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24 Abstract: The Mekong river is one of the largest rivers in the world, which flows through 

25 six countries of Southeast Asia (China, Myanmar, Laos, Thailand, Cambodia and Vietnam). 

26 Its hydro-sedimentary regime is changing rapidly, as a consequence of a regional shift of 

27 land use (agriculture, road, etc.), damming, sand mining and climate changes, among others. 

28 This study assesses the behavior of particles transported in suspension in the Lower Mekong 

29 River (LMR), along approximately 1700 km from fluvial to estuarine environments. 

30 Suspended sediment properties were estimated, simultaneously with hydrodynamic 

31 conditions, during three field campaigns. In addition, further investigations were performed 

32 in the laboratory to assess the structures of particles (flocculated or not), their capacity to 

33 flocculate (and the impacts on siltation), under a wide range of sediment concentration (400 

34 to 4000 mg.L-1). This study confirms that suspended sediment transported in the LMR are 

35 predominantly (75 % by volume) flocculi (or freshly eroded soils aggregates), with median 
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36 aggregated particle size in the range 10 - 20 µm and median settling velocity of the order of 

37 0.01 – 0.1 mm.s-1. These flocculi are robust under the hydrodynamic conditions (turbulence 

38 and suspended sediment concentration – SSC) existing in the LMR. Laboratory 

39 investigations reveal the existence of a threshold sediment concentration (400 mg.L-1), 

40 beyond which flocculation and sedimentation increase of orders of magnitudes. Thus, 

41 concentration that exceeds this threshold might promote the formation of so-called fluid mud 

42 layers. Because of the nonlinear response of flocculation and sedimentation with SSC and 

43 considering the ongoing changes at a regional scale in the LMR, higher occurrence of fluid 

44 mud layers in the fluvial upstream waterbodies might be anticipated, and a lower occurrence 

45 in estuaries and alongshore where the concentration decrease. The geomorphology could be 

46 impacted, with an over-siltation in dams and an exacerbated erosion of the muddy-mangrove 

47 coast.

48 Keywords: Mekong; LISST; SCAF; fluid mud layer; flocculation, settling velocity

49

50 1. Introduction

51 The Mekong river is the tenth longest river in the world with a length of 4909 km and has a 

52 basin area of 795,000 km2. Its mean annual discharge is approximately 475 km3, i.e. the sixth 

53 largest in the world. The river originates from the Tibetan Plateau (China) with an elevation of 

54 more than 5000 m above sea level (a.s.l.); then, the river flows through a variety of 

55 geomorphological and climatic systems and ends in the fertile delta of Vietnam (55,000 km2), 

56 before discharging into the South East Sea of Vietnam (Mekong River Commission portal - 

57 MRC, www.mrcmekong.org/). Under human pressures and climate change, the river is facing 

58 many serious issues in link with changes in sediment dynamics. One of the most evident 

59 transformation is the construction of large hydropower dams in the upstream Mekong, which 

60 are modifying the hydrological cycle, and reducing the sediment discharge into the floodplain 

61 and estuaries at an alarming point (Schmitt et al., 2017).  Sand mining in the delta is also a 

62 direct threat for the hydro-sedimentary budget. According to the literature, sediment flux has 

63 already decreased by almost five fold over 35 years, from about 160 mill. tons.year-1 in 1983 

64 (Milliman et al., 1983) to 87.4 ± 28.7 mill. tons.year-1 in 2005 (Darby et al., 2016 and Schmitt 

65 et al., 2017) and 40 ± 20 mill. tons.year-1 in 2015 - 2016 (Thi Ha et al., 2018).
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66 Sand mining, trapping by dams, and the resulting reduction of sediment flux are undoubtedly 

67 corroborated with some changes in the nature (and populations) of particles transported. Some 

68 expected consequences in geomorphology, floodplain fertility and pollutant dynamics are 

69 already evoked (Kondolf et al., 2018), but need to be better studied. Previous studies 

70 conducted in the LMR indicated that the upper fluvial section was dominated by two particles 

71 size populations: silts, with a diameter of 10 - 20 µm; and sands, with a diameter of 63 - 200 

72 µm, accounting for 78 % and 22 % of the total particle load, respectively (Peteuil et al., 2014). 

73 Downstream, in the estuary, flocculated fine particles dominate. The observed floc size, 

74 reported in the literature, was 30 - 40 μm, constituting 60 - 80 % of the total sediment load in 

75 high flow season. However, in the low flow season, the floc size increased to 50 - 200 μm, 

76 accounting for 70 - 80 % of the total volume (Wolanski et al., 1996 and Wolanski et al., 

77 1998). This observed variability of sediment properties reflects a direct adjustment of physical 

78 properties along streams, which operates at microscopic scales (flocculation, sedimentation 

79 and erosion), in link with hydrodynamic conditions and their seasonal variations. The 

80 different origins, together with different physicochemical and biological conditions between 

81 the sites, cause difficulties in interpreting the results.

82 Particle size, settling velocity and their spatio-temporal evolution through flocculation, are 

83 fundamental properties that need to be estimated to assess sediment transport and deposition 

84 processes in space and time (Manning et al., 2011a; Winterwerp, 2002). This is particularly 

85 true in the case of mud/sand mixtures, where complex interactions occur and need to be 

86 characterized for a realistic understanding of sediment dynamics (Manning et al., 2010). 

87 Conceptually, flocculation develops from primary particles into hierarchical structures, 

88 namely flocculi, microflocs and macroflocs. Primary particles mainly consist of fine particles 

89 with sizes of 1 - 6 µm, and can be organic or inorganic. They aggregate to form 1st order 

90 structures, so-called flocculi, with diameters of the order of 6 - 50 µm. They are usually 

91 hardly broken down into primary particles, even at the highest turbulent shear modulus 

92 experienced by particles in large rivers. Thus, it is generally considered that flocculi are a 

93 major component of sediment dynamics. Microflocs form the 2nd order of aggregation. They 

94 include primary particles and flocculi and have sizes of 50 - 200 µm. Finally, macroflocs are 

95 the largest particle structures. They are loose structures with a wide size distribution, ranging 

96 from hundreds to thousands of micrometers (Lee et al., 2012 and Fettweis et al., 2006). Flocs 

97 (micro and macro) are generally fragile structures, easily broken down when passing through 

98 high turbulent shear modulus (Manning et al., 2011a).
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99 Flocculation at microscopic scale, as some hydro-sedimentary and geomorphological impacts 

100 at scales of river reaches, estuaries and deltas, in particular because it promotes the formation 

101 of fluid mud layers. Fluid mud is defined as a mixture of high-concentrated fine sediments 

102 with water (Bachmann et al., 2005). It is generated by liquefaction of cohesive sediment beds 

103 by waves or by an imbalance between settling and eddy diffusion near the bed, or by the 

104 convergence of sediment fluxes from upstream and downstream. In energetic environments, 

105 large particles such as sand are also found in fluid mud samples, but the portion is less than 

106 few percent (McAnally et al., 2007). Fluid mud masses may be advected over large distances 

107 horizontally without losing their coherent nature or internal chemical properties; and its 

108 horizontal convergence may often be a key mechanism of their accumulation (McAnally et 

109 al., 2007). Thus, fluid mud in thin layers is considered as an intermediate stage of deposition 

110 (before formation of consolidated bed layers) or bed erosion (under entrainment process by 

111 fluidization (McAnally et al., 2007). Its thickness varies from few centimeters to meters 

112 (Sottolichio et al., 2011; Azhikodan et al., 2018).

113 The occurrence of fluid mud is commonly observed in quiescent environments such as lakes 

114 and reservoirs (Mehta et al., 1991; McAnally et al., 2007) or in the Estuarine Turbidity 

115 Maximum zones (ETM) (Uncle et al., 2006; Winterwerp  et al., 2011; Azhikodan et al., 2018) 

116 such as estuaries, navigation channels, harbour basins or along muddy coasts all over the 

117 world (Bachmann et al., 2005; Schelske et al., 2006; Gratiot et al. 2007; Toorman et al. 2018). 

118 The turbidity maximum zone is often created by resuspension from the bed during parts of the 

119 tidal cycle and shows a significant drag reduction at high SSC concentration gradient (Dyer et 

120 al., 2002a and Dyer et al., 2002b). However it has been poorly studied and reported in the 

121 literature dedicated to the LMR (Wolanski et al., 1998, Xue et al., 2010) and received some 

122 more interest recently (Gugliotta et al., 2019; Nittrouer et al., 2017; Gratiot et al., 2017). 

123 This study originally combines in situ measurements and laboratory investigations to examine 

124 the physics of particles (especially flocculation properties, measured with new patented 

125 equipment developed by SCAF®) and to understand transport/deposition processes in the 

126 LMR. Sampling and analyses are performed in three contrasted environments: an upper 

127 fluvial reach in Laos (Fig. 1b), a lacustrine environment in Cambodia (Fig. 1c) and an 

128 estuarine environment in Vietnam (Fig. 1d). The same methodology was applied for these 

129 three contrasted environments (upstream river, lake and estuary). Results obtained allow for 

130 answering and discussing the following points:
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131  Are suspended sediment flocculated or not (percentages of cohesive versus non-

132 cohesive particles transported in suspension)?

133  If yes, are floc populations stable from upstream to downstream and/or highly 

134 dependent on hydrodynamic conditions (SSC, turbulence, salinity)?

135  Are suspended sediment predominantly transported as washload (single path with no 

136 bed interactions), or does it experience successive phases of deposition and erosion?

137  How much SSC increase can modify flocculation, sedimentation and how much this 

138 could contribute to the formation of fluid mud layers and, finally, modify the 

139 geomorphology of the LMR?

140 By answering to the four questions above, the paper proposes a better understanding of the 

141 physical properties of sediment and their transportation modes along the Lower Mekong 

142 River. Because flocculation and fluid mud layers are playing an important role in the dynamic 

143 of the Mekong Delta, this information will facilitate the implementation of integrated tools, 

144 such as ecological/geomorphological models, to go through a better management of large 

145 scale hydrosystems.

146 2. Study areas and Methods  

147 2.1. Study area

148 Field investigations have been conducted at three locations of the LMR, assumed to be 

149 representative of river morphological units, from the upper fluvial environment to the 

150 lacustrine and the estuarine environments (Fig. 1a). 

151 2.1.1. Fluvial environment

152 The upper fluvial reach considered is located at the level of Luang Prabang city, Laos 

153 (Fig.1b). It is situated on a long stem at the confluence of the Mekong and Nam Khan rivers, a 

154 tributary of the Mekong. Its altitude is approximately 300 m a.s.l. This area is covered with 

155 steep hillsides and has been experiencing drastic land use changes, predominantly leading to 

156 erosion, since the last decades (Ribolzi et al., 2017). At Luang Prabang, the Mekong river 

157 section is already wide, with width of 600 - 700 m. However, when passing through gorges, 

158 the channel becomes swiftly narrow, approximately 100 m wide, and bounded by limestone 
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159 pavement. The channel has a median depth of around 10 m, with maximum depth of 

160 approximately 30 m (Gupta et al., 2007).

161 The field survey was conducted for 8 days, from 26 June to 2 July 2017, at the beginning of 

162 the wet season. There were neither extreme floods nor low water situations, thus the 

163 hydrodynamic conditions were suitable for sampling and analysing a typical (median) 

164 suspended sediment distribution in the river. Twenty-seven samples were taken in the main 

165 Mekong river and its tributaries (Nam Ou, Nam Suang and Nam Khan tributaries). During the 

166 survey, hydro-sedimentary conditions were also characterized on two cross-sections with 

167 distances of approximately 20 km (Fig. 1a, see section 2.2.3). For each location, samples were 

168 collected in three vertical profiles (left bank – V1, middle bank – V2 and right bank – V3). In 

169 each vertical profile, 3 litres of water sample were taken at various depths (0.1 h, 0.4 h, 0.7 h 

170 and 0.9 h, h being total water depth).

171 2.1.2. Lacustrine environment

172 With volume of 1.8 – 58.3 billion m3, the Tonle Sap lake is the largest freshwater source in 

173 Southeast Asia (Kummu et al., 2014). It is located in the Cambodian floodplain (Fig. 1c) and 

174 comprises a permanent waterbody, twelve tributaries, extensive floodplains and the Tonle Sap 

175 river linking the lake to the Mekong river (Kummu et al., 2014). At the confluence, the river 

176 splits into the Bassac river (Hau river) in the West and the Mekong river (Tien river) in the 

177 East. The Tonle Sap system has strong and original hydrodynamic relationships with the 

178 Mekong mainstream (Kummu et al., 2008). During the wet season, flooding from the Mekong 

179 river causes a reverse flow direction, into the Tonle Sap lake. The lake area then increases 

180 from 2500 km2 to approximately 15000 km2, while the depth rises from 1 to 9 m. At the 

181 opposite, the slow release of floodwaters from the lake during the dry season is a very 

182 important water source to sustain the river discharge of the Mekong delta (Hai et al., 2008). In 

183 this specific paper, we focus on the physics of particles. The field survey was performed for 9 

184 days from 13 October to 21 October 2018, during high flow season. The material used is 

185 freshly deposited sediment, collected near the Mekong river tributaries, after a flood season at 

186 the bottom layer. 

187 2.1.3. Estuarine environment

188 The Mekong delta (MD) is situated at the most Southeast part of the LMR (Fig. 1d). It covers 

189 approximately 55,000 km2 (Balica et al., 2014), extending from the Cambodia - Vietnam 

190 border to the Gulf of Thailand and the East Sea of Vietnam (Tran et al., 2018). Together with 
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191 the Mekong river and the Bassac river, it separates into eight tributaries (Hung et al., 2014) 

192 before discharging into the East Sea (Wolanski et al., 1996 and Xing et al., 2017). At the 

193 interface between land and the sea, the estuary is strongly impacted by both flooding from 

194 upstream and the tidal flows, as well as wave forcing (Gugliotta et al., 2019). 

195 Three surveys with contrasted seasonal conditions were conducted in the Song Hau estuary 

196 (as part of the Lower Mekong Delta Coastal Zone project), in December 2015, March and 

197 October 2016. During these surveys, three cross-sections (upstream - T1, middle - T2, 

198 downstream - T3), with distances of 10 and 15 km, respectively, were chosen to monitor and 

199 assess the impact of saline water intrusion on flocculation (Fig. 1d and sketch of Fig.6). At 

200 each location, samples were taken in three vertical profiles. In total, 104 samples with volume 

201 of 5 litres per sample were collected to investigate the spatio-temporal dynamics of suspended 

202 sediment for contrasted sediment concentration (SSC) and turbulent levels.
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203

(b)(a)

(c)(d)

10 km

50 km10 km

204 Fig. 1. Domains of interest [a] (Smardon et al., 2009). Sampling sites and locations in fluvial 

205 (Luang Prabang, Laos with blue dots reporting samples in main stream, red dots reporting 

206 samples in tributaries and yellow segments reporting cross-sections [b]), lacustrine 

207 environment (Tonle Sap floodplain, Cambodia with white dots showing the sampling location 

208 [c]), and estuarine environment (Song Hau estuary, Vietnam with yellow segments reporting 

209 cross-sections and red lines showing the local domain [d]).

210 2.2. Methods

211 The suspension regime of the sediments transported in a flow strongly depends on interactions 

212 between hydrodynamics, particle size, density and settling velocity. Thus, the understanding 

213 of particle size distribution (PSD) of suspended particulate matter (SPM) is one of 

214 prerequisites to properly simulate sediment dynamics (Fennessy et al., 1994). This study 
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215 originally proposes a direct estimation of settling velocity and flocculation with the patented 

216 SCAF instrument (System for the Characterization of Aggregates and Flocs, Gratiot et al. 

217 2015).

218 The five sections hereinafter describe the methodology adopted to measure the physical 

219 properties of suspended sediment and evaluate its transport dynamics. The instruments at our 

220 disposal are particularly relevant to estimate both particle size and settling velocity, but it was 

221 not possible to measure directly the density of flocs, which may be seen as a limitation.

222 2.2.1. A portable mixing tank device to reproduce natural inflow turbulent conditions

223 To measure PSD under turbulent conditions close to the ones experienced by natural rivers, 2 

224 litres of water samples were introduced into a portable rectangular-base mixing jar tank (with 

225 diameter of 11.5 x 11.5 x 15 cm), and then mixed with an impeller for thirty minutes. Since 

226 the work of Gratiot and Manning (2004), this mixing duration is assumed to ensure a good 

227 homogenization of the fluid mud mixture, and a dynamic equilibrium between the rate of 

228 flocculation and breakage. Some details on the experimental set-up can be found in Gratiot et 

229 al. (2017). During preliminary experiments, an  Acoustic  Doppler  Velocity  Profiler  (Nortek 

230 Vectrino2) was  immersed  in  the mixing tank filled with clear water,  in  order to measure 

231 the 3D turbulent field of velocity and deduce the mean turbulent energy dissipation rate G (s-

232 1). With a rotation speed of 100 rpm, G was about 44 s-1, which corresponds to high shear rate 

233 conditions, such as observed near bottom in natural rivers and estuaries (Gratiot et al., 2017). 

234 For further details on the mixing tank device, the reader can refer to Gratiot et al. (2017, 

235 supplementary information). 

236 2.2.2. PSD measurements and characterization of the particle-classes/population/group? 

237 To characterize the different populations of particles, the terminology of Lee et al. (2012) is 

238 used. It is based on four classes, namely primary particles, flocculi, microflocs and macroflocs 

239 (as mentioned in the Introduction section). We utilize the LISST-Portable XR instrument to 

240 measure sediment particle sizes during mixing. The operational principle of the LISST-

241 Portable XR is based on laser light scattering (or laser diffraction). This instrument provides 

242 the logarithmical PSDs over 44-size bands in the ranges of particle size from 0.35 to 500 μm 

243 by using the Fraunhofer approximation or the exact Lorenz-Mie theory. The volumic 

244 concentration is in micro-litre/litre (µL.L-1), corresponding to sediment concentration of 30 - 

245 1900 mg.L-1 in the chamber of measurement. Each spectrum shows independent semi-log 

246 distributions of sub-populations, that were characterized by their mean particle size Df, their 
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247 standard deviation σDf and their relative volumetric concentration. The operating range of 

248 optical transmission recommended by LISST-Portable XR is 75 - 95 %. For optical 

249 transmission lower than 75 %, multiple-scattering can bias the signal and lead to an 

250 underestimation of the size distribution.

251 This device has been utilized successfully in many contrasted environments, such as  the 

252 Saigon - Dong Nai rivers, Vietnam (Nguyen et al., 2019), a hydropower plant in Malaysia 

253 (Azrulhisham et al., 2018), Northern French Alps (Antoine et al., 2015) and Philadelphia 

254 (Windt et al., 2017), among others.

255 It is worth noting that many other techniques exist to measure PSD, particularly video-based 

256 techniques, such as the immersed INSSEV instrument (Fennessy et al., 1994) or the LabFlocs 

257 portable video system (Manning et al., 2007). All methods have advantages and 

258 disadvantages, so that a combination of different techniques is probably the best efficient.

259

260 For describing PSDs of primary particles, flocculi, microflocs and macroflocs, we apply a 

261 mathematical function to separate the signal into four log-normal distribution (Mikkelsen et 

262 al., 2006). Such post processing is also useful to prevent misinterpretation, resulting from air 

263 bubbles and other artefacts that can be observed in the raw particle size spectrum (Sequioa, 

264 2016).

265 In this study, the PSD of each sample was measured in two steps, before and after two 

266 minutes of sonication, for a mechanical particle breakage under acoustic waves. Hence, it is 

267 possible to assess the proportion of sand and flocs because large-size particles built by smaller 

268 cohesive particles (silt or clay) are, at least partially, dispersed by sonication (Gratiot et al., 

269 2017) while the sand particles are indivisible and then maintain a constant diameter after 

270 sonication.

271 2.2.3. Characterization of the settling and flocculation regimes 

272 Depending on SSC, three settling regimes can be observed for natural sediment in aquatic 

273 environment (Van Leussen, 1994), namely (1) free settling, (2) flocculation and (3) hindered 

274 regimes. For the lowest SSC, flocculation is weak and particles are settling almost 

275 independently from each other (free settling regime). Particle settling velocity can then be 

276 broadly estimated by the Stokes’  law or derived laws as the sum of individual particles 

277 settling down (Stokes, 1857; Winterwerp, 2002). The flocculation settling regime occurs with 

278 midrange of SSC (tens to hundreds of mg.L-1). The settling velocity of cohesive and mixed 

279 fine-grained sediments then becomes more complex because it is influenced by both particle 
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280 interactions and individual properties (Manning et al., 2010), as well as turbulent shear 

281 (Winterwerp, 2002; Manning et al, 2011a). Flocculation is promoted, which results in larger 

282 particle sizes and higher settling velocities (Droppo et al., 2005). The hindered settling regime 

283 occurs at very high SSC (several grams per litre or more), and settling mostly occurs by mass, 

284 depending on the cohesion and suspension concentration (Camenen and Van Bang, 2011; Van 

285 and Van Bang, 2013). 

286 To assess the settling velocity ws (m.s-1) (and flocculation) for all these regimes in natural 

287 environment, we used the System for the Characterization of Aggregates and Flocs (SCAF), a  

288 recently patented instrument (Gratiot et al., 2015) that was successfully applied in some recent 

289 researches (Wendling et al., 2015, Gratiot et al., 2017, Legout et al., 2018, Nguyen et al., 

290 2019). This instrument is a glass settling column with dimension of 20 cm high and 3.5 cm in 

291 diameter, equipped with 16 infrared (λ = 980 nm) emitters and 16 diametrically opposed 

292 photo-sensors measuring at a frequency of 210 Hz. SCAF instrument measures the light 

293 attenuation in the settling tube with depth and time during the deposition of particles (Gratiot 

294 et al., 2015). Sensors are located every 1 cm down the column with the lower sensor located at 

295 1 cm above the bottom of the column. Measurements taken in the eight upper centimeters of 

296 the SCAF settling tube provided an estimate of flocs settling velocity under quiescent 

297 conditions, denoted ws,q  (m.s-1) while measurements realized in the eight centimetres near the 

298 bottom of the settling tube provided an estimation of flocs settling velocity after flocculation 

299 by differential settling under settling dominated conditions, this latter velocity being reported 

300 as ws,≠ (Wendling et al., 2015). In the case of non-cohesive particles, such as sand or silt, or 

301 clay particles with deflocculant, the settling velocity does not change during settling; ws,q and 

302 ws,≠ are similar and the flocculation index FI = (ws,≠ - ws,q)/ ws,q is close to zero (Wendling et 

303 al., 2015). As SCAF instrument is based on by mass sedimentation of a fluid mud mixture in a 

304 settling tube, it is inherently affected by the shape, density and compositions of all particles 

305 presented in the sample. 

306 2.2.4. Other hydrodynamic measurements

307 Complementary measurements were performed during field surveys. An Acoustic Doppler 

308 Current Profiler (ADCP), an Hydrolab probe (a multi-parameter probe measuring in-situ 

309 water quality parameters), SSC samplers and a EUTECH turbidimeter were used to 

310 characterize the water flow in the cross-sections, suspended solid concentration and physical 

311 parameters such as turbidity, temperature, pH, ORD, EC, salinity, etc. An YSI multi-
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312 parameter probe (Water Quality Sampling and Monitoring Meters and Instruments) was also 

313 used to check the average values of the measured physical parameters.

314 2.2.5 Characterization of the suspension regime

315 In order to characterize the suspension regime, the non-dimensional Rouse number (Rouse, 

316 1937), which express the balance between the upward turbulence forces ( ) lifting the 𝑢 ∗

317 particles and the gravity forces applied ( ) on the same particles in a river stream, was 𝑤𝑠

318 calculated for each flow condition encountered. The Rouse number is calculated as following:

319   (1)𝑅𝑜 =  
𝑤𝑠

𝛽𝜅𝑢 ∗

320 where the settling velocity  is inferred from the SCAF results (Fig. 5), or calculated by the 𝑤𝑠

321 Stokes’ Law from the PSD measurements.  is the von Kármán constant, taken equal to 0.41. 𝜅
322 The constant of proportionality  is the ratio of sediment to eddy diffusivity, describing the 𝛽
323 diffusion patterns of a fluid particle and a sediment particle. In water environment, it is often 

324 assumed that eddy viscosity is equal to eddy diffusivity, thus value is typically 𝛽 

325 hypothesised to be one (Rijn, 1984; Farrell and Sherman, 2013 .  (m.s-1) is shear velocity. ) 𝑢 ∗

326 In the fluvial and estuarine environments, the shear velocity was computed by using the 𝑢 ∗  

327 ADCP, with the assumption that the velocity profiles follow the logarithmic inner-law (so-

328 called “Law of the Wall”) (Sime et al., 2007; Santini et al., 2019, Eidam et al., 2017). In the 

329 lacustrine environment,  was computed from 2D hydrodynamic simulation results by the 𝑢 ∗

330 Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM, https://www.slim-ocean.be/).

331 The application of Eq.1 to characterize the suspension regime is relevant, but we should 

332 underline that uncertainties can be high, as both   and  are hardly estimate in the field.𝑤𝑠 𝑢 ∗

333 3. Results

334 3.1. Particle size distribution (PSD)

335 The PSD of all samples are gathered in a triangle sketch in Fig. 2. Before sonication, most of 

336 the particles are flocculi with an average contribution percentage of 46 %, 78 % and 78 %, for 

337 fluvial, lacustrine and estuarine environments, respectively (Fig. 2a). After sonication, the 

338 PSD displayed an increased number of primary particle class for all samples (51 %, 67 % and 
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339 32 %, respectively), while it witnessed the reduction in the percentage of flocculi and flocs 

340 (Fig. 2b). This figure also shows a wider diversity of particle sizes in the Mekong estuary 

341 (blue circles and squares) than in the lacustrine and the fluvial environments (yellow and red 

342 circles, respectively). It illustrates that estuaries are complex and changing environments, 

343 which mix both fluvial and coastal water (see the sketch in Fig.6 and the corresponding 

344 discussion section). In the case of the Mekong estuaries zone, sediment transport and 

345 deposition is strongly affected by fluvial inflow, tidal currents, but also resuspension of 

346 particles by wind-induced current, waves and coastal oceanic currents (Gugliotta et al., 2019; 

347 Marchesiello et al., 2019).
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348

349 Fig. 2. Triangulars of PSD in upper parts and estuary analyzed (a) before and (b) after sonication
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350 3.2. Suspended sediment versus hydrodynamic conditions

351 Fig. 3 aims at highlighting the role played by SSC on flocculation of particles. This figure 

352 gathers both data collected in the field and in the laboratory, before and after sonication.

353

354 Fig. 3. Variation of particle classes with SSC in fluvial environment, lacustrine environment 

355 and estuary before and after sonication

Fluvial environment, with US 
min US

Lake, no US Lake, with US

Estuary, no US Estuary, with US

Fluvial, no US
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356 3.2.1. Particle size populations in the fluvial environment (Laos)

357 Fig. 3 (a) and Fig. 3 (b) present the PSD of particles populations sampled in the fluvial 

358 section. On average, the primary particles accounted for 37 % of all particle population (in 

359 volumetric concentration). The predominant population is flocculi, with a volume 

360 concentration of approximately 46 %. Microflocs and macroflocs were fewer and accounted 

361 for (only) 3 % and 14 % of the total volume, respectively. The macroflocs size reached a 

362 median diameter of 422 µm. Fig. 3 (b) shows the PSD plot after sonication. The sonication 

363 broke up particles so that the percentage of primary particles increased (+14 %) to 51 % and 

364 flocculi decreased slightly (-5 %) to 41 %. The percentage of microflocs remains stable and 

365 small (approximately 2 %), and the percentage of macroflocs decreases by more than two 

366 folds (to approximately 6 %). These coarsest particles were not all broken up by sonication, 

367 which indicates the presence of sand. The samples issued from the tributaries had generally 

368 similar PSDs than the ones in the mainstream. After sonication, PSD of these samples still 

369 exhibits high values, with a maximum diameter of 347 µm. It means that these water samples 

370 contains predominantly sand, which is in agreement with visual observations during field 

371 campaigns. A detailed examination of PSD before and after sonication confirmed that samples 

372 in fluvial environment consisted of both cohesive sediment and sand particles. These PSDs 

373 are in agreement with the results of Camenen et al. (2014).

374 3.2.2. Particle size populations in the lacustrine environment (Tonle Sap, Cambodia)

375 In the lacustrine environment, only two particles classes (primary particles and flocculi, 

376 without flocs and no sands) appear. Before sonication (see Fig. 3c), the percentage of primary 

377 particles and flocculi accounts for 22 % and 78 %, respectively. After sonication (see Fig. 3d), 

378 these percentages reverse with a predominance of primary particle (67 %) and a simultaneous 

379 decrease of flocculi (33 %). The particle size in the lacustrine environment were smaller (7 ± 

380 3 µm) than in the fluvial part (18 ± 5 µm). Fig. 3c exhibits a clear rise (3 to 4 folds) of flocculi 

381 size with higher SSC, as a response of flocculation of primary particles (or colloids) on 

382 flocculi.

383 Interestingly, colloids were observed in some samples taken in the Tonle Sap, with diameters 

384 of < 1 µm (see Fig 4). After 12 hours of deposition in the mixing tank at rest, the particles still 

385 in suspension were both colloids with diameter of approximately 0.45 µm, which are 

386 consistence with a research conducted by Seah et al 2017, accounting for 21 %; primary 
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387 particle (73 %) and few flocculi (6 %). After sonication, the structure of sediments presents 

388 the same pattern (21 % of colloid, 72 % of primary particles and 7 % of flocculi). This can be 

389 explained by a stable mixture of this sediment classes, which are hardly broken down into 

390 smaller particles even after sonication. Colloids play an important role and act as “catalyzers” 

391 of the interaction between sediment and substances in the water such as substance dissolved 

392 matter, substance from precipitation, absorbed ions and organic matters (Wendling et al., 

393 2015). 

394
395 Fig 4. PSD of a sample in the Tonle Sap before (a) and after sonication (b). The first peaks in 

396 two graphs show the appearance of colloids with diameter of < 1 µm.

397 3.2.3. Particle size populations in the estuarine environment (Song Hau river, Vietnam)

398 Fig 3 (e and f) display the PSD in the estuary versus SSC before and after sonication, 

399 respectively. Once again, flocculi is the dominant population of particles, with mean diameter 

400 of approximately 15 µm (in range of 8 - 20 µm), accounting for 80 % of total volume. Before 

401 sonication, only three classes of particle sizes exist in the estuarine samples, flocculi, 

402 microflocs and macroflocs. The prevailing fine silt population shows mean diameter of 7 – 

403 12.5 ± 10 % µm, that constituted 83 – 94 % of total volume. Diameters of coarser population 

404 were in the range of 112 – 310 ± 10 % µm. After sonication, particle size reduced 

405 significantly. A group of primary particles (red circles), which were completely absent from 

406 the PSDs before sonication, appears in almost all samples, which undoubtedly demonstrates 

407 the cohesive nature of sediments in the estuary. Due to breakage into smaller particles under 

408 turbulence shear, diameters of fine particles (primary particles and flocculi) reduce to 1.8 – 4 

409 ± 10 % µm and 6.3 – 12.2 ± 10 % µm, respectively while the size of coarse particle 
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410 (microflocs) falls to 15 – 65 ± 10 % µm. A population of sand particles (with diameter > 200 

411 µm), not broken-up with/after sonication, is also evidenced. 

412 3.3. Settling velocity

413 Fig. 5(a) shows the variation of suspended sediment settling velocity with SSC, measured 

414 directly with SCAF instrument. For the three aquatic environments, settling velocity rises with 

415 SSC because of flocculation process. Even if there are only 5 SCAF samples in the fluvial 

416 environment, 9 samples in lacustrine environment, 19 samples in the estuary, the three curves 

417 exhibit similar trends, which support the existence of free settling, flocculation and hindered 

418 regimes, as previously depicted by Wendling et al. (2015). 

419 The free settling regime is observed for the lowest SSC (tens of mg.L-1). Sediment settling 

420 velocity measured in the fluvial, lacustrine and estuarine environments are of the same order 

421 of magnitude, the mean settling velocities being approximately 0.02 - 0.08 mm.s-1  in the 

422 fluvial section, 0.05 – 0.06 mm.s-1 in the lake, and 0.01 - 0.02 mm.s-1 in the estuary. The 

423 widest range of settling velocities observed in the fluvial environment is probably the 

424 fingerprinting of a wide variety of compact soil aggregates, freshly eroded from the 

425 watershed, and not yet at equilibrium with the prevailing hydrodynamic conditions, as 

426 reported conceptually by Droppo et al. (2015). In this free settling regime, particles settle 

427 almost independently, the interaction between particles is poor, which is reflected by a 

428 moderate flocculation index (FI lower than 2) in all SCAF measurements (in Fig. 5, right 

429 panel). Flocculation predominates in the range of 0.4 - 4 g.L-1, thus the settling velocities of 

430 fluvial, lacustrine and estuarine sediments rise up to 0.2 mm s-1, 0.1 – 2 mm.s-1 and 0.03 – 0.8 

431 mm.s-1, respectively.

432 In the lacustrine environment, a significant rise of settling velocity is found with higher SSC. 

433 The SCAF results show that the settling velocity of the lacustrine environment reaches the 

434 peak of 2.0 mm.s-1 when SSC reach approximately 2.0 g.L-1.

435 In the estuary, the complex hydraulic regimes, including resuspension of freshly deposited 

436 sediments (Marchesiello et al., 2019) and the mixing between fresh water and saline water led 

437 to the formation of a zone of turbidity maximum and promote the formation of flocs (both 

438 microflocs and macroflocs) (Dyer et al., 2002a and Manning et al., 2007). As a consequence, 

439 the settling velocity also increases (Dyer et al., 2002b and Manning et al., 2011b). Beyond 4.0 

440 g.L-1, hindered regime becomes predominant. It implies the decline of settling velocity in the 
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441 lacustrine and estuarine environments, from 2.0 to 0.4 mm.s-1 and from 0.8 to 0.1 mm.s-1, 

442 respectively.

443 The main difference of these three environments is that flocculation processes seem to appear 

444 at lower concentration in the fluvial environment (approximately 20 - 30 mg.L-1) than in the 

445 lake (approximately 1 - 2 g.L-1) or in the estuary (approximately 300 mg.L-1). We cannot 

446 exclude that the particles sampled in the fluvial environment are not real flocs, but correspond 

447 to soil aggregates that are not in equilibrium with their hydraulic environment (Droppo et al., 

448 2005).

449 The flocculation efficiency is higher for the estuarine environment (+ 60 % of increase of the 

450 settling velocity) and highest for lacustrine environment (+200 % of increase) than for the 

451 fluvial environment (+7 % of increase). 

452 Concerning the Flocculation Index (FI), sediment samples in the river and in the lake (red 

453 circles for fluvial environment and yellow circles in lacustrine environment, see Fig. 5b) 

454 exhibit a high dynamic, even in fresh water. The highest rate of flocculation is observed in the 

455 lacustrine environment, where the measured FI increases from 0 to 6, when SSC increases 

456 from 0.1 to 3.0 g.L-1. Interestingly, after getting the FI peak of 4 – 6, the efficiency of 

457 flocculation in the lacustrine environment fell to value of 0 – 1.75. It means that flocculation 

458 still occurs, but the volumetric concentration of particles is so high that the settling velocity 

459 cannot increase anymore. Settling velocity of small particles is hindered by the high SSC, 

460 whereas colloids are trapped on the surface of larger particles (Comba et al., 2009). 

461 The estuarine sediments also experience three settling regimes with FI in range of 0 - 3: (1) 

462 Free settling regime with constant FI of 2, that is developed at low concentration of 300 mg.L-

463 1; (2) Flocculation regime with FI < 3, where flocculation happens at SSC of 300 - 2700 mg.L-

464 1; and (3) Hindered regime with FI of approximately 1 because of the appearance of brackish 

465 water and high SSC of > 2.7 g.L-1. Flocs reach higher volumetric concentration for lower 

466 mass concentrations when flocculation is reinforced by differential settling (Gratiot et al., 

467 2017).
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(a) (b) 

468 Fig. 5. Sediment properties in the Mekong Land to Ocean Continuum: (a) Variation of settling velocity with SSC measured directly with SCAF 

469 instrument and (b) Variation of the flocculation index with SSC.
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470 4. Discussion

471 4.1. Suspended sediment transport mechanisms along the Mekong 

472 As mentioned in Section 2.2.4, the transport regime of suspended sediment along the LMR 

473 may be characterized through the non-dimensional Rouse number (Ro). For the upstream 

474 fluvial environment, the computed shear velocities were similar in the different sections 

475 monitored,  = 0.03 m.s-1 for the MK10 and  = 0.04 m.s-1 for MK16. The small difference 𝑢 ∗ 𝑢 ∗

476 between the two cross-sections may be explained by the geometry of each cross-section, 

477 MK10 cross-section being wider than MK16 cross-section. The shear velocity in the Tonle 

478 Sap is 0.008 m.s-1 by using SLIM simulation obtained by Le et al. (submitted); while a value 

479 of 0.010 m.s-1 is obtained by using the Inner law. The Ro values in the estuary are estimated 

480 based on two representative particle sizes (15 µm for fine particles and 300 µm for sand) and 

481 the shear velocity is estimated with the recent work of Eidam et al. (2017).

482 The Ro values estimated for the fluvial, lacustrine and estuary environments are summarized 

483 in Table 1. In the fluvial environment, the Ro ranges between 0.002 and 0.009 at the two 

484 monitored river cross section (MK10 and MK16), which corresponds to the washload mode. 

485 Hence particles are presumably transported over long distances, without any interaction with 

486 the riverbed. Few sand particles are presents in the MK10 and MK16 cross section samples, 

487 with Ro values of 0.75 - 4.6. Its means that the very fine sand particles are strongly sorted over 

488 the water depth, leading to a low suspension mode. As for the coarser sand fraction of the 

489 riverbed, the stream was not able to transport them in suspension. 

490 While Ro values of Tonle Sap samples vary from 0.005 – 0.015, corresponding to flow modes 

491 ranging from washload to strong suspension load (Vanoni et al., 1946 and Udo et al., 2011). It 

492 is assumed that sediments are deposited near bed during one part of the year, and eroded 

493 under wind-induced currents during another part of the year. According to Kummu (2008), the 

494 net budget of sediment is almost in equilibrium between deposition and erosion.

495 In the estuary, the value of the Ro for the fine sediments ranges between 0.007 - 0.058, which 

496 corresponds to strong suspension mode; while the values for sand vary from 2.4 to 

497 approximately 12, which corresponds to the bedload mode and sedimentation dominated 

498 regime (Gugliotta et al., 2019). This finding coincides with the recent study of Marchesiello et 

499 al. (2019) showing that the Mekong sediments consist of a mixture (fine sediments and sands) 
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500 under effects of complex forces. Thus coastal muds are exposed to wave-induced 

501 resuspension and wind-induced transport, while sands are concentrated near the estuaries.

502 Table 1. Ro value in two different conditions

 (m.s-1)𝑢 ∗ ws (m.s-) Rouse value

Sample

Mean
Diameter 

(µm) Law of 
Wall

Modelled 
results SCAF

Stokes’ 
Law Min Max

Fluvial 
(MK10) 19 ± 2 0.029 - 2.0E-05 1.2E-04 0.002 0.009
Fluvial 
(MK16) 18 ± 4 0.041 - 8.0E-05 1.2E-04 0.005 0.007
Tonle Sap 7 ± 2 0.014 0.008 5.0E-05 2.0E-05 0.005 0.015
Estuary    
fine sediment 15 ±  2 - 0.01 3.0E-05 2.4E-04 0.007 0.058
Estuary sand 300 ± 30 - 0.02 2.0E-02 9.5E-02 2.439 11.6

503 4.2 Predominance of flocculi in the LMR and consequences for sediment transport 

504 As quantified in this paper, flocculi is the dominant particles population in all three 

505 environments monitored at regional scale (46 % in the fluvial environment, 78 % in the lake 

506 and 78 % in the estuary). The existence of sand was noticed, but can mostly be found near the 

507 bed with few percent of volume. 

508 In the Lower Mekong River as in many other large hydrosystems under tropical climates, we 

509 may anticipate that particles’ populations (and its consequences) fluctuate seasonally and year 

510 after year. As designed, this study cannot catch these variations, however, we believe that it 

511 describes a general pattern that could be helpful when establishing some monitoring strategies 

512 in similar large tropical hydrosystems in South East Asia, and probably elsewhere. At large 

513 scale, Rouse analysis presented in Table 1 showed that particles are mainly transported with a 

514 strong suspension regime, evenly as washload by river flow. By these modes, they are 

515 transported abundantly along the main river and tributaries, partially over the floodplains 

516 during the flood season (Kondolf et al., 2014, Manh et al., 2014, Manh et al., 2015) and then, 

517 are deposited along shore and on the whole subaqueous delta, before having cycles of 

518 resuspension/deposition, principally under waves forcing (Marchesiello et al., 2019). Our 

519 measurements in the fluvial section show that few sands are transported in the water column 

520 because their transport, which do not flocculate, is completely governed by the stream power.  

521 During high flow with enhanced stream powers working with other sediment sources 

522 (riverbanks and floodplains), the finest sands are lifted into upper layer.
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523 This methodology can explain two distinct transport modes of two particles populations in the 

524 Mekong estuary: washload is well mixed throughout the water column and sand are 

525 transported prevailing near the bottom. It leads to distinct geomorphological forms, with the 

526 presence of alternated tidal flats and sand bars as observed in many river mouths (Ta et al., 

527 2002; Gupta et al., 2002; Anthony, 2015). 

528 4.3. Occurrence of fluid mud layers in the Mekong estuary

529 According to measured data during our three surveys in the estuary, a fluid mud layer was 

530 sometimes formed near bottom, with SSC values abruptly increasing beyond 0.4 g.L-1, 

531 corresponding to the transition to the flocculation regime (Fig. 5; Gratiot et al., 2017). Fig. 6 

532 sketches the sediment transport from the river to the estuary in low flow season (a) and high 

533 flow season (b) with locations of vertical profile sampling. In this figure, the blue profile 

534 represents a schematic profile measured in low flow season and the purple one represents a 

535 profile measured in high flow season. Fig. 7 reports all SSC value observed near bottom (z = 

536 0.9h – SSCnb) for the vertical profiles realized in the estuary in December 2015 (50 profiles), 

537 March 2016 (44 profiles) and October 2016 (47 profiles). Each vertical profile is represented 

538 by a single point in Fig. 7. The three curves show the sorted distribution of all SSCnb values 

539 for the three seasons. The curves show that the percentage of profiles which exhibits high SSC 

540 values, compatible with fluid mud layer occurrence, is very high during low flow season 

541 (66 % of profiles in Dec 2015 and 95 % profiles in March 2016) and is much smaller during 

542 high flow season (9 % profiles in October 2016).

543 By multiplying SSCnb values with the corresponding settling velocity ws reported in Fig. 5, we 

544 can estimate the settling flux capacity of fluid mud layers  and thus assess 𝜙 = 𝑆𝑆𝐶𝑛𝑏 × 𝑤𝑠

545 their potential contribution to sedimentation (Fig. 7b). The cumulated sorted series 

546 demonstrate the strong linearity between sediment concentration and settling flux (i.e. 

547 potential of sedimentation). Fig.7c shows that the 10 % of the most concentrated fluid mud 

548 layers contributes to 60 % of the sedimentation during low flow season (blue curves) and 

549 more than 98 % during high flow season (purple curve). 

550 As a preliminary conclusion, our study confirms the existence of fluid mud layers and 

551 quantifies broadly their frequency of occurrence in the estuary. Fluid mud layers are observed 

552 within distances of approximately 30 km from the coastlines in both high flow and low flow 

553 seasons. However according to Wolanski et al. (1998), the location of fluid mud layer in the 
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554 Mekong estuary varies spatialy with river discharges and tides. In the high flow season, most 

555 of sediment deposits in shallow coastal waters, approximately 10 - 20 km from the coast 

556 (Wolanski et al., 1998 and Marchesiello et al., 2019). In low flow season, fine sediment is 

557 well mixed with saline water penetrating about 40 km inland, carrying sediment up-river to a 

558 turbidity maximum zone. Further upstream, at Can Tho, approximately 120 km from the 

559 coast, no turbidity maximum is found in the freshwater region of the estuary. Thus the 

560 positions of fluid mud layers and turbidity maximum, which are promoted by SSC 

561 concentration in the range 0.4 - 4 g.L-1, can hardly be observed for distances higher than 120 

562 km inland. This situation could change in the future, under the cumulated effect of subsidence 

563 and sea level rise.

564

565 Fig 6. Conceptual summary of salinity stratification (grey lines), SSC (dot concentration), 

566 relative near-bed shear stress, suspended particle aggregation (dot size), net sediment 

567 advection (black arrows), and mud deposition/erosion within the tidal river, tidal river – 

568 estuary interface, and estuary during (a) low and (b) high discharge seasons. Relative weight 

569 of transport arrows vary with season and regime. Not drawn to scale (after McLachlan et al., 

570 2017). The blue line shows the vertical profile in low flow season and the purple line shows 

571 one in high flow season with SSC. The black dot shows the sampling height (near bottom, at 

572 0.9 h).

573 According to Spearman and Manning (2008), the mass balance between accretion and erosion 

574 of cohesive sediment during tidal cycles in estuarial location can occur when threshold shear 

575 stresses for both deposition and erosion operate simultaneously.
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(a)

(b)

(c)

Fig 7. Data 

corresponds to SSC 

measured near bottom 

(SSCnb). Data are 

sorted from lowest to 

highest SSC (a), 

corresponding settling 

flux (b) and 

contribution to the 

total (c). The blue line 

shows the vertical 

profile in December 

2015; the blue line 

with dots shows one in 

March 2016 and the 

purple line shows one 

in October 2016 with 

SSC near bed.
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576 4.4. Implication for Mekong Delta management

577 In the MD, the flocculation process plays an essential role in the formation of fluid mud layer 

578 by enhancing the downward flux of sediment when freshwater mixes with seawater and 

579 sediments become trapped at the convergence point. Sediments leaving the MD appears to go 

580 through cycles of trapping and resuspension in the estuary, before being partially advected 

581 seaward on the subaqueous delta and alongshelf, where they are largely incorporated into 

582 fluid mud along the bottom salinity front. The fluid muds have far-reaching effects on the 

583 coasts by reducing boundary shear stresses, attenuating of waves over a soft muddy bottom, 

584 affecting water-column /seabed exchanges, and serving as the agent of outward growth of the 

585 subaqueous delta (Marchesiello et al., 2019). In addition, fluid mud layers can lead to rise in 

586 fluid viscocity and density, and the reduction of bottom shear stresses can affect on the tidal 

587 wave propagation (Gabioux et al., 2005). Thus without flocculation, the particles would be 

588 carried directly offshore (Kineke et al., 1996). The appearance of fluid mud layer under 

589 flocculation regime provides a mechanism for rapid and strong sedimentation in the estuaries 

590 and lead to local siltation and mud accretion. Once deposited in the bed, fluid mud layers 

591 contribute to bedform development and stability (Schindler et al., 2015). We should underline 

592 that bedform consolidation and stablility is hardly predictable, because it depends on both 

593 physical and biological near bed processes (Parson et al., 2016) that evolve continuously for 

594 sediment mixtures containing cohesive mud and biologically active substances such as 

595 microorganisms, bacteria and microphytobenthos who form biofilms (Malarkey et al., 2015).

596 How can we anticipate the impact of human activities on sediment dynamics, floculation and 

597 fluid mud layer formation at regional scale? As reported in the recent publications of Schmitt 

598 et al. (2017) and Thi Ha et al. (2018), human pressure, through sediment trapping and sand 

599 mining, already leads to a significant decrease of SSC in the estuaries. Our study points out 

600 that SSC is a determining factor affecting, first flocculation, and secondly, the formation of 

601 fluid mud layers in the Mekong estuary. There is a critical treshold of around SSC = 0.4 g.L-1, 

602 that can be seen as a tipping point for sediment processes. If the occurrence of SSC beyond 

603 that point decreases, the deposition rate will strongly reduce (no linear effects), while the 

604 erosion rate will probably increase because of a decrease of sediment quantity, and because of 

605 the reduction of drag coefficient in the regions of fluid muds (Dyer et al., 2002a), which 

606 enhances boundary shear stresses nearshore, coinciding with erosional areas in the Mekong 

607 estuaries (Kineke et al., 1996). As fluid mud layers in the Mekong estuaries are a key factor to 
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608 promote flocculation and “boost” natural sedimentation, we do believe that some regular 

609 monitoring programs should be realized. In terms of coastal management, a simple measure 

610 that should be seriously considered is mangrove reforestation. Because of cohesiveness, 

611 sediment particles transported out into mangrove forests during tidal inundation flocculate and 

612 form larger flocs. Thus mangroves are not just passive colonisers of mud banks but they are 

613 active in trapping suspended sediment, with positive feedback on shore protection (Furukawa 

614 et al., 1997; Anthony and Gratiot, 2012; Gratiot and Anthony, 2016). This mechanism was 

615 recently characterized through a deep geomorphological study conducted along the muddy 

616 coast of the Guianas. In this environment, which is comparable to the Mekong shore, Brunier 

617 et al. (2019) observed and quantified some exceptional rates of muddy shoreline retreat 

618 following mangrove removal for field rice production. Apart from this mechanism, mangroves 

619 play a role as a buffer between sea and land to prevent river sediment from re-entrainment to 

620 the ocean at ebb tide (Furukawa and Wolanski, 1996).

621 5. Conclusions

622 Field surveys and laboratory analysis were performed at regional scale in the upper fluvial, 

623 lacustrine and lower estuarine environments to provide a physically-based assessment of 

624 sediment transport regimes, flocculation, and fluid mud layer dynamics along the Lower 

625 Mekong River (LMR). The independent evaluation of particle size and settling velocity 

626 provides a good assessment of particles behaviour, and allows characterizing the Ro number 

627 and corresponding regimes in a robust way. Suspended sediments in fluvial and lacustrine 

628 environments are predominantly flocculi (97 % and 100 % of total volume, respectively) and 

629 primary particles, the modes are transported as washload or with a regime of strong 

630 suspension. Some of these particles (primary particles and flocculi) probably experience 

631 phases of deposition and resuspension, mostly in the adjacent floodplain, during their routing 

632 through the Mekong basin, but we observed comparable sub distributions for fluvial, 

633 lacustrine and even estuarine environments. This finding indicates that the primary particles 

634 and flocculi populations very probably reach the estuary without any important physical 

635 transformations (i.e. with similar PSD). In the estuary, the complex mixing between fluvial 

636 and coastal waters and sediments offers optimal conditions of salinity, that leads to a higher 

637 diversity of particles, with significant proportions of microflocs and macroflocs (25 % of total 

638 volume), in the sand size range (diameter > 300 µm).  
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639 The original estimation of flocculation indexes with SCAF instrument allows defining clearly 

640 the flocculation regime. This later is the most efficient for SSC in the range of 0.4 – 4 g.L-1. In 

641 fluvial, lacustrine and estuarine environments, flocculation regime develops for the same 

642 range of SSC, beyond ~0.4 g.L-1. Flocculation then becomes a key process, but its impacts on 

643 particles populations differs with the different environments. In the Tonle Sap lake, 

644 flocculation promotes the aggregation of colloids and primary particles on flocculi. In the 

645 estuarine environment, flocculation leads to the formation of a new population of particles, the 

646 micro-flocs. In the fluvial environment, the data were too scarce to draw a clear conclusion, as 

647 freshly eroded aggregates could not be yet in equilibrium with river hydro-sedimentary 

648 conditions.  

649 As a consequence of these microscopic changes at scales of particles, our study confirms the 

650 regular occurrence of fluid mud layers (55 - 60% of occurrence) near bottom in the Mekong 

651 delta with distance of less than 120 km from the coastline, concentrated in 30 km in both high 

652 - and low - flow seasons. Fluid mud layers, which are intrinsically linked with flocculation 

653 processes, are early steps of landforms evolutions and participate to the geomorphology of the 

654 Mekong Delta (MD). In the light of this study and considering the degree of vulnerability of 

655 the delta to ongoing hydro-sedimentary changes, we may provide two recommendations: 

656 Firstly, the continental sediment flux needs to be restored (or at least maintained) and human 

657 driven subsidence needs to be controlled. Under those conditions, fluid mud layers should 

658 remain a driver of river and coastal geomorphology, as it has been the case over the last 

659 millennia. Secondly, the perception of mangrove should be reconsidered as reforestation is 

660 probably the optimal manner, in both technical and environmental aspects, for ensuring 

661 sediment trapping and preserving fluid mud layers and mudflat, with positive feedbacks on 

662 mangrove colonization. In other words, mangroves cannot compensate regional 

663 disequilibrium in sediment balance, but they can facilitate the transformation of diluted 

664 suspended sediment into fluid mud layers.

665 Taking into account the degree of uncertainty of field and laboratory measurements with 

666 natural fresh sediments, and the degree of variability of sediment properties in such large and 

667 human-impacted systems, there is a clear interest to adopt a monitoring strategy that would 

668 extend the study in time and space. 
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926 Appendix

927 Fig. a, b, c display the detailed PSD for some representative samples collected in fluvial, 

928 lacustrine and estuarine environments, respectively. For clarity purposes, only a limited (nine) 

929 number of samples are represented in the first panel row. The second row exhibits 

930 representative PSDs without sonication and the last row is for representative PSDs with 

931 sonication. After two minutes of sonication, all three environments show higher percentages 

932 of smallest constituents, namely primary particles. The mean size of samples taken in the 

933 fluvial and lacustrine parts is smaller than ones taken in the estuary, especially after 

934 sonication, a considerable constituent of primary particles is found in the upper parts. In 

935 addition, the particle size in Tonle Sap was smallest, with mean diameter of approximately 7 

936 µm and primary particles are predominance. In contrast, the graphs illustrate the large 

937 variation of particle sizes in the delta, predominantly in range of 10 - 386 µm before 

938 sonication and 2.21 - 331 µm after sonication. It is clear that sand appears in the Mekong 

939 estuary with percentage of 11 %; a median diameter of > 300 µm. 

(a) Fluvial

Mekong river, Laos,  06/2017

(b) Lacustrine

Tonle Sap, Cambodia, 

09/2018

(c) Estuarine

Mekong estuary, Vietnam, 

03/2016

940 Fig. PSD of three representative samples in fluvial, lacustrine and estuary environments
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