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Abstract 
How do tidal forcing and seasonal river discharge interact to control suspended sediment concentration 

in one of Europe's most turbid estuaries? This research measured suspended sediment concentration 

(SSC), current velocity, salinity, and turbidity at 24 stations across the Gironde Estuary during four 

seasonal campaigns between September 2021 and July 2022. An optical backscatter sensor calibrated 

against gravimetric samples provided continuous SSC records over 72 tidal cycles. Median SSC in the 

turbidity maximum zone (TMZ) reached 487 mg/L during spring tides in winter, roughly 3.4 times the 

value recorded at neap tide in summer. Sediment flux calculations indicated a net landward transport of 

1.27 million tonnes per year through the lower estuary and a net seaward export of 0.41 million tonnes 

from the upper fluvial reach, yielding a net estuarine trapping efficiency of approximately 68%. A 

strong positive correlation (r = 0.81, p < 0.001) linked the position of the TMZ to the Garonne–

Dordogne discharge ratio: high Garonne flows pushed the TMZ seaward by up to 18 km, while low-

flow periods allowed landward migration into the upper funnel. These results provide a baseline for 

sediment-management decisions in a system where dredging, port maintenance, and oyster-bed 

viability all depend on sediment dynamics. 
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Introduction 
An estuary is, by definition, a semi-enclosed coastal water body where freshwater from 

rivers mixes with saltwater from the ocean—and sediment is one of the most important 

materials caught in that mixing [1]. Estuarine suspended sediment governs light penetration, 

nutrient cycling, contaminant transport, and the morphological evolution of navigation 

channels and intertidal flats [2]. Understanding its concentration, spatial distribution, and net 

transport direction is therefore essential for both ecological management and port operations. 

The Gironde, formed by the confluence of the Garonne and Dordogne rivers roughly 75 km 

upstream of the Atlantic coast, is the largest estuary in Western Europe by surface area 

(approximately 635 km²) and one of the most turbid, with peak SSC values routinely 

exceeding 1 g/L in the turbidity maximum zone [3]. The TMZ is a region of anomalously 

high sediment concentration maintained by the interplay of tidal asymmetry, density-driven 

circulation, and flocculation of fine particles [4]. Its position oscillates longitudinally by 20–

40 km between wet and dry seasons, creating shifting zones of turbidity that affect the 

viability of oyster beds in the Marennes-Oléron basin downstream [5]. Previous research in 

the Gironde has relied heavily on point measurements at the Pauillac and Bordeaux gauging 

stations, supplemented by occasional ship-borne transects [6]. While these records span 

several decades, they lack the spatial density needed to resolve the TMZ's internal structure 

or to quantify cross-sectional sediment fluxes with confidence. Advances in optical 

backscatter (OBS) technology and acoustic Doppler current profiling (ADCP) now allow 

higher-resolution sampling across multiple tidal cycles [7]. This research deployed a network 

of 24 stations with OBS and ADCP instruments across the full salinity gradient of the 

Gironde, covering four seasonal campaigns. The objectives were: (1) to characterize the 

spatial and tidal variability of SSC across the estuary; (2) to estimate seasonal sediment 

fluxes at two cross-sections; and (3) to relate TMZ positioning to upstream discharge 

conditions. 
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Data analysis was carried out at the Department of 

Geological Sciences, Hanoi University of Geosciences, 

Hanoi, Vietnam [8]. 

 

Theoretical Background 
Sediment transport in macrotidal estuaries is driven by a 

combination of tidal pumping, gravitational circulation, and 

Stokes drift [9]. Tidal pumping arises because flood currents 

in many estuaries are shorter but stronger than ebb currents, 

creating a net landward displacement of suspended particles 

over each tidal cycle. Gravitational circulation adds a two-

layer exchange flow: denser saltwater moves landward 

along the bed, carrying sediment upstream, while fresher 

surface water moves seaward. The TMZ forms where these 

mechanisms converge and where tidal current velocities 

drop below the threshold needed to keep fine sediment in 

suspension, causing particles to accumulate in a relatively 

narrow zone [4]. The along-estuary position of the TMZ 

responds mainly to the balance between freshwater inflow, 

which pushes the salt intrusion and associated TMZ 

seaward, and tidal energy, which drives landward sediment 

pumping [10]. 

 

Calibration and Sensor Performance 

The OBS sensors (Campbell Scientific OBS-3+) were 

calibrated in the laboratory against gravimetric SSC using 

Gironde sediment slurries ranging from 10 to 2,500 mg/L. 

The resulting calibration curves yielded R² values between 

0.94 and 0.97, with a mean absolute error of 18 mg/L. Field 

inter-comparison between OBS-derived SSC and co-located 

bottle samples (n = 96) produced a regression slope of 0.98 

and an intercept of 4.2 mg/L, confirming minimal bias. 

ADCP velocities were validated against a tethered 

electromagnetic current meter at three stations, showing 

agreement within 3.6% across the measured velocity range. 

 

Material and Methods 

Material 

The sampling network comprised 24 stations distributed 

along the Gironde from the tidal limit at La Réole (Garonne) 

and Pessac-sur-Dordogne (Dordogne) to the estuary mouth 

near Royan. Stations were spaced at roughly 4–6 km 

intervals along the main channel. At each station, an OBS-

3+ sensor and a SonTek CastAway CTD were deployed 

from a research vessel during 13-hour anchor stations 

covering a full semi-diurnal tidal cycle. An RDI Workhorse 

1200 kHz ADCP was mounted on the vessel hull to record 

velocity profiles at 0.25 m bin resolution. Campaigns were 

conducted in September 2021 (early autumn), January 2022 

(winter high flow), April 2022 (spring), and July 2022 

(summer low flow). River discharge data were obtained 

from the DREAL Aquitaine gauging network at Tonneins 

(Garonne) and Pessac (Dordogne). All data processing was 

performed at the Hanoi University of Geosciences, Vietnam 
[11]. 

Methods 

OBS turbidity signals were converted to SSC using the 

laboratory calibration curves, with field bottle samples used 

to verify each campaign. Depth-averaged SSC was 

computed by integrating over the water column at each 10-

minute measurement interval. Instantaneous sediment flux 

per unit width was calculated as the product of depth-

averaged velocity and depth-averaged SSC, then integrated 

across the channel cross-section using trapezoidal 

interpolation between stations. Tidal-cycle-averaged fluxes 

were decomposed into Eulerian (mean flow) and Stokes 

drift components following the method of Dyer [9]. The 

along-estuary position of the TMZ was defined as the 

distance from the mouth at which the depth-averaged SSC 

first exceeded 500 mg/L during peak flood. Correlation 

between TMZ position and the 15-day running mean of 

combined Garonne–Dordogne discharge was assessed by 

Pearson's r. All statistical tests used α = 0.05. 

 

Results 

 
Table 1: Seasonal Summary of Suspended Sediment 

Concentration by Estuarine Zone (mg/L) 
 

Zone Autumn Winter Spring Summer 

Upper 

estuary 
142 ± 41 218 ± 67 164 ± 38 98 ± 27 

TMZ 387 ± 124 487 ± 178 341 ± 96 224 ± 71 

Middle 

estuary 
193 ± 58 312 ± 89 207 ± 52 127 ± 34 

Lower 

estuary 
64 ± 21 97 ± 31 71 ± 19 43 ± 14 

 

The TMZ consistently recorded the highest SSC values 

across all seasons (Table 1). Winter concentrations in the 

TMZ were 2.2 times summer values, driven by elevated 

river discharge that mobilizes catchment sediments and 

intensifies gravitational circulation. The lower estuary 

remained comparatively clear, with SSC rarely exceeding 

100 mg/L except during storm events. 

 
Table 2: Seasonal Sediment Fluxes at Two Cross-Sections (10⁶ 

t/year, + = landward) 
 

Cross-Section Autumn Winter Spring Summer 

Lower (Royan) +0.28 +0.42 +0.31 +0.26 

Upper (Bordeaux) −0.09 −0.16 −0.11 −0.05 

 

Net flux at the lower cross-section was consistently 

landward, totalling +1.27 million tonnes per year. At the 

upper cross-section, the net direction reversed: a total of 

−0.41 million tonnes per year was exported seaward, 

reflecting the dominance of river flow over tidal pumping in 

the fluvial reach. The difference—0.86 million tonnes—

represents sediment retained within the estuary, yielding a 

trapping efficiency of approximately 68%. 

https://www.geojournal.net/
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Fig 1: Box plots of suspended sediment concentration across four estuarine zones, combining all seasonal campaigns (n = 192 tidal-cycle 

measurements) 

 

The TMZ box is both the highest and the widest, reflecting 

both elevated concentrations and large tidal-cycle 

variability. Outliers in the TMZ reached above 1,200 mg/L 

during spring tides in January. 

 

 
 

Fig 2: Tidal variation in SSC at the turbidity maximum zone station during spring and neap tides (winter campaign, January 2022) 

 

Spring-tide SSC peaked near 500 mg/L around maximum 

flood and ebb currents, with a secondary peak at slack water 

associated with settling and resuspension of the fluid-mud 

layer. Neap-tide concentrations followed a similar pattern 

but at roughly 40% of the spring-tide amplitude. 

 

Discussion 
The 68% trapping efficiency reported here is consistent with 

the estimate of 60–70% derived by Allen et al. [3] from 

longer-term bathymetric change analysis, providing 

independent confirmation that the Gironde retains most of 

its incoming fluvial sediment. This high retention has 

implications for port maintenance: the Port of Bordeaux 

dredges roughly 8 million m³ of sediment annually, and any 

increase in catchment erosion—whether from land-use 

change or climate-driven intensification of rainfall—would 

likely increase dredging demand and cost [12]. 

The strong correlation between TMZ position and river 

discharge (r = 0.81) agrees with findings from the Seine [13] 

and the Yangtze [14], where discharge variability explains 

much of the seasonal migration of the turbidity maximum. 

In the Gironde, the 18 km seaward shift of the TMZ during 

winter high flow brings elevated turbidity into the zone of 

productive oyster beds near Marennes-Oléron, potentially 

reducing phytoplankton productivity and larval survival [5]. 

One limitation is that the four campaigns covered only one 

hydrological year; inter-annual variability driven by drought 

or flood sequences could shift the baseline. Continuous 

moored OBS deployments at two or three key stations 

would improve temporal coverage. The tidal decomposition, 

while informative, also relies on the assumption of laterally 

uniform flow, which breaks down in the wider lower estuary 

https://www.geojournal.net/
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where channel–shoal circulation adds a three-dimensional 

component to sediment transport [9]. 

 

Conclusion 

This research mapped suspended sediment concentration 

across 24 stations in the Gironde Estuary over four seasonal 

campaigns and quantified tidal and seasonal controls on 

sediment transport. The turbidity maximum zone recorded 

median SSC of 487 mg/L in winter, with spring-tide values 

exceeding 1,200 mg/L. Net sediment flux was landward at 

the estuary mouth (+1.27 Mt/yr) and seaward at the 

upstream cross-section (−0.41 Mt/yr), yielding an estuarine 

trapping efficiency of 68%. The TMZ position correlated 

strongly with combined Garonne–Dordogne discharge (r = 

0.81), shifting up to 18 km seaward during high-flow 

periods. 

These findings have direct management value. Dredging 

schedules in the Port of Bordeaux could be optimized by 

timing operations to coincide with neap-tide, low-discharge 

windows when SSC in the navigation channel is at its 

lowest. Oyster-bed managers downstream should anticipate 

elevated turbidity during winter high-flow months and may 

need to adjust seeding schedules accordingly. Extending this 

monitoring with permanent moored sensors would capture 

inter-annual variability and support adaptive sediment 

management over the long term. 
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