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large and refractory EPS molecules produced by diatoms into smaller molecules (i.e., LMWOC; 

McKew et al., 2013).  

In the Gironde estuary, we observe a decrease in the amount and acidity of EPS near the surface 

and at a depth of 0.5 m (Figure 2), which was combined with a disappearance of the carboxylic 

acid peak in FT-IR from 0.06 m (Figures 5, S4 and S5). Diatoms are known to produce sulfate-

rich polysaccharides (Bhaskar et al., 2005). The presence of sulfate groups in the Gironde water 

EPS (Figure 5) could indicate a greater contribution of diatoms to the surface EPS pool. The 

disappearance of the sulfate peak in deeper horizons (Figure 5) could result from the 

consumption of these sulfate-rich EPS by heterotrophs (Battersby et al., 1984; Visscher et al., 

1999). The consumption of low-molecular-weight organic compounds (LMWOC) reduces the 

number of acidic functional groups in EPS (Braissant et al., 2009). Such a phenomenon could 

explain the decreasing EPS concentration and reactivity observed from the surface biofilm to a 

depth of 0.5 m, but also the low values observed between 1.30 and 4.12 m (except for 2.59 m). 

By contrast, some deeper horizons contained EPS in comparable amounts to the surface biofilm 

(e.g., 4.33 m; Figure 2). The relatively high acidic sites densities observed at 0.93 m, 2.59 m, 

4.33 m, or 5.20 m (Figure 2) could indicate a relatively low degree of EPS degradation in these 

horizons. To our knowledge, this is the first report of reactive EPS several meters deep in 

sediment. These EPS could be remnants of former diatom biofilms. The degradation of 

photosynthetically produced EPS by heterotrophs may result in the formation of more 

refractory EPS compounds (Decho et al., 2005). Some extracellular proteins produced by 

bacteria or diatoms, such as amyloid fibrils, are also highly resistant to heterotrophic 

degradation (Decho & Gutierrez, 2017), which could explain the high protein concentrations in 

some deep horizons from the studied core (e.g., 0.93 m, 4.33 m, 4.76 m; Figure 2).  

Aerobic and anaerobic heterotrophs inhabiting sediments also secrete EPS, including abundant 

extracellular enzymes (Marvasi et al., 2010; Decho & Gutierrez, 2017). For instance, sulfate-
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reducing bacteria (SRB) produce EPS rich in polysaccharides in culture and probably within 

hypersaline microbial mats (Braissant et al., 2007). Being abundant in estuarine sediments 

(Leloup et al., 2005), SRB could be significant contributors to the subsurface EPS pool of the 

Gironde estuary. Other anaerobes such as methanogens are known to produce polysaccharide 

and protein-rich EPS (Veiga et al., 1997), and are also present within estuarine sediments 

(McKew et al., 2013). 

 

EPS-mineral interactions and EPS preservation 

 

Exopolymeric substances play a major role in the interactions between sediments and 

microorganisms, although the ecological functions of EPS differ between biofilm-forming 

groups. In intertidal biofilms, most benthic diatoms secrete EPS for motility on the sediment in 

response to semi-diurnal cycles, while some bacteria use EPS to attach to the substratum, i.e., 

sedimentary particles (Smith & Underwood, 1998; Lubarsky et al., 2010). As a consequence, 

some EPS molecules exhibit high reactivity toward mineral surfaces (Dontsova & Bigham, 

2005; Kleber et al., 2007; Ghashoghchi et al., 2017; Hope et al., 2020). EPS can complex to 

mineral surfaces through hydrogen-bonding, van der Waals forces, hydrophobic/hydrophilic 

bonding, and cation bridges (Kleber et al., 2015; Duteil et al., 2020). In the Gironde estuary, 

EPS acidity peaked in the mud-rich part of the surface biofilm, indicating a potential strong 

cation binding capacity (Braissant et al., 2009; Pace et al., 2018). Acid-base titrations and FT-

IR show that the same EPS included functional groups that could interact with mineral surfaces, 

e.g., carboxylic acids, sulfate and amino groups, and also hydrophobic parts of proteins (Figure 

5 and 6; Duteil et al., 2020). For example, carboxylic acid groups may interact with the hydroxyl 

groups or the metal cations on the edge of the clay minerals through hydrogen-bonding (Kleber 

et al., 2007). The proportion of functional groups varied through the studied core (Figures 2, 5, 

and 6). The contribution of amino groups is of 4% in the surface biofilm (Figure 6), but 
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increased to 21% at 6.08 m (21%; Figure 6). In contrast, the contribution of carboxylic acid 

and/or sulfate groups was more pronounced at the top than at the bottom of the core (Figure 6). 

Given the range of porewater pH measured in the core (7.9–8.3; unpublished data), carboxyl 

and sulfate groups could be deprotonated at all sediment depths and available for interactions 

with metallic cations and with clay mineral surfaces through cation bridging (Duteil et al., 

2020). 

In the surface biofilm, EPS formed aggregates together with clay and silt-sized particles, mainly 

clay minerals, micas, and quartz (Figure 3B to 3D). Similar aggregates were observed at all 

depths in the core (Figure 4). In sand-rich horizons, EPS or EPS-clay aggregates covered large 

parts of the surface of sand grains (quartz or micas), forming detrital clay coats. Clay-coated 

grains account for 30% of sands in the point bar (Virolle et al., 2021), for 17 to 25% of sands 

in the tidal bars from the bay-head delta in the same estuary (Virolle et al., 2019b), and up to 

50 to 90% of sands in the Ravenglass estuary (UK; Wooldridge et al., 2017; Worden et al., 

2020). Wooldridge et al. (2017) reported a positive correlation between carbohydrate 

concentrations and the proportion of clay-coated grains in the sediment, which was not the case 

in the present study. Detrital clay coats were formed experimentally at ambient surface 

conditions by mixing purified diatom biofilm EPS with quartz and clay minerals, confirming a 

prominent role of EPS in the aggregation of mud and sand (Duteil et al., 2020). Natural diatom 

biofilms include numerous satellite bacteria, and experiments have shown that mixed diatom-

bacteria assemblages produce EPS with higher cohesive properties than axenic diatom cultures 

or pure prokaryotic cultures (Lubarsky et al., 2010). The EPS secreted by anaerobic 

heterotrophic bacteria also promote clay aggregation. Jaisi et al. (2007) demonstrated 

experimentally that the combination of iron (III) reduction and exopolysaccharide production 

by iron-reducing bacteria induces the aggregation of nontronite. Some molecules of the EPS 

could also be integrated within the interlayer space of dioctahedral smectites (Duteil et 
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al., 2020), which represent an average of 7% of the mineralogical assemblage in the point bar 

studied by Virolle and coworkers (2021). Interactions of proteins and polysaccharides with 

minerals result in significantly stronger adhesion of organisms constituting the biofilm and in 

increased biofilm and sediment stability (Gerbersdorf et al., 2009b; Flemming & Wingender, 

2010). 

Clay-EPS aggregation may reduce EPS consumption through an occlusion of the porosity 

within aggregates, particularly through hydrophobic interactions (Kleber et al., 2015). EPS 

extracted from the Gironde sediments contained proteins (Figures 2, 5, and 6) including 

molecules prone to such interactions (Lubarsky et al., 2010). The shift of the amide II peaks 

(Figure 5) could indicate a structural change in the secondary structure of the proteins upon 

stronger interactions with mineral surfaces (Dousseau & Pezolet, 1990; Kleber et al., 2007). 

Aggregates could form exclusion zones with mineral surfaces protecting EPS against 

degradation by heterotrophs (Marshman & Marshall, 1981; Kleber et al., 2015; Figure 8). Long-

term interactions during sediment burial (over centuries in the present study) may have 

consolidated the bonds between EPS and mineral surfaces, initially formed at the surface 

(Duteil et al., 2020; Figure 8). The reduction of porosity and mechanical reorganization of 

grains due to sediment compaction probably had very little influence, given the shallow burial 

of the sediments in the core under study (Rebata-Land & Santamarina, 2006). 

 

Potential tide versus river flood control on EPS preservation  

 

Both historic maps of the Gironde estuary and radiometric ages measured in sedimentary cores 

indicate that the Bordeaux North point bar is less than 300 years old (Virolle et al., 2021). The 

radiocarbon ages measured on gastropods in this study are older (Figure 2), but reworking of 

older sedimentary material is common within point bars. During the last century, the Bordeaux 

North point bar experienced a rapid lateral accretion rate (1 m.yr-1 on average), with an average 
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sedimentation rate of between 1 and 4 cm.yr-1 (Virolle et al., 2021). In the studied core (BXN 

Long Core), sedimentary sequences 1 and 4 are dominated by muddy (Facies F3) and sandy 

(Facies F2) tidal facies whereas sequences 2 and 3 exhibit fine-grained tidal facies (Facies F3) 

overlain by river flood deposits (Facies F1; Figures 1B and 3). Similar vertical successions have 

been described in tidal bars from the Gironde bay-head delta, ca. 30 km downstream from the 

study area. In the Plassac area of the estuary, thick fine-grained heterolithic layers similar to 

facies F3 could result from low-water discharge during dry periods, while it is thought that thick 

sands rich in mud-pebbles similar to facies F1 accumulate during subsequent peak floods 

(Chaumillon et al., 2013). In the Gironde estuary, the dimensions and migration 

(e.g., longitudinal vs. lateral accretion) of tidal bars and point bars (including the Bordeaux 

North point bar) responds to multi-annual to decadal variations of river discharge (Fenies & 

Tastet, 1998; Billy et al., 2012; Gascuel, 2017). A stratigraphic correlation with a core located 

ca. 100 m south of the investigated area and dated using Cs-Pb (core Bo-2016-W; Virolle 

et al., 2021) indicates that the uppermost 1.5 m of the BXN Long Core, i.e., sequence 4, could 

have been deposited during the last seven decades. From the 1950s until the 2010s, the point 

bar displays relative stability, with a near-constant volume and no major migration (Gascuel, 

2017). Over the same period, river discharges have been relatively low compared to the first 

half of the 20th century (Billy et al., 2012), leading to the turbidity maximum zone (TMZ) 

migrating several kilometers upstream in the Garonne channel (Jalón-Rojas et al., 2021). 

Decreasing river discharges could have led to an increase of fine sediment trapping (e.g., Virolle 

et al., 2019a) and to the deposition of the tide-dominated sediments described in sequence 4 

(Figure 2). Frequent and intense river floods can result in significant erosion, especially in the 

inner parts of estuaries (Luan et al., 2016). River discharge was high from the 1900s to the 

1940s, with numerous episodes of river floods (Billy et al., 2012), some of which might be 

recorded in sequences 2 and 3. Over the same period, the Bordeaux North point bar underwent 
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significant longitudinal accretion (Gascuel, 2017). Based on these observations, the 

sedimentary succession described in this study (Figure 2) could record successive phases of 

point bar development alternatively dominated by tides (sequences 1 and 4) and by river floods 

(sequences 2 and 3). We propose a conceptual model of the sedimentary evolution of the point 

bar during both types of sequences, and of subsequent biofilm development, EPS production, 

and EPS preservation (Figure 8). 

Tide-dominated sequences show higher average EPS concentrations (4.93 µg 

xanthan eq.g- 1 DW for neutral sugars; 15.68 µg albumin eq.g-1 DW for proteins; Figure 2) than 

river flood-dominated sequences (1.87 µg xanthan eq.g-1 DW for neutral sugars; 3.35 µg 

albumin eq.g DW-1 for proteins; Figure 2). EPS concentrations are very high at the top of tide-

dominated sequences, and decrease exponentially with depth (Figure 2). River flood-dominated 

sequences show no obvious vertical trends. EPS acidity is almost twice as high on average in 

tide-dominated sequences as in river flood-dominated sequences (12.6 vs. 6.67 µg xanthan 

eq. g DW-1 respectively; Figure 2). However, while acidic site density decreases overall with 

depth in sequence 1, it shows no particular vertical trend in sequence 4 (Figure 7). In river 

flood-dominated sequences, acidity tends to increase slightly with depth (Figure 2). 

We propose a scenario describing potential interactions between the sedimentary dynamics of 

the point bar and the production and preservation of EPS (Figure 8). Tide-dominated sequences 

(sequences 1 and 4) could be characterized by a stable point bar and by a substantial extension 

of the muddy intertidal zones (Figure 8A1). The stability of the sediment substrate could favor 

the development of biofilms, leading to significant photoautotrophic EPS production at the 

surface. With increasing depth, EPS concentration decreases exponentially (Figure 2) due to 

heterotrophic degradation (Figure 8D). During river flood-dominated sequences (sequences 2 

and 3), sustained erosion of the mudflats and migration of the point bar could result in reduced 

development of intertidal biofilms and in lower EPS surface production (Figure 8A2).  
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Sediment-EPS aggregates, including clay coats, form at the surface of the sediment 

(Virolle et al., 2019a; Duteil et al., 2020; Figure 8B). This aggregation could create exclusion 

zones protecting EPS from heterotrophic degradation (Figure 8C). The preservation of 

significant amounts of EPS, as observed at the transition between sequences 1 and 2 (4.33 m 

deep) could result from the combination of: (i) high EPS production at the top of a tide-

dominated sequence, followed by (ii) a rapid burial by river flood deposits, preventing aerobic 

degradation of EPS. Rapid burial of surface EPS could strengthen the chemical links between 

EPS and mineral surfaces and promote the formation of stronger and less degradable aggregates 

(Figure 8C1). In contrast, river flood-dominated deposits overlain by tide-dominated deposits 

could result in reduced EPS preservation, as observed at the transition between sequences 3 and 

4. Lower initial EPS production followed by increased dismantling of aggregates and EPS 

degradation due to low sedimentation rates could explain the low EPS concentrations observed 

in sequences 2 and 3 (Figure 8C2). A single flood event within a tide-dominated sequence could 

also carry biofilm material and EPS from upstream, explaining the slightly higher EPS 

concentration at 0.93 m (Figure 2). More generally, our results demonstrate a potential strong 

sedimentary and hydroclimatic control on EPS production and preservation in estuaries. Our 

proposed model could be tested in other estuaries, as well as in other sedimentary environments.  
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Figure 8: Multiscale scenario explaining the role of the hydro-sedimentary context and organo-
mineral interactions in the production and preservation of exopolymeric substances (EPS) in 
estuaries. (A) Sketch of the Bordeaux North point bar during a tide-dominated period (A.1; 
brown) and a river flood dominated period (A.2; blue). Biofilm development and EPS 
production are optimal during tide-dominated intervals, when the point bar is stable and the 
muddy intertidal domain well developed. During river flood-dominated periods, the migration 
of the point bar coupled to the erosion of the intertidal zone results in lower EPS production. 
(B) Formation of clay-EPS complexes: clay-EPS aggregates and detrital coats in surface 
sediments. (C) The preservation of clay-EPS complexes and EPS during burial depends on the 
sedimentation rate: (C.1) rapid burial following, e.g., a river flood protects EPS from 
heterotrophic degradation; and (C.2) normal sedimentation rate leads to increased EPS 
degradation. (D) Vertical trends of EPS concentrations depend on production and 
sedimentation. Tide-dominated periods followed by rapid burial create the optimum conditions 
for EPS preservation, while river flood-dominated periods followed by tide-dominated periods 
are associated with low EPS preservation. 
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CONCLUSION 
 

Exopolymeric substances (EPS) are often considered as degraded below the first millimeters of 

the sediment. In this study, we extracted and characterized EPS from a 6 m-long core drilled in 

an estuarine point bar. EPS composition and physicochemical properties were compared to 

sediment grain size, total organic carbon (TOC), sedimentary facies, and depth. The core could 

be subdivided into four sedimentary sequences, S1 to S4 from older to younger. S1 and S4 

exhibited a predominance of tidal facies (e.g., tidal sedimentary dunes, flaser bedding), while 

S2 and S3 displayed abundant river flood facies (e.g., erosive, mudclast rich facies). The 

Gironde surface and subsurface EPS were rich in polysaccharides and proteins, including 

reactive functional groups, mainly carboxylic acids and amino groups, but also possibly 

sulfates. Such EPS were present in variable concentrations down to 6 m deep in the sediment. 

EPS were abundant and highly reactive in the surface diatom biofilm, and decreased sharply in 

the first decimeters of the sediment. However, we measured EPS concentrations comparable to 

the surface biofilm 4.33 m deep in the sediment. This is the first report of EPS at such depth. 

FTIR spectroscopy and acid-base titrations showed minor changes in the composition of EPS 

with depth: (i) a local disappearance of carboxylic acid groups in some horizons, (ii) a shift of 

the amide II band with depth possibly linked to the complexation of proteins with mineral 

surfaces, and (iii) an increase in amino groups relative to carboxyl or sulfate groups at depth. 

 Sedimentary particles (e.g., sand, silt, and clay) and EPS formed organo-mineral complexes 

(e.g., detrital clay coats) at the surface of the sediment and these aggregates were preserved at 

all depths in the core. The concentration of EPS was not statistically correlated to sediment 

grain size or TOC. EPS concentrations are higher overall in sedimentary sequences dominated 

by tidal facies than in sequences dominated by river flood facies. Such sequences could form 

over several decades. Based on these results, we proposed a scenario including a combination 

of factors that could explain the presence and preservation of EPS several meters below the 
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sediment-water interface. EPS production could be maximum at the end of tide-dominated 

periods, when the estuarine point bar is stable and the muddy intertidal zone is most extensive. 

In contrast, river flood periods could be associated with significant point bar migration and 

erosion of the intertidal zones. This instability could prevent significant development of 

biofilms. The preservation of EPS could be enhanced by the formation of EPS-sediment 

aggregates protecting EPS against heterotrophic degradation. Rapid burial by river flood 

deposits following a tide-dominated sequence could provide the best conditions for EPS 

preservation. A part of the subsurface EPS could also be produced in situ by heterotrophs. In 

brief, the quantity of EPS preserved in the sediment could reflect the changes in the sedimentary 

dynamics of the estuary (i.e., tide vs. river floods). Highly reactive preserved EPS could play a 

major role in early diagenetic organo-mineral reactions. 
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SUPPLEMENTARY MATERIAL (for Duteil et al. submitted in Frontier in 
Microbiology) 
 

 
Figure S1: Cryo-SEM images of sediments from the BXN Long Core at three depths. Exopolymeric 
substances (blue arrow), quartz grain (yellow arrow), mica (red arrow), and clay-EPS complexes (brown 
arrow). (A) and (B) Depth of 0.5 m. Alveolar EPSs cover a large part of a quartz grain (A). EPSs are 
complexed to clay particles, forming a detrital clay coat which includes quartz grains (B). (C) and (D) 
Depth of 0.93 m. Quartz grain is covered by a clay-rich detrital coat (C). A sand quartz grain is trapped 
by a clay-EPS organo mineral coat (D). (E) and (F) Depth of 1.63 m. A centric diatom frustule on a 
quartz grain covered by clay and mica (E). The surface of a quartz sand grain is partially coated by a 
dense clay-EPS complex (F).  
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Figure S2: Cryo-SEM images of sediments from the BXN Long Core at three depths. Exopolymeric 
substances (blue arrow), quartz grain (yellow arrow), mica (red arrow), and clay-EPS complexes (brown 
arrow). (A) and (B) Depth of 2.805 m. Part of a frustule is deposited on a dense clay-EPS matrix that 
glue also a mica particle (A). Quartz grain displaying a detrital clay coat (B). (C) and (D) Depth of 3.68 
m. The quartz silt is covered by a EPS-clay organo mineral detrital coat (C). A centric diatom frustule 
is engulfed in the clay-EPS complex that also traps a silt and mica particles (D). (E) and (F) Depth of 
4.76 m. Quartz grain covered by clay-EPS organo-mineral complex (E). The surface of a quartz sand 
grain is partially coated by a dense clay-EPS complex (F).  
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Table S1: Data used in this study: colorimetric assays and sediment properties. 
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Figure S3: FTIR spectra of four exopolymeric substances samples recovered from different 
depths along the BXN Long Core. Colored lines highlight the EPS absorption bands, while 
black dotted lines indicate clay mineral absorption bands.  
  



 

 

155 Production and preservation of EPS in sediments 

 
Figure S4: FTIR spectra of four exopolymeric substances samples recovered from different 
depths along the BXN Long Core. Colored lines highlight the EPS absorption bands, while 
black dotted lines indicate clay mineral absorption bands.  
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Figure S5: FTIR spectra of four exopolymeric substances samples recovered from different 
depths along the BXN Long Core. Colored lines highlight the EPS absorption bands, while 
black dotted lines indicate clay mineral absorption bands.  
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3.3 Annexes 

3.3.1 Cryo-SEM and EDX complementary data for the BXN-Long Core 
 

This section includes additional pictures and EDX probe measurements obtained on samples 

from BXN-LC. The samples are the same as in section 3.2. For all pictures, exopolymeric 

substances are indicated by a blue arrow, quartz grains by a yellow arrow, micas by a red arrow, 

clay platelets by a dark brown arrow and clay-EPS complexes by a light brown arrow. 

 
Figure 3.5: Cryo-SEM images and corresponding EDX profiles of the 0.93 m depth sample. (A) Two silt grains (points 1 and 
3) and clay particles (point 2) were analyzed. (B) A quartz grain (point 1) is coated by clay particles (points 2 and 3).  
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Figure 3.6: Cryo-SEM images and corresponding EDX profiles of the 2.805 m depth sample. (A) A quartz grain (area 1) is 
coated by clay particles (points 2 and 3). (B) Two mica particles (area 1) and a silt grain (point 2) are embedded in an EPS-
clay complex (point 3). 
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Figure 3.7: Cryo-SEM images and corresponding EDX profiles of the 3.68 m depth sample. (A) A quartz grain (area 1) coated 
by a mica particle (area 2) and a clay platelet (area 3). (B) A quartz grain (point 1) and a mica (point 2) are embedded in EPS-
clay complex (point 3). 
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Figure 3.8: Cryo-SEM images and corresponding EDX profiles of the 4.33 m depth sample. (A) A mica (area 1) is coated by a 
clay-EPS complex (point 2) containing a quartz silt grain (point 3). (B) A quartz grain (point 1) is coated by clay (point 2). 
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Figure 3.9: Cryo-SEM images and corresponding EDX profiles of the 4.76 m depth sample. (A) Quartz grain (point 1) coated 
by a clay-EPS complex (points 2 and 3). (B) A quartz grain (point 1) is coated with a clay-EPS organo mineral complex (point 
2). 
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Figure 3.10: Cryo-SEM images and corresponding EDX profiles of the 6.08 m depth sample. (A) and (B) additional pictures 
displaying mica and quartz grain coated by clay-EPS organo mineral complex. (C) A quartz grain (area 2) and a mica (area 1) 
are stuck in clay-EPS complex (point 3). (D) A quartz grain (point 1) is covered with a clay-EPS organo-mineral complex 
(points 2 and 3). 
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3.3.2 Cryo-SEM and EDX complementary data for BXN-Box and BXN-
Short Core 

 

This section includes additional pictures and EDX probe measurements obtained on samples 

from BXN-Box and BXN-SC. These two shallow cores (28 cm and 70 cm long respectively) 

will be described in chapter 4. As in BXN-LC, Sediment-EPS complexes including clay coats 

are observed at all depth between the surface and a depth of 60 centimeters. For all pictures, 

exopolymeric substances are indicated by a blue arrow, quartz grains by a yellow arrow, micas 

by a red arrow, clay platelets by a dark brown arrow and clay-EPS complexes by a light brown 

arrow. 
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Figure 3.11: Cryo-SEM images and corresponding EDX profiles of the 2 cm depth sample from BXN-Box. (A) A quartz grain (point 1) is coated by a clay-EPS organo mineral complex (point 4) 
including a silt grain (point 2) and a mica (point 3). (B)   A quartz grain (point 1) is covered with a clay-EPS organo-mineral complex (points 2 and 3). 
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Figure 3.12: Cryo-SEM images and corresponding EDX profiles of the 5 cm depth sample from BXN-Box. (A) and (B) pictures 
showing a quartz grain coated by a clay-EPS organo-mineral complex. (C) A quartz grain (areas 1 and 2) is coated by a clay-
EPS complex (point 3). (D) Two silt grains (points 2 and 3) embedded in EPS-clay complex (area 1). 
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Figure 3.135: Cryo-SEM images and corresponding EDX profiles of the 15 cm depth sample from BXN-Box. Pictures 
displaying a mica (A) and quartz silts (B) coated by a clay-EPS organo mineral complex. (C) EDX profile of mica (area 1) and 
clay particles (point 2 and 3) stuck on the quartz by EPS. (D) A quartz silt grain (area 1) is coated by clay particles (points 2 
and 3). 
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Figure 3.14: Cryo-SEM images of the 25 cm depth sample from BXN-Box. (A) and (B) Alveolar EPS matrix embedding clay 
platelets and covers a large part of a quartz sand. (C) A quartz grain is fully covered by a clay-EPS detrital coat. (D) Zoom on 
(C). (E) Quartz sand grains and micas partially coated by a dense clay-EPS complex. 
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Figure 3.156: Cryo-SEM images and corresponding EDX profiles of the 25 cm depth sample from BXN-Box. (A and B) 
Pictures displaying quartz grains coated by clay-EPS organo mineral complex. EDX profiles show quartz (profiles 1, 2 on 
image A; profile 1 on image B) and clay (profile 3 on image A; profile 2 on image B) characteristic signature. Profile 3 on 
image B show a typical carbonate profile (dolomite?). 
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Figure 73.16: Cryo-SEM images and corresponding EDX profiles of the 40 cm depth sample from BXN-SC. Pictures 
displaying a quartz sand (A and B) partially coated by a clay-EPS organo mineral complex. (C) EDX profiles shows quartz 
(point 1) coated by clay particles (points 2 and 3). (D) A quartz grain (point 1) is coated by a clay-EPS complex (points 2 and 
3). 
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Figure 3.178: Cryo-SEM images and corresponding EDX profiles  of the 60 cm depth sample from BXN-SC. Pictures showing 
quartz grains (A and B) coated by a clay-EPS organo mineral complex. (C) EDX profiles of a quartz (area 1) coated by an EPS-
clay complex (points 2 and 3) embedding silt grains. (D) A quartz grain (area 1) is coated by a clay-EPS complex (points 2 and 
3). 
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4.1 Manuscript article: Impact of microbial activity 
on biogeochemical cycles and Exopolymeric 
Substances in estuarine sediments.  

 

This part is the subject of a paper soon to be submitted to the journal Geobiology. Due to time 

constraints, the interpretation of the data is at a preliminary stage and will evolve between now 

and the final version of the paper. The objective of this paper is to link the preservation of EPS 

in sediments described in the previous section to microbial activity via the measurement of 

biogeochemical cycles. 
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Introduction 
 

Estuaries are transition zones at the interface of continental and oceanic environments with 

specific geochemical cycles (Chiffoleau et al., 1994; Kraepiel et al., 1997; Stecko & Bendell-

Young, 2000). Estuarine mixing of seawater and freshwater leads to increased metal release 

and accumulation in the sediments, and estuaries are important sinks for many persistent 

pollutants and their subsequent accumulation (de Souza Machado et al., 2016; Schäfer et 

al., 2022). Fine-grained sediments (i.e., silt and clay) are especially prone to trace metal 

accumulation because of their high adsorption properties (Chatterjee et al., 2007). 

Sedimentary biofilms and microbial mats are particularly efficient in the cycling of key 

elements, e.g., C, N, S, Fe. In the sediment, microorganisms are organized in functional groups, 

which are stratified according to the source of acceptor they use for their metabolism (i.e., 

energy-generating redox reactions; e.g., Dupraz et al., 2009). The cycling of elements by 

microorganisms results in coupled reactions of oxidation and reduction, producing steep 

vertical geochemical gradients (e.g., dissolved oxygen, pH) that could influence metal 

speciation in the sediment (Visscher & Stolz, 2005). Photoautotrophic benthic biofilms 
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typically develop at the water-sediment interface (Underwood & Paterson, 2003; De Winder et 

al., 1999). In estuarine intertidal zones, these biofilms are typically dominated by diatoms, and 

could be responsible for up to 50% of the autotrophic production and 1:3 of the carbon fixation 

in estuaries (Underwood & Kromkamp, 1999). Diatom biofilms perform oxygenic 

photosynthesis during daylight, in the process producing oxygen (Glud et al., 1992) and organic 

carbon, including exopolymeric substances (EPS; Decho, 2000; Underwood & Paterson, 2003). 

The organic carbon produced by photoautotrophs can be consumed and transformed into CO2 

by heterotrophs through various respiratory and fermentative pathways. Heterotrophs are 

generally stratified according to a gradient of electron acceptors with decreasing free energy 

yield: oxygen, nitrate, manganese and iron oxides, sulfate and methane (Sagemann et al., 1996; 

Visscher & Stolz, 2005; Konhauser, 2009, Martin, 2018). Aerobic respiration results in an 

almost complete consumption of oxygen at shallow depth in the sediment (i.e., millimeters to 

centimeters; Sagemann et al., 1996; Jørgensen & Nelson, 2004; Hensen et al., 2006). The 

subsequent formation of anoxic microenvironments allows the predominance of anaerobic 

heterotrophs performing denitrification and sulfate reduction (Burdige & Zheng; 1998; 

Jorgensen & Nelson, 2004; Mortimer et al., 2004; Audry et al., 2006). Due to their sensitivity 

to redox conditions, dissolved iron and manganese profiles typically show more complex 

patterns. For example, in the oxic zone, Fe(II) oxidation by iron oxidizing bacteria results in 

ferrihydrite precipitation in Fe(II) and Fe(III) rich environment (Mc Allister et al., 2015). In the 

anoxic zone, the mineralization of organic carbon coupled with the reduction and solubilization 

of solid Mn (III/IV) and Fe (III) species could result from both chemical and microbial reactions 

(Tugel et al., 1986; Burdige, 2011). This reduction is often coincident with sulfate and sulfur 

respiration (Sundby et al., 1986; Burdige, 1993; Canfield et al., 1993; Fiket et al., 2019) and 

leads to the precipitation of reduced manganese and iron phases, such as sulfides (e.g., 

mackinawite, pyrite; Sorensen & Jorgensen, 1987). When preserved from oxidation, these 
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mineral phases can be considered as mineral markers of reducing porewaters in ancient 

sedimentary rocks (Marin Carbonne et al., 2014). Although absent in the first cm of sediments, 

iron reduction generally occurs in the upper few dm of the sediments and ferrous iron cation 

(Fe2+) concentration increases with depth (Burdige, 1993; Canfield et al., 1993; Sorensen & 

Jorgensen, 1987). Finally, when sulfate is depleted methanogenesis becomes predominant 

metabolism for the mineralization of organic carbon in the tidal flat sediments (O’Sullivan et 

al., 2013; Webster et al., 2010). 

Through their combined metabolic activity, microorganisms modify the concentration profiles 

of these electron acceptors, but also indirectly of other elements such as trace metals. For 

example, cadmium can be released in estuarine pore water through organic matter degradation 

associated with Mn and Fe reduction (Audry et al., 2005). This general model of microbial 

stratification may vary depending on microbial communities or environmental conditions 

(Visscher & Stolz, 2005). For example, sulfate reduction or methanogenesis can be active in 

the zone of oxygenic photosynthesis of microbial mats (Visscher et al., 1992; Hoehler et al., 

2002. Pace et al., 2018). Coupled reduction reactions or overlap of these have been documented; 

for example, denitrification and manganese reduction may co-occur due to close ΔGo values 

(Klinkhammer et al., 1980; Burdige, 1993). These biogeochemical models are also locally 

exacerbated by hydrological and sedimentary properties such as surface or groundwater flow, 

and sedimentary architecture (McAllister et al., 2015; Beck et al., 2017). For example, low river 

discharge can enhance carbon remineralization in estuaries by displacing the salinity gradient 

upstream (Meiggs & Taillefert, 2011). 

In addition to aqueous geochemical properties, the role of EPS is rarely considered in such 

conceptual models. EPS possess negatively charged reactive groups, which are capable of 

chealting metals (Braissant et al., 2007; Decho & Gutierrez, 2017). Although primarily 

produced by photoautotrophs, EPS may also be secreted by heterotrophs such as sulfate-
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reducing bacteria at depth (SRB; Braissant et al., 2007). In estuarine sediments, significant 

concentrations of EPS can be preserved several meters below the sediment surface (Duteil et 

al., submitted; Chapter 3). Such preservation could be explained by a protection from 

heterotrophic degradation by a rapid burial during river floods or through the link with clay 

mineral surfaces. It is possible that the ratio of consumption to production of EPS in estuarine 

sediments has a major role in metal availability and/or precipitation. This is for example, 

freshly-produced EPS in microbial mats inhibits carbonate mineral precipitation, while 

degradation of EPS releases Ca2+ and promotes precipitation (Braissant et al., 2007). 

 Many studies focused on early diagenesis and the link this with microbial metabolisms but 

only to depths of around 20 cm (Burdige & Gieskes, 1983; Sorensen & Jorgensen, 1987; 

Hensen et al., 2006). For example, in the Gironde estuary, gradients of several elements (O2, 

NO3
-, SO4

-, Fe, Mn) were studied from the water column down in the sediments to 50 cm depth 

(Audry et al., 2006). These studies did not include direct measurements of metabolic activities 

and the role of microbes was only assumed. To date, no study has combined sediment and 

porewater chemistry, EPS physicochemical properties and microbial activity to characterize 

early diagenetic geomicrobiological processes in estuarine sediments.   

In the current study, we investigated the relationships between microbial activity, the cycling 

of key metals and the physicochemistry of exopolymeric substances (EPS) in estuarine 

sediments. Sediment cores and box samples were collected in an estuarine point bar from the 

Gironde Estuary (southwest France). The changes in microbial activities with depth was 

measured with metabolic assays coupled to microcalorimetry. Porewater concentrations of O2, 

pH, HS-, SO4
2-, NO3

-, Fe (II/III), Mn, Ca, Mg, Na, Cl were combined with microelectrode 

measurements, liquid chromatography, Inductively Coupled Plasma atomic emission 

spectroscopy and colorimetric assays. We extracted exopolymeric substances (EPS) from the 

sediments and characterized the physicochemical properties using wet chemical analyses. The 



 

 
 

179 Impact of microbial activity 

potential for metal dissolution and precipitation was evaluated based on core-scale X-Ray 

Fluorescence and porewater geochemical modeling. Following statistical analyses of this 

dataset, we finally propose an integrative model of estuarine sediment geomicrobiology that 

includes early diagenesis. 
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Materials and methods 
 

Field site description, sample location, and core sampling 

Field campaigns were held at the Bordeaux Nord point bar, located in the Garonne estuarine 

channel, in June 2019. A 6.23m long vertical core (BXN Long Core or BXN-LC; 

44°53'47.40"N, 0°32'24.80"O) was extracted from the chute channel with a portable vibro-corer 

(refer to part 4.2 of this thesis for more details about BXN-LC). In order to preserve sediment 

structures from deformation and fluidization due to water escape, the core barrel is hammered 

without any rotation and the piston is maintained with a cable. A second, 0.7 m long core (BXN 

Short Core or BXN-SC; 44°53'45.00"N, 0°32'23.40"O; Figure 1) was extracted with a hand-

held core sampler. Finally, a sediment box core (BXN box or BXN-B; 44°53'45.00"N, 

0°32'23.40"O; Figure 1) was sampled in the same area with a steel sampling box (length: 28cm, 

width: 17.5cm, depth: 6.2cm). After extraction, the cores were sealed and kept vertical to avoid 

water mixing and stored at 4°C until porewater sampling and opening. 
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Figure 1: (A) Map of the Gironde estuary with location of the Bordeaux Nord point bar and satellite 
image of the point bar at low tide (Google Earth Pro) showing the location of the studied cores (BXN-
LC, BXN-SC and BXN-B) and surface biofilm samples. Three sedimentary domains are visible in the 
intertidal zone of the point bar: the mud flat, the chute channel (low energy), and the sand dunes (high 
energy). (B) Image of BXN-B showing a change is sediment color from orange to grey at ca. 14 cm. 
The main facies is composed of small ripples alternating with clay drapes (wavy bedding) and is typical 
of an intertidal zone with moderate tidal currents. (C) Image, (D) mapping of sand vs. clay and (E) 
sedimentary log from BXN-SC. The top 40 centimeters of BXN-SC are similar to BXN-B, but the 
bottom 25 centimeters show high energy tidal dunes. In order to simplify the presentation of results, 
BXN-B and BXN-SC are merged into one synthetic core in the following figures. 
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Porewater chemistry: microelectrode measurements 

Porewater dissolved oxygen (O2) concentrations were measured in the field down to a depth 

1.4 cm with a vertical resolution of 250 μm using a polarographic electrode. Subsequently, the 

concentrations of O2, sulfide (H2S/S2−), and the pH were measured in the laboratory by inserting 

microelectrodes in the sediment through holes in the core tubing (vertical resolution: 0.2 mm). 

The measurements for O2, H2S/S2– and pH were taken using polarographic and ion-specific 

needle microelectrodes in combination with a field microsensor multimeter (Unisense, Aarhus, 

Denmark; Visscher et al., 2000) and measurements for S2− using a high-impedance millivolt 

meter (Microscale Measurements, The Hague, The Netherlands). The [HS−] was calculated by 

combining H2S or S2
− readings with pH measurements at each depth (Visscher et al., 1991). 

Detection limits for electrode measurements were better than 1 μm for O2, and better than 5 μm 

for H2S, and 2 μm for the S2− electrode. Depth profiles were determined three times for each 

analyte. The temperature and conductivity of the overlying water were determined with an 

Accumet AP-75 handheld meter and the pH using a Mettler Toledo GoFive meter. 

 

Porewater chemistry: water extraction  

Porewater was sampled with rhizons (pore diameter of 0.1 μm; Rhizosphere Research Products; 

Wageningen) inserted in holes drilled in the core tubing. A total of 34 pore water samples were 

extracted, 12 for BXN-B (ca. 1 sample every 5 cm), 6 for BXN-SC (ca. 1 sample every 12 cm) 

and 16 for BXN-LC (ca. 1 sample every 40 cm). In order to improve water recovery, rhizons 

were saturated with deionized water for 30 minutes before use. 25 mL syringes were connected 

with the Luer-Lock system to the Rhizons with a wooden retainer to create a vacuum. Water 

sampling was performed over 24 hours, then syringes were closed with Luer-Lock plugs and 

stored on the fridge (4°C) until processing.   
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Porewater chemistry: major dissolved elements measurements and modelling  

Major cation (Ca2+, Mg2+, Mn2+, Na+, K+) and anion (Cl-, NO3
−, and PO4

3−) concentrations were 

determined by ion chromatography (IC; Dionex ICS-1500) in the 34 porewater samples, with 

an analytical precision of 0.2 mg.L-1. Metal concentrations were measured by ICP-OES (Cd2+, 

Ca2+, Mg2+, dissolved Mn, dissolved Fe, Pb2+, Zn2+) on the same samples at Eurofins laboratory 

(Bordeaux). Two depth intervals did not yield enough water for analyses (Table S1), and thus 

did not allow for ICP measurements on 5 samples from BXN-B and BXN-SC. Iron speciation 

(Fe(II)/Fe(III)) was determined using the 1,10-phenantroline colometric test (ref LCK 321; 

Hach Lange) with a Hach DR 3900 spectrophotometer (Hach Lange, CO, USA). The 

concentrations were entered in the geochemical modeling software Phreeqc to determine the 

saturation index of oxides, sulfides and carbonates using the Pitzer model (Pitzer, 1979). 

 

Core opening, processing and sampling 

Cores were immediately photographed upon opening. Two-dimensional X-ray images of the 

cores were obtained with a SCOPIX device (EPOC laboratory, Bordeaux; Migeon et al., 1998), 

allowing for identification of sedimentary fabrics with a non-destructive approach at high 

resolution (125 μm). Core sedimentology was subsequently analyzed in order to localize the 

main facies changes. Sixteen 20 cm-long samples (10 cm above and below the target depth) 

were taken along the core. Samples were homogenized and a subsample was weighed before 

and after drying in the oven (24 hr at 30 °C), in order to determine sediment wet and dry weights. 

A second subsample was kept for measurements of grain size and TOC content, and for 

cryofixation. The remaining part of the sample was used for (i) metabolic assays and (ii) EPS 

extraction, purification, and characterization. X-ray fluorescence spectrometric analysis (XRF) 

was done for BXN-SC and BXN-LC with a XRF core scanner (AVAATECH XRF Core 

Scanner; Avaatech; Netherlands).  
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Metabolic assays  

The TTC assay was used as a proxy for monitoring metabolically active cells in the sediment. 

The total reductase activity was measured in 34 samples (in triplicates) through the reduction 

of triphenyltetrazolium chloride (TTC) to triphenylformazan to characterize metabolic active 

cells (Relexans, 1996; Braissant et al., 2020). For this, 2 grams of sediment sample were 

homogenized and mixed with 2 mL of 0.8% TTC in Instant Ocean (pH 7.1) to obtain a final 

concentration of 0.4% TTC. The samples were incubated for 3 h at 30°C. Following the 

incubation, the samples were centrifuged (3000 g, 10 min) and the pellet was resuspended in 

4mL of acetone to extract the triphenylformazan. After 5 min, the sample was centrifuged (3000 

g, 3 min) and the absorbance of the supernatant at 490 nm was measured with a 

spectrophotometer (Helios Epsilon, Thermo Fisher Scientific). The concentration of formazan 

was calculated with the Beer-Lambert law with a molar absorption coefficient of 

14 320 L.mol- 1.cm-1. Blanks were prepared by adding 2 mL of 1.5% glutaraldehyde to the 

sediment. Active diatom cells were used as positive control. 

The FDA assay was used as a proxy for monitoring the enzymatic activity in the sediment. The 

hydrolytic activity of the ubiquitous lipase, protease, and esterase enzymes (non-specific 

hydrolases) was measured in 34 samples (in triplicates) by the hydrolysis of the fluorescein 

diacetate (FDA) into fluorescein (Green et al., 2006; Braissant et al., 2020). For this, 2 grams 

of sediment were homogenized in 4 mL of Instant Ocean (pH 7.1) and 60µL of FDA solution 

(1 mg.mL-1 in acetone). The samples were incubated for one day at 30°C. Following incubation, 

the fluorescein was extracted by adding 4mL of acetone. After 5 min, the sample was 

centrifuged (3000 g, 3 min) and the absorbance of the supernatant at 490 nm was measured 

with a spectrophotometer. The concentration of fluorescein was calculated with the Beer-

Lambert law considering a molar absorption coefficient of 73,350 L.mol-1.cm-1. Blanks were 

prepared by adding 2 mL of 1.5% glutaraldehyde to the sediment. Active diatom cells were 

used as positive control. 
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Isothermal calorimetry (ITC) 

Two grams of sediments were put in the calorimeter (TAM air; TA Instruments, New Castle, 

DE) with 200 µL of R2A culture medium. Autoclaves sediment samples (20 min; 121°C) were 

used as blank. For each depth, sampling was carried out in triplicate. The heat release was 

measured during 24h to quantify the microbial activity. The growth rate (µ), the lag phase (λ) 

and the heat produced (Q) were calculated by fitting the heat over time curve with the modified 

Gompertz model (Gil et al., 2006; Braissant et al., 2013). The growth rate (µ) predicts how fast 

the bacterial community could grow using the experimental substrate (h). The lag time (λ) 

corresponds to the time before the bacterial community is active. The maximum heat flow was 

used to estimate the number of active cells, assuming a heat production rate of 3pW.cell-1. For 

aerobic microbial plate counts, 1 g of sample was dissolved in 10 ml of PBS then subjected to 

10 folds dilution series. The appropriate dilutions where then poured into a petridish containing 

R2A medium and 1.5% agar. Colonies were counted after 1 (CFU 1), 7 (CFU 7) and 30 (CFU 

30) days and aerobic microbial numbers were calculated using the sample dilutions. 

 

EPS extraction and physico-chemical characterization 

EPS were extracted from the BXN-LC by diluting one volume of sample with two volumes of 

DI water. The solution formed was then put into an ultrasonic bath for 10 minutes and then 

gently stirred for 4 hours. Centrifugation was performed (2500xg, 10 min) to remove the 

sediments (silt, clay, and sand) and cells. The supernatant was filtered through polycarbonate 

filters (0.22 μm) and the filtrate was precipitated using three volumes of cold propanol (<0 °C) 

per volume of filtrate during 24h. The precipitate was recovered by centrifugation (2800 g, 20 

min), placed in dialysis tubing (10 kDa), and dialyzed for three days in a buffer solution (2 L 

of DI water at 1mM EDTA) and three more days against 2 L of DI water (>18 MΩ). Liquid 

EPS solutions were then stored in the refrigerator at 4 °C. The composition of EPS was 



 

 

186 Chapter 4 

determined using three colorimetric assays: (i) the phenol-sulfuric acid assay (Dubois et al., 

1956), (ii) the Alcian Blue assay (Passow & Alldredge, 1995) and (iii) the Pierce-modified 

Lowry assay (Lowry et al., 1951) measured with a Helios Epsilon spectrophotometer (Thermo 

scientific). These three assays provide an estimate of (i) the amount of sugar monomers in the 

sample (i.e., the amount of neutral sugars in EPS); (ii) the amount of cationic dye binding sites 

(i.e., the amount of negatively-charged reactive sites in the EPS); and (iii) the amount of protein. 

Triplicates (100 μl) were used for each assay. The amount of EPS measured with the three 

colorimetric assays (i.e., protein, phenol-sulfuric, and Alcian Blue) are expressed as 

micrograms of EPS per gram of dry sediment (μg.g-1 DW), using albumin (protein assay) or 

xanthan (phenol-sulfuric and Alcian Blue assays) as standards. 

 

Statistical analyses 

All the statistical analyses were performed using the R software (R Core Team, 2016). PCA 

were achieved using the prcomp function and visualized with the factoextra package and fviz 

pca function. Correlation matrices were calculated with the function cor and visualized with 

the package corrplot. Finally, function rcorr of the package Hmisc was used to calculate the 

level of significance for the Pearson and Spearman correlations. 
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Results 
 

BXN-box and BXN short core were sampled in close proximity (5 cm). As they show a very 

similar sedimentary succession, and in order to simplify the results, BXN-Box and BXN Short 

Core were grouped together in the figures. All data are available as part of the supplementary 

material (Tables S1 and S2). 

 

Porewater analysis  

In BXN-B and BXN-LC, the concentration of dissolved oxygen (O2) increased from 223 to 476 

µM between 0 and 3 mm depth, and decreased exponentially to 5 µM at 13 mm depth 

(Figure 2). The O2 concentration remained very low between 2 and 30 cm (between 0.25 and 

11 µM), and reached 0 at 35 centimeters. In the same core, pH increased from 7.9 to 8.2 between 

0 and 12 cm depth, and stabilized around 8.2 below 12 cm (Figure 2).  

Sulfide concentrations (HS-) were not considered at the top and the bottom of the cores BXN-

B and BXN-SC (0, 26 and 65 cm deep), because of the potential of oxygen diffusion. [HS-] was 

not detected in the upper 2 cm after which it increased to 240 µM at 20 cm depth (Figure 2). 

This was followed by a decrease to 157 µM at 24 cm, after which it remained relatively constant 

(152-163 µM) to 40 cm and decreased further to 129 µM at 50 cm, before finally increasing to 

165 µM at 60 cm.  

The sulfate concentration (SO4
2-) was of 8.39 mg.L-1 at 2 cm below the sediment surface and 

decreased to 4.9 mg.L-1 (Figure 2) at 6 cm. [SO4
2-] increased to 9.24 mg.L-1 at 12 cm and 

reached zero at 18 cm. At 20 cm, the concentration increased again to 2 mg.L-1, and was low 

between 22 and 26 cm (0-0.71 mg.L-1). The concentration increased to 7.8 mg.L-1 at 30 cm, 

rapidly decreased to 0.24 mg.L-1 at 35 cm, rose again to 5.9 mg.L-1 at 40 cm. [SO4
2-], and 

remained low, around 0-0.1 mg.L-1 between 50 and 65 cm. In BXN-LC, sulfate concentration 

was at 0.54 mg.L-1 at 60 cm, and decreased to approximately 0.15 mg.L-1 between 50 cm and 
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1.3 m (Figure 3). It increased to 1.03 mg.L-1 between 1.3 and 1.6 m. No sulfate was detected 

between 2.16 and 2.59 m, and concentrations remained low below 2.8 m (0-0.3 mg.L-1), except 

at 3.25 m (0.55 mg.L-1). 

Nitrate was absent between 0 and 6 cm, after which the concentration increased to 6 mg.L-1 at 

8 cm (Figure 2). The [NO3
-] dropped to 1.86 mg.L-1 at 10 cm and increased to 2.8 mg.L-1 at 12 

cm. [NO3
-] fell to 0 mg.L-1 at 16 cm and until 65 cm depth. In BXN-LC, the concentration rose 

from 1 to 1.4 mg.L-1 between 0.06 and 0.5 m depth (Figure 3). The nitrate concentration 

decreased to zero at 1.63 m and remained absent down to 2.59 m depth. Low nitrate 

concentrations of 0.14 and 0.17 mg.L-1 were found at 2.8 and 3.25 m before decreasing to zero 

near the bottom of the core bottom.   

In BXN-B and BXN-SC, no dissolved iron (Fe) was present from the sediment surface down 

to 10 cm depth. Iron concentrations reached 0.15 mg.L-1 at 18 cm before decreasing to zero at 

24 cm depth (Figure 2). Iron concentration reached 0.14 mg.L-1 at 26 cm before decreasing to 

to 4.1 µg.L-1 at 35 cm. The concentration went up to 67 µg.L-1 at 50 cm before reaching zero at 

65 cm. Concentrations were below the detection limit of the assay in BXN-B and BXN-SC.  

The concentrations of dissolved iron, Fe(II) and Fe(III), were measured in BXN-LC (Figure 3). 

Fe(II) and Fe(III) increased to 0.94 and 0.67 mg.L-1 at 0.06 and 0.5 m, respectively with higher 

Fe(II) concentrations than Fe(III) concentrations. These concentrations decreased to 0.06 

mg.L- 1 for Fe(II) and 0.62 mg.L-1 for Fe(III), respectively at 0.93 m, and then increased to 

0.22 mg.L-1  and 1.32 mg.L-1 at 1.3 m. This was followed by a decrease to zero for both species 

at 1.63 m. Both concentrations increased to 0.22-0.29 mg.L-1 for Fe(II) and 1.75-1.84mg.L-1 for 

Fe(III) between 2.16 and 2.59 m. Below this depth, Fe (II) was only measured at 4.76 m. Fe(III) 

decreased to 0.53 mg.L-1 at 2.8 m and increased to 1.35 mg.L-1 at 3.25 m. A similar pattern was 

observed between 3.68 and 4.76 m, with an increase from 0.97 to 1.54 mg.L- 1, and between 

5.68 and 6.08 m with an increase from 0.43 to 2.39 mg.L-1  (Figure 3). 



 

 
 

189 Impact of microbial activity 

Dissolved Manganese (Mn) increased from 45 µg.L-1 to 0.29 mg.L-1 between 2 and 6 cm, then 

stabilized around 0.3 mg.L-1 between 6 and 16 cm in BXN-B and BXN-SC (Figure 2). A minor 

increase to 0.4 mg.L-1 occurred at 18 cm, followed by a major decrease to 14 µg.L-1 at 24 cm. 

The concentration reached 0.49 mg.L-1 at 26 cm, and subsequently decreased to 0.3 mg.L-1 at 

35 cm. Another increase to 0.46 mg.L-1 occurred at 50 cm, followed by a decrease to 68 µg.L-1 

at 65 cm. In BXN-LC, the concentration peaked to 1.4 mg.L-1 at 0.06 m, followed by a decrease 

to zero at 0.93 m (Figure 3). No Mn was measured below, except for a short increase to 

0.1 mg.L-1 at 6.03 m.  

In BXN-B and BXN-SC, dissolved magnesium (Mg2+) concentration remained the same from 

2 to 6 cm depth with values around 7 mg.L-1 before decreasing to 2.56 mg.L-1 at 8 cm (Figure 

2). Then, the concentration increased to approximately 9.5 mg.L-1 between 10 and 12 cm before 

decreasing to 5.68 mg.L-1 at 20 cm. After a slight increase at 6.85 mg.L-1 at 22 cm, the [Mg2+] 

decreased to 2.28 mg.L-1 at 40 cm. Finally, the concentration increased to 6.63 mg.L-1 at 65 cm 

depth. In BXN-LC, the magnesium concentration increased from 9.71 at 0.06 m to 31.3 mg.L- 1 

at 4.76 m depth (Figure 3). This followed by a small decrease at 26.75 mg.L-1 at 5.2 m depth 

and a little increase to 31.75 mg.L-1 at 5.64 m depth. Finally the Mg2+ concentration was equal 

to 27.57 mg.L-1 at 6.08 m depth. 

Calcium (Ca2+) concentrations in the BXN-B and BXN-SC both showed a minor increase from 

32 to 35.79 mg.L-1 between 2 and 4 cm, before decreasing to 21 mg.L-1 at 8 cm depth (Figure 2). 

Then, concentration increased to 35.21 mg.L-1 at 10 cm depth just before decreased to 16.39 

mg.L-1 at 20 cm depth, before a slight increase to 25.10 mg.L-1 at 22 cm depth. This was 

followed by a small decrease to 18.87 mg.L-1 at 24 cm depth, followed by an increase to 22.28 

mg.L-1 at 35 cm. A major decrease to 8.87 mg.L-1 at 40 cm depth was followed by a realtively 

constant concentration of approximately 18 mg.L-1 between 50 and 65 cm depth. In BXN-LC, 

the Ca2+ concentration showed a similar pattern with depth: approximately 37 mg.L-1 between 
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0.06 and 0.5m (Figure 3). This followed by a small decrease at 23.58 mg.L-1 at 0.93 m and an 

increase to 42.74 mg.L-1 at 1.63 m depth. The concentration stabilized around 20 mg.L-1 

between 2.16 and 2.8 m before decreasing to 11.04 mg.L-1 until 6.08m depth. 

In BXN-B and BXN-SC, sodium (Na+) and chloride (Cl-) concentrations were constant from 2 

to 6 cm depth at 10.5 and 17 mg.L-1 respectively, before decreasing to 4 and 10 mg.L-1 at 8 cm 

(Figure 2). Then, both concentrations increased to 91 mg.L-1 for Na+ and 102 mg.L-1 for Cl- at 

a depth of 26 cm before slightly decreasing to 88 and 86 mg.L-1 at 30 cm. This was followed by 

a small increase to 97 mg.L-1 for Na+ and 110 mg.L-1 for Cl- at 35 cm depth, followed by a drop 

to 63 and 72 mg.L-1, respectively, at 40 cm depth. Between 40 and 65 cm, the concentration 

increased to 116 mg.L-1 for Na+ and 138 mg.L-1 for Cl-.  

In BXN-LC, the concentration was of 40 mg.L-1 for Na+ and 54 mg.L-1 for Cl- at 0.06 m 

(Figure 3). A maximum concentration of 86 mg.L-1 for Na+ and 191 mg.L-1 for Cl- was observed 

at 0.5 m. This was followed by a decrease to 46 and 102 mg.L-1 at 0.93 m. Both concentrations 

progressively decreased, reaching their minima of 27 mg.L-1 at 2.59 meters for Na+ and of 58 

mg.L-1 for Cl- at 3.68 m. [Na+] increased from 2.59 m down to the bottom of the core, reaching 

a value of  99 mg.L-1 at 6.08 m depth. The chloride concentration [Cl-] increased between 3.68 

and 6.08 m depth, reaching a maximum of 114 mg.L-1 at the bottom of the core.  
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Figure 2: Porewater concentration profiles of major elements in BXN-B and BXN-SC in 
function of depth. Left part, picture of BXN-B (circled in blue) merged with BXN-SC (circled 
in red). Profiles of dissolved oxygen (in blue), sulfide (in yellow-orange) and pH (in green) 
measured using microelectrodes. The red square shows a detail of the oxygen profile in the 
upper 1.5 cm of the sediment. Profiles of sulfate (yellow), nitrate (purple), sodium (red), 
chloride (green), magnesium (blue) and calcium (green) concentrations measured by ion 
chromatography. Profiles of total dissolved iron (brown) and manganese (grey) measured by 
ICP-OES. 
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Figure 3: Porewater concentration profiles of major elements in BXN-LC in function of depth. 
Left part, picture and sedimentological interpretation of BXN-LC (see Duteil et al., submitted 
and chapter 3 for details). Sample locations are marked by red dots. Profiles of sulfate (yellow), 
nitrate (purple), sodium (red), chloride (green), magnesium (blue) and calcium (green) 
concentrations measured by ion chromatography. Profiles of species Fe(II) and Fe(III) 
measured by a colorimetric assay. Profile of manganese (grey) measured by ICP-OES.   
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Microbial and enzymatic activities 

Microbial activity tests in surface films of diatom cells were positive, indicated by TTC-stained 

metabolically active organelles (e.g., mitochondria) and FDA-stained areas near the nucleus as 

well as the lipid droplets (Figure S1). TTC reduction was high in BXN-B and BXN-SC at 

approximately 6 cm depth, displaying rates of 1.44.10-4 mol.h-1.g sed-1  and 1.5810-4  mol.h-1.g 

sed-1 wet weight at depth of 1 and 2 cm depth, respectively (Figure 4). Deeper into the cores, 

the activity decreased to 2.63. 10-5 mol.h-1.g sed-1 wet weight at 3 cm depth, and increased to 

1.91. 10-4 mol.h-1.g sed-1 wet weight between depths of 4 and 25 cm. Metabolic activity 

measured with TTC decreased to 2.87. 10-5 mol.h-1.g sed-1  WW between 28 and 40 cm, and 

increased slightly to 7.3.10-5 mol.h-1.g sed-1 WW at 50 cm. The metabolic activity remained 

constant around 2.2.10-5 mol.h-1.g sed-1 WW at 60 and 65 cm.  

In BXN-LC, TTC reduction rates were high at 6 cm depth with a rate of 1.44.10-4 mol.h- 1.g 

sed-1 WW. It decreased to 2.19.10-5 mol.h-1.g sed-1  WW at 50 cm (Figure 5). The metabolic 

activity subsequently increased to 1.56.10-4 mol.h-1.g sed-1 WW between 50 and 130 cm. The 

rate of TTC reduction was low at 163 cm depth with a value of 2.77.10-5 mol.h-1.g sed-1 WW, 

and slightly increased to 7.32.10--5 mol.h-1.g sed-1 WW at 216 cm. The metabolic activity 

decreased to 4.46.10-5 mol.h-1.g sed-1 WW at 259 cm and again to 1.33.10-4  mol.h-1.g sed-1 WW 

at 2.8 m. The reduction of TTC then stabilized around 6.5.10-5 mol.h-1.g sed-1 WW between 

3.25 and 3.68 m and decreased again to 1.79.10-5 until 4.76 m. The metabolic activity 

subsequently increased to 4.2.10-5 mol.h-1.g sed-1 WW between 4.76 and 5.64 m depth, and to 

1.1.10-5  mol.h-1.g sed-1 WW at 6.08 m. 

The enzymatic activity as measured with the FDA assay was high at the top of BXN-B and 

BXN-SC, comprised between 2.93.10-5 mol.h-1.g sed-1 WW and 3.32.10-5 mol.h-1.g sed-1 WW 

between 1 and 5 cm depth (Figure 4). Then the activity progressively decreased 

to 1.2.10- 5 mol.h-1.g sed-1 WW between 10 and 35 cm. The rate of FDA hydrolysis increased 
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and remained approximately constant around 1.8.10-5 mol.h-1.g sed-1 WW between 40 and 65 

cm. In BXN-LC, the enzymatic activity was relatively high at 6 cm, reaching 2.98.10-5 

mol.h- 1.g sed-1 WW, and subsequently decreased to 1.34.10-5 mol.h-1.g sed-1 WW at 93 cm 

(Figure 5). The hydrolysis rate increased to 1.87 10-5 mol.h-1.g sed-1 WW at 130 cm, remained 

relatively stable approximately 1.4.10-5 mol.h-1.g sed-1 WW between 163 cm and 259 cm, before 

dropping to 1.12.10-5 mol.h-1.g sed-1 WW at 280 cm. The enzymatic activity increased and 

remained constant around 1.95.10-5 mol.h-1.g sed-1 WW between 325 cm and 433 cm, decreased 

to 8.43.10-6  mol.h-1.g sed-1 WW at 476 cm. The rate of FDA hydrolysis increased to 1.21.10-5 

mol.h-1.g sed-1 WW at 520 cm and stabilized at 1.77.10-5 mol.h-1.g sed-1 WW between 564 and 

608 cm. 
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 Figure 4: Profiles of metabolic and enzymatic activities in the sediment in BXN-B and BXN-
SC. The depth of the samples is indicated along the ruler. The rate TTC reduction (red) is a 
proxy for metabolic activity. The rate of hydrolyzed FDA (yellow) is a proxy for hydrolytic 
enzymes activity. 
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Figure 5: Profiles of metabolic and enzymatic activities in the sediment in BXN-LC. The depth 
of the samples is indicated along the ruler. The rate TTC reduction (red) is a proxy for metabolic 
activity. The rate of hydrolyzed FDA (yellow) is a proxy for hydrolytic enzymes activity. EPS 
profiles are plotted to the right: concentrations of neutral sugars (yellow), proteins (green) and 
density of acidic sites (blue). 
  



 

 
 

197 Impact of microbial activity 

Isothermal calorimetric measurements of microbial activity are presented in Table 1. µ value 

was of 0.17 h-1 at 6 cm, increased to 0.24 h-1 at 50 cm and decreased to 0.13 h-1 at 93 cm. The 

lag time was equal to zero at 6 and 93 cm, while reaching 3.57 h at 50 cm depth. The total heat 

released during the experiment (Q), was equal to 5.42 J at 6 cm depth, 4.21 J at 50 cm and 2.61 

J at 93 cm. maxHF the peak of thermal activity corresponds to the maximum of metabolic 

activity was equal to 75 µW at 6 cm, 89.5 µW at 50 cm and 62.5 µW at 93 cm depth. Finally 

CFU 30, the counting of bacterial colonies after 30 days of culture was of 5,3.108 at 6 cm depth, 

2,8.107 at 50 cm and 2,9.108 at 93 cm. 

 

Depth  mu Lag Q maxHF CFU 30 
(cm) h-1 h J µW No unit 

6 0,17 0 5,42 75 5,3.108 
50 0,24 3,57 4,21 89,5 2,8.107 
93 0,13 0 2,61 62,5 2,9.108 

 
Table 1: Measurements of microbial activity with isothermal calorimetry. These measurements 
were done on sediments from three depths in BXN-LC. Mu corresponds to the growth rate, i.e., 
how fast the bacterial community can grow using the substrate. Lag is the time before the 
bacterial community is active (negative value = 0). Total heat Q is the total heat released during 
the experiment, maxHF is the peak of thermal activity and CFU 30 the counting of bacterial 
colonies after 30 days of culture. 
 
 
Exopolymeric Substances quantity in the sediment 

The biofilm at the surface of the sediment had the highest values for the phenol-sulfuric assay 

(23±3 μg.g-1 EPS dry weight), and high values for the protein and Alcian Blue assays 

(37±5 μg.g-1 EPS DW and 27±1 μg.g-1 DW respectively; Figure 5). At 6 cm, the amount of 

neutral sugars in EPS showed a slight decrease (4.9±0.05 µg.g-1 DW) as well as proteins 

(13.6±0.5 µg.g-1 DW) and acidic sites density (16.6±0.1 µg.g-1 DW). This was followed at 50 

cm by a seven-fold decrease for the phenol-sulfuric and protein assays and by a 24-fold decrease 

for the Alcian Blue assay. At 93 cm, the neutral sugar content increased to 1.2±0.7 µg.g-1 DW, 

the protein concentration to 11±0.5 µg.g-1 DW and Alcian Blue values to 11±0.05 µg.g-1 DW. 
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Between 130 and 216 cm, properties characterizing EPS were low: neutral sugars were below 

1 µg.g-1 DW, the protein content was 3 µg.g-1 DW and acidic sites concentration 2 µg.g-1 DW. 

At 259 cm, neutral sugar content in EPS increased to 3±3 μg.g-1 DW, the protein concentration 

to 8±0.2 µg.g-1 DW and density of acidic sites to 18±0.7 μg.g-1 DW. Between 280 and 412 cm, 

amount of neutral sugars in EPS were below 2 µg.g DW-1, amount of proteins below 3 µg.g-1 

DW, and density of acidic sites below 5 µg.g-1 DW. At 433 cm, the neutral sugar content was 

high, reaching 6.6±0.2 μg.g-1 DW, as well as the protein concentration (35.7±9 μg.g-1 DW), and 

the acidic sites concentration (13±0.24 μg.g-1 DW). Between 433 and 608 cm, properties 

characterizing EPS decreased progressively to around 2.2 µg.g-1 DW for the neutral sugars, 

8 µg.g-1 DW for protein content, and 8.4 µg.g-1 DW for the Alcian Blue values. 

 

Statistical analyses of porewater geochemistry and microbial activity 

The first axis of the PCA for porewater constituents in both BXN-B and BXN-SC cores 

explained 58% of the variation and the second axis account for 16.3% of the variation (Figure 

6). The correlation analyses revealed three separate groups: (i) sulfate, nitrate and oxygen were 

opposite to (ii) sulfide, chloride, sodium, pH and depth on axis 1, while (iii) Fe and Mn were 

grouped on the negative side of axis 2. The correlations are considered as significant when 

p≤0.05. The correlation matrix of the BXN-B and BXN-SC (Figure 6; n=18 samples) showed 

significant correlations between core depth and most of the ions analyzed. Sulfate, nitrate and 

oxygen were anti-correlated with depth (correlation coefficients of r=-0.61, r=-0.34 and r=-0.6 

respectively). Sulfide, pH, sodium and chloride were positively correlated with depth (r=0.54, 

r=0.41, r=0.88 and r=0.89). Oxygen was anti-correlated with the elements that increased with 

depth (e.g., sodium, r=-0.74) and correlated with the elements that decreased with depth (e.g., 

sulfate, r=0.72). Sulfide followed the opposite trend, being positively correlated with e.g., 

sodium (r=0.75) and negatively correlated with sulfate (r=-0.69). Sulfide and pH were also 
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positively correlated (r=0.85). pH was anti-correlated with sulfate (r=-0.52) and correlated with 

sodium and chloride (r=0.6 and r=0.57). Sulfate was negatively correlated with sodium and 

chloride (r=-0.79 and r=-0.83) and positively correlated with nitrate (r=0.51). Nitrate was anti-

correlated with iron (r=-0.21), manganese (r=-0.32), sodium (r=-0.50) and chloride (r=-0.51). 

Fe and Mn showed no correlations (p-value>0.05) with other ions, pH or depth, but were 

positively correlated to each other (r=0.72). Finally, sodium was strongly correlated to chloride 

(n=18, p-value ≤0.05, r=-0.99). 

 

Figure 6: Left part, PCA correlation circle plot of variables of the porewater composition in 
BXN-B and BXN-SC. Right part, correlation matrix of Pearson’s r coefficients between depth, 
concentration of the main dissolved elements, oxygen and pH for the 18 samples. Green boxes 
indicate a p-value ≤ 0.05. 
 

The first two axes of the PCA for BXN-LC explained respectively 43.4% and 27.8% of the 

variation (Figure 7). Nitrate, Mn and Fe (II) were grouped on the negative side of axis 1, in 

contrast to depth. Sodium and sulfate were located on the negative and positive side of axis 2, 

respectively. The correlation matrix of BXN-LC porewater data (n=16 samples) is shown 

Figure 7. Sulfate, nitrate, Fe(II) and Mn were anti-correlated with depth (correlation coefficient 

of r=-0.53, r=-0.7, r=-0.52 and r=-0.56 respectively). Sulfate was anti-correlated with sodium 
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(r=-0.42). While nitrate was anti-correlated with Fe(III), although with a very low correlation 

coefficient (r=-0.16), it was correlated with Fe(II), Mn, sodium and chloride (r=0.77, r=0.83, 

r=0.04 and r=0.56, respectively). Fe(II) was positively correlated with both Mn (r=0.68) and 

chloride (r=0.56). Finally, Mn was correlated with chloride (r=0.39). 

 

Figure 7: Left part, PCA correlation circle plot of variables of the porewater composition in 
BXN-LC. Right part, correlation matrix of Pearson’s r coefficients between depth, 
concentration of the main dissolved elements for the 16 samples. Green boxes indicate p-value 
≤ 0.05. 
 

A correlation matrix including metabolic assays and physicochemical properties of EPS was 

generated for BXN-LC (Figure S2; n=16). The first axis of the PCA explained 47% of the 

variation, and the second 17.8%. EPS properties and depth were grouped on the positive side 

of the first axis, in contrast to the TTC assay, which is in the negative part of the first axis. The 

TTC assay was anti-correlated with the concentrations of neutral polysaccharides (r=-0.38) and 

the proteins (r=-0.35). Neutral sugars were positively correlated to proteins (r=0.84) and the 

density of acidic sites in EPS (r=0.71). Finally, proteins were correlated to the number of acidic 

sites (r=0.58). The FDA assay showed no statistical correlation with the other variables.  

  



 

 
 

201 Impact of microbial activity 

Precipitation-dissolution modeling 

Saturation indices were calculated independently using Phreeqc for (i) BXN-B plus BXN-SC, 

which include sulfide measurements (Table 2) and (ii) BXN-LC (Table 3). In BXN-B and 

BXN-SC, the porewater was undersaturated for ferrihydrite (Fe3+
10O14(OH)2; saturation index 

(SI) -5.19 to -7.35; -6 on average; Table 2). and for goethite (α-Fe3+O(OH); SI -1.34 to 0.41; -

0.4 on average). The porewater in both cores was supersaturated for hematite at depth greater 

than 22 cm (Fe2O3; SI 0,67 to 2.78) and alternated between under- and supersaturated a greater 

depths/deeper in the cores. Porewater was close to equilibrium with calcite (CaCO3; SI -0.49 to 

0.28; 0.07 on average). The saturation was variable for sulfide minerals: mackinawite (Fe1+xS) 

was undersaturated above 6 cm depth (-2.82 to -3.44) and supersaturated below 6 cm (SI 0.18 

to 2.15); pyrite (FeS2) was supersaturated at all depth, with significantly lower values above 6 

centimeters (SI 1.76 to 2.53) than below (SI 8.47 to 10.57). These results are visualized in 

Figure S3. 

Sulfide measurements were lacking from BXN-LC, and thus we calculated saturation indices 

for iron oxides and carbonates only (Table 3). Porewaters were largely supersaturated for 

goethite (SI 7.25 to 9.33; 8.6 on average) and hematite (SI 16.47 to 20.62; 19.11 on average), 

and much less for ferrihydrite (1.65 to 3.73; 3 on average). Porewaters were close to equilibrium 

for calcite (SI 0.02-0.55; -0.18 on average) and for siderite (FeCO3) (-1.05 to 0.91; -0.38 on 

average). Saturation indices were also slightly positive for dolomite (saturation index between 

0.15 and 1.08 with 0.74 on average). These results were plotted in the figure S4. 
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BNX-Box and 
BXN-SC 

Saturation 
index      

Depth Ferrihydrite Goethite Hematite Calcite Mackinawite Pyrite 
cm Fe(OH)3 FeOOH Fe2O3 CaCO3 FeS FeS2 

2 -5.19 0.41 2.78 0.08 -2.82 2.53 
4 -5.32 0.28 2.52 0.09 -2.96 2.42 
6 -5.72 -0.13 1.72 0 -3.44 1.76 

10 -5.47 0.13 2.22 0.39 1.03 9.03 
16 -5.87 -0.27 1.43 0.07 1.59 10.05 
18 -5.44 0.15 2.28 0.03 2.09 10.57 
22 -6.25 -0.65 0.67 0.28 1.3 9.68 
24 -7.35 -1.75 -1.53 0.03 0.18 8.47 
26 -5.43 0.17 2.31 0.23 2.15 10.21 
35 -6.94 -1.34 -0.71 -0.49 0.62 8.76 
50 -5.72 -0.12 1.73 0.09 1.88 9.69 
60 -6.77 -1.18 -0.38 0.09 0.93 8.98 
65 -6.49 -0.89 0.19 0.03 0.43 8.07 

 

Table 2: Saturation indices of some mineral phases in BXN-B and BXN-SC according to the 
modeling performed with phreeQc. 

 

BXN-
LC 

Saturation 
index       

Depth Ferrihydrite Goethite 
Hematit
e 

Siderit
e 

Calcit
e Dolomite 

Aragonit
e 

m Fe(OH)3 FeOOH Fe2O3 FeCO3 
CaCO
3 

CaMg(CO3)
2 CaCO3 

0.06 2.5 8.09 18.16 0.21 0.26 0.26 0.11 
0.5 3.17 8.77 19.52 0.91 0.39 0.72 0.25 

0.93 3.14 8.74 19.45 -0.41 0.02 0.15 -0.12 
1.3 3.47 9.07 20.11 0.28 0.29 0.74 0.15 

1.63 1.65 7.25 16.47 -0.99 0.55 1.08 0.41 
2.16 3.61 9.21 20.39 0.21 0.04 0.42 -0.1 
2.59 3.59 9.19 20.35 0.39 0.09 0.56 -0.05 
2.8 3.07 8.67 19.31 -1.05 0.15 0.62 0.01 

3.25 3.48 9.08 20.13 -0.98 0.13 0.83 -0.02 
3.68 3.34 8.93 19.84 -0.96 0.16 0.92 0.02 
4.12 1.65 7.25 16.47 -0.94 0.06 0.86 -0.08 
4.76 3.54 9.13 20.24 0.4 0.17 1.04 0.03 
5.2 1.65 7.25 16.47 -0.92 0.2 0.97 0.06 

5.64 2.98 8.58 19.13 -0.89 0.22 1.12 0.07 
6.08 3.73 9.33 20.62 -0.94 0.04 0.8 -0.1 

 

Table 3: Saturation indices of some mineral phases in BXN-LC according to the modeling 
performed with phreeQc. 
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XRF sediment measurement 

In BXN-BOX and BXN-SC, XRF results showed a small peak in sediment sulfur amount at 

approximately 8 cm depth (Figure S5). This followed by a zone between 15 and 42 cm with a 

high sulfur amount. The amount of aluminum in the sediment was more variable. The aluminum 

quantity is important in the sediments between 0 and 5 cm depth before being lower between 5 

and 16 cm depth. Aluminum amount was then relatively high between 16 and 62 cm depth 

before decreasing until 69 cm depth. The quantity of manganese in sediments was low between 

0 and 16 cm depth before increased. Manganese amount in sediments remained relatively high 

between 16 and 52 cm depth. Between 52 and 69 cm depth the manganese quantity in sediments 

was relatively low. Finally, iron amount in sediments was relatively high between 0 and 3 cm 

depth. Quantity remained low between 3 and 15 cm and was relatively high between 15 and 62 

cm depth. Iron quantity decreased at the end of the BXN-SC. 

In BXN-LC, XRF results showed that the amount of sulfur in sediments peaked at 

approximately 0.5, 1.5, 2.8, 5.5 and 6 m depth (Figure S6). A zone with a lower sulfur content 

was present between 3.25 and 4.25 m depth and the sediments were enriched in sulfur from 4.3 

to 6.08 m. The amount of aluminum in sediments seemed rather stable between 0 and 2 m 

before gradually increasing until the bottom of the core. The manganese content remained 

relatively constant as well although three peaks were found at 1, 3 and 4.5 m depth. The amount 

of iron varied greatly with depth, with low amount between 0.6-0.8, 1.3-1.5, 2.5-3.2, 3.6-4.5 

and 5-5.3 m depth. Iron content was relatively high between 0.8-1.4, 1.6-2.5, 3.2-4.1, 4.5-5 and 

5.3-6.08 m depth.  
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Discussion 
 

Geochemical gradients as a response to the layering of microbial communities 

 

The peak of [O2] between 0 and 1 mm was found in the diatom biofilm formed at the surface 

of the sediment (Figure 2) and indicated active oxygenic photosynthesis (Revsbech et al., 1986). 

Estuarine diatom biofilms produce a large amount of organic matter, mainly in the form of 

exopolymeric substances (EPS; Underwood & Kromkamp, 1999; Thornton et al., 2002). EPS 

was easily extracted down to 6 meters in the sediment cores obtained from the Gironde estuary 

(Duteil et al., submitted; Chapter 3; Figure 5) and could be used as carbon source for 

heterotrophic bacteria at depth (Braissant et al., 2009). Degradation of diatom biofilm EPS by 

heterotrophic bacteria extracted from estuarine sediment was shown in laboratory under both 

oxic and anoxic conditions (Bohórquez et al., 2017). 

In order to simplify the following biogeochemical reactions, EPS or any other source of organic 

matter is considered as CH2O. Under oxic conditions, EPS and other carbon sources are 

consumed by heterotrophic bacteria through aerobic respiration, following the simplified 

reaction (Stumm & Morgan, 1996; Hulth et al., 1999; Dupraz & Visscher 2005; Visscher & 

Stolz 2005): 

 CH2O + O2 = CO2 + H2O; ∆Go’= -479 kJ.mol-1.  

The depletion of oxygen indicated that this metabolism was mainly active above 4 centimeters 

in the Gironde sediments (Figure 2). Robert et al. (2004) and Audry et al. (2006) proposed a 

similar interpretation for the O2 depletion in other intertidal areas of the Gironde estuary. A 

depth of approximately 4 cm coincided with the highest FDA hydrolysis rates (Figure 4), 

indicating potential active enzymatic degradation of organic carbon (Battin, 1997). High TCC 

reduction rates confirmed that the upper 2 cm were associated with an elevated metabolic 

activity (Figure 4). 
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Nitrate is generally consumed in the first centimeters of the sediment by heterotrophic bacteria 

through denitrification. Denitrification was found by several investigators in the water column 

and at the surface of the sediment of the Gironde estuary (between 0-5 cm depth; Robert et al., 

2004; Audry et al., 2006) as well as in other estuarine sediments (e.g., between 0-10 cm depth 

in the Colne estuary (Dong et al., 2000) and Patuxent estuary (Jenkins & Kemp, 1984). The 

denitrification reaction is typically found at low oxygen or in anaerobic conditions, and can be 

formulated as (Stumm & Morgan, 1996; Hulth et al., 1999; Megonigal et al., 2004; Visscher & 

Stolz, 2005):  

5 CH2O + 4 NO3
- + 4 H+ = 5 CO2 + 2 N2 + 7 H2O  

or  

5 CH2O + 4 NO3
- = CO2 + 2 N2 + 4 HCO3

- + 3 H2O; ΔGo’= -448 kJ.mol-1 

Jenkins & Kemp (1984) had calculated a denitrification rate of ca. 125 µmol N.m-2.h-1 in 

estuarine mudflat sediments. Jørgensen (1989) reported that denitrification was the most active 

in the topmost four centimeters of soft mud intertidal estuarine sediments. Fernandes et al. 

(2016) found that denitrification was the main process for loss of nitrogen in intertidal 

sediments from the Arcachon Bay, France. Using isotopically-labelled N compounds in slurry 

experiments, they measured high denitrification rates (87.3 to 847 µmol.L- 1.d-1). Denitrification 

was most active under subaerobic conditions and in muddy than in sandy sediments. 

Consequently, denitrification could explain the absence of nitrate in the top six centimeters in 

the Gironde sediment (Figure 2). Denitrification under anoxic condition probably occurred 

between 8 and 16 cm depth, as suggested by the decrease in nitrate concentration (Figure 2). A 

coeval increase in pH and a high metabolic activity were documented in this depth horizon as 

well (Figures 2 and 4).  

In BXN-B and BXN-SC, the concentration of sulfate strongly decreased below 10 cm and was 

close to zero at 22 cm, 26 cm and 50 cm (Figure 2). The first sulfate minimum coincided with 
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a peak in sulfides at approximately 20 cm. Similar decreasing trends in porewater sulfate 

concentration with depth were documented in the Chesapeake Bay (Burdige & Zheng, 1998) 

and in Southwestern Australian estuaries (Kraal et al., 2013). Sulfate reduction is a common 

process in sediments under anoxic conditions and can be simplified as follows (Stumm & 

Morgan, 1996; Hulth et al., 1999; Megonigal et al., 2004; Baumgartner et al., 2006): 

2CH2O + SO4
2- + H+ = 2CO2 + HS- + H2O (∆Go’= -175 kJ.mol-1) 

Sulfate reduction is typically considered as one of the major pathways for organic matter 

mineralization in coastal and estuarine environments (Thode-Andersen & Jorgensen, 1989; 

Luther et al., 1992). Sulfate reduction is predominantly performed by sulfate reducing bacteria 

(SRB), although some Fermicutes and certain archea can also play a role. In the Pearl estuary 

(China), SRB were present in the sediment at all depth between 0 and 50 centimeters, but their 

16SRNA genes were particularly abundant at intermediate depth (6-40 centimeters; Jiang et al., 

2009). In the Gironde, sulfate showed a reverse trend to the sulfide concentration and pH 

between 6 and 22 cm, which could be explained by sulfate reduction (Figure 2). This depth 

range was characterized by a progressive increase in metabolic activity with activity of TTC 

reduction reaching a maximum at 20-25 cm (Figure 4). A similar observation was also made 

by Hong et al. (2019), who measured maximum microbial activity and diversity at the oxic to 

anoxic transition zone in the Gloucester Beach subterranean estuary. SRB isolated from 

intertidal sediments from the River Forth estuary (Scotland) can degrade xanthan, which is often 

used as substitute for EPS (Battersby et al., 1984). The decrease in EPS concentrations observed 

between 0 and 50 cm in BXN-LC could be explained by (partial) consumption of EPS by sulfate 

reducers (Duteil et al., submitted; Chapter 3).  

Two small sulfate peaks with concentrations tenfold lower than in surface sediment were 

documented at depth of 1.63 m and 2.80-3.25 m in BXN-LC in mixed sandy and muddy 

deposits (Figure 3). Small nitrate and sulfate peaks were also found in similar facies at 1.3 m 
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and 3.25 m (Figure 3). These relatively permeable horizons could be subject to advective 

porewater intrusion from e.g., the channel bank, locally reoxidizing the sediment (Beck et al., 

2008). These nitrate and sulfate peaks were found at the same depth as or just below peaks of 

TTC reduction (1.30 m and 2.80 m; Figure 5), indicating possible active sulfate and nitrate 

reduction. 

Porewater showed a peak in nitrate concentration at 8 cm, an oxygen-depleted zone (Figure 2). 

In natural conditions, nitrification generally occurs at the interface between the oxic and anoxic 

zones, the nitrification process being controlled by the availability of ammonium and oxygen 

(Dong et al., 2000). Coupled nitrification and denitrification metabolisms are common and have 

been documented in e.g., in the Patuxent (USA; Jenkins & Kemp, 1984), the Colne (UK; Dong 

et al., 2000), and the Noosa (Australia; Chen et al., 2020) estuaries. Similarly, coupled 

nitrification/denitrification reactions were reported in an intertidal sediment of the Arcachon 

Bay, but were limited to the sediment surface (<2 cm) in which oxygen still may diffuse 

(Fernandes et al., 2015). The nitrate peak concentration observed in the current study occurred 

in the anoxic part of the sediment. It coincided with a high manganese concentration and 

increasing pH value (Figure 2), which may be explained by coupled anoxic nitrification and 

manganese reduction. Such reactions have been reported in marine and estuarine sediments 

(Hulth et al., 1999; Bartlett et al., 2008), and can be simplified as the following reaction (Hulth 

et al., 1999):  

4MnO2 + NH4
+ + 6H+ = NO3

- + 2Mn2
+ + H₂O; ∆Go’= -175 kJ.mol-1 

The peaks in manganese concentration observed at 2-6 cm, 16-18 cm and 35-50 cm (Figure 2) 

could also be related to manganese oxide reduction coupled to organic carbon oxidation. Such 

process occurs under anaerobic conditions (Burdige, 1993) with the following reaction (Stumm 

& Morgan, 1996; Hulth et al., 1999): 

CH2O + 3CO2 + H2O + 2MnO2 = 2Mn2+ + 4HCO3
-; ∆Go’= -190 kJ.mol-1  
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Manganese-reducing organisms had been found in coastal marine (Burdige & Nealson, 1985) 

and metal mining polluted estuarine sediments (Pereira, 2017). Microbes were able to couple 

manganese oxide reduction to other oxidants, for example sulfide, under anoxic conditions 

(Aller & Rude, 1988), a process that also occurs abiotically (Thamdrup et al., 1994). Therefore, 

the reduction of manganese oxides may be indirectly mediated by metabolic activity, e.g., the 

production of reduced compounds such as sulfide may result in a manganese oxide reduction 

(Burdige, 1993). In the Gironde estuary, the sulfide produced through sulfate reduction could 

be used for Mn reduction (Figure 2). No dissolved manganese was found below one meter deep 

(Figure 3), indicating that Mn cycling was mostly active above this depth. 

Microbially-mediated iron oxide reduction is a common metabolism in estuarine and coastal 

sediments (Tugel et al., 1986; Canfield et al., 1993; Kappler et al., 2021), and can be written as 

follows (Stumm & Morgan, 1996; Hulth et al., 1999): 

CH2O + 7CO2 + 4Fe(OH)3 = 4Fe2+ + 8HCO3
- + 3H2O; ∆Go’= -97 kJ.mol-1 

Iron oxide reduction can also be achieved using electron donors such as sulfides (Burdige & 

Nealson, 1986). Dissolved iron peaks could indicate active iron reduction at 10-18 cm, 24-26 

cm and 35-50 cm in BXN-B and BXN-SC (Figure 2). Some of these peaks coincide with high 

metabolic activities between 10 and 28 cm. Similar observations were made in BXN-LC where 

increases in concentration of iron can be related to high metabolic activity possibly in 

association with nitrate and/or sulfate reduction (e.g., at 1.3 m, 2.8 m depth; Figures 4 and 5).  

Methanogenesis is also a common process in estuarine sediments (O’Sullivan et al., 2013; Hong 

et al., 2019). In estuaries, methanogenesis can occur in the same zone as sulfate reduction and 

both metabolisms use similar substrates (e.g., hydrogen or acetate), but SRB have a favorable 

substrate utilization and outcompete methanogens (Kristjansson et al., 1982; Sela-Adler et al. 

2017). Our current data does not allow us to characterize or locate potential zones of 

methanogenesis, but this metabolism could be dominant outside sulfate reduction zones, i.e., 
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below 50 centimeters depth. Hong et al. (2019) showed an increase in methanogenic archaeal 

gene abundance below 70 centimeters in a subterranean estuary at Gloucester Beach (USA), 

supporting our thesis that methanogenesis may occur in zones of low sulfate concentration.  

The comparison of metabolic and enzymatic activities with porewater composition allowed to 

propose a vertical organization of the predominating metabolisms, as well as of microbial 

communities, in the cores studied in this study. Studies including molecular data and 

geochemical measurements also show changes in prokaryotic populations with sediment depth. 

Estuaries are characterized by surface salinity gradients, with salinity increasing downstream 

(Kraepiel et al., 1997), and the stratification of microbial communities changes with salinity 

(e.g., Meiggs & Taillefert, 2011). In the Pearl Estuary (China), Liu et al. (2014) found a 

stratification of microbial populations in the upper 40 cm of marine sediments, but no 

stratification in freshwater. The surface water of the Gironde at Bordeaux is typically brackish, 

with an average salinity of ca. 1 g.L-1 (Sottolicchio et al., 2011). Our results tend to show a 

well-defined stratification of microbial metabolisms in this low salinity water. O’Sullivan et al. 

(2013) also discussed the influence of sedimentation on microbial and geochemical gradients 

in the Colne Estuary (UK). He postulated that geochemical profiles were re-established more 

quickly than microbial diversity profiles in highly reworked sediments. Estuarine point bars are 

subject to constant reworking by e.g., river floods. While the deepest part of BXN-LC recorded 

several river flood events, e.g. at 3.05 and 6.08 meters (Duteil et al., submitted; Chapter 3), the 

upper meter of the core was characterized by a more continuous tidal sedimentation and limited 

reworking. This section of the core is characterized by a potentially well-defined stratification 

of microbial metabolisms, but microbial diversity has yet to be measured. 

Isothermal calorimetry corroborated variations in microbial activity with depth. At 6 cm, the 

microbial community had an average growth rate, but displayed a rapid and high heat release 

(Table 1). This observation is characteristic of a highly efficient organic matter degradation 
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(e.g., Wadso et al., 2009; Braissant et al., 2012). The decrease in protein and polysaccharide 

concentrations between the surface biofilm and 6 cm depth in BXN-LC, suggested that the EPS 

could be a major source of organic carbon for this microbial community (Duteil et al., 

submitted). The microbial community at 50 cm depth was the most effective to use the R2A 

medium substrate, but not the most metabolically active (Table 1). The bacteria present at this 

depth appeared well-adapted to using R2A as a substrate, that showed a significantly longer lag 

time, which may explain the low number of bacteria found after 30 days of cultivation (CFU 

30= 2.8.10-7; Table 1). These results coincide with the low metabolic activity measured in the 

sediment at 50 cm (Figure 4). The low EPS concentrations measured at this depth could reflect 

a lack of easily degradable organic carbon. This in turn could explain the development of a 

community poorly metabolically specialized with a low effective metabolism for R2A 

assimilation but a high adaptability to the type organic substrate (Braissant et al., 2012). Some 

enzymes (e.g., phosphatase, peptidase) can also be inhibited when oxygen is absent (Freixa et 

al., 2016), which could explain the low enzyme activity at 50 cm depth (Figure 4).  The 

microbial community at 93 cm depth was the least effective in degrading the organic 

compounds present in the R2A medium, as shown by the low heat release (Table 1). 

Contrastingly, the microbial community at 93 cm depth was immediately active. The microbial 

community present at 93 cm depth seemed adapted to limited resources (Braissant et al., 2012), 

with a slow metabolism but the ability to quickly degrade the substrate when that is amended.  

Although sodium and chloride are conservative elements that are not involved in microbial 

metabolic and/or diagenetic processes, they are proxies for determining potential contamination 

or mixing of porewater. For example, Cl– may be used as a tracer because of its conservative 

behavior in most diagenetic reactions, making it useful for observations of mixing between 

different sources of water (Martin, 1999). In BXN-B and BXN-SC the sodium and chloride 

concentrations increased gently with depth to a depth of 65 centimeters (Figure 2).  In BXN-
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LC (Figure 3), both elements peaked at 0.5 meters before decreasing down to a depth of 2.5-3 

meters and increasing down to the bottom of the core. These data indicate moderate salinity 

variations and no major freshwater intrusion (Martin et al., 2004). 

 

The impact of microbial activity on early diagenesis 

 

River water is a major source of Fe and Mn oxides to the surface sediment. Such oxides can be 

recycled and dissolved within months in surface estuarine sediments (De Chanvalon et al., 

2016). Within sediments, redox boundaries can be characterized by the (re)precipitation of 

manganese and iron mineral phases (Burdige, 1993). In BXN-B and BXN-SC, Fe(II) has a 

greater concentration than Fe(III) between 6 and 50 cm (Figure 2), which is indicative of 

reducing conditions in the porewater. The depletion of dissolved iron and manganese between 

20 and 25 cm in BXN-B and BXN-SC could be related to an active redox interface, associated 

with the precipitation of metals (Figure 2). A second zone of Mn and Fe depletion at 35 cm 

depth could reflect a second zone of precipitation (Burdige, 1993). Similar concentration trends 

were observed in other estuaries (Widerlund & Ingri, 1996; Oldham et al., 2019). In BXN-SC, 

XRF measurements (Figure S5) revealed an enrichment in sulfur and metals (Al, Fe, Mn) in the 

sediment between 15 and 37 cm depth.  

Manganese oxides (or oxyhydroxides) typically referred as MnOx (x>1), and the predominant 

Mn oxides found in estuarine sediments are todorokite or vernadite (Burdige, 1993). Mn oxides 

are amorphous and are often found as coatings on sedimentary particles (e.g., sand grains; 

Burdige, 1993). Manganese oxidation can occur through abiotic mechanisms such as reactions 

with dissolved O2 or photochemically but can also result from reactions with bacterially 

produced extracellular super-oxidants (Learman et al., 2011). Oldham et al. (2019) found that 

most of the dissolved Mn pool in estuarine porewater was in the form of Mn(III)-organic ligands 

complexes. At circumneutral pH, Manganese oxides reduction does not lead to sulfide 
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precipitation, in contrast to reduction of Fe which does precipitate as iron sulfide complexes 

(Luther et al., 2018). Dissolved Mn tends to diffuse upward and reoxidize, leading to the 

precipitation of new oxides or carbonates, or can be released to estuarine water column 

(Burdige, 1993; Audry et al., 2006; De Chanvalon et al., 2016). Abiotic reduction of manganese 

oxides may also explain the variation of the Mn observed in the uppermost meter of the core 

(Figures 2 and 3). The manganese and iron cycles are tightly coupled and Fe(II) can be 

abiotically oxidized by manganese oxides through the reaction: MnO2 + 2Fe2+ +2H2O = 

Mn2+ + 2FeOOH + 2 H+ (Kappler et al, 2021). However, the correlation between dissolved iron 

and manganese in BXN-B and BXN-LC (r=0.72; Figure 6) and in BXN-LC (r= 0.68; Figure 7) 

indicates that this phenomenon is probably not prevalent in the sediments studied here. Below 

50-60 cm, dissolved Mn concentrations remained close to zero, indicating a potential stability 

of Mn-bearing mineral phases. This was confirmed by the distinctive Mn peaks measured by 

XRF in BXN-LC at ca. 1 m, 2.9 m or 4.6 m (Figure S5). 

In contrast to the depth profile of Mn, dissolved Fe(III) concentrations showed an increase with 

depth. The reduction of Fe2+ and Fe3+ ions in solution leads to the precipitation of iron 

hydroxides, oxyhydroxides or oxides (FeOOH) according to environmental conditions, e.g, pH 

and Eh (Cudennec & Lecerf, 2006). Iron oxides found in estuarine or marine sediment are 

generally metastable and poorly crystallized (Burdige, 1993). Ferrihydrite (Fe2O3.9H2O or 

Fe(OH)3) in sediments is a metastable phase that can transform to goethite (FeO(OH)) or 

hematite (Fe2O3). Hematite is favored at neutral conditions (Cudennec & Lecerf, 2006) and 

experimentally, in a ferrihydrite solution at ambient temperature (24°C), the maximum of 

hematite precipitation occurred between pH 7 and 8 (Schwertmann & Murad, 1983). In spite of 

microbial activity, pH of porewater in estuarine environments generally remains stable with a 

value of 7 to 8 (El Ghobary, 1983; Stumm & Morgan, 1996; Kraal et al., 2013; Fiket et al., 

2019; Figure 2). Calculation of saturation indices using PhreeQc indicated that BXN-B and 
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BXN-SC porewaters were largely undersaturated with respect to ferrihydrite, slightly 

undersaturated or close to equilibrium with goethite, and locally supersaturated for hematite, 

especially between depths of 0 to 18 cm (Table 2). In BXN-LC, porewaters were supersaturated 

for iron oxides, slightly supersaturated for ferrihydrite, and supersaturated for hematite (SI up 

to 20.62; Table 3). These results were in agreement with our observations indicating preferential 

hematite precipitation at circumneutral pH. However, even if iron oxides should precipitate in 

the Gironde sediments, their actual form remains poorly known. Well-crystallized iron oxides 

were not found using XRD. Using transmission electron microscopy, Virolle (2019) observed 

Fe-rich nanoparticles associated with detrital clay coats using. It should be noted that some of 

the porewater samples from BXN-LC displayed an orange color, which could indicate the 

presence of a colloidal Fe(III) phase or of dissolved organic-Fe(III) complexes. Iron-reducing 

bacteria, such as Shewanella sp., are able to destabilize Fe(III) oxy(hydroxides), possibly in 

order to make Fe(III) bioavailable (Beckler et al., 2015). Fe(III) forms complexes with organic 

ligands, among which bacterial siderophores and larger organic molecules such as EPS 

(Norman et al., 2015; Kappler et al., 2021). Sedimentary EPS have a strong affinity for some 

metals, including Ca, Mg, Fe (e.g., Braissant et al., 2007; Norman et al., 2015; Pace et al., 2018). 

Bacterial and algal EPS complexation with Fe enhances iron solubility (Norman et al., 2015). 

Chan et al. (2011) documented the production of Fe-rich extracellular organic stalks by Fe-

oxidizing bacteria. The stalks were made of carboxyl-rich polysaccharides, which could play a 

role in preventing cell encrustation by Fe minerals. Gironde sedimentary EPS are rich in acidic 

sites, predominantly carboxyl groups, and as such have a strong potential to bind metals (Duteil 

et al., submitted). The reduction of sulfates by SRB leads to an increase of sulfides, which can 

potentially interact with iron or manganese oxides according to the following reactions 

(Canfield et al., 1993):  

H2S + 4H+ + 2FeOOH = S0 + 2Fe2+ + 4H2O  
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and  

H2S + 2H+ + MnO2 = Mn2+ + S0 + 2H20.  

Sulfide may also interact with dissolved Fe(II) to produce metastable iron sulfide phases such 

as mackinawite:  

Fe2+ + HS- = FeS + H+ (Jorgensen & Nelson, 2004).  

Or stable phases such as pyrite: 

FeS + H2S = FeS2 + H2 (Kraal et al. 2013) 

Both types of iron sulfides were found in eutrophic and organic-rich salt marsh and estuarine 

sediments (Sorensen & Jorgensen, 1987; Luther et al., 1992; Kraal et al., 2013). In this study, 

we did not identify poorly crystalline iron sulfides (e.g., mackinawite, greigite), but the the 

presence of solid iron and sulfur documented with XRF between 15 and 37 cm (Figure S5) 

could indicate the precipitation of such iron sulfides. This observation was confirmed with 

PhreeQc modeling, which demonstrated that porewater was undersaturated with respect to 

mackinawite above 10 cm depth, and supersaturated deeper into the sediment column (Table 

2). A shift in SI was also observed at 10 cm for pyrite, which was slightly supersaturated above 

10 cm depth and largely supersaturated down to at least 65 cm depth. No major pyrite 

precipitation was observed in this zone despite this supersaturation. Pyrite accounts for less than 

0.5% of the sediment volume in tidal sand bars from the Gironde estuary, and for less than 0.7% 

in the Ravenglass Estuary (UK; Griffiths et al., 2018). In tidal sands, pyrite is mostly found as 

framboids within detrital clay coats (Virolle et al., 2020). The precipitation rate of pyrite in 

natural sediments is usually much lower than the rate predicted by kinetic equations, and the 

dominant phases are metastable iron sulfides (Kraal et al., 2013).  Fe(II) precipitation can be 

inhibited by dissolved organic matter (DOM), which forms complexes with Fe(II) (Kraal et al. 

2013; Beckler et al., 2015). In the iron-rich Satilla river (USA), Beckler et al. (2015) proposed 

a scenario where Fe(III) is reduced to Fe(II) by iron-reducing bacteria. Fe (II) is chelated by 
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DOM and these Fe(II)-DOM complexes are subsequently oxidized by Fe(III) (oxy)hydroxides, 

to generate soluble DOM-Fe(III) complexes in the porewater. These complexes could be in turn 

be reduced by iron-reducing bacteria, making Fe(III) bioavailable. Beckler et al. (2015) 

postulate that this reduction could result from a ligand exchange reaction, where the ligands 

(including EPS) are generated by iron oxidizing bacteria. An excess in organic ligands could 

explain the maintenance of iron(III) in soluble state (Oldham et al., 2019). Our study found 

significant concentrations of preserved EPS in the same core, including some horizons with 

concentrations similar to the surface biofilm (e.g., 4.33 m; Figure 5; Duteil et al., submitted). 

These EPS could form a dissolved complex with Fe(III), explaining the high Fe(III) 

concentrations measured in BXN-LC (Figure 3). 

 

A possible conceptual geomicrobiological model  

 

We propose a scenario describing the potential interactions between microbial metabolisms, 

exopolymeric substances and the early diagenetic fate of metals in the sediments of the Gironde 

Estuary (Figure 8). In this figure, the size of the diatom biofilm has been deliberately 

exaggerated to visualize its impact on the environment at the surface of the sediment. The 

assumed evolution of the concentration of the major dissolved elements in the water above the 

surface of the sediments is drawn in dotted line. Microbial metabolic reactions are indicated by 

as numbers and diagenetic processes as letters. Diatoms perform oxygenic photosynthesis in 

the surface biofilm (reaction 1), during which they excrete large amounts of EPS. These EPS 

can form complexes with clay and sand particles, and are thus partially integrated within the 

sediment (Duteil et al., 2020; Duteil et al., submitted). EPS constitute one of the main sources 

of organic carbon for heterotrophs deeper in the sediment column (e.g., Braissant et al., 2007; 

Decho & Guttierez, 2017). Oxygen is consumed through aerobic respiration (reaction 2), which 

is likely the dominant microbial metabolism in the uppermost centimeters of the sediment. 
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Aerobic respiration seems highly efficient in mineralization organic matter, considering the 

decrease of the amount of EPS observed, for example between the sediment surface and a depth 

of 6 cm (Figure 5). In this zone, the low concentrations of dissolved Mn and Fe indicate that 

these metals could be present as Fe(III) and Mn(IV) (oxy)hydroxides. Once most of the oxygen 

is consumed, nitrate become the main electron donor if available, and nitrate reduction (reaction 

5) becomes the main pathway for organic matter mineralization. Calorimetry showed that the 

microbial community at 6 cm was highly reactive and presumably degraded organic carbon. 

The correlation of nitrate and dissolved manganese peaks at 10 cm depth could indicate 

nitrification (reaction 3), where nitrate production may result in manganese oxide dissolution 

(Hulth et al., 1999; Bartlett et al., 2008). Sulfate reduction (reaction 4) becomes the 

predominant metabolism below 10 cm, resulting in consumption of organic carbon 

consumption (including EPS, but mainly of LMWOC – mainly EPS degradation products) and 

in the production of dissolved sulfides to at least 60 cm depth. Some metal (e.g., Mn, Fe, Al; 

Figure S5) and sulfur in the porewater showed a relative increase in concentration indicating 

the potential for metal precipitation. Centimeter-thick horizons of maximum high rates of 

sulfate reduction (e.g., 25 cm, 35 cm) coincide with a decrease in dissolved Fe and Mn, that 

could indicate precipitation of these metals. The consumption of organic carbon by (an)aerobic 

heterotrophs could liberate the metals from metal-ligand complexes, leading to their 

precipitation (e.g., Dupraz et al., 2004; Braissant et al., 2007). The reduction of iron that could 

result from this would provide energy for iron-reducing bacteria, and the locally existing 

reducing conditions could then allow for the precipitation of Fe(II) as iron sulfides (e.g., 

mackinawite, reaction B, rarely pyrite) and the reduction of manganese oxides (reaction C). 

Nitrate and sulfate reduction could continue at a slower rate deeper in the sediment (at 1.5 and 

3 m deep), each time resulting in local enrichment of metals in the sediment, supported by 

reactions such as Mn and Fe reduction (reactions 6 and 7). The increase in sulfate concentration 
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at depth in the absence of oxygen may be due to dissolution of the metastable iron sulfide phase 

(reaction D) followed by sulfide oxidation. No dissolved Mn was measured below a depth of 1 

meter, and dissolved Fe(III) progressively increased with depth down to the bottom of the core. 

Iron oxides seem limited in concentration despite porewater supersaturation around six meters 

depth.  At this depth, iron could possibly be maintained in solution through the dissolution of 

iron sulfides and the complexation with organic ligands (Oldham et al., 2019) as long as it is 

not consumed through Fe(III) reduction by bacteria. EPS can be preserved in significant 

concentrations in some sedimentary horizons (e.g., 4.33 m; Figure 4; Duteil et al., submitted). 

These EPS contain mainly negatively charged groups, with the potential to bind metals 

including iron or calcium which subsequently could enhance Fe solubility. Overall, the 

biogeochemical cycles of C, S, N, Fe or Mn in the Bordeaux Nord point bar seemed driven by 

a combination of metabolic reactions. 
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Figure 8: Schematic conceptual model of the potential relationships between geochemical gradients, microbial activity, exopolymeric substances, 
and their impact on early diagenesis in estuarine sediments. (A; top panel) To the left, sedimentary description of BXN-B and BXN-SC. The size 
of the diatom biofilm at the surface is deliberately exaggerated. The profiles show the evolution of porewater composition (ions, oxygen and pH), 
microbial and enzymatic activities and EPS concentration. To the right, the potential depth range of metabolic reactions, as well as of 
chemical/mineral precipitation, are indicated by color bars. (B; bottom panel) To the left, description of the main geomicrobiological zones in the 
sediment related to the main metabolisms. To the right, geomicrobiological model showing potential interactions between microbial metabolisms 
and mineral precipitation/dissolution. Metabolic reactions are referenced by numbers, while precipitation reactions are referenced by letters. The 
color is the same for one compound in the two panels e.g., purple for nitrates.
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Conclusion 
 

We characterized porewater and sediment chemistry, microbial and enzyme activities, and 

properties of exopolymeric substances as a function of depth in three cores sampled in a point 

bar of the Gironde estuary. The concentration of major ions in porewater (Mn2+, Mg2+, Ca2+, 

Fe2+, Fe3+, HS-, SO4
2-, NO3

-, Cl-, Na+) showed significant fluctuations that could be related to 

biogeochemical reactions organized as a function of depth. This sequence partly followed the 

classical suite of reactions following the decreasing potential free energy yield of successive 

electron acceptors (i.e., oxygen, nitrate, Mn and Fe oxides, sulfate), but our results showed that 

some reactions were likely coupled or at least concomitant. For example, coexistent of 

denitrification and sulfate reduction around 10 cm depth. Measurements of metabolic and 

enzymatic activities sometimes confirmed or in other cases allowed to hypothesize the potential 

role of microorganisms in the various reactions. Most metabolic reactions were active in the 

uppermost meter of the sediment: (i) oxygenic photosynthesis was performed in the diatom 

biofilm at the surface of the sediment; (ii) aerobic respiration was predominant down to 

approximately 5 cm; (iii) a first reduction of Mn oxides was possibly coupled with nitrification 

(or sulfate reduction) between 5 and 10 cm, as indicated by the concomitant increase in 

dissolved Mn and nitrates; (iv) nitrates were subsequently reduced between 10 and 15 cm; (v) 

sulfate reduction was active at several depth intervals, but the main sulfate reduction zone 

occurred between 8 and 20 cm; (vi) the reduction and dissolution of iron and manganese oxides 

occurred in the zone of sulfate reduction, and was particularly active at 20 and 30 cm.  

While metabolic activity decreased between the surface biofilm and the zone of aerobic 

respiration, it increased markedly in the zone of anaerobic respiration, between 10 and 30 cm. 

In contrast, the enzymatic activity peaked in the zone of aerobic respiration and was relatively 

constant and low in the anoxic part of the sediment column, revealing the typically observed 

sequence of different strategies for energy acquisition and organic carbon degradation among 
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heterotrophs. Exopolymeric substances showed a strong decrease between the surface biofilm 

and 50 cm, which could result from increased heterotrophic degradation. Some deeper horizons 

showed EPS in concentrations and with properties similar to those observed in the surface 

biofilm. These EPS were potentially preserved following rapid sedimentation events 

(e.g., burial by river flood deposits). 

We documented enrichments for some metals (e.g., Fe, Mn, Ca) and sulfur in the zones of 

sulfate reduction. EPS could have played a significant role in diagenesis by complexing with 

metals throughout the sediment column. The increase in dissolved Fe(III) observed from the 

top to the bottom of the six-meter-long core could be explained by the formation of Fe(III)-

ligand complexes (including with EPS and smaller, low-molecular weight organic molecules), 

maintaining iron in solution. The degradation of metal-EPS complexes by heterotrophs could 

have supported the precipitation of metals, for example iron sulfides, in zones of active sulfate 

reduction. Several deeper sedimentary horizons showed potential sulfate and nitrate reduction 

coupled to Fe depletion (e.g., at approximately 1.5 m, 3 m), which were associated with metal 

enrichments in the sediment. These results allowed us to propose a geomicrobiological 

conceptual model, which was more complex than the widely used classical stratification model 

of microbial metabolisms. 
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Supplementary material 
 

 
Figure S1: FDA and TTC assays observed on microbiological preparations from the surface 
biofilm. (A) FDA assay. Green fluorescence indicates zones of active FDA hydrolysis. In this 
diatom cell, the enzymatic activity is located close to the nucleus and in the lipid vesicles. 
Chloroplasts have a red autofluorescence due to the presence of chlorophyll. (B) TTC assay. 
The polarizing microscope image shows organelles (mainly mitochondria) stained in red by 
formazan. 
 

 
Figure S2: Left part, PCA correlation circle plot of variables of the microbial activity and EPS 
physico-chemical properties in BXN-B and BXN-SC. Right part, correlation matrix of 
Pearson’s r coefficients between depth, EPS and microbial activity variables for the 18 samples. 
Green boxes indicate a p-value ≤ 0.05. 
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Figure S3: Plot of saturation indices calculated with PhreeQc for BXN-B and BXN-SC. 
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Figure S4: Plot of saturation indices calculated with PhreeQc for BXN-LC.. 
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Figure S5: Plot of selected elements (S, Al, Mn, Fe) measured by core-scale XRF on BXN-B and BXN-SC. 
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Figure S6: Plot of selected elements (S, Al, Mn, Fe) measured by core-scale XRF on BXN-LC. 
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BNX-
BOX & 
BXN-SC Dionex            

 

 

Micro-
electrod
es 

   

 

 

Depth Na 
std 
dev K 

std 
dev Mg 

std 
dev Ca 

std 
dev Cl 

std 
dev NO3 

std 
dev SO₄²- 

std 
dev O2 

std 
dev S2

- 
std 
dev pH 

std 
dev 

cm mg/L 
mg/
L mg/L mg/L 

mg/
L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L µM µM µM µM µM µM 

2 11.33 0.57 2.16 0.11 7.37 0.37 31.99 1.60 17.8 0.89 0 0 8.39 0.42 4.65 2.22 0.0 0.00 8.00 0.03 
4 10.76 0.54 2.49 0.12 6.91 0.35 35.79 1.79 16.7 0.83 0 0 7.73 0.39 11 3.56 1.0 0.00 7.93 0.02 
6 10.56 0.53 1.93 0.10 6.57 0.33 27.42 1.37 17.3 0.86 0.11 0.01 4.88 0.24 0.75 0.96 6.0 2.00 8.03 0.04 
8 4.16 0.21 1.51 0.08 2.56 0.13 20.99 1.05 9.9 0.49 6.10 0.30 8.39 0.42 6.75 3.40 26.8 4.90 8.15 0.04 

10 23.57 1.18 2.69 0.13 9.56 0.48 35.21 1.76 24.7 1.23 1.83 0.09 9.24 0.46 5 2.58 73.3 13.48 8.18 0.01 
12 33.01 1.65 3.42 0.17 9.46 0.47 26.02 1.30 32.8 1.64 2.84 0.14 7.54 0.38 6.25 2.06 109.8 19.28 8.22 0.03 
16 49.90 2.49 3.62 0.18 7.86 0.39 19.33 0.97 55.9 2.79 0.05 0.00 3.26 0.16 0.5 1.00 171.0 10.59 8.22 0.03 
18 60.63 3.03 3.38 0.17 6.74 0.34 18.93 0.95 74.1 3.70 0.01 0.00 0.00 0.00 0.25 0.50 199.5 9.63 8.23 0.01 
20 63.20 3.16 3.77 0.19 5.68 0.28 16.39 0.82 77.0 3.85 0 0 2.00 0.10 0 0.00 239.8 7.51 8.23 0.03 
22 81.28 4.06 4.17 0.21 6.85 0.34 25.10 1.25 90.0 4.50 0 0 0.00 0.00 0.5 1.00 189.0 19.21 8.25 0.01 
24 81.57 4.08 4.08 0.20 5.50 0.28 18.87 0.94 98.3 4.91 0 0 0.71 0.04 0.25 0.50 157.3 13.39 8.23 0.01 
26 91.31 4.57 3.15 0.16 5.89 0.29 22.87 1.14 102.0 5.10 0 0 0.13 0.01 0 0.00 NA  NA 8.20 0.02 
30 88.56 4.43 4.52 0.23 3.98 0.20 15.24 0.76 86.9 4.34 0.06 0.00 7.80 0.39 0.25 0.50 152.3 4.04 8.19 0.01 
35 97.18 4.86 7.22 0.36 4.89 0.24 22.28 1.11 109.9 5.50 0 0 0.24 0.01 0 0.00 159.7 7.37 8.25 0.01 
40 62.93 3.15 2.83 0.14 2.28 0.11 8.87 0.44 72.5 3.62 0 0 5.90 0.30 0 0.00 163.3 26.50 8.21 0.02 
50 104.62 5.23 3.14 0.16 5.80 0.29 17.38 0.87 116.1 5.80 0 0 0.02 0.00 0 0.00 129.0 3.16 8.22 0.02 
60 109.00 5.45 3.51 0.18 7.08 0.35 19.23 0.96 126.9 6.34 0 0 0.00 0.00 0 0.00 165.5 3.42 8.18 0.03 
65 116.37 5.82 3.84 0.19 6.63 0.33 17.86 0.89 138.5 6.93 0 0 0.10 0.01 0 0.00 NA  NA 8.15 0.03 



 

 
 

237 Impact of microbial activity 

 ICP            
Colorimetric 
assays     

Depth Ca 
std 
dev Fe 

std 
dev Mn 

std 
dev Mg 

std 
dev Pb 

std 
dev Zn 

std 
dev TTC std dev FDA std dev 

cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L 
mol TTC /h/g 
sed 

mol TTC /h/g 
sed 

mol FDA/h/g 
sed 

mg FDA/h/g 
sed 

2 19 7 0 0 5 2 0.045 0.014 0 0 80 24 1.58E-04 1.60E-05 2.93E-05 6.42E-07 
4 17 6 0.00 0 5.3 2.1 0.15 0.005 0 0 110 33 3.73E-05 4.16E-06 3.33E-05 5.75E-07 
6 16 6 0.00 0.001 4.9 2 0.29 0.009 0.1 0.04 120 36 8.06E-05 3.79E-05 3.14E-05 1.39E-06 
8 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 

10 19 7 0.00 0 7.5 3 0.28 0.008 0 0 76 23 1.36E-04 5.88E-05 1.91E-05 1.08E-06 
12 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 
16 14 5 0.04 0.015 6.4 2.6 0.3 0.009 0 0 87 26 1.71E-04 3.68E-05 1.87E-05 8.11E-07 
18 11 4 0.15 0.053 4.6 1.8 0.4 0.001 0.1 0.04 73 22 N.A N.A N.A N.A 
20 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 1.84E-04 2.76E-05 1.89E-05 6.24E-07 
22 11 4 0.02 0.008 4 1.6 0.32 0.096 0 0 190 57 N.A N.A N.A N.A 
24 5.4 1.9 0.00 0.001 2.1 0.8 0.014 0.004 0 0 95 28 N.A N.A N.A N.A 
26 13 5 0.14 0.049 4.3 1.7 0.49 0.15 0.5 0.13 93 28 1.91E-04 2.06E-06 1.90E-05 1.20E-06 
30 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 1.75E-04 2.19E-05 1.69E-05 1.03E-07 
35 11 4 0.00 0.002 4.4 1.8 0.3 0.09 0.5 0.13 45 14 6.81E-05 4.68E-06 1.19E-05 1.80E-06 
40 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 2.87E-05 5.66E-06 1.84E-05 3.25E-06 
50 12 4 0.07 0.023 4.9 2 0.46 0.014 0 0 50 15 7.30E-05 4.88E-06 1.76E-05 6.32E-07 
60 12 4 0.01 0.004 5.3 2.1 0.24 0.007 0 0 95 29 2.02E-05 9.16E-07 1.71E-05 7.74E-07 
65 2.2 0.8 0.00 0.001 0.93 0.4 0.068 0.002 0 0 0 0 2.29E-05 7.56E-07 1.82E-05 2.93E-07 

 

Table S1: Data use in this study for the BXN-BOX and BXN-LC. 
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BXN-LC Dionex              

Depth Na std dev K std dev Mg std dev Ca std dev Cl std dev NO3 std dev SO₄²- std dev 
m mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

0.06 39.64 1.98 4.44 0.22 9.71 0.49 36.09 1.80 53.56 2.68 1.01 0.05 0.54 2.72E-02 
0.5 86.14 4.31 4.95 0.25 15.57 0.78 37.67 1.88 190.97 9.55 1.39 0.07 0.13 6.39E-03 

0.93 46.40 2.32 6.80 0.34 14.37 0.72 23.58 1.18 102.69 5.13 0.29 0.01 0.15 7.52E-03 
1.3 43.49 2.17 5.95 0.30 20.47 1.02 30.00 1.50 94.44 4.72 0.87 0.04 0.53 2.64E-02 

1.63 39.19 1.96 6.60 0.33 19.36 0.97 42.74 2.14 80.96 4.05 0.00 0.00 1.03 5.17E-02 
2.16 29.29 1.46 6.39 0.32 20.24 1.01 19.57 0.98 70.30 3.52 0.01 0.00 0.01 2.85E-04 
2.59 27.14 1.36 7.07 0.35 22.21 1.11 19.24 0.96 62.74 3.14 0.00 0.00 0.00 0.00E+00 
2.8 28.31 1.42 7.94 0.40 21.09 1.05 20.66 1.03 59.00 2.95 0.14 0.01 0.29 1.44E-02 

3.25 36.12 1.81 8.75 0.44 28.70 1.43 15.79 0.79 58.82 2.94 0.17 0.01 0.55 2.77E-02 
3.68 39.99 2.00 7.18 0.36 29.98 1.50 15.96 0.80 58.46 2.92 0 0 0 0 
4.12 55.35 2.77 6.22 0.31 30.61 1.53 11.81 0.59 63.96 3.20 0 0 0 0 
4.33 N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A 
4.76 77.11 3.86 6.88 0.34 31.30 1.57 13.10 0.66 75.42 3.77 0 0 0 0 
5.2 85.84 4.29 6.45 0.32 26.75 1.34 14.78 0.74 89.00 4.45 0 0 0 0 

5.64 99.04 4.95 7.74 0.39 31.75 1.59 13.68 0.68 96.78 4.84 0 0 0 0 
6.08 99.46 4.97 5.56 0.28 27.57 1.38 11.04 0.55 113.58 5.68 0 0 0 0 
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 ICP          
Colorimetric 
assays       

Depth Ca 
std 
dev Mn 

std 
dev Mg 

std 
dev Pb 

std 
dev Zn 

std 
dev TTC std dev FDA std dev Fe II Fe III 

m mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L 
mol TTC/h/g 
sed 

mol 
TTC/h/g sed 

mol FDA/h/g 
sed 

mol FDA/h/g 
sed mg/L mg/L 

0.06 22 8 7.1 2.8 1.4 0.4 0.2 0.06 83 25 5.86E-05 6.57E-06 1.74E-05 7.16E-07 0.23 0.14 
0.5 32 11 10 4 1.2 0.4 0.2 0.06 190 57 2.19E-05 5.87E-06 1.25E-05 1.36E-06 0.94 0.67 

0.93 25 9 11 4 0.04 0.0 0.2 0.06 34 10 5.97E-05 1.61E-05 1.35E-05 8.94E-08 0.06 0.62 
1.3 16 6 13 5 0.01 0.0 0.2 0.06 0 0 1.56E-04 2.96E-05 1.87E-05 1.26E-06 0.22 1.32 

1.63 18 6 12 5 0.00 0.0 0.3 0.08 19 6 2.77E-05 4.00E-07 1.45E-05 6.18E-06 0 0 
2.16 16 6 15 6 0.02 0.0 0 0 0 0 7.32E-05 3.29E-05 1.49E-05 8.71E-06 0.22 1.84 
2.59 13 5 16 6 0.01 0.0 0 0 0 0 4.46E-05 8.97E-06 1.42E-05 1.31E-05 0.29 1.76 
2.8 13 5 13 5 0.00 0.0 0.1 0.04 0 0 1.33E-04 1.63E-05 1.12E-05 3.41E-06 0 0.53 

3.25 11 4 19 9 0.00 0.0 0 0 0 0 6.41E-05 9.62E-06 1.93E-05 4.04E-06 0 1.35 
3.68 11 4 20 8 0.00 0.0 0 0 0 0 7.22E-05 6.03E-05 2.05E-05 5.99E-06 0 0.97 
4.12 10 4 21 8 0.00 0.0 0.1 0.04 0 0 2.56E-05 2.03E-05 1.74E-05 1.57E-07 N.A N.A 
4.33 0.66 0.2 0.66 0.3 0.00 0.0 0.2 0.06 0 0 1.73E-05 3.67E-06 1.96E-05 3.37E-06 N.A N.A 
4.76 12 4 21 8 0.01 0.0 0.1 0.04 0 0 1.79E-05 1.80E-05 8.43E-06 3.57E-07 0.20 1.54 
5.2 9.5 3.3 18 7 0.00 0.0 0 0 0 0 3.33E-05 1.63E-05 1.22E-05 8.15E-06 N.A N.A 

5.64 12 4 23 9 0.01 0.0 0.2 0.06 0 0 4.20E-05 2.01E-05 1.77E-05 1.14E-06 0 0.43 
6.08 13 5 22 9 0.10 0.0 0.1 0.04 0 0 1.10E-05 1.52E-06 1.77E-05 1.14E-06 0 2.39 

 

Table S2: Data use in this study for the BXN-LC. 
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5.1 Clay coats in the Bordeaux North Point Bar 
 

5.1.1 Origin of detrital clay coats in modern sands 
 

The presence of clay minerals in modern sands and ancient sandstones has long been 

questioned. Indeed, the primary deposition processes tend to lead to the physical separation of 

clay-sized and sand-sized fractions during deposition due to due to differences in physical 

behavior (Van Ledden, 2003). On estuarine sand bars, mud can be deposited in alternance with 

sands in the form of mud drapes, principally during high and low tide slack waters (Fenies & 

Tastet, 1998). The erosion of the intertidal zone and of the supratidal marshes also supplies mud 

pebbles of variable size (mm to dm), which can be incorporated into the sand. In modern 

estuaries, significant proportions of sand grains are clay-coated (10% to 35% of sands in the 

Gironde estuary, Virolle et al., 2019; 50% to 87% in the Ravenglass Estuary, Worden et al., 

2020). Recent studies have discussed the origin of such detrital clay coats (Schepetkina et al., 

2016; Wooldridge et al., 2017; Griffiths et al., 2018). The most commonly cited physical 

process is deep infiltration of muddy water as a result of groundwater fluctuations or tidal 

pumping (in tidally dominated environments) which can result in clay minerals transfer in the 

sand shortly after deposition (Worden & Morad, 1999; Needham et al., 2004; Worden et al., 

2006). This process has been reproduced experimentally by Matlack et al. (1989; Figure 5.1A 

and 5.1B). However, no structure related to water infiltration were observed in the Gironde 

estuary (Virolle et al., 2020). The ingestion of sand and mud by worms is another mechanism 

that could lead to the aggregation of clay in sandy deposits (Mcllroy et al., 2003; Needham et 

al., 2004). Experimental ingestion of sand by arenicolous worms (Arenicola marina sp.) has 

shown that bioturbation can lead to the establishment of clay coatings via a sticky mucus inside 

the worm intestine (Needham et al., 2005; Figure 5.1C and 5.1D). The excreted sand-size grains 

are also coated with a layer of mucus that sticks the clay coat to the sand grain. Bioturbation is 

scarce to absent from the Bordeaux Nord point bar, as well as from the other sand bars, implying 

that clay coats are probably not formed through bioturbation in these sedimentary bodies 

(Virolle et al., 2019). On the Bordeaux Nord point bar, the scarce bioturbation is explained by 

the brackish salinity, comprised on average between 1 and 2 g.L-1. It is indeed in this salinity 

range that the diversity and density benthic organisms are at their lowest (La Croix et al., 2015; 

Dashtgard & La Croix, 2015). 
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Figure 5.1: (A) and (B) SEM images from Matlack et al. (1989), (C) and (D) BSEM images from Needham et al. (2005). (A) 
Grain surface showing chlorite particles forming coat on the sand grain. (B) Bridge of chlorite formed between two coated 
quartz grains. (C) Image of a sand grain from within a fecal cast with coating of clay minerals with variability in clay-rim 
thickness. (D) Image of a zoom on the edge of a sand grain from a fecal cast highlighting the very fine-grained nature of the 
grain coating. 

 

Schepetkina et al. (2016) hypothesized a role for diatoms and their extracellular polymeric 

substance (EPS) in the aggregation of minerals in estuaries. Wooldridge et al. (2017) showed a 

spatial correlation between the abundance chlorophyll a (a proxy for biofilm coverage) and the 

proportion of detrital clay coats. However, no experimental proof of the role EPS in the 

formation of detrital clay coats existed to date. 
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5.1.2 Quantification of clay coat with depth 

 

Thin sections were prepared from BXN-LC sediments following the protocol described in the 

material and methods (Chapter 2). Three thin sections could not be done (1.3, 5.2 and 6.08m). 

The relative % surface area was calculated through point counting for five classes of grains 

(clean sand, coated sand, silt and clay particles, other grains and porosity) with the Jmicrovision 

software (Henry, 2020), as described in Chapter 2. Thin section scans are available in the annex 

of this chapter. An example is given in Figure 5.2. 

 

 

 
Figure 5.2: (A) Scan of a thin section (depth: 93 cm) with the twelve areas selected for point counting. (B) Polarizing 
microscope image of Zone 2 showing coated quartz (Qz), micas (Mi), clean quartz at the border of a silt-clay drape. (C) 
Polarizing microscope image of Zone 3 showing sand grains (quartz and micas) linked together by detrital clay coats forming 
bridges. (D) Polarizing microscope image of Zone 4 showing coated and non-coated sands, clean quartz and possibly a dark 
volcanic lithoclast (Ot). 
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The average composition of BXN-LC sediments is: 2% of clean sand, 13% coated sand, 44% 

of silt and clay particles, 2% of other grains and 21% of porosity. The percentage after 

subtraction of the porosity are: 26% of clean quartz, 16% of coated quartz, 55% of silt and clay 

particles and 3% of other grains. These results are in the range of 10% to 35% of coated grains 

calculated by Virolle et al. (2019) in the Gironde estuary, but are low compared to the 

proportions calculated by Wooldridge et al. (2017) in the Ravenglass estuary. Figure 5.3 shows 

the evolution of the proportions of the five categories in function of depth. As expected, the 

samples with the highest proportions sand grains also have a high amount of coated sands (e.g., 

4.33 or 4.76 m depth). However, two samples with high silt-clay contents also have a high 

proportion of coated sands (0.93 and 3.68 m depth). Sand-rich facies have a high porosity (ca. 

30% on average), on the contrary to fine-grained particles rich facies (silt and clay; ca. 12 % on 

average).   
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Figure 5.3: Evolution of sedimentary facies, grain size and proportions of grains and porosity with depth along the BXN Long Core. First column 
to the left: sedimentary description. (1) X-Ray image (SCOPIX); (2) core photographs; (3) sketch; (4) facies; (5) sedimentary log, and (6) 
sedimentary sequences. Sample depths are written in red. Second column: median grain size (D50; yellow dots). Third column: particle size class 
percentage: clay (brown), silt (grey), and sand (yellow). Fourth column: Thin section counting. Non-coated sands (yellow), coated sands (orange), 
silt and clay (grey), other grains (black) and porosity (blue). NB: there is an error in the quantification of the sample at 163.5 cm, which will be 
checked after the submission of this thesis. 
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5.2 Experimental formation of clay-coated sand 
grains using diatom biofilm exopolymers 

 

 

This section was published in the journal Geology, October 1st, 2020. 

 

Résumé en français:  

Dans les environnements sédimentaires, l'argile et le sable sont séparés par des processus 

hydrodynamiques. Pourtant, les clay-coats, de fines enveloppes d'argile recouvrant les grains 

de sable, sont abondantes dans les dépôts sédimentaires côtiers modernes et anciens. Nous 

présentons ici des expériences de laboratoire dans lesquelles nous avons produit des grains de 

quartz recouverts d'argile similaires à ceux observés dans les sables estuariens modernes et 

anciens. Ces coats détritiques ont été produits à température ambiante en mélangeant des 

substances exopolymériques (EPS) extraites de biofilms à diatomées intertidaux avec des 

matériaux de référence : minéraux argileux et quartz. L'imagerie des mélanges sédiments-EPS 

à l'aide de la cryo-microscopie électronique à balayage et de la microscopie à force atomique a 

démontré que les EPS forment des ponts organiques entre l'argile et le quartz. Les propriétés 

physicochimiques des EPS ont été caractérisées indépendamment par des tests colorimétriques 

et par de la spectroscopie infrarouge à transformée de Fourier. 

Les résultats ont indiqué que plusieurs composants des EPS (par exemple, les protéines ou les 

polysaccharides) avaient le potentiel de se complexer avec le quartz et l'argile. Nos résultats 

fournissent de nouvelles perspectives sur l'importance des biofilms dans l'agrégation des 

particules d’argile détritiques et du sable. Les clay-coats détritiques provenant d'anciens grès 

estuariens présentent des similitudes texturales avec les complexes argile-EPS expérimentaux 

et pourraient être considérées comme des biosignatures du développement de biofilms et de la 

production d'EPS dans des environnements passés. 
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5.3 Specific EPS-clay mineral interactions 
 

We tested independently the interactions between EPS and each of the four clay mineral 

species: montmorillonite, chlorite, illite and kaolinite. Detailed information about clay minerals 

characteristics are available in the introduction of this thesis (Chapter 1). EPS were extracted 

from the biofilm with the same protocol as specified above (part 5.2). 105 µL of clay mineral 

solution (10 g.L-1) were mixed with 245 µL of EPS solution (1 g.L-1), and left for reaction 

during 72h at ambient temperature (22°C). The results of these experiments were characterized 

with FTIR, AFM and cryo-MEB acquisitions. FTIR spectra are presented in Figure S2 above. 

AFM and cryo-SEM imaging of the experiments are presented in Figure 5.4 (EPS-chlorite), 

Figure 5.5 (EPS-illite), Figure 5.6 (EPS-kaolinite) and Figure 5.7 (EPS-montmorillonite). EDX 

profiles were also acquired (Figure 5.8 for EPS-montmorillonite).  

On FTIR spectra, the interactions between clay minerals and EPS can be potentially expressed 

by peak shifts, in particular amide I (from 1620 to 1640 cm-1) and carbohydrate C-O (from 

1025 to 1110 cm-1). However, the shift of amide I could also be explained by the angular 

deformation of water from EPS or clay minerals (Chukanov & Chervonnyi, 2016). The four 

experiments showed EPS fibers attached to clay platelets, which are often embedded in the 

organic matrix (Figures 5.4 to 5.7). EPS seem to adhere to both the basal surface and the edge 

of clay crystals. AFM images also show clay particles partially to totally embedded within EPS 

(Figures 5.4 to 5.7). The difference between a "clean" clay surface and a clay surface covered 

with EPS can be seen in figure 5.7E and 5.7F.  

These observations show that the four clay mineral species can form complexes with EPS. 

However, these results do not allow to hierarchize their affinity for EPS, or to determine the 

relative strength of EPS-clay bonds. The EPS from the Gironde biofilms possess reactive 

functional groups: carboxyls, sulfates, amino-groups which could be responsible for part of the 

observed interactions with clay minerals. EPS are highly complex mixes of macromolecules, 

and our knowledge of these molecules is still too limites. In order to better characterize the 

potential mineral-specific interactions, interaction experiments could be done using model EPS 

of known compositions (e.g., dextran, xanthan) and compared to experiments with natural EPS. 
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Figure 5.4: AFM and cryo-SEM images of the ripidolite-EPS interaction experiment. (A) EPS matrix covered with clay 
platelets. (B) EPS fibers embedding ripidolite particles. (C) and (D) AFM images in planar and 3D view showing a ripidolite 
platelet coated by the EPS matrix. 



 

 

263 Role of diatom biofilm EPS 

 
Figure 5.5: AFM and cryo-SEM images of the illite- EPS interaction experiment. (A) EPS matrix covered with illite platelets. 
(B) Zoom on the EPS matrix. EPS fibers form an organic network between illite crystlas. (C) Illite platelet attached to the EPS. 
(D) Zoom on the EPS matrix showing EPS fibers interacting with clay particles. (E) and (F) AFM images in planar and 3D 
view of an illite platelet coated by EPS matrix. The basal cleavage plane is visible. 
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Figure 5.6: AFM and cryo-SEM images of the kaolinite-EPS interaction experiment. (A) A clay platelet is trapped in EPS. (B) 
Zoom showing the EPS fibers interacting with the crystal surface. (C) Kaolinite particle maintained by EPS fiber. (D) Large 
kaolinite particle in the EPS matrix. (E) and (F) AFM images in planar and 3D view of kaolinite platelets coated by the EPS 
matrix.  
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Figure 5.7: AFM and cryo-SEM images of the montmorillonite-EPS interaction experiment. (A) Clay platelet trapped in the 
EPS matrix. (B) Zoom on the clay particle showing the clay sheets. EPS adhere to the basal surface, but also to the edge of the 
crystal. (C) EPS fibers trapping montmorillonite particles. (D) Zoom on the EPS matrix showing EPS fiber interacting with 
clay crystals. (E) AFM image, 3D view of a montmorillonite platelet coated by EPS matrix. (F) Zoom on (E) showing the clay 
crystal largely covered by the alveolar EPS. 

 



 

 

266 Chapter 5 

 
Figure 5.8: Cryo-SEM images with associated EDX profiles of the montmorillonite-EPS interaction experiment. (A) Three 
spectra were acquired at different locations on the montmorillonite crystal. The spectra show peaks of sodium, aluminium, 
silicon, nitrogen and oxygen. (B) Montmorillonite embedded in EPS. The three spectra show peaks of aluminium, silicon, 
nitrogen and oxygen.  
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Annex 
 

 
Figure 5.10: Thin section scans of Bordeaux North Long Core. For each thin section, 10 areas were randomly determined in order to 
perform the count. these areas are highlighted by black frames on the figure. 
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6.1 Production, composition and preservation of 
Exopolymeric Substances: a comparison of sedimentary 
environments 

 

Our study of exopolymeric substances in the Gironde estuary brings new knowledge in the 

understanding of role of EPS in sedimentation and early diagenesis in estuaries. Our results can 

also be compared with other sedimentary environments where EPS have been studied. In the 

first part of this chapter, we will discuss the production, composition and preservation of EPS 

in various sedimentary systems (e.g., lakes, lagoons, rivers). The second part of the discussion 

will focus on the potential roles of EPS in the surface to burial diagenetic transition. We will 

especially discuss EPS-mineral interactions, the biosignatures that could result from these 

interactions, and the potential preservation of such biosignatures in the sedimentary record. 

 

6.1.1 Structure and functioning of hypersaline microbial mats  
 

Another large set of studies have been carried out on the EPS of microbial mats developing in 

hypersaline lakes or lagoons. Microbial mats can be defined as benthic, layered organo-

sedimentary biofilms that exhibit tightly coupled element cycles. Microbial mats can reach 

several centimeters in thickness, and their photosynthetic communities are often dominated by 

cyanobacteria (e.g., Dupraz et al., 2009), in contrast with estuarine biofilms, which are usually 

millimeter thick and dominated by diatoms (e.g., Underwood & Paterson, 1993; Decho, 2000). 

When the microbial mat is mineralized and lithified, it is called a microbialite. Microbialites 

have two mechanisms of accretion: (i) trapping and binding of detrital grains and (ii) 

precipitation of minerals: mostly carbonates, but also silicates, oxides or sulfides (Burne & 

Moore, 1987; Dupraz et al., 2009). Seven main groups of microorganisms compose hypersaline 

microbial mats (Van Gemerden, 1993; Visscher & Stolz, 2005; Dupraz et al., 2009): (i) 

photolitho-autotrophs (mainly cyanobacteria), (ii) anoxygenic phototrophs (purple and green 

sulfur bacteria), (iii) aerobic (chemoorgano-) heterotrophs, (iv) fermenters, (v) anaerobic 

heterotrophs (sulfate reducing bacteria or SRB), (vi) sulfide oxidizing bacteria (SOB) and (vii) 

methanogens. Within the mat, some microorganisms secrete EPS which have similar functions 

as in estuarine biofilms, e.g., adhesion to the substrate and physical cohesion of the microbial 

mat (Decho & Kawaguchi, 1999; Decho, 2000), protection of the community against various 

environmental stresses (e.g., UV, desiccation; Costerton & Stoodley, 2003). EPS and low 



 

 

275 Discussion and way forward 

molecular weight organic carbon (LMWOC) are the main source of organic carbon for 

chemorganoheterotrophs, fermenters and anaerobic heterotrophic bacteria (Stal, 2003). 

The development and mineralization hypersaline can be summed up in five steps (Figure 6.1; 

Dupraz et al., 2011; Pace et al., 2018). The upper layer of the mat receives more light and is 

dominated by cyanobacteria (Des Marais, 1995; Stal, 2000). Cyanobacteria are considered as 

the most efficient EPS producers through oxygenic photosynthesis (Decho et al., 2005). Oxygen 

is subsequently consumed by aerobic heterotrophs, constituting an anoxic zone at the bottom 

of the mat. This anoxic zone is colonized by anaerobic heterotrophs. In hypersaline mat, 

abundant SRB degrade EPS and reduce sulfates, resulting in the production of sulfides 

(Visscher et al., 1992; Visscher & Stolz, 2005). A layer of purple sulfur bacteria then develops 

at the bottom of the mat, as they oxidize sulfide through anoxygenic photosynthesis (Visscher 

& Stolz, 2005; Figure 6.1). The layering of microbial mats is primarily controlled by the 

quantity and quality of light, the production of organic carbon by phototrophs and by 

geochemical gradients (e.g., oxygen, sulfides) produced by the main metabolic reactions. 
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Figure 6.1: Pictures and conceptual model of microbial mat development and initial mineralization steps from Pace et al. (2018). 
(A) and (B) Pictures of the microbial mat from Cayo Coco lagoon (Cuba). (i) Initial development of coccoid and filamentous 
cyanobacteria fixing the CO2 to form biomass and producing O2 through oxygenic photosynthesis. (ii) Through aerobic 
respiration, aerobic heterotrophic bacteria degrade the organic carbon produced by cyanobacteria. The oxygen consumption 
results in a steeper O2 gradient and the formation of an anoxic zone below the active cyanobacteria layer. The elevated pH 
associated with increased cyanobacteria activity in the upper millimeters of the mat leads to the nucleation of the Mg-Si phase 
in the exopolymeric substances (EPS) and around coccoid cyanobacteria clusters. (iii) Anaerobic heterotrophic bacteria (SRB) 
develop both in the oxic and anoxic zones, but are more abundant in the top of the anoxic zone. SRB produce sulfide and 
compounds and consume EPS. Their activity can locally increase pH, leading to an additional precipitation of Mg-Si phase. 
(iv) Purple sulfur bacteria develop in the anoxic zone, where they predominantly perform anoxygenic photosynthesis. The 
combined activity of cyanobacteria, purple sulfur bacterium (PSB), and SRB at the green and red laminae interface creates a 
pH maximum. This, combined with a radical change in EPS properties, leads to the formation of a high-magnesium calcite 
(HMC) lamina (i.e., the white lamina) at the oxygenic–anoxygenic photosynthetic interface. (v) HMC precipitates mostly at 
the oxygenic–anoxygenic photosynthetic interface but also in the green and red lamina at spots of heterotrophic degradation of 
EPS. 
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6.1.2 Composition of EPS in open marine and hypersaline microbial mats 
 

EPS from microbial mats are predominantly composed of polysaccharides, uronic acids, 

proteins, with lower quantities of other other organic (e.g., nucleic acids, lipids) and inorganic 

compounds (e.g., sulfates; Decho, 1990). Most studies of hypersaline mat EPS consisted in bulk 

characterizations of the main types of molecules (e.g., phenol sulfuric and Alcian Blue assays). 

Kawaguchi & Decho (2002a) extracted EPS from cultures of the cyanobacterium Schizothrix 

sp. isolated from open marine stromatolites (Highborne Cay; Bahamas). They showed that EPS 

were mainly composed of large acidic polysaccharides with a predominant size around 300 

kD, with a small fraction of larger sugars (500 kD). In another study, the same authors 

determined the monosaccharide composition of the cyanobacteria Synechocystis sp. and 

Oscillatoria sp. Monosaccharides consisted predominantly in glucose (42.5%), galactose 

(28%), xylose (10.4%), with low proportions of arabinose, rhamnose and fucose (Kawaguchi 

& Decho, 2002b). Aspartic and glutamic acids made up to 30% of the amino acids composing 

the proteins from the same EPS, which also included alanine, leucine, isoleucine and 

phenylalanine. Aspartic and glutamic acids are known to carry carboxylic acid reactive groups. 

In EPS, polysaccharides and proteins possess functional groups that are able to bind large 

quantities of metals (e.g., carboxyls, hydroxyls, sulfates, phosphoryl; Braissant et al., 2009). 

EPS produced in cultures of bacteria isolated from microbial mats generally have a high affinity 

for calcium and other metals (Perry et al., 2005). For example, cyanobacterial EPS are able to 

bind metal ions such as cadmium, manganese, copper, lead, mercury and calcium to various 

functional groups that were present in sugars and amino acids constituting the EPS (e.g., Somers 

& Brown, 1978; Mohamed, 2001; Mehta & Gaur, 2005). Braissant et al. (2007) measured 

calcium binding capacities comprised between 120 and 150 mgCa.g-1
EPS in EPS from SRB 

isolated from Bahamian hypersaline mats. EPS directly extracted from hypersaline mats also 

very high affinity for calcium (386 mgCa.g-1
EPS) and magnesium (50 mgMg.g-1

EPS). 

 

 

6.1.3 Comparison of EPS concentrations and physico-chemical properties in 
various sedimentary environments  

 

In this section, we synthesized some of the studies which characterized the quantity and 

composition of EPS in various sedimentary environments: (i) rivers, (ii) estuarines and coastal 
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mudflats, (iii) open marine environment; (iv) hypersaline lakes and lagoons. The concentrations 

are compared in Figure 6.2. 

Concentrations of EPS in river, estuarine and mudflat biofilms and associated sediments. An 

important work has been done in the 1990’s and 2000's to characterize the properties and 

evolution of EPS quantity and quality in biofilms from intertidal estuarine and coastal zones in 

United Kingdom (e.g., Underwood et al., 1995; Taylor et al., 1999; De Brouwer & Stal, 2001; 

Table 6.1). The comparison between these studies showed a great variability in term of colloidal 

or bound EPS concentrations: for example, Taylor et al. (1999) measured up to 3.5 

mgEPS.gsediment
-1 (DW) in EPS from the Eden estuary, while Underwood et al. (1995) measured 

ca. 100 to 300 µgEPS.gsediment
-1 (DW) in EPS from the Blackwater estuary (Table 6.1; Figure 

6.2). One key question is to determine whether this variability comes from real differences in 

EPS productivity or from different sampling or analytical procedures. 

Differences related to analytical procedures. EPS extraction could partly explain some 

differences. Detailed information about EPS extraction methods are given in chapter 2 material 

and methods. Physical extraction (e.g., sonication) coupled with precipitation in alcohol yields 

EPS concentrations comprised in the order of tens to hundreds of micrograms of EPS per grams 

of sediment (DW). In contrast, chemical extraction (e.g. cation exchange resins, EDTA) without 

alcohol precipitation are often associated with concentration in the order of 1-10 mg.g-1 (DW). 

The precipitation in alcohol favors high molecular weight over low molecular weight EPS 

(Underwood et al., 1995), which could also explain a part the differences in the quantity of 

extracted EPS. This shows the importance of taking into account extraction methods when 

comparing quantities of EPS from different studies. The techniques used for EPS quantification 

may also differ between studies. The phenol sulfuric assay is widely used to estimate the 

concentration of polysaccharides in EPS (Braissant et al., 2020). However, the standards are 

not always the same: while most studies have used glucose (M=180.156 g.mol-1), xanthan 

(M=933,746 g.mol-1) is closer to the large polysaccharides present in natural EPS (this study). 

As xanthan is composed of five hexoses, we multiplied the concentrations measured in xanthan 

equivalent by 5 in Figure 6.2. Two different assays are used for protein quantification, the 

Lowry and Bradford assays. The Bradford assay will lead in overestimated protein 

concentrations for samples rich in arginine, while the Lowry assay can interact with 

carbohydrates or EDTA (Olson & Markwell, 2007). 
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Study site Sampling sediment Depth 
sampled  

Extraction method Quantification 
method 

Dominant EPS-
secreting organism  

Bound EPS  Colloidal EPS  Proteins Ref 

Texel island, 
Netherland 

Tidal sandy 
beach 

10 mm Hot water (30°C) dilution and alcohol 
precipitation for colloidal part, EDTA and 
alcohol precipitation for bound 

Gas chromatography Benthic diatoms and 
cyanobacteria 

1.5-2.5 mg.g-1 0.2-6 mg.g-1 N.A De Winder et al., 1999 
(1) 

Severn estuary, 
UK 

Intertidal mudflat 5 mm Saline water dilution and alcohol precipitation Phenol sulfuric assay Benthic diatoms N.A 119-137 µg.g-1 

DW sed (glucose 
eq.) 

N.A Underwood et al., 
1995 (2) 

Severn estuary, 
UK 

Intertidal mudflat 5 mm EDTA and alcohol precipitation Phenol sulfuric assay Benthic diatoms N.A 136-295 µg.g-1 

DW sed (glucose 
eq.) 

N.A Underwood et al., 
1995 (2) 

Blackwater 
estuary, UK 

Lower saltmarsh 5 mm Saline water dilution and alcohol precipitation Phenol sulfuric assay Benthic diatoms N.A 1.64 mg.g-1 DW 
sed (glucose eq.) 

N.A Underwood et al., 
1995 (2) 

Blackwater 
estuary, UK 

Lower saltmarsh 5 mm EDTA and alcohol precipitation Phenol sulfuric assay Benthic diatoms N.A 4.4 mg.g-1 DW 
sed (glucose eq.) 

N.A Underwood et al., 
1995 (2) 

Westerschelde 
estuary, 
Netherland 

Intertidal mudflat 1 mm DI water dilution and centrifugation for 
colloidal, 0.1 M EDTA and centrifugation for 
bound 

Phenol sulfuric assay Benthic diatoms 450-950 µg.g-

1 DW sed 
150-300 µg.g-1 

DW sed (glucose 
eq.) 

N.A De Brouwer & Stal., 
2001 (3) 

Eden estuary, UK Intertidal mudflat 1 cm DI water (20°C) dilution and alcohol 
precipitation for colloidal EPS 
Residual sediments from colloidal extraction 
for bound EPS 

Phenol sulfuric assay Benthic diatoms and 
cyanobacteria 

20-40 mg.g-1 
DW sed  

1-3.5 mg.g-1 DW 
sed (glucose eq.) 

N.A Taylor et al., 1999 (4) 

Humber estuary, 
UK 

Intertidal mudflat 5 mm Saline water (20°C) dilution and centrifugation  Phenol sulfuric assay Benthic diatoms N.A 20-130 µg.g-1 DW 
sed (glucose eq.) 

N.A Paterson et al., 2000 
(5) 

Humber and Eden 
estuaries, UK 

Intertidal mudflats 30 cm DI water dilution and centrifugation for 
colloidal EPS, sediment for bound EPS 

Phenol sulfuric assay Benthic diatoms 7.2-23 mg.g-1 
DW sed 

0.6-2 mg.g-1 DW 
sed (glucose eq.) 

N.A Taylor & Paterson, 
1998 (6) 

Marennes-Oléron 
Bay, France 

Intertidal mudflat 1 cm Saline (artificial sea 
water) water dilution, centrifugation and 
alcohol precipitation for colloidal EPS, Dowex 
resin and alcohol precipitation for bound EPS 

Phenol sulfuric assay  
Bradford assay for 
proteins 

Benthic diatoms 6-23 µg.g-1 
DW sed 

4-21 µg.g-1 DW 
sed (glucose eq.) 

0-2 µg.g-1 
DW sed 

Orvain et al., 2014 (7) 

Colne estuary, 
UK 

Intertidal mudflat 2 mm 25‰ saline solution dilution and alcohol 
precipitation 

Phenol sulfuric assay  
 

Benthic diatoms N.A 99.7-220 μg. cm–2 
(glucose eq.) 

N.A Bellinger et al., 2005 
(8) 

Severn estuary, 
UK 

Intertidal mudflat 2 mm 25‰ saline solution dilution and alcohol 
precipitation for colloidal 

Phenol sulfuric assay  
 

Benthic diatoms N.A 3-3.1  mg.g-1 DW 
sed (glucose eq.) 

N.A Yallop et al., 2000 (9) 

Gironde estuary, 
France 

Intertidal mudflat 6 m DI water dilution, sonication, centrifugation, 
ethanol precipitation and dialyze 

Phenol sulfuric assay  
Lowry assay for 
proteins 

Benthic diatoms N.A 8-16 µg.g-1 DW 
sed (xanthan eq.) 

0.6-37 µg.g-1 
DW sed 

This study (10) 

Chausey 
archipelago, 
France 

Tidal flats 2 mm DI water dilution and centrifugation Phenol sulfuric assay  
Lowry assay for 
proteins 

Benthic diatoms N.A 1-4 mg.cm-3 
(glucose eq.) 

2-6 mg.cm-3 Passarelli et al., 2012 
(11) 

Neckar River, 
Germany 

River sediments 5 mm DI water dilution, dower resin and 
centrifugation for colloidal, dower resin and 
centrifugation for bound from sediment  

Phenol sulfuric assay  
Lowry or Bradford 
assay for proteins 

Benthic diatoms 1.6-3.6 mg.g-1 
DW sed 

0.2-0.5 mg.g-1 
DW sed (glucose 
eq.) 

0.9-10.2 
mg.g-1 DW 
sed 

Gerbersdorf et al., 
2009 (12) 

Elbe River, 
Germany 

River sediments 5mm DI water dilution, dower resin and 
centrifugation for colloidal, dower resin and 
centrifugation for bound from sediment 

Phenol sulfuric assay  
Lowry or Bradford 
assay for proteins  

Benthic diatoms 1.3-6.7 mg.g-1 
DW sed 

0.4-3.4 mg.g-1 
DW sed (glucose 
eq.) 

2-7.4 mg.g-1 
DW sed 

Gerbersdorf et al., 
2009 (12) 
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Study site Sampling 
sediment 

Depth 
sampled  

Extraction methods Quantification 
method 

Main organism 
secreting EPS 

Bound EPS  Colloidal EPS  Protein  Ref 

Highborne Cay, 
Bahamas 

Shallow subtidal 
stromatolite 

2 cm Hot water (40°C) dilution with 4 
mM EDTA, centrifugation and 
alcohol precipitation 

Phenol sulfuric assay Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 0.1-0.7 mg.g-1 
DW sed (glucose 
eq.) 

N.A Decho et al., 2005 (a) 

Cayo Coco 
hypersaline 
Lagoon, Cuba 

Microbial mat 10 mm DI water dilution with 1 mM 
EDTA, centrifugation, alcohol 
precipitation and dialyze 

Phenol sulfuric assay 
Micro-bicinchoninic 
(BCA) assay for 
proteins 

Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 0.7-50 µg.g-1 WW 
sed (xanthan eq.),  
13 to 128 µg.g-1 

WW (glucose eq.) 

28-172 µg.g-1 

DW sed 
Pace et al., 2018 (b) 

Salt Pan 
hypersaline lake, 
Bahamas 

Microbial mats 4 cm DI water dilution with 100 mM 
EDTA, centrifugation, alcohol 
precipitation and dialyse 

Phenol sulfuric assay Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 2-10 mg.g-1 DW 
sed (xanthan eq.) 

N.A Braissant et al., 2009 (c) 

Rangiroa and 
Tetiaroa atolls, 
brackish ponds, 
French Polynesia 

Microbial mats 50 cm Hot NaCl water (20 g·L–1, 80°C) 
dilution, centrifugation, alcohol 
precipitation and dialyze 

Orcinol-sulfuric acid 
for neutral sugars 
and Lowry assay for 
proteins 

Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 25-40 mg.g-1 DW 
sed 

4-13 mg.g-1 

DW sed 
Che et al., 2001 (d) 

Salins-de-Giraud 
hypersaline 
lake/salina, 
France 

Microbial mats 10 cm DI water or saline water (10%) 
dilution, centrifugation, alcohol 
precipitation and dialyze 

Phenol sulfuric assay Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 9.7-32 mg. g-1 
DW sed (glucose 
eq.) 

N.A Klock et al., 2007 (e) 

Salins-de-Giraud 
hypersaline 
lake/salina, 
France 

Microbial mats 10 cm DI water or saline water (10%) 
with EDTA (4 mM) dilution, 
centrifugation, alcohol 
precipitation and dialyze 

Phenol sulfuric assay Cyanobacteria 
and 
heterotrophic 
bacteria 

N.A 15-43 mg. g-1 DW 
sed (glucose eq.) 

N.A Klock et al., 2007 (e) 

 
Table 6.2: Comparison of EPS concentrations in various studies on brackish to hypersaline microbial mats. The extraction methods and the techniques used to estimate the concentrations are also indicated. 

Table 6.1: Page (279) above. Comparison of EPS concentrations in various studies on river, estuarine or mudflat biofilms. The extraction methods and the techniques used to estimate the concentrations are 
also indicated. 
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Figure 6.2: Range of colloidal EPS concentrations measured in biofilms, microbial mats and sediments from different depositional 
environments: (i) estuaries (brown), (ii) rivers (green) and (iii) brackish to hypersaline mats (blue). Detailed about extraction protocols and 
measurement methods are available in tables 6.1 and 6.2. Mudflat biofilm EPS concentration is in brown, river biofilms in green and 
microbial mats in blue. Numbers refer to studies on the table 6.1 and letter to studies in the table 6.2. *Pace et al. (2018) is expressed in 
µg.g sediment-1 WW.
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Differences related to environmental factors. Differences in EPS concentrations can be related 

to the hydrodynamics of the studied site. Protected bay are for example less subject to erosion 

than open estuaries (e.g., Deloffre et al., 2007). In inner estuaries affected by river floods, the 

biofilm can undergo significant erosion and transport (e.g., Duteil et al., submitted, chapter 3). 

Large, opened estuaries can also be subject to waves generated by strong winds during storms. 

Such waves erode and transport diatoms and EPS, as observed in the Severn estuary (UK; 

Underwood & Paterson, 1993). Grazing and bioturbation by e.g., worms or mollusks, can also 

increase sediment and biofilm erodibility (e.g., Widdows & Brinsley, 2002). 

Concentrations of EPS in brackish to hypersaline microbial mats. In microbial mats, EPS 

concentrations are also highly variable (Table 6.2; Figure 6.2). Most studies extracted the 

colloidal fraction of EPS, and only one study measured the amount of proteins using the BCA 

assay (Pace et al., 2018). Most studies used EDTA-extraction, which gives the highest yields 

(Klock et al., 2007). The lowest polysaccharide amounts were measured by Pace et al. (2018) 

in hypersaline lakes from Cuba, between 20 and 150 µgEPS.gsediment
- 1 WW. However, the 

concentrations in this study are expressed in EPS per grams of wet sediment, which could 

largely underestimate the concentrations. Che et al. (2004) measured concentrations up to 40 

mg.gsediment
-1 DW, but EPS were extracted in hot water, leading to possible overestimations. 

Other studies measured concentrations comprised between hundreds of µgEPS.gsediment
-1 DW 

(Decho et al., 2005; Highborne Cay, Bahamas) and several tens of mgEPS.gsediment
-1 DW 

(Braissant et al., 2009; Salt Pan, Bahamas).   

EPS in mats versus biofilms: different approaches or real difference in productivity? The 

majority of studies considered here characterized the polysaccharides in the colloidal fraction 

of EPS (for a detailed definition, see section 1.2.2.1), more rarely bound EPS or proteins. The 

wide use of the phenol-sulfuric assay facilitates comparisons for polysaccharides. Techniques 

to measure proteins in EPS are more diverse: Lowry, Bradford and BCA assays, and often 

adapted to the specificities of the EPS. These different approaches imply that care must be taken 

when comparing the concentrations between studies (Tables 6.1 and 6.2). Standardization 

methods could be developed by using the techniques listed above on a series of EPS of known 

compositions. Besides, some EPS components remain underexplored despite an established 

influence on the physico-chemical properties of these organic matrices, e.g., proteins, nucleic 

acids (Decho, 1990; Flemming & Wingender, 2001; Decho & Gutierrez, 2017). For example, 

proteins account for 10 to 15% of the EPS of the benthic diatom Cylindrotheca closterium 

(Schlekat et al., 1998), and for up to 60% of bacterial EPS (Decho & Lopez, 1993; Flemming 

et al., 1999). Among the studied sedimentary systems, lagoonal to microbial mats present the 
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highest average concentrations in colloidal polysaccharide (2.5 mg.gsediment
-1 DW). Our results 

contrasts with the results of De Winder et al. (1999), who found 5 to 100 times more 

carbohydrates in diatom biofilms than in cyanobacterial mats. Environmental factors such as 

light quality and quantity (Han et al., 2014), nutrient limitation, high salinity (Paliwal et al., 

2017) are known to increase or decrease the secretion of EPS. Hypersaline microbial mats are 

exposed to strong salinity changes (e.g., Bouton et al., 2016). For example, the halophile alga 

Dunaliella is able to increase the production of polysaccharides or amino acids in response to 

salt stress (Mishra et al., 2008). Intertidal diatom biofilms could also increase the production of 

proteins to increase carbon storage, or protect against desssiccation or increasing salinity The 

sedimentary dynamics could also play a major role in EPS concentrations. The sedimentation 

rates calculated for the Bordeaux Nord point bar are comprised between 20 and 40 mm.yr-1 

(Virolle et al., 2021). In the Cayo Coco hypersaline lagoon, they are comprised between 0.05 

and 6 mm.yr-1 (Pace et al., 2018). An intense detrital sedimentation could dilute EPS despite a 

reasonable productivity. In order to better understand the potential impact of environmental 

factors on EPS production, we plan to complete our dataset with water chemistry (e.g., salinity, 

pH, dissolved nutrients), sedimentation (sedimentation rates, current velocity) or climatic 

parameters (temperature, insolation). Microbial and enzymatic activities could also help 

estimating the EPS degradation potential in various types of sediments, but are rarely 

quantified.  

We have also compared the monosaccharide composition of colloidal EPS in microbial mats 

and diatom biofilms (Table 6.3). In both cases, monosaccharides are mainly composed of 

glucose and also include lower quantities of galactose, xylose and rhamnose. In intertidal 

biofilms, the monosaccharides in colloidal and bound EPS change seasonally (Pierre et al., 

2014). EPS produced in the summer are richer in glucose, and contain less structural sugars 

(xylose and mannose) and uronic acids. This seasonal increase in glucose could be a response 

to trophic need of EPS consumers (e.g., heterotrophic bacteria).  
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Monosaccharide Diatom biofilm  Microbial mat 
Glucose 32% 42.5% 
Galactose 15.5% 28% 
Xylose 33% 10.4% 
Arabinose 0% 4.6% 
Rhamnose 10.5% 6.5% 
Fucose 0% 8% 
Mannose 9% 0% 

 
Table 6.3: Comparison of monosaccharide composition of colloidal EPS in diatom biofilm (Ems-Dollard estuary, Netherlands; 

data from Staats et al., 1999), and in a hypersaline microbial mat (Highborne Cay, Bahamas; data from Kawaguchi & Decho, 

2002b). These are only two examples and fair amount of variation might be found in composition. 

 

 

6.1.4 Sediment-EPS interactions: aggregation, attachment, trapping and binding 
 

Interactions between EPS and sedimentary grains are common, but occur through contrasted 

mechanisms. In this thesis, we documented the role of diatom biofilm EPS in the aggregation 

of clay and silt- sized particles and sands, resulting in the formation of clay-coated sand grains 

(see chapter 5 and Duteil et al., 2020; Figure 6.3A and 6.3B). Our experiments have shown that 

the clay coating could form in the absence of active diatom or other microorganisms. 

Epipsammic (i.e., living in sands) diatoms, usually small forms, are able to secrete a mucilage 

in order to attach to sand grains in estuarine and coastal sands (e.g., Stal, 2003; Jewson et al., 

2006), but also in carbonate microbialites (Winsborough, 2000). This mucilage is rich in 

proteins and glycoproteins and probably has a contrasted composition with epipelic biofilm 

EPS (Cooksey & Wigglesworth, 1995). 

Cyanobacteria are rarely found on muddy substrates in estuaries or mudflats, possibly because 

of the rapid attenuation of light in this type of sediments or because they are less motile in fine 

sediments than diatoms (Stal, 2003). Trapping and binding of sands (e.g., bioclasts, quartz) is 

a common process in marine and hypersaline microbial mats. The principal growth process in 

open marine stromatolites from the Bahamas is through trapping of ooids by filamentous 

cyanobacteria (Reid et al., 2000), and this trapping could be achieved through the secretion of 

EPS (Paterson et al., 2008). Trapping of ooids and quartz was also documented in coccoid-
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dominated microbial mats and microbialites in Great Salt Lake (Vennin et al., 2019). In non-

lithified mats, these grains are fully embedded in EPS (Figure 6.3C and 6.3D; Duteil, 2017). 

 

 
Figure 6.3: Cryo-SEM and SEM pictures showing interactions between detrital grains and EPS in two contrasted environments: 
estuarine diatom biofilms (A and B) and in Great Salt Lake hypersaline microbial mat (C and D). (A) Quartz sand grain and 
clay particle trapped in EPS matrix. (B) Zoom at the edge of the sand grain showing alveolar EPS sticking to the grain surface. 
(C) Detrital grains (carbonate or quartz) trapped in EPS matrix; (B) Zoom on the same grains showing that the EPS completely 
engulfs the grains. The last two pictures were taken during one of my internships (Duteil, 2017). 

 

6.1.5 Evolution of EPS with depth in the sediment  
 

In this sub-section, we will consider the colloidal EPS fraction. Depth EPS profiles were 

established in estuarine mudflat sediments (e.g., De Winder et al., 1999; Taylor et al., 1999; 

Paterson et al., 2000; De Brouwer & Stal, 2001; Duteil et al., submitted, chapter 3; Figure 6.4) 

or in hypersaline and open marine microbial mats (Decho et al., 2005; Braissant et al., 2009; 

Pace et al., 2018; Figure 6.5). Estuarine and fluviatile sediments show high concentrations of 

colloidal EPS at the surface or close to the surface, followed by a rapid decrease in the first 

millimeters to centimeters of the sediment (Figure 6.4). This general trend can be more complex 
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locally, with profiles showing an initial increase preceding a decrease, as documented for 

example in the Humble Estuary (Paterson et al., 2000). High concentrations of EPS are 

correlated with high concentrations of chlorophyll a and with an elevated diatom biomass 

(Paterson et al., 2000). Hypersaline and normal marine mats (Figure 6.5) either show an 

increase followed by a decrease in colloidal EPS concentrations in the first centimeter (e.g., 

Braissant et al. 2009), or successive trends of decreasing concentrations (e.g., Decho et al., 

2005; Pace et al., 2018). Such trends could reflect repetitive processes of production and 

degradation of EPS during the growth of the microbial mat (Pace et al., 2018). Such process 

could result in the formation of lamination in stromatolites (Dupraz et al., 2013; Pace et al., 

2018). 

Beyond local specificities, most authors observe an overall decrease in colloidal EPS 

concentrations at depth ranging from millimeters to decimeters. Such decrease has been locally 

correlated to enzymatic activity (e.g., glucosidase and galactosidase), reflecting consumption 

of EPS by heterotrophic bacteria (Braissant et al., 2009). In estuaries, benthic heterotrophic 

bacterial production is tightly coupled to colloidal EPS secretion of diatoms (van Duyl et al. 

1999). Degradation of EPS consists in a multistep process representing sequential degradation 

of different components, ranging from highly labile to relatively refractory (Nankai et al., 

1999). The resultant removal of charged monomers or low molecular weight organic 

compounds (LMWOC) will result in a net loss of functional groups on EPS, and potentially 

reduce their potential interactions with metals (Braissant et al., 2009). De Winder et al. (1999) 

observed a reverse trend between water-extractable and EDTA-extractable EPS (called bound 

EPS in their study), with an increase with depth. Consequently, they considered bound EPS as 

a more refractory fraction susceptible to accumulate in the sediment. EPS were rarely extracted 

and analyzed in sediments deeper than a few decimeters (e.g., Gerbersdorf et al., 2009; Figure 

6.4), but our study has shown that reactive EPS can be preserved several meters deep in 

estuarine sediments. Such preservation could be explained by (i) an incomplete microbial 

degradation of EPS; (ii) a protection of degradation through complexation of part of the EPS 

with mineral surfaces or (iii) a rapid burial following a sedimentation event (see Duteil et al., 

submitted, chapter 3, for a more in-depth discussion on the topic). Although diatoms and 

cyanobacteria are highly efficient and predominant EPS producers in most sedimentary systems 

(e.g., Stal, 2003), other groups of microorganisms are able to produce EPS. In hypersaline mats 

from Cuba, Pace et al. (2018) found concentrations of proteins six times higher in the purple 

sulfur bacteria-dominated layer than in the cyanobacteria layer. This result could reflect 

significant differences in the nature of EPS produced by oxygenic and anoxygenic phototrophs. 
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Heterotrophic communities (e.g., sulfate-reducing bacteria) are also able to produce EPS, albeit 

at lower production rates than photosynthetic communities and often by consuming EPS already 

present in the sediment (Braissant et al., 2007). SRB could be active several meters deep in the 

Gironde sediments (Duteil et al., in prep., chapter 4) and could participate to the production of 

EPS in relatively deep sediments. Non-negligible amounts of reactive EPS could be preserved 

at depth in various sedimentary environments.  
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Figure 6.4: Examples of depth colloidal EPS profiles in sediments covered by biofilms. (A) Profiles to the left have been measured in mudflats from the Humber estuary (UK; Paterson et al., 2000) and the 
Westerschelde estuary (Netherlands; De Brouwer & Stal, 2001). (B) The profile to the right was measured in sedimentary cores from the river Elbe. Note the difference in scales between the two profiles, 
the first is in millimeters while the second is in centimeters. 

 
Figure 6.5: Examples of depth-EPS profiles in sediments covered by microbial mats. (A) The profile to the left was measured in an open marine stromatolite from Highborne Cay (Bahamas; Decho et al., 
2005), the profile in the middle in the lagoon of Cayo Coco (B; Cuba; Pace et al., 2018) and the profile to the right in Salt Pan, a hypersaline lake from the Bahamas (C; Braissant et al., 2009).
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6.2  EPS in the sediment to rock transition and their potential 
preservation 

 

6.2.1. EPS Relationships between EPS cycling, carbonate precipitation and early 
diagenesis in hypersaline microbialites 

 

EPS have a strong affinity for divalent cations. The adsorption of metals to EPS can have advantages for 

the microbial community: (i) it regulates the flow of micronutrients (e.g. iron, zinc, copper) to the cells 

(Decho & Gutierrez, 2017); (ii) it protects cells against metal toxicity (Bhaskar & Bhosle, 2006; Duong 

et al., 2008). Freshly secreted EPS have a high capacity to chelate metals from the environment. Metals 

e.g., calcium, iron, can be loosely or strongly bound to EPS (Stal, 2003; Braissant et al., 2009; Pace et 

al., 2018). The same way, Pace et al. (2018) measured tightly bound Ca, Mg, Fe and Si in EPS from Cayo 

Coco hypersaline mats. Tightly bound calcium represented ca. 2% of EPS calcium binding capacity, and 

tightly bound magnesium ca. 5%. EPS are generally less abundant and reactive with increasing sediment 

depth, owing to degradation by heterotrophic bacteria using EPS as a source of carbon (Braissant et al., 

2009; see above, section 6.1.5). Metals can be bound to surface biofilm EPS, but also inside the sediment 

through interactions between porewater and preserved EPS (Duteil et al., in prep., chapter 4). The 

subsequent microbial or physicochemical degradation of EPS is susceptible to release these metals, which 

become available for diagenetic reactions.  

In hypersaline microbial mats, the heterotrophic degradation of LMWOC results in the release of Ca2+ 

and in the precipitation of CaCO3, ultimately leading to the formation of a microbialite (e.g., Braissant 

et al., 2009; Figure 6.6). This process creates a microenvironment favorable to the precipitation of 

carbonates, mostly in the form of Mg-calcite and/or aragonite. In addition, microbial degradation of EPS 

produces also HCO3-, increases the alkalinity and reduces the quantity of cation-binding sites, inhibiting 

CaCO3 precipitation (Braissant et al., 2009). The correlation between the sulfate reduction activity and 

the precipitated CaCO3 implies a strong involvement of SRB in such mechanism (Visscher et al., 2000; 

Dupraz et al., 2004; Dupraz et al., 2013; Pace et al., 2016). In that case, the precipitation of carbonates is 

microbially-induced (Dupraz et al., 2009). Extrinsic or intrinsic supersaturation of EPS by calcium have 

been proposed as alternative mechanisms for carbonate precipitation (supersaturation of EPS binding 

sites…) in hypersaline and marine stromatolites (Dupraz et al., 2011). In the latter case, the precipitation 

is microbially-influenced. The precipitation of carbonate minerals occurs close to the mat surface and 

probably in a very short time (i.e., within months), resulting in the formation of carbonate lamina (Pace 

et al., 2018). The degradation of EPS increases further at depth resulting in increase carbonate 

precipitation and early diagenetic modifications (Dupraz et al., 2013). Dissolution of the initial aragonite 
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in interaction with degraded EPS in circumneutral porewater could result in early diagenetic dolomite 

precipitation, as observed in Great Salt Lake (Pace et al., 2016). EPS-metal interactions can result in the 

precipitation of other mineral phases. Metal-enriched sulfides aligned with mat stratification form during 

the earliest phase of diagenesis in hypersaline microbialites. This sulfide precipitation could result from 

an abiotic remobilization and concentration of iron in EPS during the early diagenesis (Sforna et al., 

2017). EPS can serve as a substrate for mineral precipitation, even in the absence of metabolically active 

cells. Braissant et al. (2009) documented CaCO3 precipitation within 5 days in purified microbial mat 

EPS placed under CO2 and NH3 atmosphere, without calcium addition. The same way, Bontognali et al. 

(2014a) precipitated Ca-Mg carbonates experimentally only in the presence of EPS by adding Ca2+ and 

Mg2+ in the medium.  

 

6.2.2. Role of EPS in silicate precipitation 
 

Due to their reactivity, EPS have not only interactions with metals, but can also be the substrate for 

silicate precipitation. Magnesium silicates (e.g., kerolite, stevensite, sepiolite) have been documented in 

EPS from hypersaline and alkaline mats and microbialites (Leveille et al., 2000; Burne et al., 2014, Zeyen 

et al., 2015, Pace et al., 2016, 2018; del Buey et al., 2021). In order to precipitate, these minerals require 

a high pH (>8.5) combined with elevated Mg and Si activities. In microbial mats, these conditions are 

met for example in the zone of oxygenic photosynthesis, where pH locally reaches 11. Diatom frustule 

dissolution in such alkaline porewater is a possible source for silica. Leveille et al. (2000) documented 

kerolite crystals forming tangential layers around cyanobacteria and covering EPS in microbial mats 

from basaltic cavities. In Great Salt Lake, Mg silicates covered the alveolar EPS network (Pace et al., 

2016), while in Cayo Coco they formed patches within the EPS or encrusted coccoid cells (Pace et al., 

2018). Mg silicate patches could also nucleate around SRB clusters (Pace et al., 2018), which are known 

to increase pH in their immediate environment (Decho, 2010).  

Ueshima and Tazaki (2001) documented nontronite (Fe-smectite), whose layer followed the orientation 

of the EPS matrix in deep-sea sediments. In subsequent experiments, the same authors mixed a model-

EPS solution (dextrin and pectin) with iron hydroxides (derived from ferro-siliceous groundwater), which 

resulted in the formation of Fe-rich layered silicates. They proposed that the accumulation of silica and 

iron in EPS could result in the precipitation of nontronite, with EPS serving as a template for layered-

silicate nucleation. del Buey et al. (2021) proposed a relationship between the density of amino-groups 

in EPS and the growth of palygorskite crystals in microbial mats from hypersaline, playa lakes. As 

documented by Bontognali et al. (2014b) in experiments, the presence of certain organic acids (e.g., 

succinic acid) can enhance smectite precipitation. Succinic acid is common product of EPS degradation 



 

 

291 Discussion and way forward 

by aerobic respirers. Pace et al. (2018) proposed that Mg-Si phase precipitation could result from Mg and 

Si scavenging by EPS, followed by site-specific heterotrophic degradation.  

 

 
Figure 6.6: Conceptual model of microbially mediated CaCO3 precipitation in the EPS matrix from hypersaline microbial mats, after 
Braissant et al., 2009. Step 1: Two types of functional groups (A, B) with different pK and Kd values are found on EPS. Step 2: calcium 
binds either loosely or tightly to functional groups A and B. Step 3: LMWOC form a bidentate complex with calcium on EPS. Step 4: 
microbial degradation activity consumes LMWOC (solid arrow), which is subsequently oxidized to bicarbonate (dashed arrow). Step 5: the 
EPS–Ca complex binds carbonate. CaCO3 either remains linked to the EPS matrix (as EPS-A-CaCO3) or exists forms pockets within the 
EPS matrix. 
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6.2.3. A potential role for EPS in the diagenesis of estuarine sandstones 
 

Deeply buried (>2 km) estuarine sandstones are rich iron-rich diagenetic chlorite (e.g., Dowey et al., 

2012; Worden et al., 2020). Fe-chlorite crystallizes as rims around sand grains, whereby inhibiting the 

development of quartz cements and preserving reservoir properties (Worden & Morad, 1999). Fe-chlorite 

precipitation could result from the transformation of intermediate mixed layer mineral series during 

burial diagenesis (Beaufort et al., 2015). These reactions depend on increasing temperature, pressure, and 

on the availability of some metal species such as iron or potassium (Virolle et al., 2019; Figure 6.7). First, 

the interaction between detrital aluminous silicates (e.g., kaolinite) and iron-rich minerals in reducing 

sedimentary fluids results in the precipitation of precursor clay minerals, such as berthierine (Virolle et 

al., 2020). Berthierine (FeII,FeIII,Al)3(Si,Al)2O5(OH)4) has a chemical formula close to Fe-chlorite, but a 

different crystalline structure. Berthierine can be subsequently transformed into Fe-chlorite at a 

temperature range comprised between 40 and 120°C (Beaufort et al., 2015; Figure 6.7). Virolle et al. 

(2020) have identified berthierine in clay coatings within Early Cretaceous sandstones from the Paris 

Basin (France). Berthierine was absent at depths between 400 to 600 meters, while present at a depth of 

900 meters. Their results indicate that berthierine precipitates at relatively low temperatures (<40°C), 

probably over long periods of times. The formation of berthierine necessitates a source of Fe2+, which 

may derive from the reduction of iron, for example deriving from early diagenetic iron (oxy-)hydroxides, 

pyrite or siderite (Virolle et al., 2020). 

 
Figure 6.7: Schematic illustration of possible evolutions of detrital clay minerals during burial diagenesis. I/S= Illite-smectite mixed layer; 
C/B= chlorite-berthierine mixed layer. After Virolle et al. (2019). 
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Iron (oxy-)hydroxides can nucleate on acidic polysaccharides, such as those produced by iron-oxidizing 

bacteria (Chan et al., 2011). Experiments and modelling have shown that alginates produced by 

Shewanella (an iron-reducing bacteria) decrease the nucIeation barrier for hematite and ferrihydrite 

precipitation (Sand et al., 2020). Iron-EPS complexes could be a major source of iron for clay mineral 

diagenetic transformations. Penn et al. (2001) documented coatings composed of a mixture of Si- and 

Al-rich nanophases, smectite and goethite in an aquifer on the Atlantic coastal plain. Iron oxides occurred 

as nanoparticles within the Si and Al nanophases. Diatom frustules and putative remains of iron-oxidizing 

bacteria were observed in the same sediments. Microbially-mediated dissolution of detrital clay minerals 

(e.g., smectite) releasing iron and silica could constitute another source of iron in sandstone diagenesis 

(Vorhies & Gaines, 2009). The EPS matrix could also be involved in the precipitation of other iron-rich 

mineral phases such as iron-phosphates (Konhauser et al., 1994), ferrihydrite (Konhauser, 1998) or Fe-

Al-silicates complexes (Konhauser, 1998).  

In this study, we have shown the role of EPS in the formation of detrital clay coats in surface estuarine 

sediments (Duteil et al., 2020; chapter 5). Preliminary measurements show that Gironde EPS bind iron 

in surface biofilms. Detrital coats are composed of a mix of detrital clay minerals and highly reactive 

EPS, which is preserved at least six meters below the sediment surface (Duteil et al., submitted; chapter 

3). Clay minerals were not significantly transformed in the first meters of the sediment (Virolle, 2019). 

We have also observed concentrations of dissolved Fe(III) increasing with depth in the studied sediment 

porewaters (Duteil et al., submitted; chapter 3). We have not determined yet if this iron was free or 

complexed to small organic molecules which could derive from EPS degradation. Based on our results 

and on comparisons from the literature, we propose a new hypothesis where iron is released in the 

sediment through microbial and thermal degradation of EPS (Figures 6.8 and 6.9). 
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Figure 6.8: Schematic illustration of the diagenetic evolution of clay coats, from detrital clay coatings formed in the sedimentary 
environment to iron rich chlorite coatings precipitated during deep burial.  In red, the potential roles or signatures of EPS. Modified from 
Billault et al. (2003), Wooldridge et al. (2018) and Virolle (2019).
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Figure 6.99: (A) Conceptual model of the interactions between EPS, iron and clay minerals during the diagenesis of estuarine sands, inspired by the models Dupraz & Visscher (2005) and Braissant et al. 
2009 in hypersaline mats. (A.1) Fresh EPS possess functional groups (a, b) with different pK and Kd values for iron. (A.2) Iron binds more or less tightly to functional groups A and B, respectively. (A.3) 
LMW organic carbon and iron form a bidentate complex on EPS. (A.4) Microbial degradation activity removes both LMW organic carbon and iron from EPS leading to the precipitation of iron rich 
minerals. These minerals can be iron (oxy)hydroxides or sulfides depending on porewater redox conditions, and can be linked to the EPS matrix or exist freely in pockets within the EPS matrix. The 
dissolution minerals or the degradation of EPS-mineral complexes can be a source of iron for clay transformations during diagenesis. (B) Estuarine sediments and sandstones at increasing diagenetic stages 
(B.1 to B.3). The potential transformations depicted in (A) would occur between stage (B.1) and (B.2). (B.1) Modern sediment, Gironde Estuary from Virolle et al. (2019). (B.2) Moderately buried estuarine 
sandstone (0.5 km deep), Early Cretaceous, Paris Basin from Virolle et al. (2022). (B.3) Deeply buried sandstone (3.5 km deep), Permian, Petrel Basin (Australia) from Saïag et al. (2016).
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6.2.4. EPS-mineral interactions as biosignatures of past microbial activity 
 

Minerals precipitated in interaction with EPS are increasingly used as biosignatures of past 

microbial activity (e.g., Sforna et al., 2017; Pace et al., 2016, 2018, Visscher et al., 2020, 

Bourillot et al., 2020, Marin-Carbonne et al., 2022). Microbialites are among the best 

documented examples of EPS-related carbonate precipitation (see section 6.2.1; Figure 6.10). 

They are an obvious marker of past microbial activity, as well as arguably represent the oldest 

complex microbial ecosystems preserved on Earth, dating back to at least 3.43 Ga (e.g., 

Allwood et al., 2006). Biosignatures of EPS-mineral interactions are less documented in 

siliciclastic sedimentary systems. The physical properties of the gel-like cohesive matrix 

formed by EPS may produce macroscopical biosedimentary features called microbially induced 

sedimentary structures or MISS (Noffke, 2009). Some MISS are formed through interactions 

between biofilms and sedimentary particles, e.g., wavy crinkle lamina. These MISS are 

generally concentrated in the zone of biofilm stability, i.e., on low-energy muddy and sandy 

substrates of tidal flats or lagoons (Noffke, 2009), and have been documented in rocks as old 

as 3.3-3.4 Ga (Westall et al., 2006; Tice, 2009). The potential to preserve such biosignatures in 

high-energy tidal deposits is very low. Our results show that detrital clay coats are produced 

through the aggregation of EPS, fine-grained sediments (clay and silt-sized particles) and sands. 

EPS are mainly produced in biofilms located on intertidal mudflats and subsequently 

transported to high energy area such as estuarine point bars or tidal bars (Virolle et al., 2019; 

Duteil et al., 2020; Virolle et al., 2021). Therefore, detrital clay coats can be viewed as 

biosignatures of biofilm development and EPS production which can be preserved in high-

energy sandstones (Figure 6.10). Detrital clay coats have been documented in many ancient 

sandstones, not only in estuarine or coastal settings, but also in desert and deep water 

environments (Dowey et al., 2012). This thesis calls for new investigations on these ancient 

sandstones, which could be a unique archive of the evolution of biofilm communities on Earth. 
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Figure 6.1010: Preservation of EPS-sediment interactions in the sedimentary record of two sedimentary environments. (A) 
Estuarine environment: during their development, diatom secrete EPS in order to attach to sediments (left). Detrital clay coats 
form through interactions between EPS and sediments (middle). Similar detrital clay coats could be biosignatures of EPS 
production in ancient estuarine sandstones, here Upper Cretaceous estuarine sandstones from the Sego Formation (right; Utah, 
USA). (B) Hypersaline lakes: microbial mats are rich in EPS mainly secreted by photoautotrophic communities (left; 
cyanobacteria (A-B) and Purple Sulfur Bacteria (C-D); from Pace et al. (2018). The degradation of EPS by heterotrophs results 
in carbonate precipitation (middle) and in the formation of microbialites which can be preserved in the sedimentary record 
(right; stromatolite from Great Salt Lake, USA).  
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6.3 Perspectives 
 

6.3.1 Experiments on EPS from diatom cultures 
 

In order to produce higher amounts of EPS for new experiments, we have cultivated diatoms 

extracted from Gironde biofilms (Figure 6.11). Cultures were prepared by N. Le Roy (postdoc), 

I. Betelu and J. Caumartin (engineering students) and myself. A drop of diatom biofilm is 

poured in an autoclaved Erlenmeyer flask filled with 50mL a mix of F/2 culture medium 

(Guillard & Ryther, 1962; Guillard, 1975; Annex 9 chapter 2) and artificial sea water (1g/L). 

The flasks were capped with a cotton plug and placed under natural light, other under artificial 

light. Cultures started December 7, 2020, and their evolution was monitored every four days 

through microscopic observations and colorimetric assays: TTC, FDA and Alcian Blue; see 

chapter 2 for details about the assays). Microscopic monitoring allowed to observe the evolution 

of the diatom community (e.g., genera, abundance), and potential contaminations. Colorimetric 

assays allowed to characterize the state of the biofilm, e.g., active cells (TTC) or production of 

EPS (Alcian Blue). In order to avoid contamination by green algae, a purification of the cultures 

was performed by successive transplantations following the Purification by Micropipette 

protocol described by Andersen (2005). Two cultures with the best characteristics (diatom 

dominance and abundant EPS secretion) were selected at each transplantation phase. A pellet 

consisting mainly of diatoms and EPS is sampled in the mother culture and then deposited in 

another flask to start a daughter culture. A 2 weeks growth phase was followed by a potential 

new transplantation (Figure 6.11).  
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Figure 6.1111: Method used for the laboratory culture of diatoms. At the beginning, a drop of biofilm is taken to be grown in 
F/2 medium under artificial light. Following the growth phase, a monitoring of the cultures is done through microscopic 
observations and colorimetric assays. The two best cultures are subsequently transplanted. After Betelu & Caumartin (2021). 

 

Some of the cultures were contaminated by green algae (e.g., Desmodesmus sp.) and/or 

cyanobacteria (Figure 6.12), which appeared to be more competitive than diatoms and take 

precedence in the concerned samples. After one month of growth and three transplantations, 

two morphotypes of diatoms were dominant in the cultures. These diatoms were identified as 

Navicula sp. and Achnanthes or Cocconeis sp. The colorimetric assays confirmed that they were 

active and secreted a reactive EPS (Figure 6.13). After three months and six transplants, the 

selected cultures were mostly largely by diatoms, and the objective was to start EPS production. 

Unfortunately, this culture project had to stop partly because of restricted access to the lab 

during the Covid crisis. We had nevertheless considered subsequent experiments, which are 

described below. 
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Figure 6.1212: Culture contaminated by green algae. (A) Erlenmeyer flask showing a green colour following the development 
of green algae and/or cyanobacteria; (B) Unicellular green algae; (C) Filamentous cyanobacteria; (D) Association of diatoms, 
filamentous cyanobacteria and green algae; (E) Association of diatoms and green algae (including Desmodesmus sp.). 

Influence of the sediment on EPS production. A subsequent experiment could be to grow 

diatoms on various types of substrata to test the influence of the sediment grain size, and 

mineralogy on EPS secretion. Diatoms could be cultured on sterilized sediment of different 

composition, e.g., Gironde mud, pure quartz, various clay minerals. EPS quantity and physico-

chemistry could be assessed at various times of the experiments by using rapid techniques such 

as colorimetric assays (alcian blue, phenol-sulfuric or Lowry), FTIR, or more in-depth 

characterizations such as proteomics. Chlorophyll-a could be used as a proxy to monitor the 

growth of diatoms (Andersen, 2005), and to standardize EPS measurements. The objective 

would be to test various hypothesis. For example, epipsammic diatoms secrete a specific 

mucilage to adhere to sand grains (Jewson et al., 2006) and bound EPS proteins could have a 

role in the pioneering stages of the biofilm (Ubertini et al., 2015). Besides, proteins are more 

reactive than polysaccharides towards quartz (Ghashoghchi et al., 2017). Therefore, we could 

expect an increase protein secretion or a change in protein composition in the presence of 

quartz.  We could also test the influence of clay minerals with various characteristics, e.g. cation 

exchange capacity, specific surface area, on EPS secretion. Diatoms secrete EPS to attach to 

their substratum, but can they change the composition of secreted EPS in function of the surface 

reactivity? 
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Figure 6.13: Diatom-rich culture characterized by a typical brown/golden color (A). (B, C, E) Culture rich in Navicula sp. (D, F, G) Culture rich in a smaller morphotype, possibly Achnanthes or Cocconeis 
sp. Acidic exopolymers are stained with Alcian Blue in (D) and (G).
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6.3.2 Interactions between EPS, clay minerals and metals, and evolution through 
diagenesis 
 

During this thesis, we have done preliminary measurements of the affinity of the Gironde 

diatom biofilm EPS for some metals: Ca, Mg, Zn. This cation binding capacity was measured 

using isothermal calorimetry (ITC) with Dr. Olivier Braissant at the University of Basel 

(Switzerland). ITC consists in measuring the adsorption enthalpy of a given metal on EPS by 

measuring the heat flow released through successive addition of the selected metal to EPS. Our 

objective would be to measure the affinity for metals in “fresh” and microbially degraded EPS, 

but also to measure the cation binding capacity for redox sensitive metals such as Fe and Mn. 

In order to evaluate the role of EPS in the early diagenesis of clay minerals and test the 

hypothesis discussed in section 6.2.3, we also propose to perform experimental diagenesis 

experiments involving EPS, clay minerals, metals and sand. Sediment burial conditions could 

be simulated using a high-pressure/high-temperature bioreactor developed at the Institut de 

Chimie de la Matière Condensée Bordeaux. The reactor allows to reach temperatures of 135°C 

and pressures up to 50 MPa, which are close to the conditions encountered by estuarine 

sandstones buried several kilometers deep in sedimentary basins. Such experiments could be 

set up on various mixes (e.g., with or without the addition of selected metals), and for various 

durations, from a few weeks to several months. The objective is to follow the potential 

degradation of EPS, the transformation of mineral and metal phases in various diagenetic 

conditions using measurements in situ (e.g., Raman probe) or ex situ (e.g., X-Ray diffraction, 

X-Ray absorption spectroscopy). We expect to document transfers of metal between EPS and 

mineral phases, and potential mineral transformations (e.g., nucleation of chlorite precursors). 

The next step would be to compare the mineralogical and EPS molecular diagenetic products 

in these experiments and in rocks from ancient estuaries. Finally, it also allows to demonstrate 

the chemical modifications of EPS and to establish targeted biomolecules that could be found 

in the sediment records. This would be a big step in understanding the impacts of diatom EPS 

on sedimentary mechanisms and in discussing whether they are biosignatures.  
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This thesis at the interface of geology and biology required a transdisciplinary approach. I had 

the chance to collaborate with specialists of different disciplines: geomicrobiology, 

geochemistry, mineralogy, etc. and to use a wide range of techniques. After the analyses and 

interpretations, I tried to synthesize my results into conceptual models that could be useful to 

other researchers. The general conclusions of this work are organized as answers to the research 

questions stated at the end of Chapter 1 in the following paragraphs. 

 

Topic 1. Preservation of EPS, evolution of EPS properties and EPS-sediment interactions 

with depth (Chapter 3). 

Q1: Are the EPS preserved at depth in the sediment? If so, how do EPS physicochemical 

properties evolve? 

 Q2: Do EPS still interact with sediments at depth? If so, are there modifications of EPS-

mineral complexes between the surface and deeper sediments? 

Q3: Can we link the preservation of EPS and the sedimentary dynamics in an estuary? In other 

words, does the preservation of EPS depend on depositional conditions? 

 

The preservation of EPS has rarely been studied below the first decimeters of the sedimentary 

column. In chapter 3, we present a characterization of EPS physico-chemistry several meters 

deep in estuarine sediments. Diatom biofilms secrete reactive colloidal EPS at the surface of 

the muddy intertidal zone of the Bordeaux Nord point bar (Gironde estuary, France). The 

studied EPS are mainly composed of polysaccharides and proteins, and include reactive 

functions such as carboxylic acids, amino groups or sulfates. Their concentrations were 

relatively low compared to similar studies in other estuaries. In chapter 3, EPS have been 

extracted from 16 samples along a 6 meters deep core extracted from the Bordeaux North tidal 

point bar. The quantity and reactivity of EPS are very high in the surface biofilm, and decrease 

sharply (10 to 20 times) at a depth of 50 cm, probably due to heterotrophic consumption. 

Nevertheless, some deeper samples (e.g., 4.3 m deep) have a quantity and reactivity equivalent 

to those of the surface biofilm. FTIR spectroscopy and acid-base titrations showed minor 

changes in the composition of EPS with depth: a local disappearance of carboxylic acid groups 

in some horizons, a shift of the amide II band with depth possibly linked to complexation of 

proteins with mineral surfaces, and an increase in amino groups relative to carboxyl or sulfate 

groups at depth. The concentration of EPS is not statistically correlated to sediment grain size 

or Total Organic Carbon (Q1).  
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EPS form aggregates with clay to sand-sized sedimentary particles, and these aggregates are 

observed at all depths in the core. In sandy horizons, EPS are found in detrital clay coats, i.e. 

thin envelopes of clay minerals and silts around sand grains. In muddy horizons, they are mixed 

with clay and silt particles. We observe no morphological or mineralogical modification of 

EPS-sediment complexes with depth. The interactions between EPS and sediment could be 

partly explained by the complexation of functional groups e.g., carboxyls, with mineral 

surfaces. Interactions with sediments is documented even in horizons with low EPS 

concentrations. This could be explained by a preferential complexation of refractory EPS to 

mineral surfaces, or more likely because minerals surfaces protect EPS from degradation (Q2). 

Finally, we observe a correspondence between the vertical gradients of EPS and the 

sedimentary facies and sequences. EPS concentrations are higher at the top of tide-dominated 

sedimentary sequences. This could be explained by an increased biofilm productivity when the 

estuarine point bar is stable and the muddy intertidal zone is most extensive. In contrast, river 

flood sedimentary periods could be associated with significant point bar migration and erosion 

of the intertidal zones. This instability could prevent significant development of biofilms and 

production of EPS. The preservation of highly reactive EPS could play a major role in early 

diagenetic organo-mineral reactions (Q3). 

 

Topic 2. Geochemical gradient, microbial activity, EPS and related impacts in the 

sediment early diagenesis (Chapter 4). 

Q4: How do microorganisms impact sediment geochemistry in the Gironde estuary? Can we 

link metal concentrations to a stratification of microbial metabolisms at depth? What is the 

impact of microbial metabolisms on the precipitation/dissolution of mineral phases in the 

sediments?  

Q5: Is there a role for EPS in the precipitation/dissolution of metals in estuarine sediments? 

 

In the sediment, microbial metabolisms are generally stratified according to a gradient of 

successive electron acceptors with decreasing potential free energy yield (i.e., oxygen, nitrate, 

Mn and Fe oxides, sulfate and methane). In chapter 4, we measured the concentration of some 

key ions in the porewater (Mn2+, Mg2+, Ca2+, Fe2+, Fe3+, SO4
2-, HS-, NO3

-, Cl-, Na+) of 3 cores 

with various length (0.3 to 6 meters). Some key elements show significant fluctuations that can 

be related to biogeochemical reactions organized as a function of depth: (i) oxygenic 

photosynthesis is performed in the diatom biofilm at the surface of the sediment; (ii) aerobic 

respiration is predominant down to approximately 5 cm; (iii) a first reduction of Mn oxides is 
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possibly coupled with nitrification (or sulfate reduction) between 5 and 10 cm, as indicated by 

the concomitant increase in dissolved Mn and nitrates; (iv) nitrates are subsequently reduced 

between 10 and 15 cm; (v) sulfate reduction is active at several depth intervals, but the main 

sulfate reduction zone occurs between 8 and 20 cm; (vi) the reduction and dissolution of iron 

and manganese oxides occurs in the zone of sulfate reduction, and is particularly active at 20 

and 30 cm (Q4).  

While metabolic activity decreases between the surface biofilm and the zone of aerobic 

respiration, it increases markedly in the zone of anaerobic respiration, between 10 and 30 cm. 

In contrast, the enzymatic activity peaks in the zone of aerobic respiration and is relatively 

constant and low in the anoxic part of the sediment column, revealing the typically observed 

sequence of different strategies for energy acquisition and organic carbon degradation among 

heterotrophs. EPS concentrations concomitantly decreased between the surface biofilm and 50 

cm. This was confirmed by an inverse correlation between sugar and protein concentrations and 

metabolic activity (see also chapter 3 and Topic 1; Q5). Most metabolic reactions seem greatly 

reduced below 1 to 1.5 m deep (except for local sulfate or nitrate reduction). Consequently EPS, 

which serve as a source of organic carbon for heterotrophic microorganisms, have a greater 

potential for preservation at depths when buried below this depth range (Q4, Q5). Microbial 

metabolisms also impact sediment and pore water geochemistry, creating the conditions for the 

precipitation or dissolution of metal-rich mineral phases, such as sulfides or oxy(hydroxides). 

Using XRF, we document enrichments for some metals (e.g., Fe, Mn, Ca) and sulfur in the 

sediment, which are coincident with zones of or sulfate reduction (e.g., between ca. 15 and 50 

cm, or at ca. 1.5 or 3 meters deep. Precipitation-dissolution modelling using phreeQC confirms 

that iron sulfides (e.g., mackinawite or pyrite) are supersaturated in the same depth intervals 

(Q4).  

Dissolved Fe(III) increase with depth despite a supersaturation for iron oxides in porewater. 

We observe no statistical relationships between EPS and porewater chemistry. However, 

preliminary micro-XRF measurements show that Fe (as well as Ca, K or S) can be strongly 

bound to EPS. EPS are known to increase the solubility of iron oxy(hydroxides) and could 

potentially play an inhibitory role in Fe(III) precipitation (Q5). We finally propose a synthetic 

geomicrobiological model explaining potential interactions between microbial activity, 

porewater and sediment chemistry, and exopolymeric substances. 
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Topic 3. Role of EPS in the aggregation of clay and sand: an experimental approach 

(Chapter 5). 

Q6: Do EPS produced in diatom biofilms interact with sedimentary particles (e.g., sand and 

clay) in the Gironde estuary? If so, what are the products of these interactions? 

Q7: What are the possible mechanisms of EPS-mineral interactions in estuarine sediments? 

In estuarine environments, clay and sand are segregated by tidal processes. Yet, clay coats, thin 

clay and silt envelopes lining sand grains, are abundant in modern (including the Gironde 

estuary) and ancient estuarine deposits. Although assumed, the role of biofilms in the formation 

of clay coats was not demonstrated. In chapter 5, we have extracted and characterized the EPS 

produced by diatom biofilms at the surface of the sediment on the Bordeaux Nord point bar (see 

Topic 1). We subsequently propose a series of experiments at ambient pressure and temperature 

where we have mixed purified intertidal biofilm EPS with clay minerals and quartz reference 

materials. We have successfully produced clay-coated quartz sands similar to those observed 

in the Gironde, but also in some ancient estuarine sandstones. The imaging of experimental 

sediment-EPS mixes using cryo–scanning electron microscopy and atomic force microscopy 

demonstrates that EPS form organic bridges between clay and quartz (Q6).  

We propose a scenario describing clay coat formation from molecular to sediment scale. The 

characterization of sediments from the point bar show that clay-EPS complexes are likely 

initiated at the biofilm-mud interface on low-energy mudflats. Erosion by tidal currents induces 

resuspension, transport and deposition of clay-EPS complexes on sand dunes during slack water 

periods, creating interfaces between clay-EPS complexes and sand in, e.g., interdune ponds. At 

the molecular scale, the potential interaction mechanisms between EPS and mineral surface are 

cation exchange, hydrophobic and electrostatic interactions. The reactive functional groups 

characterized in chapter 3, i.e. carboxyl, sulfates and amino-groups, could have a prominent 

role in aggregation (Q7).  

During burial diagenesis, clay-EPS aggregates form potentially the source material for the 

precipitation of chlorite precursors such as berthierine. Detrital coats from ancient estuarine 

sandstones show textural similarities to the experimental clay-EPS complexes and could be 

considered as biosignatures of biofilm development and EPS production in ancient estuaries. 
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