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ABSTRACT 16 

Estuaries provide an excellent depositional environment to study the interaction between 17 

minerals (clays, quartz sands…) and biofilms. The estuary bottom is largely covered by 18 

biofilms that impact sediment stability, the mud and clay-coat content in sands, and 19 

sedimentary-structure stability, thus influencing sandstone properties during burial. 20 

Although numerous oil, gas, and geothermal reservoirs are exploited in estuarine 21 

heterolithic point bars, many questions remain about the origin of reservoir properties and 22 

heterogeneities in these sedimentary bodies. In order to better understand the sedimentary 23 

and microbiologic processes in estuarine systems and to better predict the reservoir quality 24 

of estuarine sandstones, this study characterizes a modern heterolithic point bar located in 25 

the Garonne estuarine channel at various scales, ranging from the microscopic (thin section) 26 
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to the macroscopic (core) scale. Three piston cores 4.5 to 6.8 m long were drilled in the 27 

Bordeaux North Point Bar. Three main facies were identified in these cores: (1) sandy gravel; 28 

(2) heterolithic, medium-grained sand dunes; and (3) thin heterolithic, fine-grained sand 29 

beds with mud drapes. The sands are classified as lithic arkoses to feldspathic litharenites. 30 

Detrital clay grain coats, which at deep burial depths are transformed to permeability 31 

preserving authigenic chlorite coatings, are observed from the base to the top of the point 32 

bar. These detrital clay grain coats are mainly composed of smectite, illite, kaolinite, and 33 

chlorite, intermixed with other components, such as diatoms or pyrite. Biofilms of 34 

exopolymeric substances (EPSs), mostly produced by diatoms, are believed to control the 35 

adhesion of the clay coats to the surface of sand grains. Quantification by thin section shows 36 

that on average; about 30% of the sands are coated in the point bar. The proportion of clay-37 

coated grains appears to be independent of facies. Radiocarbon age dating measured on 38 

organic matter point to significant vertical mixing, highlighting the significance of erosion 39 

and redeposition. The activities of 137Cs and 210Pb indicate a vertical sedimentation rate of 40 

ca. 0.02 m.yr-1 in the muddy chute channel. These ages, coupled to historical maps, suggest 41 

that the present-day point bar has developed over the last 300 years with a vertical 42 

sedimentation rate ranging from 0.015 to 0.036 m.y-1 and a lateral migration rate of about 1 43 

m.y-1. The combination of sedimentary geology, thin-section petrography, and mineralogy at 44 

high spatial and temporal resolutions highlights the potential of this study area as a modern 45 

analogue for ancient tidally influenced point-bar deposits associated with clay coatings. 46 

Key words: Facies, Sand, Clay coats, Estuary, Point bar, Gironde, Reservoir analogue, 47 

Petrography 48 

 49 

INTRODUCTION 50 
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Estuaries provide an excellent depositional environment to study the interaction between 51 

minerals (clay coating, quartz sands…) and biofilms, mostly produced by diatoms (Smith and 52 

Underwood, 1998; Decho, 2000; Wooldridge et al., 2017a; Virolle et al., 2019a; Duteil et al., 53 

2020). Estuarine biofilms consist of exopolymeric substances (EPSs), composed of 54 

polysaccharides, proteins, lipids, and nucleic acids, and reactive groups, such as carboxyl or 55 

sulfate (Stoodley et al., 2002; Braissant et al., 2007; Duteil et al., 2020). The reactive groups 56 

in EPSs formed in shallow marine and coastal environments adhere to mineral surfaces (e.g., 57 

clays and sands; Duteil et al., 2020), changing the properties of sediments (Malarkey et al., 58 

2015) and also adsorbing metals (Decho, 2000; Pace et al., 2018). The estuary bottom is 59 

largely covered by biofilms that influence sediment stability (Decho, 2000; Malarkey et al., 60 

2015; Shchepetkina et al., 2017, 2018). Biofilms and their EPSs may also play a significant 61 

role in Precambrian stratigraphy and sedimentary environmental interpretations, influencing 62 

both sediment stability and sedimentary-structure stability (Decho, 2000; Sarkar et al., 2005; 63 

Malarkey et al., 2015; Shchepetkina et al., 2017, 2018). EPS is believed to support 64 

attachment of organisms to the mud sediment and as a protective cocoon to shelter the 65 

organisms against desiccation and erosion (Decho, 2000). Many studies show that tidally 66 

influenced point-bar deposits form moderate- to high-quality reservoirs (Martinius et al., 67 

2005; Finotello et al., 2018). Common internal depositional features in point-bar reservoirs 68 

are lateral-accretion surfaces and associated bedding features that create intermediate-69 

scale heterogeneities (Jordan and Pryor, 1992; Pranter et al., 2007; Cosma et al., 2019; La 70 

Croix et al., 2019). Although porosity and permeability in sandstone reservoirs, including 71 

tidally influenced point bars in estuaries, could be damaged by quartz overgrowth, it is 72 

widely accepted that authigenic clay chlorite coatings help inhibit quartz cement and 73 

preserve deep-reservoir quality (Ehrenberg, 1993; Bloch et al., 2002; Worden and Morad, 74 
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2003; Saïag et al., 2016; Worden et al., 2020). Recently, clay coats have been documented in 75 

modern shallow-marine deposits of estuaries and estuarine channels (Wooldridge et al., 76 

2017b; Griffiths et al., 2018, 2019b, 2019a; Virolle et al., 2019a). These coats appear to have 77 

formed by thermally driven transformations of clay-mineral precursors (Aagaard et al., 2000; 78 

Haile et al., 2015; Worden et al., 2020). In modern estuarine environments, clay minerals are 79 

found in the sediment during or just shortly after deposition, and EPS appears to play an 80 

important role in binding detrital clay to sands (Dowey et al., 2017; Jones, 2017; Griffiths et 81 

al., 2019b; Wooldridge et al., 2019a; Virolle et al., 2019a; Duteil et al., 2020). These initial 82 

detrital clay minerals are believed to initiate chloritization by promoting the formation of 83 

clay-mineral precursors (e.g., berthierine) (Beaufort et al., 2015; Virolle et al., 2019b; 84 

Worden et al., 2020). Recent studies of modern analogues such as the Ravenglass (United 85 

Kingdom), Gironde (France) and Petitcodiac (Canada) estuaries show that tidal bars in the 86 

inner estuary and tidal marshes contain well developed detrital clay coats (Shchepetkina et 87 

al., 2017, 2018; Griffiths et al., 2018; Wooldridge et al., 2019a; Virolle et al., 2020).  88 

However, few studies have focused on documenting the grain-size distribution, mineralogy, 89 

presence, and distribution of clay coats in point bars deposited in the estuarine channels up 90 

to the fluvial–estuarine transition zone, except for studies on the Ogeechee River (USA) 91 

(Shchepetkina et al., 2016a), the Petitcodiac River Estuary (Shchepetkina et al., 2017, 2018), 92 

the channel parts of the Ravenglass estuary (Griffiths et al., 2018, 2019b, 2019a) and the 93 

Garonne estuarine channel, located in the upstream part of the Gironde estuary (Virolle et 94 

al., 2019a). To date, no study has evaluated the influence of point-bar architecture on clay-95 

coat distribution. Therefore, comprehensive models of detrital-clay coating processes, 96 

distribution, preservation, and heterogeneity in these challenging heterolithic point bars are 97 

still needed. 98 
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This study focused on the modern Bordeaux North heterolithic point bar, located in the 99 

Garonne estuarine channel (SW France). The objective was to characterize the point-bar 100 

heterogeneity from large-scale (i.e., hundreds of meters) to microscale and to discuss the 101 

factors potentially influencing clay-grain-coat occurrences and reservoir potential. This 102 

primary goal of this study is to provide a better understanding of the distribution and 103 

prediction of porosity and permeability in deeply buried tidally influenced sandstone 104 

reservoirs.  105 

 106 

GEOLOGICAL SETTING 107 

The Gironde estuary (Nouvelle Aquitaine; southwestern France) is one of the largest 108 

estuaries in Europe with a surface area of 630 km2 (Sottolichio et al., 2011) (Fig. 1A). The 109 

estuary is divided into three morphological zones: (1) the Garonne and Dordogne estuarine 110 

(meandering) channels, characterized by the deposition of sandy heterolithic point bars; (2) 111 

the inner estuary funnel, where the tidal bars of the bay-head delta are deposited; and (3) 112 

the outer estuary funnel, consisting in a wide muddy central basin with tidal bars and a large 113 

tidal inlet channel at its seaward extremity (Fig. 1A; Allen, 1991; Allen and Posamentier, 114 

1993; Féniès and Tastet, 1998; Billy et al., 2012; Chaumillon et al., 2013; Virolle et al., 2020). 115 

The Bordeaux North point bar is located in the Garonne estuarine channel. It is a sinuous 116 

single channel, 85 km long, which extends inland from the landward extremity of the estuary 117 

funnel to the upstream tidal limit located 160 km from the estuary mouth (Fig. 1A). It is 118 

characterized by its low gradient and narrow channel (about 500 m at Bordeaux). Several 119 

point bars are observed along the meanders. These point bars are heterolithic and are 120 

composed of fluvial sand dunes and amalgamated slack-water mud drapes (Allen, 1991; 121 

Virolle et al., 2019a). The Bordeaux North point bar is located 94 km upstream from the 122 
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estuary mouth, north of the city of Bordeaux. It is about 1100 m long and 200 m wide (Fig. 123 

1B, C). It has been deposited in the lower part of the intertidal zone, including the entire 124 

subtidal zone, down to the thalweg of the channel. The intertidal part of the point bar is 125 

covered by (1) a network of small dunes, which can be observed from the low-tide limit to 126 

the crest of the bar, and (2) a muddy chute channel, around 100 m wide, located between 127 

the crest of the point bar and the channel bank. The channel banks are composed of a 3-m-128 

thick section of muddy estuarine coastal-plain sediments that were deposited up to the 129 

high-tide limit. The Garonne river’s discharge rate varies seasonally, reaching the highest 130 

values in January–February and the lowest in August–September (Coynel et al., 2004). The 131 

Gironde is well known for its well-developed Turbidity Maximum Zone (TMZ). In the TMZ, 132 

concentration of suspended particle matter (SPM) is reported to be a few g.l−1 in surface 133 

waters, but in the fluid mud zone (FMZ) near the estuary bottom, the concentration of fine 134 

particles (< 4 µm) can reach 100 300 g.l−1 (Castaing and Allen, 1981; Sottolichio et al., 2011; 135 

Etcheber et al., 2011). Jalon-Rojas et al. (2015) reported that the TMZ today in the Garonne 136 

channel near Bordeaux seems independent of salinity and density currents.  137 

 138 

MATERIAL AND METHODS 139 

This study is mainly based on a new set of shallow piston cores (Fig. 1). Coring was 140 

conducted along an east–west transect perpendicular to the long axis of the bar, which has 141 

developed almost parallel to the direction of tidal currents. Three cores were drilled in 2016 142 

and 2017 in the heterolithic point bar: 1) Bo-2016-E at the east; 2) Bo-2016-W at the west; 143 

and 3) Bo-2017-C in the center of the cross section (Fig. 1C). The length of the cores varies 144 

from 4.44 m to 6.70 m. Core spacing is about 60 m (Fig. 1B, C). A portable vibro-corer was 145 

used to recover these cores (De Resseguier, 1983) (Fig. 2). During coring, the core barrel is 146 
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hammered without any rotation. A fixed piston is maintained with a cable in order to 147 

prevent deformation and fluidization due to water escape, thus preserving the delicate 148 

sedimentary structures. A reference line indicating the ebb direction of the tide is marked 149 

along the entire core section to facilitate orientation of the dune bedding (ebb and flood) 150 

after core extraction in the field.  151 

Forty-three plugs (diameter 4 cm) were sampled from the cores. Thin sections of epoxy-152 

impregnated sediment samples were observed under a Nikon Eclipse Ci-POL (Nikon, Tokyo, 153 

Japan) and a Leica DM 750P (Leica Microsystems, Wetzlar, Germany) polarizing microscope. 154 

Since "clay" may refer to both grain size and mineralogy, this study uses the term “clay 155 

fraction” to define the < 2 µm fine-grained sediment (Grim, 1942). In each thin section, the 156 

relative surface area (%) of macroporosity and the sediment composition (coated and non-157 

coated quartz grains, feldspars, lithics, pyrite, bioclasts, micas, and clay matrix) were 158 

quantified using random grid point counting with JmicroVision Image analysis software 159 

(Roduit, 2007). Five grain classes were identified (following the classification defined by 160 

Wooldridge et al. (2019b)): (1) absence of clay coats; (2) 1–5% of the grain surface coated; 161 

(3) 5–15% of the grain surface coated; (4) 15–30% of the grain surface coated; and (5) more 162 

than 30% of the grain surface coated. Scanning electron microscope (SEM) observations, 163 

coupled with energy dispersive X-ray spectrometry (EDS), were made on individual sand 164 

grains with a Phenom X Pro SEM (Phenom-World B.V., Eindhoven, Netherlands). Cryo–165 

scanning electron microscopy (cryo-SEM) analyses were also conducted on select samples to 166 

document EPS and clay minerals attached to the sand grains. Grain size was determined on 167 

78 samples using a Mastersizer 2000 laser granulometer (Malvern, Worcestershire, UK). 168 

 169 
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The relative weight percentage of the clay fraction of homogenized sediment subsamples 170 

was also measured on 78 samples. It was expressed as a weight percentage of the sample 171 

(wt.%). The compositions of the clay fraction (< 2 μm) were determined by X-ray diffraction 172 

(XRD) using a PANalytical X’Pert Pro X-ray diffractometer (PANalytical, Almelo, Netherlands). 173 

Samples analyzed by XRD analyses included modern mud pebbles in dunes, clay drapes and 174 

coats. Semiquantitative estimates of clay minerals (smectite, illite, kaolinite, and chlorite) 175 

were made using Macdiff software. These were based on the peak area of the ethylene-176 

glycol diffractograms summed to 100% (the relative error for the peak area is ±5%) 177 

(Petschick, 2002). 178 

Short-wavelength infrared (SWIR) spectroscopy was performed on 318 core samples (103 179 

from Bo-2016-E and 215 from Bo-2016-W). Samples for SWIR were collected every 2 cm. 180 

Macroscopic fragments of organic matter (wood, leaves, or seed debris) were sampled for 181 

radiocarbon dating. The age dating on 27 samples was made using the mass spectrometer 182 

accelerator at the Adam Mickiewicz University in Poznań (Poland) and at Paris-Saclay 183 

University (Gif-sur-Yvette, France). In all, 228 dried sediment samples from the top 130 cm 184 

of core Bo-2016-W were analyzed in 2017 for 210Pb, 226Ra, and 137Cs by direct gamma assay 185 

at the Environmental Radioactivity Laboratory at the University of Liverpool (England) using 186 

an Ortec HPGe GWL series well-type coaxial-low background intrinsic germanium detector 187 

(Appleby et al., 1986). Isotope 210Pb was identified from its gamma emissions at 46.5 keV, 188 

and 226Ra by the 295 keV and 352 keV gamma rays emitted by its daughter isotope 214Pb 189 

(after three weeks of storage in sealed containers to allow for radioactive equilibration). 190 

Isotope 137Cs was measured at 662 keV. Unsupported 210Pb activities were calculated by 191 

subtracting 226Ra activity from total 210Pb activity. The absolute efficiencies of the detectors 192 

were determined using calibrated sources and sediment samples of known activity. Eight 193 
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Corrections were made for the effect of self-absorption of the low energy gamma rays 194 

within the sample (Appleby et al., 1992). 195 

Appendix 1 contains the raw XRD values obtained for the clay fraction and raw Image 196 

Analysis data on the framework mineralogy of each sample. 197 

 198 

RESULTS 199 

Facies Characterization of the Heterolithic Point Bar 200 

Table 1 summarizes the facies descriptions for each point-bar core (from the bottom to top). 201 

The sandstones range from lithic arkose to feldspathic arkose (Classification of Folk, 1974) 202 

with an average grain composition of quartz (37%), feldspars (11%), lithics (wood debris, soft 203 

mud clasts) (14%), carbonates (3%), clays (17%), and micas (5%) (Table 2, Fig. 3A). The 204 

average mean grain size in the point-bar deposits is 223 µm. The vertical grain-size profiles 205 

show an overall fining-upward trend, ranging from pebbles and coarse-grained sands at the 206 

base of the bar (facies F1) to fine-grained sands and mud at the top of the point bar (facies 207 

F3). These three facies form the dominant vertical facies association, with F1 at the base to 208 

F3 at the top of the heterolithic point bar (Fig. 2). The heterolithic point bar has further been 209 

divided into (1) lower point bar (deeper than 3 m below the low water of spring tides), 210 

composed mainly of facies F1 and F2, (2) upper point bar, composed mainly of facies F2 and 211 

F3, and (3) chute channel deposits composed of the clayey facies F3 only. High resolution 212 

photographs of cores are available in Appendices 2, 3, and 4. 213 

 214 

Facies F1: Sandy Gravels  215 

Observations: Facies F1 is composed of pluri-centimetric to pluri-decimetric beds of coarse-216 

grained sands, gravels, and lithics (soft mud clasts and organic fragments (wood)), which are 217 
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bounded by basal erosional surfaces. No sedimentary structures are visible. Locally, horizons 218 

rich in organic matter are observed, composed mainly of wood debris, leaves, and seeds. In 219 

the channel thalweg at the base of the core, Bo-2016-W, this facies is composed entirely of 220 

pebbles (Fig. 4).  221 

Interpretation: The coarse-grained deposits of facies F1 are believed to have been deposited 222 

during floods stage, when current velocities are highest, whereas the organic-matter debris 223 

was deposited during waning flood currents. The pebble bed observed at the base of core 224 

Bo-2016-W is interpreted as the upper part of a channel lag deposit. 225 

 226 

Facies F2: Heterolithic medium-grained sand dunes 227 

Observations: Facies F2 is heterolithic. It is made up of decimeter-thick beds of sand dunes, 228 

interbedded with centimeter- to decimeter-thick muddy beds. The sand beds are composed 229 

of small- to medium-size dunes (preserved dune set height: 10–30 cm). Their foresets and 230 

bottomsets are underlined by mud pebbles and mud drapes. The mud pebbles are 231 

subrounded and centimeters thick; mud drapes are a few millimeters thick on the foresets, 232 

but up to half a centimeter thick in the bottomsets of the dunes, where they appear to be 233 

amalgamated (Fig. 2). Mud-drape couplets (Visser, 1980; Féniès et al., 1999) are preserved in 234 

the dune foresets and bottomsets. The bidirectionality of tidal currents can be observed at 235 

the dune scale with: (i) flood- and ebb-oriented tidal bundles on dune foresets; and (ii) 236 

reactivation surfaces (De Mowbray and Visser, 1984) generated by the subordinate currents, 237 

which have eroded the dominant current bundle. Muddy beds are composed of 238 

amalgamated millimeter to centimeter-thick individual mud drapes. No bioturbation was 239 

observed.  240 
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Interpretation: The internal stratification of the sand dunes proves that they were deposited 241 

by bidirectional tidal currents, whose velocities exceeded the dune migration threshold. The 242 

mud drapes were deposited during slack-water periods in very turbid waters. The apparent 243 

lack of bioturbation is typical for estuarine high-turbidity fresh-water estuarine deposits (La 244 

Croix et al., 2015). 245 

 246 

- Facies F3: Heterolithic fine-grained sands beds and mud drapes  247 

Observations: Facies F3 is heterolithic and consists of thin fine-grained sand beds (mostly 248 

ripples and linsen), interbedded with centimeter-thick mud layers composed of 249 

amalgamated, millimeter-thick individual mud drapes. This facies is characterized by its 250 

classic lenticular bedding. Neap-spring-cycle deposits (Boersma and Terwindt, 1981) a few 251 

decimeters thick have also been described. The spring-tide deposits consist of centimeter-252 

thick, fine-grained sandy ripples interbedded with thin mud drapes. The neap tide deposits 253 

consist of fine-grained silty linsen interbedded with thicker mud drapes. These deposits have 254 

been previously described by Musial et al. (2012). 255 

A subfacies of facies F3 is the chute channel deposits, which are located on the western side 256 

of the point bar, between the crest of the point bar and the estuarine bank (see core Bo-257 

2016-W location in Fig. 1C and Fig. 2). The chute channel deposits are 3 m thick (Fig. 4). They 258 

are characterized by alternating beds of fluid mud (centimeters to decimeters thick) and 259 

beds of fine-grained thin sand ripples, linsen, and mud drapes (decimeters thick). A few beds 260 

of coarse-grained sand and pebbles (centimeters thick) are occasionally observed.  261 

Rare bioturbation was observed on the surfaces of the mud drapes, generated by 262 

millimetric-size small horizontal burrowing worms. 263 
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Interpretation: The ripples and linsen were deposited by tidal currents, whose velocities only 264 

just exceeded the ripple migration threshold. The thick mud drapes were deposited in highly 265 

turbid waters, during long slack-water periods. The preservation of neap-spring-cycle 266 

deposits indicates a very high rate of sedimentation with sufficient accommodation space. 267 

The subfacies F3 chute-channel deposits are representative: (1) periods of very low current 268 

velocities during which the fluid mud layers were deposited, or (2) periods of very high 269 

current velocities, attained during high flood stage, resulting in the deposit of coarse-grained 270 

sand and pebbles beds [were deposited] in the chute channel. The crypto-bioturbation 271 

present at the surface of the chute channel is typical of estuarine high-turbidity fresh-water 272 

estuaries. 273 

 274 

- Facies F4: Admixed sand and mud facies 275 

Observations: Facies F4 was encountered only in core Bo-2016-E, from the surface of the 276 

point bar to a depth of 235 cm (Table 1, Fig. 4). It is a mixture of mud and sand, 277 

characterized by very disturbed bedding with a lot of brick and shipyard bolts debris.  278 

Interpretation: Facies F4 is made up of anthropized dredging deposits. This facies is confined 279 

to a small area on the western side of the point bar. 280 

 281 

Contribution of Radiometric Age Datings 282 

- 14C Datings 283 

Twenty-one 14C dates were obtained on the three cores (Bo-2016-W; Bo-2017-C; Bo-2016-E). 284 

Results revealed very heterogeneous ages, ranging from 6,280 years before present (BP) to 285 

the present (Fig. 4). Except for two ages older than 1,000 years BP, the predominant ages in 286 
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the upper part of the tidal bar (between 0 and 4.5 m below the low-water spring-tide level 287 

(LWST)) are younger than 400 years BP. 288 

 289 

- 210Pb Activity 290 

The results of 210Pb analyses conducted on core Bo-2016-W are given in Table 3 and figure 291 

5A. Total 210Pb activity significantly exceeds that of the supporting 226Ra in samples down to 292 

a depth of around 90 cm. Unsupported 210Pb concentrations are very low, with a maximum 293 

value of just 38 Bq kg-1. The total 210Pb activity exhibits some variation with depth. Between 294 

the surface and 50 cm depth, the total activity fluctuates between 45 and 80 Bq kg-1. From 295 

50 to 110 cm deep, it decreases steadily from 70 to 20 Bq kg-1 before stabilizing around 40 296 

Bq kg-1 between 110 cm and 140 cm deep (Fig. 5A). 297 

 298 

- 137Cs Activity 299 

The 137Cs analyses obtained from core Bo-2016-W is around 6000 Bq m-2. 137Cs activity in this 300 

core has a well-defined peak at a depth of 28 cm (Table 3, Fig. 5A), reaching a maximum 301 

value of 8.4 Bq kg-1. Between 28 to 110 cm, activity fluctuates between 4 and 6 Bq kg-1. A last 302 

peak at 5.7 Bq kg-1 is observed at 108 cm depth, before it decreases to almost 0 Bq kg-1 from 303 

116 to 234 cm deep (Table 3). Between the surface sample and 28 cm deep, 137Cs activity 304 

ranges from almost 2 to more than 8 Bq kg-1.  305 

 306 

Characterization of Detrital-Clay Grain Coat  307 

Detrital-clay grain coats are present throughout the heterolithic point bar (down to ca. 7 m 308 

deep). Clay grain coats were observed around various framework grains (quartz, micas, 309 

feldspars, and lithics, except the Channel lag facies F1; Figs. 3B-G). The detrital-clay grain 310 
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coats are mainly composed of clay minerals with minor amounts of silt-size quartz grains, 311 

coccoliths, diatoms, and framboidal pyrite (Fig. 3F-H). Both optical microscopy and SEM 312 

observations show that diatoms are embedded in the detrital clay grain coats from the 313 

surface to several meters below the tops of the cores (Figs. 6A-E). 314 

Various textures were observed, ranging from (1) continuous to discontinuous clay drapes, 5 315 

to 50 µm thick, partially to totally cover the surface of the detrital grains (Fig. 3E); (2) 316 

aggregates of detrital-clay coats in aggregates scattered on the surface of sand grains (Figs. 317 

3D, 3F); (3) detrital-clay bridges between sand grains (Fig. 3C); to (4) detrital-clay ridges 318 

where the clay minerals are oriented at high angles to the surfaces of detrital sand grains. 319 

The detrital-clay grain coats are typically less than 1 millimeter thick, ranging mainly from 10 320 

to several hundred µm. All these clay coat textures were observed in all facies (Fig. 3). 321 

Detrital sand grains on average represent 70% of the sample composition, and 31% of the 322 

grains are coated (Table 2, Fig. 7). Vertically, the total number of coated grains ranges from 323 

19% to 48% (Table 2; Fig. 8). In each facies, the coated grain-content is very homogeneous: 324 

sandy gravel facies (F1) = 29%; heterolithic, medium-grained sand dune facies (F2) = 31%, 325 

and heterolithic, fine-grained sand bed and mud drape facies (F3 ) = 32% (Fig. 7, Table 2). 326 

Coat coverage is relatively homogeneous for all cores (Fig. 9). For the finer sand of the 327 

heterolithic facies (F3), the two predominant classes of clay grain-coat-coverage are 5–15% 328 

and 15–30%. In facies F1 and F2, more than 20% of the grain are coated, with a coverage 329 

ranging from 1 to 15% (Fig. 7). Overall, there is no correlation between clay fraction and the 330 

percentage of coated grain (Fig. 9A, B).  331 

 332 

Characterizations of Clay Fractions and Clay Assemblages  333 
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The clay fraction is related to the amount of muddy deposits (muddy layers or clay drapes) 334 

and coats in a sample. On average, the total clay content makes up about 20 wt.% of the 335 

sample (Table 2; Figs 8, 9B). In facies F1 and F2, the amount of clay is very consistent (18%), 336 

but it is slightly higher in facies F3 (25%) (Fig. 9B). The muddy chute-channel subfacies (F3) 337 

has a higher clay content (38 wt.%), as shown in Figs. 8 and 9B (Table 2). It should be noted 338 

that the clay-fraction content in facies F3 might be slightly underestimated because of bias 339 

in sample selection (most of the samples were extracted from sandy ripples). 340 

Based on XRD analysis, the clay-mineral assemblage is composed of four main clay minerals: 341 

chlorite, illite, kaolinite, and smectite (Fig. 10, Table 2). Chlorite is characterized by 342 

diffraction peaks at 14.10 Å (001), 7.05 Å (002), 4.73 Å (003), and 3.54 Å (004). The illite 343 

diffraction pattern exhibits diffraction peaks around 9.99 Å (001), 4.99 Å (002), and 3.33 Å 344 

(003). Kaolinite displays a (001) diffraction peak at 7.16 Å and a (002) diffraction peak at 3.57 345 

Å. Smectite is identifiable after ethylene-glycol saturation, with a (001) diffraction peak close 346 

to 17 Å. Smectite is mainly dioctahedral smectite (Latouche, 1971). Smectite (7%) and illite 347 

(8%) have the highest surface areas (on the diffractogram), while chlorite and kaolinite have 348 

a much lower surface area (average of 2%; Fig. 9C-F, Table 2). Clay assemblages are relatively 349 

homogeneous between facies, except for facies F3 in core Bo-2016-W (the muddy chute-350 

channel subfacies) where the abundance of all clay minerals is systematically higher: 351 

smectite (14%), illite (16%), kaolinite (4%), and chlorite (3%) (Fig. 9C-F). 352 

Short-wavelength infrared (SWIR) measurements were made along cores Bo-2016-W and 353 

Bo-2016-E. Of particular interest were three bands: (1) the water-absorption band, which 354 

can be correlated with the presence of swelling minerals such as smectite, and (2) the 2200 355 

cm-1 (Al2OH) and 2253 cm-1 bands, both of which mainly characterize aluminous phases, such 356 

as micas or clay minerals. In core Bo-2016-E, none of the bands show significant variation 357 
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with depth or even between facies in core Bo-2016-E (Fig. 8). In core Bo-2016-W, each of the 358 

three bands displays a slightly increasing trend with depth, coupled with higher fluctuations 359 

(Fig. 8). 360 

 361 

DISCUSSION 362 

Age Model of Cores 363 

Previous studies have used 137Cs–210Pb chronologies to reconstruct the morphological 364 

evolution of point-bar deposits through time (D’Alpaos et al., 2017). In montmorillonite, 365 

vermiculite, kaolinite, and illite, the isotope 137Cs is essentially fixed on particles of 366 

permanent charge due to cationic exchange on the mineral compounds (Grousset et al., 367 

1999). The isotope 137Cs is mostly incorporated into the illitic clay matrix of the Gironde 368 

suspended matter and is therefore difficult to desorb. This is why it was relevant to carry out 369 

137Cs–210Pb dating in the muddy deposits of the chute channel enriched in smectite 370 

(montmorillonite) and illite (Fig. 5A). Calibrations were made by comparisons with Grousset 371 

et al. (1999) and Jouanneau et al. (1999), who studied a core located 3 km upstream in the 372 

flood-tide dock of Bordeaux (Fig. 1B).  373 

The atmospheric initiation of radioactive fallout since 1952 is responsible for the increase in 374 

137Cs activity in sediments, reaching a 137Cs peak in 1964 (e.g., Monna et al., 1999; Evrard et 375 

al., 2020). The beginning of this increase can be seen at ca. 124 cm with a small 137Cs peak at 376 

0.4 Bq kg-1 (Fig. 5A, B). The peak of 137Cs activity at 5.7 Bq kg-1 recorded at 108 cm below the 377 

top of core could correspond to the year 1964, which was marked by the maximum impact 378 

of nuclear tests in the northern hemisphere (Pourchet et al., 1989; Williams and Hamilton, 379 

1995; Jouanneau et al., 1999; Monna et al., 1999) (Fig. 5A, B). This increase in 137Cs activity 380 

from the mid-1950s to 1964, also corresponds to an increase in cadmium (Cd) in the estuary, 381 
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suggesting an increase in river inputs (Grousset et al., 1999; Jouanneau et al., 1999). In the 382 

Bordeaux dock core, 137Cs reaches a maximum at 3 dpm g-1 (50 Bq kg-1) for 1964 (Jouanneau 383 

et al., 1999), whereas 137Cs reaches 120 Bq kg-1 in Lake Geneva (Switzerland) for the same 384 

year (Monna et al., 1999). The presence of small but significant concentrations of 137Cs down 385 

to a depth of 110 cm suggests that all sediments above this depth postdate the large-scale 386 

release of this artificial radionuclide into the global environment from the mid-1950s 387 

onwards (Fig. 5A-B). This is consistent with the suggestion that the greatest depth (a90 cm) 388 

at which significant amounts of unsupported 210Pb could be detected was likely to span at 389 

most 2–3 210Pb half-lives (40–60 years). According to the age model of the core from the 390 

dock of Bordeaux, a second 137Cs peak occurs in the 1970s (Grousset et al., 1999). The peak 391 

found at 84 cm (5.7 Bq kg-1) in core Bo-2016-W (Fig. 5A-B) could also correspond to this 392 

event. 393 

The third 137Cs peak (ca. 20 Bq kg-1) recognized in the Bordeaux dock core corresponds to the 394 

Chernobyl accident that occurred in 1986 (Grousset et al., 1999). The third peak (6.5 Bq kg-1) 395 

is also found 60 cm deep in core Bo-2016-W (Fig. 5A-B). The fourth 137Cs peak (8.4 Bq kg-1) 396 

found at 28 cm is not attributed to a known discharge, source or event. The temporal 397 

evolution of 210Pb element is characterized by great variability in the upper part of the chute 398 

channel between 20 and 30 cm, possibly suggesting sediment remobilization (Fig. 5A). 399 

Placing year 1964 at 108 cm and 1986 at 60 cm, the average sedimentation rate can be 400 

estimated to be ca. 2 cm.y-1 (Fig. 5C). The results from 210Pb total activity are consistent with 401 

137Cs activity, as the first 110 centimeters of the core would be less than 60 years old (Fig. 402 

5A, B). By anchoring years 1964 at 108 cm and 1986 at 60 cm, and applying a sedimentation 403 

rate of 2 cm y-1, the sample at 12 cm which contains significantly higher concentrations of 404 
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uranium-series radionuclides appears to have been deposited to around 2010. The samples 405 

at 26–28 cm contained the highest 137Cs concentration, suggesting that they were deposited 406 

around 2002. 407 

Radiocarbon ages dating was performed on the three cores at all depths. These ages are 408 

very heterogeneous, ranging from 6280 ± 30 years BP to modern (Fig. 4). Results may 409 

depend on the nature of organic remains. Fine organic debris, such as leaves and twigs, are 410 

assumed to record ages close to the age of sediment deposition (because they are 411 

seasonally produced and readily decomposed (Kochel and Baker, 1988; Webb et al., 1988) 412 

and therefore are believed to yield the most accurate 14C dates in fluvial deposits (Ely et al., 413 

1992). Detrital wood and charcoal 14C ages may predate fluvial deposits by centuries after 414 

sedimentation and can be remobilized giving erroneous ages of deposition (Long and 415 

Rippeteau, 1974; Blong and Gillespie, 1978; Ely et al., 1992). In the Bordeaux North point 416 

bar, radiocarbon ages measured on seeds and leaf debris are younger than 400 years (Fig. 4). 417 

The top 110 cm of the well-calibrated core Bo-2016-W, yielded two 14C ages (modern and 418 

195 ± 30 years BP). This suggests that the youngest age obtained provides information about 419 

sediment age. Older 14C ages suggest that old organic matter has been remobilized and 420 

transported into the estuary (Virolle et al., 2020). In core Bo-2016-W, an age of 70 ± 30 years 421 

BP was obtained at a depth of 3.1 m (in the upper section of the point bar) (Fig. 4), 422 

suggesting that the top 3 m is relatively young, probably deposited during the last century. 423 

This suggests a sedimentation rate of ca. 3 cm y-1. In core Bo-2016-W, an age of 355 ± 30 424 

years BP at a depth of 5.3 m suggests that the sedimentation rate for the top 5 m was 425 

around 1.5 cm y-1. In core Bo-2017-C, leaf fragments at a depth of 3.2 m yielded an age of 426 

170 ± 20 years BP at the top of the lower point bar (Fig. 4). This age suggests that the top 427 

3 m was also relatively young, probably deposited in the two last centuries, and 428 
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corresponding to a sedimentation rate of ca. 1.9 cm y-1. In core Bo-2016-E, the age 95 ± 30 429 

years BP in the lower point bar (depth of 3.4 m) (Fig. 4) suggests a sedimentation rate of 3.6 430 

cm y-1 in the upper point bar. A recent study reports that the sedimentation rate is about 1–431 

3 mm.y-1 in a tidal point bar of the lagoon of Venice (Donnici et al., 2017). The sedimentation 432 

rate in the Bordeaux point bar is higher by a factor of ten.  433 

Radiometric ages (14C, 137Cs, and 210Pb) suggest that the formation of the Bordeaux North 434 

point bar is relatively young and rapid (< 300 years). This is consistent with lateral migration 435 

studies which document that the point bar has migrated about 200 m since the period 436 

1820–1866, yielding a lateral-accretion rate of 1 m.y-1 (Fig. 11). In comparison, detailed 437 

studies of the tidal point bars of the Venice Lagoon show lateral-accretion rates of only 0.1 438 

to 0.25m.y-1 (Donnici et al., 2017; D’Alpaos et al., 2017; Ghinassi et al., 2018). 439 

 440 

Origin of Detrital-Clay Grain Coats  441 

Grain coats observed in the Gironde estuary are mainly composed of clay minerals (Fig. 6). 442 

As described in Virolle et al. (2019a), these clay minerals are detrital and supplied by the 443 

Garonne and Dordogne rivers. These two rivers are responsible for 70% and 18%, 444 

respectively, of the supply of detrital clay minerals to the estuary funnel respectively 445 

(Latouche, 1971; Parra et al., 1998). The seasonal position of the turbidity-maximum zone 446 

(TMZ) seems to be a major factor controlling the amount of clay, the clay-mineral 447 

assemblage, and the coated-grain distribution, in the intertidal zone of the estuary (Virolle et 448 

al., 2019a).  449 

The incorporation of clay particles in the heterolithic point-bar deposits seems to be mostly 450 

related to hydrodynamic variations (seasonal variations in river discharge associated with 451 

seasonal TMZ position and tidal-current cycles), rather than mechanical infiltration or 452 
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bioturbation processes, as bioturbation is rarely observed and no significant variations in 453 

clay content are observed in near-surface sediments (Virolle et al., 2019a). If these 454 

postdepositional (mechanical infiltration or bioturbation) processes occurred, they are minor 455 

and do not overprint the distribution of detrital-clay grain coats in surface sediments or in 456 

the vertical facies associations of the point bar.  457 

Diatom biofilms extensively cover the chute channel, especially during the summer (Virolle 458 

et al., 2019a). These biofilms produce abundant exopolymeric substances (EPSs), especially 459 

on the surface of the chute channel (facies F3, Virolle et al., 2019a). The role of EPSs in 460 

binding detrital clay to sand grains has been discussed in several modern estuarine studies 461 

(Shchepetkina et al., 2017, 2018; Jones, 2017; Wooldridge et al., 2017a; Virolle et al., 2019a). 462 

EPSs produced by biofilms observed in the chute channel, could be resuspended during a 463 

semidiurnal cycle (Underwood and Kromkamp, 1999) and transported in suspension, finally 464 

interacting with sand grains and clay particles on the surface of the point bar. This 465 

interaction could result in the formation of clay-coated sand grains in the zone of deposition 466 

of facies F2 (Fig. 12). Aggregates of detrital-clay grain coats in facies (F1), are observed only 467 

in depressions or hollows of detrital grains. As these grains are transported by rolling during 468 

periods of strong currents or flood events, these coats would be expected to be preserved 469 

only in depressions. It also supposes that these coats are probably inherited, preserved, and 470 

formed in another location of the point bar or facies before being incorporated in facies (F2 471 

or F3) after sediment transport. Verhagen et al. (2020) demonstrated experimentally that 472 

clay coats can be preserved during sediment transport in turbulent flows of about 50 cm.s-1. 473 

This velocity is reached during all tidal cycles in the point bar and corresponds to the 474 

formation of dunes in Facies F1. The high clay fraction (> 30% in sandy beds) in the muddy 475 

facies of core Bo-2016-W (muddy chute-channel facies) could be due to the in situ 476 
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production of EPS and clay entrapment by diatom biofilms (Figs 6A, B, 12; Virolle et al., 477 

2019a). The presence of the chute channel and the mud-rich F3 facies appears to be a key 478 

point required for the production of biofilms and on the coated grains in the point bars. The 479 

chute channel traps both mud and clay (a favorable location for biofilm development), and 480 

thus appears to play an important role in binding clay to sand grains in the point bar. 481 

 482 

Clay-Coat Composition and Mineralogy in a Modern Point Bar 483 

The detrital-clay grain coats observed in cores are consistent with those reported in surface 484 

sediments, in the intertidal zone of the heterolithic point bar (Virolle et al., 2019a). Infrared 485 

measurements (at a very tight sampling step) provide rapid and continuous information 486 

about the clay content of the core (Fig. 8). Overall, they confirm the relative stability of clay 487 

mineralogy with depth. A focus on certain adsorption bands, such as the water band (at 488 

about 1900 nm) or the bands characteristic of aluminous phases (at 2200 and 2253 nm) 489 

reveals local accumulations of smectite or mica (Fig. 8). Locally, in core Bo-2016-W, each 490 

band exhibits a slightly increasing trend coupled with stronger fluctuations with depth 491 

(between 4 and 6 m deep) (Fig. 8). Since the clay content does not particularly increase 492 

downward, this could be due to the overall increase in the mica content. Petrographically, 493 

similar textures are observed (ridged, aggregated, or bridged textures) at all core depths. 494 

XRD analyses confirm a homogeneous clay-mineral composition in the tidal bar: (1) illite 495 

represents on average 9 wt.% of the total sediment and 45% of the clay content; (2) smectite 496 

represents on average 7 wt.% of the total sediment and 34% of the clay content; (3) chlorite 497 

represents on average 1.8 wt.% of the total sediment and 9% of the clay content; and (4) 498 

kaolinite represents on average 2.4 wt.% of the total sediment and 12% of clay content. 499 

Occasional silt-size quartz, carbonates, and pyrite are also observed embedded in detrital-500 
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clay grain coats (Fig. 3G). The clay assemblage and the associated minerals are comparable 501 

to those reported from the Plassac tidal bar, which is located 30 km downstream in the 502 

Gironde inner estuary funnel (Virolle et al., 2019a, 2020). In contrast, the clay-mineral 503 

assemblage differs from the Richard tidal bar, which is located 70 km downstream in the 504 

Gironde outer estuary funnel. The Richard tidal-bar sediments contain less smectite (3 wt.%) 505 

and more illite (16 wt.%) (Virolle et al., 2019a, 2020). 506 

In the alluvial plain of the Ravenglass estuary, the average clay content of 15% is slightly 507 

lower (Griffiths et al., 2019) than the 20% clay content found in the Bordeaux north point bar 508 

(20%). The majority of sand grain surfaces of the Ravenglass estuarine channels are covered 509 

by clay coats, with coat coverage greater than 30% (Griffiths et al., 2018, 2019a). The main 510 

difference in the clay-mineral assemblage is the absence of smectite (Griffiths et al., 2018, 511 

2019a), with illite being the main clay mineral in 1–6 wt.% of the samples and representing 512 

60% of the clay content. As in the Bordeaux North point bar, only minor amounts of kaolinite 513 

and illite (0.01–3%) were found, confirming that the Garonne estuarine channel is more 514 

turbid than the Ravenglass estuary (Griffiths et al., 2019). 515 

 516 

Reservoir Implications 517 

Authigenic chlorite coats have been recognized to play a significant role in preserving 518 

porosity in sandstones around the world (Pittman and Lumsden, 1968; Thomson, 1979; 519 

Ehrenberg, 1993; Bloch et al., 2002; Anjos et al., 2003; Taylor et al., 2010; Ajdukiewicz and 520 

Larese, 2012; Sun et al., 2014; Huggett et al., 2015; Saïag et al., 2016; Virolle et al., 2019b; 521 

Worden et al., 2020). Sandstones where at least 60-80% of the grains were coated (Virolle et 522 

al., 2019b; Worden et al., 2020) and/or at least 80% of quartz surfaces are covered by clay 523 

coats (Lander and Walderhaug, 1999; Taylor et al., 2010; Stricker et al., 2016) have been 524 
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found to have the best reservoir quality. Numerical models for quartz cementation suggest 525 

that complete grain coats are needed to preserve porosity in deep, high-temperature (> 70-526 

80 deg C) reservoirs (Bloch et al., 2002; Lander et al., 2008). Modern studies have found that 527 

from 2 to 10% chlorite is needed to fully coat quartz grains (Virolle et al., 2019b; Worden et 528 

al., 2020). At all scales, in the Garonne Bordeaux North heterolithic point bar, the facies with 529 

the least mud baffles were found to be the sand-dominated facies (F1 and F2) (Figs. 3, 4, 6; 530 

Table 2). On average, in these two facies, medium-grained sandstone (mean grain size of 292 531 

µm) were typically composed of 30% clay-coated grains, with about 5-15% of the quartz 532 

grain surfaces covered in clay, a chlorite clay content of about 2%, and a total clay fraction of 533 

20 wt.% (Tables 1, 2, Figs. 4, 12). The clay fraction of Facies F3 was typically higher (25%) and 534 

contained a higher amount of coated grains (32%) (Table 2, Fig. 8). Those values are 535 

significantly lower the 60-80% values and 80% quartz surface coverage proposed in the 536 

literature for chloritized reservoirs (Lander and Walderhaug, 1999; Taylor et al., 2010; 537 

Stricker et al., 2016; Virolle et al., 2019b; Worden et al., 2020). This difference is mainly due 538 

to the diagenetic process of recrystallization from detrital-clay coats to authigenic chlorite. It 539 

has been proposed that authigenic grain-coating chlorite, especially Fe-rich chlorite, does 540 

not form directly from solution by precipitation during eogenesis (Beaufort et al., 2015) but 541 

through a complex chloritization processes that involves the formation of an Fe-rich clay-542 

mineral precursor, such as berthierine (Hornibrook and Longstaffe, 1996; Beaufort et al., 543 

2015; Virolle et al., 2019b; Worden et al., 2020). During the chloritization process, the 544 

detrital-clay coatings initially covering 30% of the sand grains and 5-15% of the quartz grain 545 

surfaces are homogeneously redistributed around grains. After chloritization, it is likely that 546 

the percentage of coated grains in the sediment increases from 30% initially to more than 547 

80%. It is also likely that the coat coverage (coat surface) around the detrital quartz grains 548 
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increases from an initial 5-15% to > 80%, almost complete coat coverage. From a diagenetic 549 

perspective, the detrital-clay grain coats composed of kaolinite, illite, smectite, and chlorite 550 

found in the Bordeaux North heterolithic point bar might evolve into chlorite coatings during 551 

eogenesis and burial diagenesis, and the initiation of chloritization actually begins with the 552 

formation of an early clay-mineral precursors, such as berthierine (Gould et al., 2010; 553 

Beaufort et al., 2015; Worden et al., 2020) that eventually with increasing temperature and 554 

pressure evolve into chlorite grain coats that inhibit the development of quartz cement and 555 

thus preserve deep-reservoir quality. Facies F1 and F2 have the best reservoir potential if 556 

deeply buried (more 2.5 km). We consider that the initial coated-grain content (about 30%) 557 

and initial clay-fraction content of the sediment (on average lower than 20 wt.%) could be 558 

conducive to the preservation of a porosity network (Fig. 12). In the interbedded sands of 559 

facies F3, 20-35% of clays could potentially stop development of quartz overgrowths and 560 

minimize porosity loss during burial diagenesis. However, it is likely that higher clay contents 561 

favor the development of pore-filling clay, rather than fine clay coatings, thus resulting in the 562 

loss of porosity during burial. Lastly, this study found that the mud-rich facies F3 and the 563 

chute channel facies are favorable to the development of biofilms and may play an 564 

important role in the binding of clay to sand grains in the heterolithic point bar. 565 

Comparisons between modern analogues (such as the Garonne estuarine heterolithic point 566 

bars) and deeply buried reservoirs are key to improving predications of reservoir quality in 567 

deeply buried estuarine heterolithic point-bar reservoirs (Martinius et al., 2005) by providing 568 

critical information on the initial conditions necessary for the crystallization of chlorites 569 

during burial (Byrne et al., 2011; Shchepetkina et al., 2016b, 2018; Wooldridge et al., 2017b, 570 

2019a; Dowey et al., 2017; Griffiths et al., 2019b, 2019a; Virolle et al., 2019a, 2020; Worden 571 

et al., 2020). The next step will be to fully understand the conditions of incipient 572 



 25 

chloritization in shallow buried sediments (temperature, depth, pressure, chemical 573 

conditions), especially the role of iron reduction in promoting the development of chlorite 574 

precursors (such as berthierine) 575 

 576 

CONCLUSION 577 

(1) 14C dating suggests that the Bordeaux North point bar has settled over the last 300 578 

years. 137Cs and 210Pb chronologies highlight that the sedimentation rate in the chute 579 

channel is about 2 cm.y-1. 14C ages suggesting that the average vertical sedimentation 580 

rate ranged from 1.5 to 3.6 cm.y-1 in the point bar. Radiometric ages (14C, 137Cs, and 581 

210Pb), coupled with historical data found that the point bar has migrated laterally, 582 

approximately 200 m to the northeast since 1820, suggesting a lateral migration rate 583 

of 1 m.y-1. 584 

(2) The Garonne point bar is composed of three main facies: (1) sandy gravels; (2) 585 

heterolithic, medium-grained sand dunes; and (3) heterolithic, fine-grained sand 586 

beds and mud drapes. Sands are classified as lithic arkoses to feldspathic litharenites. 587 

The coated-grain content, coat coverage, or the mineralogy of the coats and 588 

distribution is not controlled by facies. 589 

(3) Clay coats were observed in the entire vertical sequence of a heterolithic point bars 590 

in the modern Gironde estuarine channel (at depths down to almost 7 m). The clay 591 

assemblage is composed on average of (1) 9% illite, (2) 7% smectite, (3) 2% chlorite, 592 

and (4) 2% kaolinite. Detrital-clay grain coats, generally less than 1 mm thick (10 to 593 

several hundred µm), were observed on fine- to-medium-grained sands (average 594 

grain size ca. 223 µm). In the chute channel facies, EPSs produced by diatoms were 595 

identified that may interact directly with detrital grains. In the suspended particulate 596 
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matter of the tidal channel, EPSs could play a key role in binding clay particles around 597 

sand grains during the saltation or rolling of sand grains.  598 

(4) On average, 31% of detrital sand grains are coated, covering 5 to 15% of the total 599 

grain surface area. These early coatings could initiate chloritization during burial 600 

diagenesis, by transforming into clay precursors (such as berthierine), thus promoting 601 

the preservation of reservoir quality by inhibiting quartz overgrowths. 602 

 603 
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 622 

FIGURES 623 

 624 

Figure 1: A) Simplified facies map of the Gironde estuary. B) Bathymetric map showing the 625 

location of the Bordeaux North point bar. C) Google Earth aerial view of the point bar. Yellow 626 

stars indicate the location of the cores sampled in this study: Bo-2016-W, Latitude (°N): 627 

44.895911, Longitude (°E): -0.540475; Bo-2017-C, Latitude (°N): 44.896000, Longitude (°E): -628 

0.539836; Bo-2016-E, Latitude (°N): 44.896086, Longitude (°E): -0.539217. The Bordeaux 629 

dock core was described in Jouanneau et al. (1999).  630 

Figure 2: Left: Stratigraphic column showing principal facies of the Bordeaux North 631 

heterolithic point bar. Middle: Field photographs showing facies in the intertidal zone of the 632 

point bar. Right: Representative core photographs from the three main facies (F1, F2 and 633 

F3). 634 

Figure 3: A) quartz-feldspar-lithic (QFL) ternary diagram (after Folk, (1974) showing the 635 

framework composition of Bordeaux North point-bar samples. B) Thin-section 636 

photomicrograph of mud drape and sand bed (BORNW-P4, 127 cm, F3). C) Thin-section 637 

photomicrograph showing clay-coatings bridges (br.), aggregates (agg.), and clay drapes (dr.) 638 

[arrows] around detrital framework grains (BORNW-P17, 590 cm, F3). D) Thin-section 639 

photomicrograph of clay-coated detrital grains showing clay-coatings bridges (br.), 640 

aggregates (agg.), and clay drapes (dr.) [arrows] (BORNW-P17, 590 cm, F3). E) Thin-section 641 

photomicrograph showing clay-coated framework grains in sand dunes, showing clay-642 

coatings bridges (br.), aggregates (agg.), and clay drapes (dr.) [arrows] (BORN2C-P3, 84 cm, 643 
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F2). F) SEM image showing clay coatings on a quartz grain from sandy gravel facies [yellow 644 

box indicates location of G] (BORNE-P14, 438 cm, F1 facies). G) Close-up view of the clay 645 

coat displayed in Part F. The clay coatings are mainly composed of detrital clay minerals and 646 

occasional silt-size grains and authigenic pyrite [+ marks location of EDS spot analysis]. H) 647 

EDS spectrum of a clay coat on detrital quartz seen in Part G, Spots 1 consists primarily of 648 

detrital clay; KEY: Qz = quartz; Li = lithoclast; Fd = feldspar; W = wood debris. See Figure 4 for 649 

the location of the thin sections. 650 

Figure 4: E-W stratigraphic cross section across the Bordeaux North point bar showing the 651 

three cores analyzed in this study: Bo-2016-W; Bo-2017-C and Bo-2016-E with associated 652 

ages. pMC: percent modern carbon (modern age). 653 

Figure 5: A) Vertical profiles showing 137Cs and 210Pb activities along core Bo-2016-W. This 654 

part of the core corresponds to facies F3 of the chute channel (see Fig. 4). B) Core 655 

photograph of facies F3 and ages obtained after data processing. C) Time (horizontal-axis) vs. 656 

depth (vertical-axis) plot constructed using 137Cs and 210Pb activities. 657 

Figure 6: A) Thin-section microphotographs showing diatoms embedded in detrital-clay grain 658 

coats in facies F3 from the Bordeaux North point bar (BORNW-P5, 179 cm). B) SEM image 659 

showing diatom embedded in detrital-clay grain coats in facies F2 from the Bordeaux North 660 

point bar (BORN2C-P3, 84 cm). C, D, E) Cryo-SEM images of sediment sample from the 661 

Bordeaux North point bar (depth 25 cm). C) Low-magnification SEM view of quartz sand 662 

grain coated with an EPS-clay complex. D) Composite EDS spectra of the two analyzed spots 663 

marked with + in Part E. Spot 1 [black line] confirms detrital quartz grain host. Spot 2 664 

appears to be an aluminous phyllosilicate (clay-mineral signature). E) SEM close-up view of 665 

Part C showing the alveolar network formed by EPS intermixed with patchy clay platelets. 666 

See Figure 4 for the location of samples BORNW-P5 and BORN2C-P3. 667 
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Figure 7: Histograms showing average grain-coat content per facies divided into coat 668 

coverage classes. The sum of the coat coverage classes gives the total coated-grain content 669 

for each facies. 670 

Figure 8: Summary core logs showing evolution with depth of mean grain size, percentage of 671 

< 2 µm particles, and relative fraction of clay minerals, coated-grain content, and FTIR 672 

measurements for the three cores from the Bordeaux North point bar. 673 

Figure 9: Plots representing the mean proportions in % of A) coated-grain content (from 674 

image analysis), B) clay-fraction content (weighted percentage of clay fraction from total 675 

volume), C) smectite (from XRD analysis), D) illite (from XRD analysis), E) kaolinite (from XRD 676 

analysis), and F) chlorite (from XRD analysis) in each facies. Above each histogram is the 677 

number of samples analyzed. 678 

Figure 10: X-Ray diffractograms of the < 2 µm fraction showing dominant clay minerals 679 

(BORNW-11, depth: 281 cm). See Fig. 4 for the location of this sample. 680 

Figure 11: Aerial photographs showing lateral bank accretion from 1820–1866 to present of 681 

the Bordeaux North point bar (Source: IGN maps, https://remonterletemps.ign.fr). 682 

Figure 12: A) Synthetic diagram of the heterolithic point-bar deposits at macro- (core) and 683 

micro- (thin-section) scales. The core drawing illustrates the heterolithic vertical facies 684 

association, while the thin-section documents how the clay coats are distributed. B) Cartoon 685 

summarizing how detrital-clay coatings may form on a heterolithic point bar. C) Table 686 

showing the average clay values, total clay, and grain-coat coverage by facies. KEY: EPS: 687 

exopolymeric substances. 688 
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Facies 
number 

Facies name Facies description Texture Thickness Set 
thickness 

Location in 
the bar 

F1  Sandy 
gravel 

Coarse-grained sands, pebbles, gravels with no 
sedimentary structures. 
It contains shells and shell fragments and mud 
clasts, wood, seed, or leaf debris. 

Mean grain size: 
209 μm. 
Grains are 
mostly 
subrounded and 
poorly sorted 

At least 
centimeter thick, 
decimeter thick 

/ Lower part 

F2 Heterolithic 
medium-
grained 
sand dunes 

Sands with 5–30% clayey interbeds 
Small- to medium-size sand-rich dunes with few 
coarse mud pebbles on foresets and bottomsets 
or with thin clay drapes on foresets and 
bottomsets. 
Mud pebbles subrounded to subangular. 
Bottomsets are sometimes composed of thick 
individual horizontal clay drapes or thick 
amalgamated clay drapes.  
Some counter reactivation surfaces and clay 
drapes couplets are preserved. 
No bioturbation 

Mean grain size: 
266 μm. 
Grains are 
subrounded to 
subangular and 
moderately well 
sorted to poorly 
sorted 

Decimeter to 
meter thick 

Mean 
thickness of 
12 cm 

Lower part 

F3 Heterolithic 
fine-grained 
sand beds 
and mud 
drapes 

Clays with 10–30% sand interbeds  
Centimeter-to-decimeter-thick mud layers or 
centimetre-thick clay drapes alternating with 
sandy ripples, sandy to silty linsens, and rare 
small sand dunes with clay drapes on foresets 
and bottomsets. 
Mud layers may sometimes correspond to 
stacked amalgamated clay drapes. 
Neap-spring cycle may be recorded in this facies 
with millimetric alternations of thinly-bedded 
fine-grained silty linsen to centimeter-thick 
ripples with amalgamated clay drapes.  
Rare bioturbation observed (Planolites sp.?) 

Mean grain size: 
138 μm. 
Grains are 
subrounded to 
subangular and 
moderately well 
sorted 

Decimeter to 
meter thick 

 Upper part 

F4 Admixed 
and 
anthropized 
sand and 
mud facies 

Mud-dominated facies composed of a mix of 
highly disturbed and anthropized sand and mud 
with many elements left by humans such as 
pieces of brick or shipyard bolts. 
Coarse-grained sand sometimes mixed within 
mud 

Mean grain size: 
69 μm  

Meter thick /   
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Facies Grain composition - JmicroVision Image analysis on thin 
sections 

Coated-grain content and coat 
coverage classes (percentage of the 
outer surface coated) - JmicroVision 

Image analysis on thin sections 

Clay-
fraction 

content - 
relative 
weight 

percentage 
of the clay 
fraction of 

homogenize
d sediment 

 

Compositions of the clay fraction (< 2 
μm) - X-ray diffraction (XRD) 

 
Quartz 

(%) 
Feldspar

s (%) 

Lithic 
grains 

(%) 

Car
bon
ates 
(%) 

Clays 
(%) 

Ma
cro
por
osit

y 
(%) 

Micas 
(%) 

1-
5% 

5-
15% 

15-
30% 

> 
30% 

Total 
coated 
grains 

(%) 

Clay-fraction 
content 
(wt%) 

% 
Smectite 

% 
Illite 

% 
Chlorite 

% 
Kaolinit

e 

F1 38 10 14 5 15 13 5 10 11 6 2 29 18 6 8 2 2 

F2 39 12 14 2 13 14 5 11 10 7 3 31 18 6 8 2 2 

F3 34 10 14 3 23 13 5 7 12 9 4 32 25 8 11 2 3 

Total/M
ean 37 11 14 3 17 13 5 10 11 7 3 31 20 7 9 2 2 
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Depth   210Pb 137Cs 
  Total   Unsupported   Supported     

cm g cm-2 Bq kg-1 r� Bq kg-1 r� Bq kg-1 r� Bq kg-1 r�

0.5 0.5 74.2 6 38.2 6.2 36 1.4 3.2 0.7 
10 9.8 56.8 3.8 18 3.9 38.8 0.9 2.5 0.5 
12 12.2 81.3 5.6 5.8 5.8 75.5 1.5 1.9 0.7 
14 14.3 59.7 3.5 17.2 3.6 42.5 0.8 3.2 0.4 
24 25.3 78.3 6.3 25.6 6.5 52.7 1.5 6.1 0.8 
26 27.1 56.6 4.8 12 4.9 44.6 1.2 8.2 0.8 
28 28.8 81.7 7 32.5 7.2 49.2 1.6 8.4 0.9 
30 30.6 49.7 5.5 10.6 5.6 39.1 1.3 6.2 0.7 
36 37.8 57.3 5.6 11.8 5.8 45.5 1.3 5.4 0.9 
48 50 71.4 6.9 22.8 7.1 48.6 1.7 3.8 0.8 
60 60.8 67.2 6.8 22.9 7 44.3 1.7 6.5 1.1 
72 74.9 67.2 5.9 22.5 6 44.7 1.4 4.4 0.8 
84 86.6 57.1 5.8 8.7 6 48.4 1.5 5.7 0.9 
96 98.6 42.1 4.5 5.3 4.6 36.7 1.1 3.4 0.7 

108 114 31.2 3.8 -0.7 3.9 31.9 0.9 5.7 0.6 
110 117.2 17.9 2.3 1.5 2.4 16.3 0.6 2.6 0.4 
116 123.3 36.9 4.2 0.4 4.3 36.5 1.1 0 0 
124 131.3 37 5.1 -2.2 5.3 39.3 1.3 0.4 0.8 
132 141.3 45.8 4.2 8 4.3 37.8 1 0 0 
140 150.8 42.7 3.9 5.5 4 37.2 0.9 0 0 
234 277.6 42.9 4.1 3.9 4.2 39 1 0.4 0.5  
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CLAY MINERALOGY X-RAY DIFFRACTOMMETER
Sample Facies % Clay % Smectite % Illite

CORE Bo-2016-West
Bdx-West-GR-1 100 cm F3
Bdx-West-GR-2 148 cm F3
Bdx-West-GR-3 205 cm F3
Bdx-West-GR-4 283 cm F3
Bdx-West-GR-5 310 cm F2
Bdx-West-GR-6 357 cm F3
Bdx-West-GR-7 445 cm F2
Bdx-West-GR-8 475 cm F2
Bdx-West-GR-9 545 cm F2

Bdx-West-GR-10 585 cm F2
Bdx-West-GR-11 623 cm F1
Bdx-West-GR-12 660 cm F2
BORNW-01 2 cm F3 53 23 20
BORNW-02 18 cm F3 34 15 14
BORNW-03 41 cm F3 77 32 32
BORNW-04 63 cm F3 34 15 12
BORNW-05 97 cm F3
BORNW-06 127 cm F3 38 16 15
BORNW-07 161 cm F3 57 21 24
BORNW-08 179 cm F3 19 10 7
BORNW-09 218 cm F3 46 17 20
BORNW-10 260 cm F3
BORNW-11 281 cm F3 32 11 14
BORNW-12 323 cm F1 29 11 12
BORNW-13 359 cm F3 6 1 3
BORNW-14 371 cm F3 58 15 28
BORNW-15 390 cm F3 32 8 16
BORNW-16 415 cm F2 14 7 5
BORNW-17 435 cm F2 19 5 9
BORNW-18 471 cm F2 19 6 8
BORNW-19 504 cm F3 26 5 14
BORNW-20 550 cm F2 15 3 8
BORNW-21 575 cm F2 8 1 5
BORNW-22 590 cm F3 13 4 7
BORNW-23 625 cm F1 18 9 6
BORNW-24 645 cm F1 11 6 3
BORNW-25 661 cm F2 9 2 6
BORNW-26 666 cm F2 25 11 10
BORNW-27 675 cm F2 62 37 16

CORE Bo-2017-Center
BORN2C-GR-1 31 cm F2
BORN2C-GR-2 64 cm F2
BORN2C-GR-3 170 cm F3
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BORN2C-GR-4 320 cm F2
BORN2C-GR-5 385 cm F2
BORN2C-GR-6 450 cm F2

BORNC-01 11 cm F3
BORN2C-02 84 cm F2 13 4 7
BORN2C-03 90 cm F2 26 9 12
BORN2C-04 120 cm F3 22 6 11
BORN2C-05 170 cm F3 14 4 8
BORN2C-06 267 cm F3 27 6 15
BORN2C-07 320 cm F3 7 2 4
BORN2C-08 450 cm F2 9 2 5

CORE Bo-2016-East
Bdx-est-GR-1 150 cm F2
Bdx-est-GR-2 185 cm F3
Bdx-est-GR-3 245 cm F1
Bdx-est-GR-4 335 cm F1
Bdx-est-GR-5 385 cm F2
Bdx-est-GR-6 444 cm F1

BORNE-01 11 cm F4 20 7 8
BORNE-02 58 cm F4 47 23 17
BORNE-03 100 cm F4 60 28 20
BORNE-04 115 cm F4 26 13 8
BORNE-05 160 cm F2 16 7 6
BORNE-06 170 cm F2 17 7 7
BORNE-07 180 cm F3 15 5 6
BORNE-08 195 cm F3 23 8 10
BORNE-09 255 cm F2 10 1 6
BORNE-10 273 cm F3
BORNE-11 281 cm F3 21 7 9
BORNE-12 320 cm F3
BORNE-13 350 cm F2 20 4 11
BORNE-14 360 cm F2 18 3 10
BORNE-15 368 cm F2 13 4 6
BORNE-16 400 cm F1 16 3 8
BORNE-17 415 cm F1 15 4 8
BORNE-18 430 cm F1 17 3 9
BORNE-19 438 cm F1 14 3 8

IMAGE ANALYSIS ON THIN SECTION
Quartz Felsdpars Lithic

CORE Bo-2016-West
BORNW1-P-1 18 cm F3 26 12 10
BORNW1-P-2 63 cm F3 30 11 14
BORNW1-P-3 97 cm F3 34 12 19
BORNW1-P-4 127 cm F3 21 11 14
BORNW1-P-5 179 cm F3 40 11 15



BORNW1-P-6 218 cm F3 25 7 10
BORNW1-P-7 281 cm F3 32 8 11
BORNW1-P-8 323 cm F1 33 9 10
BORNW1-P-9 359 cm F3 37 11 21

BORNW1-P-10 390 cm F3 29 9 14
BORNW1-P-11 415 cm F2 33 15 19
BORNW1-P-12 435 cm F2 33 17 21
BORNW1-P-13 471 cm F2 42 15 8
BORNW1-P-14 504 cm F3 41 8 10
BORNW1-P-15 550 cm F2 46 9 15
BORNW1-P-16 575 cm F2 43 13 12
BORNW1-P-17 590 cm F3 40 15 12
BORNW1-P-18 625 cm F1 42 9 8
BORNW1-P-19 645 cm F1 40 9 24
BORNW1-P-20 661 cm F2 48 11 11

CORE Bo-2017-Center
BORN2C-P1 31 cm F2 37 13 15
BORN2C-P2 64 cm F2 42 10 15
BORN2C-P3 84 cm F2 34 10 10
BORN2C-P4 120 cm F3 29 9 15
BORN2C-P5 170 cm F3 40 12 13
BORN2C-P6 267 cm F3 34 9 10
BORN2C-P7 320 cm F2 44 16 13
BORN2C-P8 358 cm F3 36 7 14
BORN2C-P9 450 cm F2 41 17 13

CORE Bo-2016-East
BORNE1-P-1 100 cm F4 41 11 12
BORNE1-P-3 160 cm F2 35 13 17
BORNE1-P-4 170 cm F2 39 7 14
BORNE1-P-5 180 cm F3 49 7 12
BORNE1-P-6 255 cm F2 42 10 11
BORNE1-P-7 281 cm F3 36 8 18
BORNE1-P-8 350 cm F2 32 10 14
BORNE1-P-9 360 cm F2 35 7 16

BORNE1-P-10 368 cm F2 42 12 12
BORNE1-P-11 400 cm F1 35 10 9
BORNE1-P-12 415 cm F1 45 9 10
BORNE1-P-13 430 cm F1 38 14 17
BORNE1-P-14 438 cm F1 35 11 20



% Chlorite % Kaolinite mean grain size

201
394
411
98

349
325
370
397
408
383
192
461

4 6 38
3 3 74
4 9 36
3 3 76

199
3 4 52
7 6 35
2 1 365
4 5 74

47
3 4 93
2 4 92
1 1 270
5 9 35
3 5 38
1 2 78
2 3 138
2 2 74
4 4 51
2 1 244
1 1 402
1 2 161
2 2 179
1 1 41
1 1 443
2 2 47
5 4 31

334
346
248



462
342
422
101

1 1 56
4 1 102
1 4 71
1 1 56
3 3 105
1 1 74
0 2 91

342
447
427
492
379
399

2 2 89
2 5 75
7 5 61
3 2 50
1 2 43
0 3 168
0 3 126
3 3 68
2 1 414

57
2 2 85

51
1 4 49
3 2 360
1 2 253
1 4 159
2 2 142
3 2 56
2 2 120

CaCO3 Clays Porosity Others 1-5% 5-15% 15-30%

2 32 16 3 6 8 11
2 33 7 4 4 9 15
5 14 12 5 7 11 6
4 37 10 3 4 8 4
0 17 11 5 9 18 12

Coated grains 



2 46 7 4 4 10 6
2 31 14 3 5 9 12
2 29 13 3 11 7 4
3 6 17 5 11 17 10
4 31 6 7 6 11 5
1 9 19 4 15 7 16
0 13 12 4 13 18 8
1 18 13 3 16 12 8
3 26 8 4 11 15 9
1 10 16 2 10 5 4
2 8 16 5 10 6 2
1 12 13 7 9 19 13
3 17 14 7 5 9 3
3 8 9 7 10 9 4
3 9 11 6 17 8 8

3 12 15 5 5 10 7
3 10 15 5 10 6 5
2 25 15 4 5 9 8
4 22 17 4 10 7 5
5 14 13 4 8 10 7
1 27 16 3 6 10 3
1 7 15 4 10 6 3
4 17 16 6 4 7 10
1 8 14 6 10 11 5

2 18 13 4 6 9 20
3 15 12 4 11 16 8
2 17 14 8 15 9 6
1 15 13 4 18 15 10
4 10 19 4 6 15 12
1 10 20 7 3 12 12
4 19 15 7 12 9 4
3 14 17 7 15 8 4
6 13 9 5 11 15 4
8 15 18 5 12 6 4
5 14 12 4 9 12 5
2 14 9 5 9 20 15
8 8 13 5 16 12 6





> 30% Total coated grain content

2 27
7 35
3 27
3 20
7 46

Coated grains 



4 23
6 32
2 25
5 43
2 24
5 43
4 43
4 40
4 39
1 20
2 20
5 45
2 19
2 26
6 39

3 25
3 23
3 26
2 23
3 29
3 22
1 21
3 24
2 28

13 48
5 41
3 33
5 47
4 36
7 33
2 26
3 30
1 30
2 24
2 27
5 48
2 36
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