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Abstract The dynamics of sediments entering lakes in river plumes is virtually unknown. This field study
provides unprecedented evidence of the initiation and evolution of suspended sediment flocculation in the
nearfield of the negatively‐buoyant Rhône River plume, flowing as interflow in the thermocline of stratified
Lake Geneva. Sediment floc property changes (formation, size, composition, shape) with depth and distance
from the mouth, were determined by combining digital holographic camera LISST‐HOLO data with full‐depth
in situ profiles of particle size (LISST‐100X), density, turbidity, currents and water samples taken along the
plume path. The total suspended matter volume of inflowing Rhône River waters (∼155 mg l− 1) mostly
consisted of clays (<4 μm), very fine silts (4–8 μm) and small contributions of microflocs (20–100 μm). This
composition was also found in the interflow plume core. Above the plume, in the epilimnion, fine silts,
microflocs and numerous phytoplanktonic organisms (∼200 μm) were observed, representative of the lake
background. High levels of shear (15–27 s− 1) and turbulence occurred in the shear layer that formed between the
interflow bottom and the hypolimnion below. It was found that macroflocs only formed in this shear layer. In the
hypolimnion, sediment load was the lowest and macroflocs (up to ∼300 μm) composed of inorganic particles
were dominant. The size of the largest flocs was limited by the size of the smallest turbulent eddies determined
by the Kolmogorov microscale. Floc 3D fractal dimensions of ∼2.1–2.5 suggest an intermediate shape
complexity between marine snow and sludge flocs.

Plain Language Summary Suspended sediments with potentially hazardous substances adsorbed to
them can enter lakes via river inflow, and thus can significantly impact lake water quality. It is therefore
essential to understand their dynamics and fate in order to optimize water management policies. Suspended
sediment aggregation (flocculation) is a process that allows aggregated particles to settle faster than primary
particles, thereby affecting transport, dispersion and flux of suspended particles. Flocculation of suspended
sediments is well documented in fluvial, estuarine and marine environments, but has rarely been investigated in
lakes. In a new approach based on holographic camera images and water samples, this study, carried out in Lake
Geneva, describes for the first time, the formation and evolution of large aggregates of sediments (flocs) along a
river plume pathway in a large lake. Turbulence measurement revealed that a sufficient level of shear enhances
floc formation in the shear layer at the bottom boundary of the plume, while the smallest turbulent eddies limit
floc size. This knowledge is crucial, since it determines how sediment particles will spread or be deposited.
Furthermore, our findings demonstrate that results from marine systems and estuaries cannot be directly applied
to river plume interflows in lakes.

1. Introduction
Suspended particle flocculation, or aggregation of primary particles (mainly clays and silts), is a complex process
that controls the fate of suspended particles, as well as that of potentially hazardous substances adsorbed to them
(Droppo et al., 1997; O’Connor, 1988; O’Melia & Tiller, 1993). For particles brought into a lake by river inflow,
flocculation has important consequences for particle settling and the accumulation of sediment on the bed
because: (a) the smallest primary particles can remain in suspension almost indefinitely and can be transported
over great distances (Ishiguro & Balvay, 2003), or (b) these particles can rapidly settle to the lake bottom in the
nearfield of the river plume, if they collide and become part of large porous flocs. In that case, they may create
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local ecological hotspots, since studies globally indicate that settling velocities of flocs are an order of magnitude
or more greater than settling velocities of primary disparate particles (e.g., Liu et al., 2022; Livsey et al., 2022).
The nearfield of river plumes in lakes refers to the first one to two km from the river mouth. It is characterized by a
flow field whose mean core velocity and velocity profiles rapidly change with distance from the river mouth, due
to strong, unconfined spreading and intense mixing caused by entrainment. Thus, nearfield plume dynamics are
dominated by shear and advection (e.g., Hetland, 2010; Piton et al., 2022). These changes can affect flocculation
along the interflow path. Understanding flocculation dynamics of the Suspended Particulate Matter (SPM) in the
nearfield, therefore, is key to maintaining good lake water quality and for developing effective lake management
concepts. Yet, at present, little is known about flocculation dynamics in lakes, in particular, in the nearfield of
river plumes.

Flocculation is controlled by a combination of physical, chemical and biological parameters such as particle
concentration, turbulence, Brownian motion, differential settling, organic matter and salinity (Deng et al., 2022;
Fugate & Friedrichs, 2003; Mehta, 2022; Pejrup & Mikkelsen, 2010; Tran & Strom, 2017). Salinity is often
considered to be a factor affecting flocculation in estuarine and marine environments, whereas organic matter
content and turbulence strongly influence freshwater flocculation (Droppo et al., 1998; Woodward & Wall-
ing, 2007). Biological activity affects the properties of flocs (structure, density, sedimentation rate and compo-
sition) due to the interaction between mineral clay particles, microorganisms and their excreted polymers (Extra
Polymeric Substances (EPS); Deng et al., 2022). Over the years, floc formation dynamics has been investigated
using different methods in field measurements, laboratory flume studies and oscillating grid experiments, mainly
under uniform flow or steady state conditions (Fettweis et al., 2019; Gregory, 2013; Jarvis, Jefferson, &
Parsons, 2005).

Turbulence first initiates and then enhances aggregation by increasing the collision frequency between particles
(Hill et al., 1998; Kuprenas et al., 2018). Turbulence can also lead to floc disaggregation by fragmenting them into
pieces of similar sizes, or by generating shear stresses that erode floc surfaces, thereby limiting their size to the
same order of magnitude as the smallest turbulent eddies (Curran et al., 2007; Jarvis, Jefferson, Gregory, &
Parsons, 2005; van Leussen, 1997). At low and intermediate turbulence rates, the emergence of a peak may occur
in the observed floc size range, due to settling and residence time limits of large flocs (Mietta et al., 2009;
Winterwerp, 1998; Zhang et al., 2022). At high turbulence rates, floc size decreases with an increase in shear rate
(Dyer, 1989). Experiments show that floc strength increases with decreasing floc size (Jarvis, Jefferson, Gregory,
& Parsons, 2005). However, floc formation and breakup also depend on floc internal composition, bonding,
repulsive forces and shape.

Flocculation can form flocculi that range from a few microns, to microflocs of tens of microns, and to macroflocs
of hundreds of microns (Lee et al., 2014). Microflocs are small, dense, quasi‐spherical and resistant to turbulent
mixing. Suggested maximum sizes range from 100 (Lafite, 1990) to 160 μm (Manning & Dyer, 1999). Under
favorable conditions, microflocs collide with each other, flocculate and form larger aggregates referred to as
macroflocs that are characterized by lower density and larger sizes of up to several millimeters (Eisma, 1993;
Manning et al., 2004). Macroflocs have low cohesive strength, are porous and can be fragmented by shear forces
(Jarvis, Jefferson, Gregory, & Parsons, 2005; Kranenburg, 1999). In laboratory experiments, the formation of
macroflocs from the primary particles stage occurs within 50 min under favorable conditions (Chakraborti, 2005).
Winterwerp (1999) indicated that flocs could only attain their equilibrium size if the residence time of the flocs is
sufficiently long (order of hours).

Flocculation is well documented in fluvial (e.g., de Boer et al., 2000; Droppo&Ongley, 1992; Osborn et al., 2023;
Slattery & Burt, 1997), estuarine (e.g., Gratiot et al., 2017; Verney et al., 2009; Winterwerp, 2002) and marine
environments (e.g., Franck, 1973; Li et al., 2004; Many et al., 2016) mainly under steady flow conditions.
Flocculation, however, has rarely been investigated in lakes. Laboratory experiments using suspended sediments
from Lake Erie showed that the equilibrium time required for flocculation to occur under various shear stress and
sediment concentration conditions is of O(1 hr) (Tsai et al., 1987). The largest flocs (median diameter ∼80–
100 μm) were obtained when particle concentrations were the lowest (50–100 mg l− 1), whereas the highest
concentrations (400–800 mg l− 1) led to formation of flocs with smaller median diameters (∼20–40 μm).
Furthermore, floc size decreased from 100 to 50 μm when the shear stress increased from 0.1 to 0.4 Pa. Lick
et al. (1993) found that flocs of untreated lake sediments were larger than flocs of sediments whose organic
material was removed. There appear to only be two in situ studies dedicated to flocculation in lacustrine
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environments. Using microscopy, Hodder and Gilbert (2007) reported that clastic suspended sediment in Lillooet
Lake (Canada) is flocculated, with macroflocs (up to 280 μm) being mainly detected in the hypolimnion, where
sediment loads were lowest. The sediment flux attributed to these macroflocs was equivalent to one‐quarter of the
average annual sediment flux (Hodder, 2009).

In Lake Geneva, flocculation dynamics are of particular interest in the nearfield of the negatively‐buoyant
plume of the Rhône River, because it is the main contributor to lake sediment content (∼68% of the total
particulate matter input). The Rhône River plume flows as an interflow at the thermocline depth during
stratification (Figure 2; Giovannoli, 1990; Soulignac et al., 2021; Piton et al., 2022). Due to entrainment and
sediment settling, SPM concentrations in the Rhône River plume decrease by a factor of 2–3 within 1,500 m
from the river mouth; the interflow waters mostly contain fine particles <32 μm on the longest axis (Piton
et al., 2022). These particles were transported 1,500 m from the mouth in the present study, and even far beyond
(Ishiguro & Balvay, 2003). Piton et al. (2022) observed larger particles (>63 μm) below the interflow that could
be expected to settle out in the nearfield area. However, they were not able to determine the nature of these large
particles.

The objective of the present study is to establish whether these larger particles (>63 μm) are fine sands or flocs
and whether and where flocculation occurs in the water column and along an unconfined river plume interflow
pathway in the nearfield zone. Such a field investigation has not been carried out in a lake before. Based on unique
simultaneous high‐resolution field measurements of currents and turbulence, particle size distribution (PSD),
particle images and water samples, the present study will address the following questions:

• Can SPM size, shape and composition be characterized along the water column in the nearfield of the Rhône
River plume interflow in Lake Geneva?

• Does flocculation occur in the nearfield of the Rhône River interflow plume? If so, is there a preferential layer
within the water column where this occurs?

• Do flocculation dynamics change along the Rhône River interflow pathway with distance from the river
mouth?

• Can the processes enhancing and controlling flocculation be identified?

Figures, tables, and text with prefix S provide details and clarifications on certain topics discussed in the main
text, and are found in Supporting Information S1.

2. Study Site
2.1. Lake Geneva

Lake Geneva (Lac Léman), situated between Switzerland and France, is Western Europe's largest lake
(Figure 1a). This perialpine, warm, deep, oligomictic lake has a surface area of 582 km2, a volume of 89 km3 and a
maximum depth of 309 m. The lake is thermally stratified from spring to early fall, with surface temperatures
reaching up to 25°C. The thermocline (metalimnion) is located at∼15‐m depth in summer and deepens during fall
and winter. Occasionally, complete mixing takes place during very cold winters (CIPEL, 2019).

2.2. Rhône River

The Rhône River is a glacier‐fed river, ∼140 km long and has more than 20 short tributaries that also originate in
glaciers. Its source is located at an altitude of∼2,200 m and the river descends down to an altitude of 370 m where
it enters Lake Geneva (Figure 1b) as a 120‐m wide channel (average depth 5 m). Since the Rhône River is
considered a small river (Kelvin numbers range from 0.02 to 0.05), the nearfield plume is not affected by Coriolis
force (Soulignac et al., 2021). It is the principal source of water and sediments for the lake, accounting for ∼68%
of the total water discharge and particulate matter input (Burkard, 1984; Zahner & Vernet, 1984).

At station Porte du Scex located 5 km upstream of the river mouth (Figure 1a), the Swiss Federal Office for the
Environment (FOEN) continuously records discharge and turbidity, and also collects suspended sediment con-
centration (SSC) samples twice a week. We carried out a calibration between the SSC and the turbidity data over a
5‐year period (2017–2021; linear regression r = 0.91; not shown) to convert the continuous turbidity data into
continuous SSC.
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The annual mean Rhône River discharge for 1970–2021 was 185 m3 s− 1 with a mean SSC of 232 mg l− 1. The high
flow season, with a mean water discharge of 245 m3 s− 1 and an SSC of 410 mg l− 1, starts in May after snowmelt
and lasts until the beginning of high‐altitude freeze‐up in October.

Figure 1. (a) Bathymetric map of Lake Geneva surrounded by the mountain chains, Jura and Alps. The FOEN hydrological
survey station at Porte de Scex on the Rhône River is marked by a white circle. Small red box: study site located in front of
Rhône River mouth. (b) Zoom of the study site where the Rhône River enters the lake. Black dots: stations S1, S2, S3, S4, and
S5 where profile measurements were made. Black dot R: station in the Rhône River channel where water samples and
LISST‐100Xmeasurements were taken. Red dashed lines: Acoustic Doppler Current Profiler transects T1a, T1b, T2, T3, T4,
and T5. A floating barrier, traced in brown, retains driftwood that is periodically removed. Some depth contours (m) are
given. (c) Representative aerial view of the Rhône River plume entering Lake Geneva. The plume is light colored due to its
high sediment load. Progressive unconfined plunging occurs shortly after the plume enters the lake and results in a triangular
plume shape. Stations S1 and S2 are indicated by the white dots. The Swiss coordinate system (CH1903+) is used (Swiss
Federal Office of Topography, http://www.swisstopo.admin.ch, last accessed 7 March 2023). Colorbars indicate water
depth.
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3. Methods
3.1. Measurement Campaigns

Field campaigns were conducted in September 2021 in front of the river mouth at high river discharge
(∼300 m3 s− 1) during the stratified period when interflow is well developed, in order to investigate the SPM
variability along the Rhône interflow pathway (Figures 1 and 2). Five stations (S1‐S5, Figures 1b and 2) were
sampled on 14 September 2021. Stations S2‐S5 were on the interflow pathway. Their locations were determined
from high resolution Acoustic Doppler Current Profiler (ADCP) transects T1‐T5 (Figure 1b) measured prior to
each station sampling (Piton et al., 2022; Soulignac et al., 2021). A 300‐kHz Teledyne Marine Workhorse
Sentinel in Mode 12 was used, with high‐rate pinging, beam bins of 1‐m height at 1 Hz, and in high‐resolution
bottom‐tracking mode. The received level of the acoustic return signal along each beam of the ADCP was
converted into the Backscattering Index BI (Text S1 in Supporting Information S1). The maximum intensity of
ADCP BI was taken as the interflow center (Figure S1 in Supporting Information S1). Due to strong currents in
the river plunge region (Figure 1c), station S1 was located slightly to the left of the main inflow trajectory
(Figure 1b). An additional station, R, located in the Rhône River (Figure 1b), was selected to measure river
sediment properties.

3.2. Water Column Sampling Instrumentation

At each of the five stations S1–S5, additional time series of velocity profiles were obtained from a buoy‐mounted,
downward‐looking five‐beam acoustic profiler Nortek Signature1000 (kHz) ADCP (Figure 2). The instrument
was configured to measure current intensities/directions in along‐beam bins of 0.2‐m height at 8 Hz. The blanking
distance was 0.1 m and the vertical range was 18.8 m. This configuration allows resolving turbulence scales. To
cover the whole vertical extent of the interflow, the instrument was first deployed for 20 min at 6.5 m below the
surface and then for another 20 min at 26 m below the surface, thus providing depth profiles ranging from 6.6 to
44.9‐m depth.

Figure 2. Schematic of measurement layout. Transect measurements were made with a towed Acoustic Doppler Current
Profiler (ADCP, shown on the right side). Water column measurements at stations in the center of the transects (shown on the
left side) consisted of taking Conductivity Temperature Depth (CTD) and LISST 100X profiles, LISST‐HOLO
measurements at 5 and 40 m depth and Nortek signature ADCP profiles with the instrument suspended from a buoy. The
interflow layer of the river plume is marked in dark blue; its depth is determined by the thermal stratification in the lake
(temperature profile on the left, gray line). Black arrows on top indicate the approximate position of the transects/stations
along the interflow. For transect and station locations, see also Figure 1b.

Journal of Geophysical Research: Oceans 10.1029/2023JC019860

PITON ET AL. 5 of 25

 21699291, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019860 by C
ochrane France, W

iley O
nline L

ibrary on [15/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In parallel to Signature1000 measurements, vertical profiles of Conductivity, Temperature, Depth (CTD) and
turbidity (at 0.3 Hz) were collected at stations S1‐S5 (Figure 1b) with a multiparameter probe (Sea & Sun Marine
Tech CTD 75M), equipped with an optical turbidity sensor (Sea Point Inc.). Depth profiles of PSD and con-
centration were measured using an in situ laser scattering and transmissometry instrument (Sequoia Scientific
LISST‐100X, type C, size range from 2.25 to 350 μm, sampling rate 1 Hz; Text S3 in Supporting Information S1)
(Figure 2). The instrument and its operation principles are described in Agrawal and Pottsmith (2000). Un-
certainties in LISSTmeasurementsmay arise in the case of non‐spherical particles, flocs exceeding themeasurable
range, SSC values that are too high, stratification of the water column and/or multiple scattering (Agrawal &
Pottsmith, 2000). LISST measurements of large size particles may be affected by schlieren, which is produced by
light scattering resulting from density differences. Density fluctuations occur in strong density gradient regions in
the thermocline or in shear layers with high turbulence (Mikkelsen et al., 2008; Styles, 2006). Andrews
et al. (2010) determined that the inorganic matrix will still function adequately for particles covering a wide range
of shapes and composition. Due to the uncertainties, it is suggested that the results of LISST measurements can be
interpreted as an index for comparing size distributions rather than relying on their exact values (Fettweis, 2008;
Fugate & Friedrichs, 2003). The LISST data will be interpreted in this manner in the present study.

It was pointed out that accurate independent measurements of aggregate sizes and shapes may best be made with
video and still photographic techniques (e.g., Graham & Nimmo‐Smith, 2010; Graham et al., 2012; Manning
et al., 2004; Mikkelsen et al., 2006; Osborn et al., 2021; Wheatland et al., 2020). Therefore, in order to study the
volume, number and shape of large particles, a digital holographic camera (Sequoia Scientific, LISST‐HOLO,
30–2,000 μm, 0.2 Hz; 4.4 μm pixel size digital camera; 1,600 × 1,200 pixels) was also deployed. For imaging
small objects, holography offers a good alternative that can overcome the limitations of focal plane photography
of video or still camera systems. Due to its concentration limit (maximum ∼50 mg l− 1), no measurements were
carried out in the interflow plume given the higher SPM concentrations. At each station, measurements were
taken for 5 min to collect statistically significant data at two depths: one at∼5 m depth (above the interflow) and a
second one at ∼40 m depth (below the interflow) (Figure 2). During each measurement series, ∼60 images were
obtained. Water samples were collected with a Niskin bottle at these two depths for each station. An additional
water sample was collected at 20 m, in the interflow core, at station S5.

3.3. Rhône River Sampling

The PSD and concentration of the Rhône River water were estimated from 2‐min averages of LISST‐100X
measurements taken at station R at ∼0.5 m depth (Figure 1b). The instrument was equipped with a 90% path
reduction module. A water sample was collected at the same depth.

3.4. Turbulence

Signature1000 ADCP data were quality controlled to remove measurements with low beam correlation (<50) and
low echo amplitude (<30 dB) following manufacturer recommendations. For each bin (0.2‐m high) of the time
series, the Turbulent Kinetic Energy (TKE) dissipation rate ε was estimated from frequency spectra S (Lumley &
Terray, 1983) (Figure S2 in Supporting Information S1). A region of isotropic turbulence is present at mid‐
frequencies (0.4 < f < 2 Hz), which follows the classic f − 5/3 energy cascade (Kolmogorov, 1941) (Figure S2
in Supporting Information S1). From the TKE frequency spectrum S, the dissipation rate ε was computed within
each bin as:

S( f ) = αε2/3f − 5/3(
v
2π
)
2/3

(1)

where α is a constant equal to 0.69 (Sreenivasan, 1995), f is the frequency and v is the mean normal velocity.
Further details on this approach and the associated Matlab codes are given in Guerra and Thomson (2017).

The following two parameters, expressed in terms of the energy dissipation rate, ε, are used to analyze floccu-
lation dependence on turbulence: the Kolmogorov turbulent microscale λk (in μm)

λk = (
ν3

ε
)

1/4

(2)

Journal of Geophysical Research: Oceans 10.1029/2023JC019860

PITON ET AL. 6 of 25

 21699291, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019860 by C
ochrane France, W

iley O
nline L

ibrary on [15/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and the shear rate Γ (in s− 1)

Γ = (
ε
ν
)
1/2

(3)

where ν is the molecular viscosity; λk is used as an indicator of effective aggregate size (Fugate & Frie-
drichs, 2003), and Γ is a quantitative measure of turbulent mixing (Kuprenas et al., 2018; Strom &
Keyvani, 2016).

3.5. Suspended Matter Properties

3.5.1. SPM Concentration From Water Samples

SPM concentrations were determined from the water samples by filtering (see Text S2 in Supporting Informa-
tion S1 for details).

3.5.2. Calibration of Optical Turbidity

The turbidity sensor mounted on the CTD gives turbidity in Formarzin Turbidity Units. Measurements were
calibrated against gravimetric SPM concentration measurements (SPMFilter, Text S2 in Supporting Informa-
tion S1). Optical turbidity is a complex analytical parameter that is affected by Inherent Optical Properties of
particles. Although optical sensors are primarily affected by SPM concentrations, factors such as individual
particle size, particle shape, sediment color and degree of flocculation/disaggregation also influence sensor
response. Optical backscattering sensors were found to be suitable tools for sediment studies (e.g., Bowers
et al., 2017; Druine et al., 2018). It is generally accepted that a linear regression between turbidity and SPM is
acceptable, if the regression coefficient is >90% (Fettweis et al., 2019; Rasmussen et al., 2009; Sehgal
et al., 2022). The regression line (r = 0.98) between the optical turbidity and the filtered SPMFilter concentration
(in mg l− 1) has a slope of a = 1.1 and an intercept of b = 3.08. Based on this relationship, SPMOPT, which
corresponds to the calibrated SPM concentrations derived from the optical measurements (turbidity), was
determined from the turbidity profiles for each station.

3.5.3. In Situ Particle Size Distribution

Particle properties, the SPM Volume Concentration (Suspended Particulate Matter Volume Concentration
(SPMVC)), PSD and the diameter corresponding to 50% of the cumulative volume concentration (D50) were
derived from LISST‐100X profile measurements. For details, see Text S3 in Supporting Information S1.

3.5.4. In Situ Particle Shape Distribution

The LISST‐HOLO was used to study the volume, number and shape of large particles, complex aggregates and
biological organisms within the range 30–2,000 μm (Graham&Nimmo‐Smith, 2010). Data analysis provided the
particle Equivalent Circular Diameter (ECD, in μm), the particle perimeter (P, in μm), the particle area (A, in μm2)
and the minor and major axes of the particle (Axmin and Axmaj, respectively, in μm). The perimeter‐based fractal
dimension (DF) was computed as (Maggi & Winterwerp, 2004; Vahedi & Gorczyca, 2011):

DF = 2
log (P)
log (A)

(4)

Further details are provided in Text S4 of Supporting Information S1.

3.5.5. Laboratory Particle Size Distribution

In the laboratory, the water samples were deflocculated and the deflocculated PSD was estimated (details in Text
S5 of Supporting Information S1).
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4. Results
4.1. Environmental Conditions

Results from the campaign carried out on 14 September 2021 will be discussed below. A preliminary campaign on
9 September 2021 under comparable conditions gave similar results (not shown). On 14 September 2021, the
wind was low (<3 m s− 1) and blew southeastward in the morning and northwestward in the afternoon (Figure S3
in Supporting Information S1). The Rhône River discharge and the SSC evolved similarly during the day, with
mean values of 254 m3 s− 1 and 155 mg l− 1, respectively. The average discharge was close to the seasonal mean
(245 m3 s− 1), whereas the mean SSC was lower than the seasonal mean (410 mg l− 1).

Profiles of temperature and conductivity show weak stratification, which is typical for the beginning of the
cooling season. The metalimnion was located between ∼5 and ∼30‐m depth, with temperature decreasing from
21°C near the surface to 9°C below 30‐m depth (Figure 3). Conductivity dropped from 0.25 near the surface to a
minimum of 0.20 mS cm− 1 at ∼20‐m depth. Low conductivity values are characteristic for Rhône River waters,
which permits tracing the depth of the Rhône River interflow.

Figure 3. For the five stations S1–S5 along the interflow plume. Top panels: profiles of temperature (black lines) and electrical conductivity at 25°C (red lines). Bottom
panels: SPMOPT profiles (gray lines) plotted over concentration profiles of particles per size class (color maps, from LISST‐100X). The colorbar gives the (volume)
particle concentration per size class (μl l− 1 μm− 1). At each station, profiles are shown to the lake bed. For station locations, see Figure 1b.
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4.2. Hydrodynamics

4.2.1. Mean Flow Patterns

At stations S1‐S4, vertical profiles of the normal (northward) current (v) derived from the full‐depth ADCP
profile measurements show sharp, jet‐like, symmetrical tapering above and below the maximum that reaches up
to 0.25 m s− 1 (Figure 4), which is centered in the layer where low conductivity values indicate the Rhône River
inflow (Figure 3). Above 10 m depth (S2–S4) and below 25 m depth (S1–S4), small currents flow southward. This
confirms that the Rhône River plume had developed into an interflow. It spreads laterally unconfined within the
thermocline from ∼10 to 25 m depth (Figure 3), and flows northward, straight out from the river channel
(Figure 1b). This plume pattern agrees with the one that was previously observed (Piton et al., 2022; Soulignac

Figure 4. For stations S1–S5. Top panels: vertical profiles of normal velocity (v; blue arrows) measured by the Teledyne Acoustic Doppler Current Profiler and of RMS
(v′) (black lines) obtained from Nortek Signature data for each station. Bottom panels: vertical profiles of the Kolmogorov turbulent microscale, λk (green lines), and the
shear rate, Γ (orange lines) obtained from Signature data, and D50 of the sediment (gray lines). In the lower panels, normal velocity profiles shown in the top panels are
shaded in blue. The depth range of the jet‐like normal velocity profile in the interflow is marked by a light blue bar on the left vertical axis in each panel. The red bars
indicate the shear layer range. Horizontal black dashed lines: depths 5‐, 30‐, and 40‐m where the particle size distributions will be further detailed with LISST‐HOLO
measurements. For station locations, see Figures 1b and 2.
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et al., 2021). The velocity profile slightly differs at S1 since the interflow is
not yet fully established at that distance from the mouth (350 m). The jet‐like
profile becomes less evident at S5, which is located furthest away from the
mouth.

At each station, profiles of the Root Mean Square velocity fluctuations in the
streamwise (normal) direction, RMS(v′), derived from Signature1000 profiles
show values progressively increasing from 8 to ∼25 m depth, where they
reach a maximum value of ∼0.2 m s− 1 (Figure 4). A strong decrease of RMS
(v′) occurs between 25 and 30 m depth, while below 30 m, the values pro-
gressively increase again toward the bottom of the profiles.

4.2.2. Turbulence Patterns

At stations S2‐S4, profiles of shear rate Γ exhibit peaks in the upper (∼8–
10 m) and lower (∼25–30‐m depth) boundaries of the interflow where hori-
zontal velocity strongly changes from high velocities in the interflow to low
velocities in the ambient waters (Figure 4), suggesting that intense turbulent
mixing occurs in the boundary layers between the interflow waters and the
ambient lake waters due to shear; thus these boundaries are shear layers.
Within the core of the interflow (∼10–20 m depth), Γ values are low, indi-
cating weak mixing. Below 30 m depth, Γ remains low and almost constant

down to the bottom of the profiles. Profiles of Γ at stations S1 and S5 are homogeneous from 8 to 20 m depth,
because the upper boundary of the interflow is not well defined; it is not yet formed at S1 and is already well
mixed with ambient waters at S5, in agreement with the normal velocity profiles (Figure 4 top panels).

The shape of profiles of the Kolmogorov turbulent microscale λk is inverse to that of profiles of Γ as expected from
Equations 2 and 3. Highest values of λk (∼350–500 μm) are found within the core of the interflow between ∼10
and ∼20 m depth (Figure 4), while lower values (∼200–300 μm) are observed in the shear layers in the upper and
lower boundaries of the interflow.

4.3. SPM Properties

4.3.1. In the Rhône River

The PSD spectrum derived from direct in situ measurements performed at station R (Figure 1b) with the LISST‐
100X shows a unimodal distribution with a mode at 7.8 μm (blue line in Figure 5). Note that the high value for
particles <3 μm is not considered as a mode, but rather as an indication of the presence of very fine particles. Note
that concentrations below the detection limit of the LISST‐100X (2.25 μm) cause increased concentrations of the
two smallest size classes (Fettweis & Baeye, 2015; Graham et al., 2012).

A water sample was collected at the same time and depth. The Particulate Organic Matter content (POM) of the
total SPM was below 1.5% (Table S1 in Supporting Information S1). The deflocculated PSD measured by the
LISST‐100X in the laboratory after sample treatment (Text S5 in Supporting Information S1) presents a unimodal
distribution with a mode at 6.6 μm, and with a reduced contribution of particles 10–20 μm to the total SPMVC
compared to the in situ measurement (green line in Figure 5). This suggests that some particles in the 10–20 μm
range observed in situ were microflocs. Similarly, the deflocculated PSD measured by the Beckman Coulter is
unimodal with a mode at 5.6 μm (black line in Figure 5). The slight discrepancies in the mode of the two
deflocculated PSDs are probably due to the different sensitivities of the two instruments. The deflocculated PSD
from the Beckman Coulter allows to detail the fine particle distribution below ∼3 μm, which is below the
detection limit of the LISST‐100X, and shows the presence of primary particles as small as 0.5 μm. When
cumulated, the contribution of particles <3 μm (black dashed line in Figure 5) coincides with the contributions of
particles <3 μm measured by the LISST‐100X (green line in Figure 5).

These results suggest that based on the Udden‐Wentworth grain‐size scale (Udden, 1914; Wentworth, 1922), the
Rhône River waters carry fine cohesive particles such as clays (0.5–4 μm), very fine silts (4–8 μm) and fine silts
(8–15 μm), with a limited contribution of organic matter, but do not carry large particles (sands).

Figure 5. Particle size distribution (% of total Suspended Particulate Matter
Volume Concentration (SPMVC) for size classes in μm) at station R at 0.5‐m
depth in the Rhône River (for location, see Figure 1b) derived from: direct in
situ measurements with the LISST‐100X (blue line), a deflocculated water
sample measured with the LISST‐100X (green line), and a deflocculated
water sample measured with the Beckman Coulter (black line). The black
dashed line corresponds to the cumulated proportions of particles below
3 μm measured by the Beckman Coulter, and m1 gives the median size for
each curve.
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4.3.2. Along the Interflow Pathway

The profiles of normalized particle concentration per size class, measured with the LISST‐100X at each station
(Figure 6), contained high concentrations for particle diameters in the range 2–20 μm (clay to fine silts) at depths
where conductivity was lowest (Figure 3) and normal velocities were highest (Figure 4), indicating that highest
particle concentrations are carried in the core of the Rhône River interflow. At ∼15 m depth for stations S1–S3
and at ∼20‐m depth for S4 and S5, the concentrations were highest (>2 μl l− 1 μm− 1) for particles <3 μm and for
particles in the range 6–10 μm. The corresponding D50 profiles show values <8 μm in that depth range (Figure 6).
This suggests that the interflow waters mainly carried fine particles. Profiles of SPMOPT obtained from CTD
turbidity profiles also show large values in the highly particle‐laden interflow depth range (Figure 3), with values
up to 100 mg l− 1 at S2.

The maximum value in the interflow depth range progressively decreases with distance from the mouth, down to
45 mg l− 1 at S5. At the same time, below the interflow, concentrations ∼0.3 μl l− 1 μm− 1 were measured for
particle diameters >100 μm from 30 m depth down to the bottom of the water column from stations S2 to S5
(Figure 3). A similar pattern is seen in the D50 profiles where a sudden strong increase of the values occurs
between 25 and 30‐m depth in the shear layer in the lower boundary layer between the bottom of the interflow and
the ambient waters. It reaches values >20 μm from ∼30 to 45‐m depth, mainly because of the strong contribution
of macroflocs in this layer. From ∼45 m down to the bottom of the water column, D50 decreases again to ∼10 μm
(Figure 6).

The corresponding 2‐m averaged PSD at 5‐m depth, at the interflow depth, and at 40‐m depth provide further
information on the in situ particle distribution in the interflow and in the surrounding waters (Figure 7). The PSD
above the interflow at 5‐m depth, is bimodal (except at station S2) with the first mode at 6.6 μm at all stations and
the second between 183.5 and 216.17 μm (Figures 7a–7e). At this depth, the corresponding deflocculated PSD

Figure 6. For stations S1–S5: Profiles of D50 (μm; black line) derived from the LISST‐100X measurements for each station, superimposed on profiles of corresponding
proportions of clays, very fine silts, fine silts, microflocs and macroflocs in terms of % of Suspended Particulate Matter Volume Concentration (SPMVC). All profiles
are shown to the local maximum depth. The depth range of the jet‐like normal velocity profile in the interflow (Figure 3) is marked by a light blue bar on the left vertical
axis in each panel. The red bars indicate the shear layer range. The legend gives the particle size classes. For station locations, see Figures 1b and 2.
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obtained from water samples is bimodal with the first mode at 5.6 μm at all stations and the second oscillating
between 111.4 and 215.7 μm, indicating that this second peak is not due to flocs. Modes are more pronounced in
the deflocculated water samples. At the interflow depth (15 m depth for stations S1–S3 and 20 m depth for S4 and
S5), the PSD is unimodal with a mode at 6.6 μm at all stations (Figures 7f–7j). This value is identical to that
observed in the Rhône River (Figure 6). Below the interflow, at 40‐m depth, the PSD all along the interflow
pathway is bimodal with the first mode ∼12.8–15.1 μm and the second at 183.5 μm (Figures 7k–7o), suggesting
that fine particles with a mode at 6.6 μm in the interflow core do not strongly settle. The corresponding
deflocculated PSD measured with the LISST‐100X in the laboratory presents a unique mode at 7.8 μm at stations
S1, S2, S4, and S5 and at 9.2 μm at S3 with no particles >20 μm. This suggests that the particles of mode ∼12.8–
15.1 μm were very small aggregates that could be disaggregated.

4.3.3. Particle Size Distribution and Shape From LISST‐HOLO

At 5 and 40‐m depths, the PSD derived from the in situ LISST‐HOLO measurements reveals major contributions
of particles >100 μm at each station, coinciding with small peaks in the LISST‐100X observations (Figure 7). At
40‐m depth, the size of the largest particles class observed by the LISST‐HOLO decreased along the interflow
pathway from 272 μm at S2 to 195 μm at S5. Due to the LISST‐HOLO detection limit (see Section 3), neither PSD
<30 μm, nor measurements within the interflow core can be obtained.

The above results and the POM content (<1.5%, Table S1 in Supporting Information S1) suggest that particles
>20 μm observed below the interflow, at 40‐m depth, by the two LISST instruments were flocculated inorganic
particles, since they could be fully deflocculated into finer particles (clays and fine silts) (Figure 7). On the other
hand, above the interflow at 5‐m depth, the presence of large particles (>100 μm) in the deflocculated spectra and
the POM content (∼5%–9%, Table S1 in Supporting Information S1) suggest that the SPM also contained organic
particles.

Representative samples of LISST‐HOLO images at 5‐m and 40‐m depth at S2 allow characterizing the
composition of the particle assemblage at these depths (Figure 8). In the near surface waters at 5‐m depth, a large
number of various planktonic organisms ∼100 μm appear (Figure 8a), whereas particulate matter in the waters

Figure 7. Particle size distribution (PSD; % of Suspended Particulate Matter Volume Concentration (SPMVC) for different size classes in μm) measured at stations S1–
S5 at three depths: at 5 m, in the interflow and at 40 m. Blue lines: PSD (averaged over 2 m) derived from direct in situ measurements with the LISST‐100X; green lines:
PSD measured with the LISST‐100X in the laboratory from the deflocculated water samples (2‐min average). The particle size values corresponding to the modes are
given in each panel. Red lines: PSD derived from direct in situ measurements with the LISST‐HOLO (5‐min average). Maximum LISST‐ HOLO sizes are indicated on
the horizontal axis in red. Note that LISST‐HOLO measurements are not available in the interflow.
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below the interflow at 40‐m depth is mostly composed of large flocs >100 μm (Figure 8d). A clear difference in
structure can be seen between the samples of the two layers. In the near surface layer, flocs are mainly spherical
and solid. Below the interflow at 40 m, macroflocs are spherical to elongated, loose to very loose, heterogeneous
in composition and have a wide, skewed, plurimodal size distribution.

The corresponding qualitative and quantitative distribution of the three‐dimensional (3D) fractal dimension of
particles (DF3D) (Equation S2 in Supporting Information S1) highlights a large diversity of particle shapes for the
same size class, resulting in different fractal dimensions in the two layers (Figures 8b, 8c, 8e, and 8f; Figure S4 in
Supporting Information S1). At 40‐m depth, flocs of mineral composition >100 μm have DF3D values ranging
from 2.2 to 2.5 (Figures 8e and 8f; Figure S4 in Supporting Information S1). In contrast, the planktonic organisms
>100 μm near the surface (5‐m depth) have DF3D values between 2.2 and 2.6 (Figures 8b and 8c; Figure S4 in
Supporting Information S1). This shows that the shapes of the flocs at 40‐m depth are more irregular (lower DF3D)
than the shapes of the organic particles at 5‐m depth. The mean values indicate that the most abundant flocs at 40‐
m depth have a fractal dimension in the narrow range from ∼2.35 to 2.4 (Figure 8f; Figure S4 in Supporting
Information S1), whereas the mean fractal dimension noticeably increases from ∼2.35 to 2.5 for the most
abundant organic particles near the surface at 5‐m depth (Figure 8c). This suggests that the largest organic
particles are less fractal than the smallest ones. The non‐mineral composition of the planktonic organisms

Figure 8. Representative examples of particle assemblage from the LISST‐HOLO images at station S2 at: (a) 5‐m and (d) 40‐m depth. Density plots of the 3D fractal
dimension of particles (DF3D) as a function of the Equivalent Circular Diameter (ECD, μm) at station S2 at: (b) 5‐m and (e) 40‐m depth, and combined for all five
stations at: (c) 5‐m and (f) 40‐m depth. The orange dots and error bars denote the mean DF3D value per size class and the corresponding standard deviation.
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explains the presence of particles >100 μm in the corresponding defloccu-
lated PSD spectra at 5‐m depth (Figure 7, top panels).

4.3.4. Particle Size Distribution From LISST‐100X

The PSD spectra measured in ∼0.3‐m thick layers along the profile by the
LISST‐100X are detailed for the depth range of the shear layer between the
bottom of the interflow and the water below as defined by the profiles of
conductivity and SPMOPT (Figure 3), RMS(v′), Γ, and λk (Figure 4) and D50

(Figure 6). The shear layer is located between 20 and 30‐m depth for sta-
tions S1, S2, S3, S4 and between 25 and 35‐m depth for S5 (Figure 9).
With increasing depth, the PSDs change from unimodal (within the interflow,
≲ 25 m depth) to bimodal (in the shear layer, ≳ 25 m depth). The dominant
peak of clays and very fine silts (<8 μm) in the interflow layers rapidly
disappears below ∼25‐depth with increasing distance from the river mouth.
At the same time, the contributions of fine silts (8–20 μm), microflocs (20–
125 μm) and in particular, macroflocs (>125 μm) progressively increase
(Figures 6 and 9). The difference between the PSD in the interflow core and
the shear layer is obvious at all stations. A two‐layer structure is evident at the
furthest station, S5.

In the shear layer between the bottom of the interflow and the surrounding
water below, that is, between 20 and 30‐m depth, a significant progressive
transition occurs from the dominance of particles in the smaller size classes in
the interflow above the shear layer to those in larger size classes in the shear
layer. This is a clear indication that flocculation takes place in this shear layer,
and large macroflocs form that are composed of the small particles observed
in the interflow above. These macroflocs settle out of the shear layer and can
be visualized at 40 m depth in the hypolimnion below (Figure 8).

5. Discussion
Hydrodynamics of interflow formation, plume spreading and entrainment in
the nearfield of the Rhône River inflow have been previously studied in
detail (Piton et al., 2022; Soulignac et al., 2021). It was found that when
lake current velocities are small, the inflow plume of the negatively‐buoyant
Rhône River flows straight out from the river channel, plunges rapidly as is
evident in the triangular plume shape on the surface (Figure 1c) and then
forms an interflow in the thermocline within a short distance from the
mouth. It was also demonstrated that the interflow plume mainly spread
laterally, unconfined with distance from the mouth due to entrainment, but
remained vertically confined in a thin layer in the thermocline. A core zone
was established in the interflow plume where normal horizontal velocities
changed little along the pathway. The core zone progressively reduced in
size with distance from the mouth due to lateral entrainment. A bimodal
PSD was observed in the interflow at all stations and PSD evolution along
the pathway reflected the change in core zone size. The same pattern of
these principal interflow features was also seen in the field data of the
present study (Figures 3 and 4; Figure S1 in Supporting Information S1),
thus indicating that the present study is representative for Rhône River
interflow dynamics.

Below, the flocculation dynamics in relation to this interflow plume devel-
opment are considered, in particular, the changes of PSD in the vertical and their relationship to hydrodynamic
parameters.

Figure 9. Particle size distribution (PSD; % of Suspended Particulate Matter
Volume Concentration, SPMVC, for size classes in μm) from the LISST‐
100X measurements for 0.3‐m thick layers between 20 and 30‐m depth for
stations S1–S4 and between 25 and 35‐m depth for S5. The colorbars give
the depth range. The macrofloc size range is shaded in gray.
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5.1. In Situ Characterization of Flocs

Our analysis of the sediments brought into the lake by the Rhône River indicates that they are a mixture of clay
and fine silts (Figure 5). Clays are cohesive, whereas silts are mostly non‐cohesive. As pointed out by Tran and
Strom (2017), it was long not clear whether silts could be integrated into clay flocs. An experimental investigation
conducted by Tran and Strom (2017) on the settling behavior of clay and silt mixtures indicated that silt particles,
independent of their size, could become bound within clay flocs and that the silt content had no significant effect
on floc size. However, the trapping of silt particles within flocs can have an important impact on floc density, and
thus on the settling velocity which may increase by more than 50% (Tran & Strom, 2017; Xu et al., 2022). These
results were confirmed by river studies (Osborn et al., 2023) and agree with Droppo and Ongley (1994), indicating
that salinity is not a needed for sediments to flocculate. Therefore, it can be assumed that the flocs generated in the
Rhône River interflow shear layer are a mixture of clays and silts.

LISST‐100X measurements taken along the interflow pathway in 2018 (Piton et al., 2022) showed a contribution
of large particles >63 μm. At that time, their shape and composition could not be determined in that study.
Therefore, it was suggested that the largest particles are fine sands brought in by the Rhône River inflow, in
accordance with Burrus et al. (1989) who interpreted the presence of large particles >63 μm in the Rhône River as
fine sands, based on turbidity measurements. However, in the present study, it could be determined that no fine
sands were found in the water samples from the Rhône River (Figure 5). The holographic measurements clearly
revealed for the first time that the largest particles detected below the interflow (>100 μm;∼30 to 45‐m depth) are
actually inorganic micro‐ and macroflocs generated from small clay and silt particles carried by the Rhône River
interflow (Figures 5–7). In the near‐surface waters, large particles are predominantly phytoplanktonic organisms
(Figure 8). These are not brought into the lake by the Rhône River inflow, since its Particulate Organic Matter
content (POM) of the total SPM is below 1.5%, whereas the POM content in the lake is ∼5%–9% at 5‐m depth.

The floc size in the hypolimnion below the Rhône interflow pathway ranges from ∼20 to 280 μm (Figure 8),
which is comparable to the typical floc size range observed in the Lillooet Lake hypolimnion (Hodder &
Gilbert, 2007). Water samples showed that the organic matter content in the SPM assemblage was low (<1.6%,
Table S1 in Supporting Information S1), which is consistent with the absence of floc‐associated organic material
reported in glacier‐fed rivers (Woodward et al., 2002). Even though it has been established that the LISST can
correctly resolve particle size distributions, it was observed that estimates of large size particle concentration may
be affected by schlieren when density gradients are present, such as in the lower layers of the interflow. Schlieren,
the scattering by density fluctuations, occurs in microscale turbulent shear which scales with the Kolmogorov
scale. Kolmogorov scales (∼200–300 μm) were observed in the shear layers in the lower boundaries of the
interflow (Figure 4). Styles (2006) had determined that schlieren may concern particles >128 μm. Mikkelsen
et al. (2008) have identified schlieren as contributing to an increase in particle volume for buoyancy frequencies N
ranging from 0.02 to 0.05 s− 1. The buoyancy frequency in the shear layer at the bottom of the interflow was
N ≈ 0.015 s− 1 at all stations. Thus, our LISST measurements were not affected by schlieren.

The observed sizes are smaller than the typical floc size range of 30–600 μm observed in the Ems, Rhine, Gironde,
Tamar and Po estuaries where salinity may contribute to the floc formation (Eisma, 1991; Fennessy et al., 1994;
Fox et al., 2004; van Leussen and Cornelisse, 1994), and also smaller than the typical floc size of 20–500 μm in
coastal marine waters where again salinity plays a role (Many et al., 2019; Mikkelsen & Pejrup, 2001), and in
lowland riverine waters (Thonon et al., 2005). In addition, the differences in size may be explained by the
observed low organic matter content, and thus EPS, that is recognized to be an important component of flocs in
estuarine, lowland rivers and marine waters (Deng et al., 2022; Droppo et al., 1997; Mari et al., 2011;
McConnachie & Petticrew, 2006).

The time to equilibrium depends on the type of sediment and water, turbulence level and size distribution of the
initial suspension. Laboratory studies suggest that lake sediment macroflocs reach equilibrium size in 50 min to
1 hr (Chakraborti et al., 2007; Tsai et al., 1987). Winterwerp (1998) indicated that flocs may never reach equi-
librium size, if the time flocs are suspended in the turbulent water column is less than the flocculation time.
However, results of laboratory studies should be interpreted with caution, since they are most often carried out
under idealized conditions and do not take into consideration the complex interaction of different hydrodynamic
and sedimentary processes that contribute to flocculation; these equilibrium time values cannot be verified in field
studies.
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On the other hand, it has been shown that maximum floc size is proportional to the Kolmogorov microscale (van
Leussen, 1997; Verney et al., 2009; Winterwerp et al., 2006). This concept can be verified by measurements in
field studies. In the Rhône River interflow, equilibrium between the forcing and the floc size was already observed
at station S2, located 400 m from the river mouth, where the maximum size of the flocs corresponds to the
Kolmogorov scale (Figures 4 and 7). Assuming that interflow was established at ∼200 m from the mouth, after
river plunging (Figure 1c) and underflow (Figure 2), and a mean interflow flow speed of ∼15 cm s− 1 (Figure 4),
flocs can reach equilibrium floc size within O(30 min). This is much shorter that the equilibrium time reported in
laboratory studies, thus suggesting that idealized laboratory studies may produce equilibrium time scales that are
not representative for those observed in the field.

Floc shapes are controlled by various mechanisms that interact with each other such as turbulence, sediment
concentration, differential settling, organic content and biogenic aggregation (Manning & Dyer, 2002;
McCave, 1975; Verney et al., 2009; Winterwerp, 1998). In the present study, the floc perimeter‐based three‐
dimensional (3D) fractal dimension, DF3D, is used to characterize floc shape. The range of DF3D, ∼2.1–2.5
(Figures 8c and 8f), is similar to previous plume studies in the Rhône River plume in the Mediterranean Sea
(DF3D ∼ 2.0–2.5; Many et al., 2019), in Glacier Bay (DF3D ∼ 2.4; Hill et al., 1998) and in the Tamar Estuary
(DF3D ∼ 2.0–2.5; Maggi et al., 2006). The present estimates are also comparable with the fractal dimensions of
aggregates of latex beads (DF3D ∼ 2.25 ± 0.11) generated by turbulence and shear in the laboratory (Thill
et al., 1998), and with the fractal dimensions of the mud flocs compiled in Strom and Keyvani (2011). Overall,
these estimates fall in between those fractal dimensions of aggregates similar to marine snow formed by Brownian
motion in diffusion‐limited cluster aggregation (DF3D ∼ 2.09 ± 0.11; Thill et al., 1998), and of aggregates similar
to sludge flocs formed in reaction‐limited cluster aggregation (DF3D ∼ 2.4 ± 0.12; Thill et al., 1998). For the
observed range of floc perimeter‐based fractal dimensions (DF3D ∼ 2.1–2.5) in the Rhône River interflow, tur-
bulence and shear therefore are important in their formation.

5.2. Effects of Turbulence

The effect of turbulent structures on floc size is examined in the shear layer between the bottom of the core of the
interflow (∼20‐m depth) and the water below (∼30‐m depth) (Figure 10). This layer was identified as the layer in
which flocculation is initiated (Figure 9), and where a significant increase of D50 is observed (Figures 4 and 6).
The maximum of the RMS(v′) parameter, ∼0.205–0.21, is found between 24 and 25‐m depth (Figures 4 and 10),
and the maximum shear stress (Γ) is reached at ∼26‐m depth, with values ranging from 15 to 27 s− 1 for stations
S1–S4 (Figures 4 and 10). Above the depth of maximum RMS(v′) (in the interflow), D50 values are small (∼5–
7 μm) (Figure 10). Below that depth (in the shear layer), D50 increases rapidly to values ∼20–34 μm at ∼30‐m

Figure 10. Relationship between D50 and RMS(v′) in the depth range from 17 to 32‐m at stations S1 to S5. The depths at which the maxima of RMS(v′) and of (Γ) are
reached is marked by the black and red arrows, respectively; compare to Figure 4. The color coding of the points corresponds to depth values as indicated in the legend.
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depth (Figures 6 and 10). This indicates the important effect of turbulence on
floc formation and agrees with the fractal analysis (DF3D).

It appears that the level of turbulent fluctuations of the normal velocity
component (>0.205) and of shear stress (>15 s− 1) in the ∼25 to 32‐m depth
shear layer are sufficiently large to limit the gravitational settling of particles
and to maintain them in suspension for a sufficiently long period in the shear
layer to allow particle collisions and flocculation and to form flocs whose size
is determined by the Kolmogorov microscale. This finding agrees with
Dyer (1989) who showed from laboratory experiments that for comparable
SPM concentrations (∼50 mg l− 1 at 25‐m depth; Figure 3), floc sizes pro-
gressively increase under increasing shear stress conditions up to

∼0.5 dyn cm− 2 (corresponding to ∼40 s− 1, taking the dynamic viscosity of water at 10°C). When shear stress
further increased in his experiments, from 0.5 to 8 dyn cm− 2 (∼40–∼600 s− 1), floc sizes rapidly decreased due to
floc breakup. This agrees with Biggs and Lant (2000) who found in their experiments that large sludge flocs
(median diameter∼120 μm) formed at a shear stress of 19.4 s− 1, whereas their sizes decreased to∼20 μm at a high
shear stress of 343 s− 1.

At 40‐m depth, the maximum floc diameter (ECD) and the maximum length of the longest axis (Axmaj) decreased
with distance from the river mouth (Figure 8; Table 1). Both the values of ECD and Axmaj and their decrease
correlated well with the Kolmogorov microscale (λk), which decreased from 394 μm at stations S2 to 202 μm at
S5, at 40‐m depth (Figure 4; Table 1). This confirms that the Kolmogorov microscale has the strongest positive
correlation with floc size, supporting the concept that turbulent shear limits floc size. The maximum floc size
along the Rhône interflow pathway is controlled by the smallest turbulent eddies as was observed in laboratory,
estuarine and marine studies (van Leussen, 1997; Verney et al., 2009; Winterwerp et al., 2006) and contrasts with
the lowland river environment where organic matter content is higher and flocs are ∼2 times greater than the
Kolmogorov microscale (Izquierdo‐Ayala et al., 2021).

In the interflow, the Kolmogorov microscale λk ranges between 450 and 350 μm along the interflow pathway
(Figure 4). However, in this layer, the levels of turbulent fluctuations and shear stress are low (<0.2 and <10 s− 1,
respectively; Figure 4). It is hypothesized that these levels are too low to generate residence times long enough for
large particle aggregation, and that they might favor particle settling. In addition, Izquierdo‐Ayala et al. (2021)
showed that shear stress <5 s− 1 was not sufficient to generate macroflocs, and corresponds to the range given by
Dyer (1989). Mikeš and Manning (2010) suggest that a Kolmogorov microscale λk of 240 μm indicates highly
turbulent conditions, and turbulence levels are lower for larger λk, as confirmed in the present study.

A rapid change from small clay/silt particles in the interflow core to large macroflocs in the shear layer over a
vertical distance of only a few meters is observed (Figure 9). Since the shear layer is documented all along the
nearfield from stations S1 to S5, and macroflocs are found below the shear layer at all stations along the nearfield
trajectory, it can be assumed that macrofloc formation occurs all along the nearfield of the interflow plume. Even
though the shear layer is relatively thin, our findings show that it is a crucial layer in the nearfield dynamics with
respect to flocculation. Our water column measurements were made at stations in the center of each transect.
However, from transect measurements (Figure S1 in Supporting Information S1; Piton et al., 2022), it can be seen
that the interflow core has a certain lateral extension. It can be expected that a shear layer exists over a certain
width below the interflow, thus suggesting that macrofloc formation and subsequent settling can occur over this
width.

5.3. Effects of SPM Concentration

In the present study, flocculation leads to large macrofloc formation in the shear layer located between the bottom
of the interflow and the water below at 20 to 30‐m depth (Figures 6, 7, and 9). From 20 to 30‐m depth, SPMOPT

concentrations decrease from 50 to 80 to <2 mg l− 1 at all stations (Figure 2). Previous laboratory experiments
showed that fine‐grained lake sediment flocculation occurred at concentrations of 50–100 mg l− 1 (for a constant
shear stress of 2 dyn cm− 2,∼150 s− 1), generating flocs of∼80–120 μm (Lick & Lick, 1988). The rather high SPM
concentrations at the bottom of the interflow combined with turbulent mixing, therefore, could favor collisions
and the formation of large flocs.

Table 1
Values of Kolmogorov Microscale λk, Equivalent Circular Diameter, and the
Longest Major Axis of Flocs Axmaj Found in Particle Assemblages Measured
by the LISST‐HOLO, for Stations S1 to S5 at 40‐m Depth

Station S1 S2 S3 S4 S5

Distance from river mouth (m) 350 400 800 1,200 1,500

λk (μm) 281 394 337 290 202

ECD (μm) 272 272 230 195 195

Axmaj (μm) 295 401 333 286 208
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In the interflow, SPMOPT concentrations range between 50 and 100 mg l
− 1, with values decreasing with distance

from the river mouth (Figure 3). This decrease in SPMOPT along the interflow pathway may be attributed to both
the settling of particles and the dilution of the Rhône interflow with ambient lake waters (Piton et al., 2022). These
concentrations, however, should not limit flocculation (Lick & Lick, 1988; Mikeš et al., 2004). It is therefore
suggested that the low turbulence levels discussed above, limit floc growth in the interflow (≲10 μm; Figures 6
and 8).

At 40‐m depth, where macroflocs up to∼300 μm are observed (Figure 8), SPMOPT is <2 mg l− 1 (Figure 3). These
results are similar to the observations reported for Lillooet Lake (Hodder & Gilbert, 2007). From the present
measurements, it is not possible to determine whether flocs can still form at this depth, or whether their presence is
due to differential settling from the layers above (McCave, 1975). Although differential settling is negligible in a
high‐energy environment (rivers, estuaries), it may become important in low energy layers such as the hypo-
limnion in lakes. Lick et al. (1993) have shown that the time to steady state and steady state floc diameters are
larger when differential settling is the dominant mechanism for flocculation rather than fluid shear. Settling
velocities of the flocculated particles were larger and increased more rapidly with floc diameter when produced by
differential settling than when fluid shear is dominant. The observed low SPM concentrations might not limit
flocculation since previous studies reported that flocculation is still significant for concentrations <10 mg l− 1 in
the Seine estuary (Verney et al., 2009) and in the Rhône River plume (Many et al., 2016). However, shear and
turbulence are low in the present study (Figure 4). In addition, the POM contents of the total SPM remain very low
at this depth (<1.6%), and therefore cannot significantly contribute to macrofloc formation.

5.4. Implications for Sediment Fluxes

Previous studies reported floc settling velocities of 1–5 mm s− 1 (e.g., Fennessy et al., 1997; Hawley, 1982). These
exceed those of their constituent grains (Stokes settling velocity) of 0.07 mm s− 1 for 10 μm sized particles by an
order of magnitude. Furthermore, floc shapes should be considered when estimating settling velocities (Many
et al., 2019). In the absence of measured settling velocity or floc density estimates, the settling velocity
formulation of Strom and Keyvani (2011; Equation 18) may be used as a first‐pass estimate of the floc settling
velocity based on measured floc sizes:

Ws =
gRs

b1vdnf − 3
p

dnf − 1
f

with g the acceleration of gravity (9.81 × 103 mm s− 2), Rs the submerged specific gravity of the primary particles
(Rs = (ρs − ρ)/ρ = (2,630 − 1,000)/1,000 = 1.63), b1 the particle shape coefficient (here equals to 20), v the
horizontal velocity of the flow in the hypolimnion (50 mm s− 1), dp the diameter of the primary particles (6.6 μm),
df the diameter of the flocs (200 μm), and nf the fractal dimension. If primary particles are considered to be
spherical (Strom&Keyvani, 2011), nf= 3, and we obtain a settling velocity value of 1.82 mm s− 1, which does not
differ much from the estimates of Manning and Dyer (2002) and those reported for clay/silt flocs by Nghiem
et al. (2022). The surface heterogeneity of the particles may make them less spherical. This may be the case in the
Rhône River since the river is short and the sediment is mainly produced by the break‐up of rocks along its path.
Heterogeneous surfaces, however, increase the attachment of particles (Cui et al., 2023).

Based on the above, if we consider particles to be less spherical (nf = 2.9), we obtain ws = 1.1 mm s− 1; with
nf = 2.8, ws = 0.66 mm s− 1. Livsey et al. (2022) observed settling velocities of O (1 mm s− 1) once silts and clays
have flocculated; this value is also suggested by Strom and Keyvani (2016) as a first approximation.

The above settling velocity values can only be considered as rough estimates, since certain aspects, such as
porosity have not been taken into consideration. Porosity determines the degree to which water can flow through
floc pores and thus influence drag and settling rates of suspended material (Strom & Keyvani, 2016). Porosity
increases with floc size and largest porosity is found in the largest macroflocs (Droppo et al., 2000). The results of
Droppo et al. (2000) demonstrated that as floc size increases, the settling velocity increases. Wheatland
et al. (2020) reported that some of the smaller porosities may be filled with EPS and this may affect the flow of
water through the pores and thus the settling velocity (Strom & Keyvani, 2016). In our case, however, this may
only be a process of secondary importance, since POM is low.
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Using the above estimates, the distance traveled by the flocs while settling out, can be estimated. The flocs could
settle ∼30 m (from the shear layer to the bed) in ∼4–12 hr. While settling, the flocs may then be transported by
currents over a horizontal distance of ∼750 m to 2.25 km. As a result, settling flocs will reach the lakebed while
they are still in the interflow nearfield area. The above estimates, assuming that macroflocs strongly contribute to
the settling of SPM, could support the findings of Loizeau et al. (2012) and Silva et al. (2019), who observed that
sedimentation rates in the Rhône River delta are inversely proportional to distance from the river mouth, with
rates near the mouth ranging from ∼0.05 m y− 1 to as high as 0.4 m y− 1. These rates are much higher than those
measured further away from the nearfield (O(1 mm y− 1)) and could not result from Stokes settling of the small
clay and silt particles brought in as suspended load by the Rhône River and observed in the interflow.

Fine sediments assembled into flocs can therefore create pollutant hotspots in the nearfield. However, if they do
not flocculate, primary sediment particles may travel in suspension over long distances instead (Ishiguro &
Balvay, 2003). In Lillooet Lake, the sediment flux attributed to macroflocs was equivalent to one‐quarter of the
average annual sediment flux (Hodder, 2009). The settling of SPM out of the interflow by flocs could explain the
decreasing sediment flux along the nearfield interflow pathway reported by Piton et al. (2022).

Future field studies should investigate flocculation dynamics during the low discharge season, since the energetic
environment, organic content and sediment discharge may differ. In addition, such studies should include esti-
mations of sediment fluxes occurring along the Rhône interflow pathway due to macroflocs settling via direct in
situ measurement of settling velocities. It has been pointed out that laboratory studies of flocculation and floc
settling can only be rough approximations of reality, since they cannot take into consideration the complex
interplay of the different hydrodynamic, sedimentary and biological processes that contribute to flocculation
dynamics in the field.

5.5. Significance of the Findings

This study addressed for the first time, flocculation in a river plume interflow in a lake. The interflow flow field is
very different from that in rivers, estuaries and oceans as reported in the literature. An interflow resembles a plane
jet in a quiescent ambient and is a layer in which velocities are significantly higher than in the surrounding
ambient (Figures 3–5). This leads to the generation of shear layers between the interflow and the ambient. In
particular, the presence of the shear layer at the bottom of the interflow is, therefore, crucial for triggering
flocculation in the nearfield of the river plume interflow (Figure 11), because hydrodynamic and sedimentary
conditions in this layer are favorable to flocculation initiation, and are of the same order as in other flow fields
(rivers, estuaries, oceans). Flocculation was only observed in the shear layer (Figure 9), which is relatively thin

Figure 11. Schematic representation of processes leading to macrofloc formation in the shear layer between the bottom of the
Rhône River interflow plume and the hypolimnion below. Note that flocculation and macrofloc formation only occur in the
shear layer. See Figure 3 for the formation of the interflow plume layer.
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compared to the total water depth. This is different from the situation in river and estuarine flows where floc-
culation occurs over most of the water column.

Different from river and estuary flows, the interflow field is not in contact with the bed (Figures 2, 3, and 11)
and thus a sediment exchange between the bed and the flow which can replenish the suspended sediment charge
in rivers and estuaries, cannot happen in an interflow. Therefore, with distance from the mouth, the initial
sediment quantity carried by the Rhône River will not only diminish due to floc generation and settling of flocs,
but also due to dilution of the interflow plume caused by unconfined spreading and entrainment. Since we
visualized macroflocs in the hypolimnion below the shear layer along the whole length of the nearfield, settling
velocities appear to be high enough to allow settling of most of the macroflocs in the nearfield area which
increases the risk of hot spot formation. We have previously shown (Soulignac et al., 2021) that the Rhône River
interflow plume may meander and as a result, extend the surface of the hot spot. This is again different from
rivers and estuaries where the sediment is continuously resuspended and spread over long reaches, but guided by
the river channel.

6. Summary and Conclusions
The results of this field study, carried out in Lake Geneva, provided unique insight into suspended particle
property dynamics along the nearfield of a river interflow plume in a lake. Detailed simultaneous measurements
of turbulence combined with profiles of temperature, conductivity, turbidity and PSD and water samples allowed
determining the factors that enhance or limit suspended sediment flocculation along the water column. For the
first time in a lake, holographic camera images captured floc formation below a river interflow plume and allowed
the characterization of floc composition, size and shape above and below the interflow.

The analysis showed that:

• During the stratified period, the Rhône River plume flowed as an unconfined interflow within the metalimnion
located between ∼10 and 30‐m depth, with normal velocities (v) up to ∼0.25 m s− 1 in the core of the interflow
(Figure 11). The core normal velocities decreased along the pathway to ∼0.1 m s− 1 at 1,700 m from the river
mouth mainly due to lateral entrainment of ambient waters. These measurements confirmed previous un-
confined Rhône River plume spreading observations.

• Shear layers are formed between the high velocity interflow core and the low velocity ambient (Figure 11).
High levels of shear (Γ = 15 to 27 s− 1) in the upper and lower shear layers, measured for the first time in the
field, indicated strong mixing due to shear. Turbulence fluctuation levels, RMS(v′), were highest in the shear
layer.

• The SPM composition varied along the water column. Three distinct layers were identified: (a) Above the
interflow in the near surface waters, SPM was composed of phytoplanktonic organisms (up to ∼200 μm)
which is characteristic for the lake background, microflocs (∼20–100 μm), and clays and silts (<20 μm), (b) In
the interflow core, where the sediment load was the highest, SPM composition was similar to that of the Rhône
River, and mainly composed of clays, silts and some microflocs, and (c) In the hypolimnion below the
interflow, where the sediment load was the lowest, most of the SPM volume consisted of macroflocs (∼100–
300 μm) and microflocs, with small amounts of fine grains (<20 μm) (Figure 11).

• All along the interflow pathway, the largest flocs (macroflocs) were formed in the bottom shear layer
(Figure 11). Sufficiently high levels of turbulent fluctuations of the normal velocity component and of shear
stress combined with sufficiently high SSC persisted in the shear layer and were identified as the main pa-
rameters enhancing macrofloc formation. Our study revealed that the existence of this shear layer is crucial for
macrofloc formation in the Rhône River nearfield.

• Levels of turbulence and Γ values were low within the interflow core which limited macrofloc growth in the
interflow core, despite high SPM concentrations.

• Macroflocs settled out from the bottom shear layer, since their settling velocity is expected to be much higher
than that of the disaggregated fine particles. Fine particles remained in suspension in the interflow core and
were transported further out into the lake, allowing macrofloc formation in the bottom shear layer all along the
interflow plume pathway in the nearfield.

• The smallest turbulent eddies measured by the Kolmogorov microscale controlled the maximum macroflocs
size at 40‐m depth, consistent with marine and estuarine observations.
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• The range of the floc fractal dimensions (DF3D ∼ 2.1–2.5) observed below the shear layer indicates that flocs
that formed along the Rhône River interflow pathway have an intermediate shape complexity between marine
snow and sludge flocs, and that turbulent shear is important in their formation.

• Salinity is not needed for floc formation in Lake Geneva.

By investigating and characterizing SPM, in particular, the formation and evolution of flocs along a negatively‐
buoyant inflow into a large lake (Lake Geneva), this study has contributed to better understanding the dynamics of
suspended sediments and their fate in lacustrine systems; it was demonstrated that results from marine systems
and estuaries cannot be directly applied in lakes. Such knowledge, which is presently lacking, can help determine
how nutrients and contaminants attached to sediment particles brought into the lake by rivers, will spread or be
deposited. The effects of flocculation on the transport and dispersion of suspended particles and on sediment flux
should therefore be taken into consideration when developing effective lake management concepts for Lake
Geneva. Since the analysis was based on universally valid concepts, the results can also be expected to be valid for
river plume interflows in other lakes under comparable conditions.
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