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General introduction

Phosphorus (P), an essential nutrient for primary production, is considered as one of the key limiting
factors together with nitrogen (N) in controlling freshwater eutrophication (Conley et al., 2009).
Eutrophication (consisting in excessive nutrient enrichment of water) may cause a wide range of
negative effects in aquatic ecosystems (degradation of water quality, loss of biodiversity, algal and
cyanobacteria bloom, limitation of recreational uses...).

Despite important efforts in controlling anthropogenic input of P to natural freshwater systems (the
controlled use of P fertilizer, phosphate ban in detergents, wastewater treatment improved for P removal)
that allowed a marked decrease in average phosphate concentration in European rivers, the freshwater
eutrophication was not attenuated and is still considered as a priority issue in particular in lake and
reservoirs systems.

One of the reasons put forward to explain this delay in the recovery of reservoir water quality is the
presence of an internal P stock in sedimentary compartment, which can be mobilized in water and
contributes to maintain or trigger eutrophication.

Indeed, it is well-known that P has strong affinity to solid phases, such as soil, sediment or suspended
particulate and colloidal matters. Consequently, transporting in rivers flow, P can accumulate in low-
energy water systems, such as lake and reservoir sediments (Maavara et al., 2015). Thousands of large
artificial dams have been built to response to the raising demand for renewable energy sources since the
past few decades. In spite of numerous benefits, such as flood control, water supply, electricity
production, these engineering structures interrupt the continuity of water flow and sediment transport,
thus alter fluvial morphology. The changing flow regime of water by dam construction is associated to
change in material flows. It is estimated that global large dam reservoirs can trap 30 % of river sediment
and could cause about 17 % of global river P flux to be sequestered by 2030s (Vorésmarty et al., 2003;
Maavara et al., 2015).

In sediment, phosphorus is associated (via sorption, (co)precipitation or occlusion) to organic and
inorganic phase (clay mineral, Fe, Al, Mn oxy(hydr)oxides, carbonates, calcium, etc.). The P trapped in
reservoir sediment could return to overlying water in various forms, mainly in dissolved (for example
phosphates) and/or suspended forms. The release of phosphates is a function of complex mechanisms
(dissolution/precipitation, desorption/adsorption, organic matter mineralization) depending on physico-
chemical parameters such as oxygen level, temperature, pH, hydrological conditions, bioturbation, etc.
In addition, P can also be reloaded to the water column in dissolved, colloidal and particulate form when
sediment is resuspended.

Up to date, studies of P mobility at the sediment/water interface have focused mainly on dissolved P,
which is the most bioavailable form of P for plankton uptake (Kowalczewska-Madura et al., 2018).
However, this view neglects an important, very highly mobile and potential bioavailable colloids; and
thus, limits the understanding of sedimentary P mobility in reservoirs.

The mobilization of sedimentary colloidal P in reservoir context have never been illustrated elsewhere,
whereas a plethora of studies in soil system showed that colloids are effective carrier of P.

Colloids are omnipresence in natural environment. They are heterogenous in size and composition
(organic, mineral, organo-mineral), and generally have surface charges allowing association with

various nutrients and contaminants, including P (Stumm, 1993; Doucet et al., 2007; Van Riemsdijk et
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al., 2007). The carrying of P by colloids is well established in soil surface runoff and leachate, forest
stream water or wetlands (Heathwaite et al., 2005; Zang et al., 2013; Bol et al., 2016; Gu, 2017).

The presence of colloidal P is often observed in the water of rivers, lakes and reservoirs. For instance,
the delivery of colloidal P in runoff water from agriculture land to river sediment had been pointed out
by He et al., (2019). Upon sediment resuspension or change in water chemistry, this colloidal P could
be liberated back to water column, probably at comparative level with dissolved P. Moreover, freshly
colloids can be directly produced in water, e.g. by degradation of particulate organic matter and its
association with dissolved cations or in the area at the boundary of the anoxic/oxic through the formation
of secondary minerals (precipitation of iron and/or manganese). The colloids could also be generated in
the sediments, e.g the formation of colloidal FeS (Noél et al., 2020).

Therefore, according to little knowledge on the potential of sediment to release colloidal P, as well as
on their favorable release in reservoir context, the aim of this thesis is to evaluate the potential of
reservoir sediments to release water-mobilizable colloids, and to characterize them (quantity and
composition). A special attention is paid to their involvement in P mobility. In this context, the
objectives which are attempted to be achieved in this thesis are following:

1. What is the impact of river damming on the level and distribution of colloids and associated P in
sediment throughout the length and the width of reservoir?

2. What is the key parameter involved in the variability of colloids and associated P in reservoir
sediment?

3. What is the preferential condition for the release of colloidal P from sediment to water-column?

4. What is the potential of colloidal P to be available for phytoplankton uptake?

To answer these questions, the experimental part of this work was conducted with sediments collected
in Champsanglard dam reservoir (Creuse, France). This reservoir was chosen because it has been
previously demonstrated to contain P-rich sediment and exhibit temporal anoxic surface sediment that
involved in high P release (dissolved and colloidal form sized below 0.45 pm) at sediment-water
interface (Rapin, 2018).

The present PhD thesis is divided into four parts.

The first part provides a bibliographic overview about the topic, including the biogeochemical cycle of
P, the impacts of dam reservoir in trapping riverine P, the role of colloids as P bearing phase. Finally,
the state-of-art for colloid recovery and characterization in natural environment is presented.

The second part presents the studied site, experimental conditions, equipment and analysis methods used
to produce this work.

The third part addresses to answer the objective questions in form of three subordinations:

(1) Evaluating proper method to recover colloids, considering sediment storage, colloids extraction
and separation protocols.

(2) Exploring the spatial distribution (longitudinal and lateral) of colloids and associated P along the
reservoir. To access to the key parameters controlling the distribution and mobility of sedimentary
colloids, the following were considered: channel characteristics, sediment grain size and chemical
composition, and the amount and quality of colloidal and dissolved fraction.
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(3) Investigating the effect of changing redox condition on the mobility of colloidal P. The chemistry
of solution (Eh, alkalinity) and elemental composition of colloidal and dissolved fractions were
considered to identify the key parameters controlling colloids and associated P mobility.

Each subordination is presented in form of publication article.

The fourth part devotes to a general discussion and conclusion encompassing the main outcomes of this
thesis. A framework to choose the best colloid recovery method will be proposed. The conditions of
reservoir sediment that would induce the highest colloids and associated P release will be discussed and
some implications for dam management will be proposed.

An appendix includes the development of hybrid silica gel materials doped with natural P-colloids as a
novel technique for the assessment of colloids bioavailability.
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Part 1. General background

1.1. Why do we study phosphorus mobility?
1.1.1. Phosphorus as a key role in limiting eutrophication

Eutrophication is a raising global environmental crisis on water quality impairment in the past few
decades and causes negative and harmful impacts on many marine and freshwater areas worldwide
(Smith, 2003; Ferreira et al., 2011; Glibert, 2017; Le Moal et al., 2019).

The term eutrophication was initially used to describe the natural aging process of aquatic system
independently to human activities (Anderson et al., 2002). Recently, due to the dramatically increasing
nutrients runoff from anthropogenic activities, the term eutrophication eventually becomes an
appellation for the human-induced accelerated nutrient addition in lakes, rivers, reservoirs, estuaries and
coastal marine water and results in the rapid and massive proliferation of aquatic plants, microalgae and
cyanobacteria (Cordell and White, 2011; Chislock et al., 2013). Diffuse nitrogen (N) and phosphorus
(P) release are the two major drivers of eutrophication in many freshwater and marine water body (Le
Moal et al., 2019). These two nutrients are vital to biological processes in aquatic ecosystems; however,
their immoderate input lays stress on the whole ecosystems by a series of adverse effects: increasing
algal biomass, development of pervasive macrophytes, water deoxygenation, alteration of the food web
structure and production of toxins from cyanobacteria. Eutrophication induces thus water quality
alteration and biodiversity decrease (Fig. 1).
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Figure 1. The eutrophication progress of a water system with increase nutrient loads (P and N)

(Glibert, 2017).

Both N and P have been considered as limiting nutrients for algal proliferation, thus the reduction input
of the dual nutrients is essential and judicious to control eutrophication in aquatic ecosystems (Correll,
1998; Conley et al., 2009; Schindler et al., 2016). Table 1 presents the various trophic status in water,
considering N and P concentrations. However, P receives greater awareness than N in freshwater
systems. In many lakes, the presence of P even at very low concentration (few micrograms per litter)
showed ability to support bloom. A phosphate concentration of 10 pg/L is already enough to support
development of plankton and concentrations from 30 to 100 pg/L or higher will be likely to promote
blooms (Smith, 2003). The common indicator for eutrophication is phytoplanktonic blooms (Ferreira et
al., 2011). Some cyanobacteria can fix nitrogen from the atmosphere thanks to heterocyst (Grover et al.,
2020; Wang et al., 2018). The N-fixing capability of cyanobacteria helps them to overcome N
deficiency and maintain growth independently of N input. Therefore, P is considered as eutrophication
limiting factor in continental waters, as demonstrated by (Smith and Schindler, 2009).
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Table 1. Characteristic of various trophic status in water (adapted from (Smith et al.,
1999; Yang et al., 2008)).

Eutrophic status Total P Total N Total ngtrient Chlorophyll-a | Secchi depth
(mg/L) (ng/L) status index (Mg/L) (m)
Oligotrophic 5-10 250 - 600 0-30 <35 >4
Mesotrophic 10-30 601 — 1100 31-60 35-9 2-4
Eutrophic 31-100 1101 — 2000 61100 9-25 1-2
Hypereutrophic > 100 > 2000 > 100 >25 <1

1.1.2. Sources of phosphorus in natural freshwater

Phosphorus is the twelfth most abundant element in the lithosphere (Reynolds and Davies, 2001) and
the sixth major elements in human body (Salm et al., 2015). P is found on the surface of the Earth in
combination with metals, halogens, sulphur, nitrogen, and oxygen. P compounds are not volatile, except
the trace volcanic emissions of phosphines and atmospheric transportation of P is mainly with plant
pollen, water droplets, dusts, and particulates (Correll, 1998; Glindemann et al., 2004). However, the
atmospheric flux rates (0.1-0.4 kg P/hal/yr) are minor in comparison to surface water flux (3.4-10.1 Mt
P/yr) (Glenn et al., 2000; Decina et al., 2018; Berthold et al., 2019; Alewell et al., 2020). P in water can
derive from natural sources such as plant and animal residues, natural runoff and erosion of rocks and
soils, but also from anthropogenic sources such as chemical phosphorus manufacture, agricultural
activities (1.7-20 kg P/halyr), urban runoff and sewage (2.34 kg P/halyr), industrial uses of phosphorus-
based chemicals (Alewell et al., 2020; Gs et al., 2017) (Table 2).

Table 2. Sources of P in natural freshwater (adapted from (Azam et al., 2019))

Anthropogenic sources

Natural sources -
Industrial

Agricultural Domestic

Chemical manufacture

Surface runoff
River inflow

Fauna and flora
decomposition

Atmospheric deposition

Livestock production

Fertilizers

Managed forests

Urban runoff

Solid waste disposal

Detergents

Metal treatment

Water treatment

Phosphorus mining

1.1.2.1. Natural sources

P is a naturally occurring element in minerals, soils and living organisms. In geochemical viewpoint,
there are four main sources of P as followed (Ruttenberg, 2019; Schroder et al., 2011):

(1) tectonic uplift and exposure of phosphorus-bearing rocks to the forces of weathering,
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(2) physical erosion and chemical weathering of rocks producing soils and providing dissolved and
particulate P to rivers,

(3) riverine transport of P to flood plains, lakes, and oceans,

(4) sedimentation of P associated with organic and mineral matter and burial in sediments.

Generally, P occurs in rocks as igneous apatite deposits such as apatite Caio(POa4)a(F, Cl, OH),, lazulite
(Mg,Fe)Alx(PO4)2(OH),,  strengite  FePO42H,0, vauxite FeAly(PO4)2(OH)2-6H.0, vivianite
Fes3(PO4)2-8H20, and variscite AIPO4-2H,0 (Azam et al., 2019). The natural reservoirs of phosphorus-
bearing rock are estimated to be 37 trillion tons and distributed unevenly around the Earth’s surface with
major stocks in Morocco, United States and South Africa (FAO, 2004). Weathering of those rocks,
especially the apatite, results in the dissolution of the more soluble components surrounding phosphate
deposits (Filippelli, 2008). Other natural sources of P in receiving water comprise organic matter (OM)
such as plant residues, wild animal, and bird wastes, leaching and water erosion from watersheds. The
decomposition of those OM liberates organic and inorganic P to receiving water. Those natural sources
of P are considered as non-point sources because they diffuse P generally with surface runoff (Edwards
and Withers, 2007; Filippelli, 2008).

1.1.2.2. Anthropogenic sources

Most anthropogenic usage of P is supplied from P mining industry. Phosphate rock mining provides 19
million tons per year (Mt/yr) of P for fertilizer production and other part used in industry (Schroder et
al., 2011). The environmental pollution related to P in aquatic environment has increased since several
decades. P has been used widely in many sectors such as food processing, agriculture, industry, and it
is found in fertilizers, animal manure, detergents, anti-lime scaling in cooling systems or boiler water
systems.

The main sources of intensive anthropogenic load of P are extensive practice of fertilizers in agriculture,
deforestation, soil erosion, domestic and industrial discharges (Filippelli, 2008; Southam et al., 2008).
Over the past 50 years, the mining of phosphate rock has transferred about half million tons of P to the
hydrosphere (Cordell and White, 2011). Approximately 90 % of total mined P is used in agricultural
practices and 9 % in industrial application (Schréder et al., 2011). The increase of domestic and
industrial wastes together with non-point discharges from overfertilized agricultural practices,
deforestation, and leaching from urban waste disposal have enhanced the P transfer from terrestrial to
aquatic systems (Ruttenberg, 2003). It has been estimated that up to 25 % of annually applied P was
served for growing crop, the other 75 % became retained in the soil or lost to water (Bomans et al.,
2005).

With the practice of phosphorus legislation in agriculture, the improvement of urban wastewater
treatment and the polyphosphate ban in detergents, positive effects have been achieved in European
water quality (Fig. 2), the number of water bodies has been impacted by nutrient pollution decrease to
28 % (European Environment Agency, 2018). The anthropogenic input of P to environmental water are
now dominantly originated from non-point sources such as runoff from agricultural land (20 % of mined
P), managed forest and urban runoff; meanwhile about only 6 % of total P losses coming from point
sources (Rittmann et al., 2011; Macintosh et al., 2018). The discharge of P to environment causes severe
pollution in many river catchments around the world (Fig. 3). Most of P in diffuse runoff is associated
to particles and, thus, settle down in wetlands, rivers, reservoirs, and lakes (Macintosh et al., 2018).
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Figure 2. Phosphorus trends in European rivers and lakes from 1992 to 2017. Data series were
determined as average annual mean concentration of phosphate in 799 rivers and total phosphorus in
284 lakes (Waterbase-Water Quality, provided by European Environment Agency,
https://www.eea.europa.eu/data-and-maps/indicators/nutrients-in-freshwater/nutrients-in-freshwater-
assessment-published-9)
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Figure 3. Water pollution level (WPL) per river basin due to anthropogenic P loads (catchment runoff
from agricultural, industrial and domestics sectors) to freshwater from 2002 to 2010 (Mekonnen and
Hoekstra, 2018). WPL was estimated by grey water footprint (m*/yr) dividing catchment runoff

(m3yr).

Figure 4 presents a simplified P cycle in environment. Input of phosphorus in aquatic environment has
been accelerated by anthropogenic activities since the transfer of dissolved P from soil to receiving
waters has been doubled from the pre-industrial time of approximately 2-3 Mt/yr up to nowadays input
of 4-6 Mt/yr (Filippelli, 2008).
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Figure 4. Phosphorus cycle from terrestrial to aquatic environment with impacts of anthropogenic
activities (simplified and adapted from Worsfold et al., (2016)).

In reservoir, P is mainly derived from external loads (upstream transport, surface runoff, anthropogenic
emissions) and internal loads of P (from sediments) (Wen et al., 2020). The decline of total P
concentration in lakes and reservoirs occurs gradually and at lower intensity compared to riverine
phosphate concentration decrease, because the P stored in bottom sediment can be released to water
column and maintain high P level in reservoir despite the effort in P input control (European
Environment Agency, 2018). Therefore, more efforts are needed in controlling the dynamics of P
sources in relevant to ecological context to target the environmental remedial actions.

Within the Water Framework Directive of the European environmental policies (2000/60/EC),
phosphorus is defined as one of the most critical parameters to achieve good quality objectives in water
bodies and was put into the European sustainable phosphorus platform (ESPP). The further perspectives
of this platform are set to reduce phosphorus emissions from municipal wastewater and agricultural
losses, action plans to reduce phosphorus levels in rivers and lakes taking into account all sources (urban
wastewater, small sewage discharge, non-point sources and phosphorus stocks in sediments), nutrient
recovery and recycling. The ESPP brings together a range of both industry sectors and stakeholders
regarding sustainable phosphorus management, for the core objectives are reducing phosphorus losses
to the environment (in order to limit eutrophication) and developing phosphorus recycling (considering
P resource depletion).

1.1.3. Phosphorus cycle

Terrestrial systems of phosphorus are the principal reservoir of P with three major pools: bedrock
(10,000 — 38,000 Mt P in mineable rock), soil (96,000 — 200,000 Mt P), and terrestrial biota (2600 -
3000 Mt P) (Ruttenberg, 2003; Worsfold et al., 2016).

Phosphorus is weathered from sedimentary rock to soil solution by the dissolution of phosphorus-
bearing minerals such as apatite (Caio(POa4)s(OH,F,Cl)2), the most abundant primary P-mineral family
in crustal rocks. Weathering reactions are driven by exposure of minerals to naturally occurring acids in
rainwater or derived from microbial activities, organic matter degradation and in the vicinity of plant
roots (Filippelli, 2008). Solubilized phosphorus (phosphates) during weathering is available for uptake
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by terrestrial plants which are then consumed by animals. P is returned to the soil and soil water by the
decay of litterfall, animal excretion and death (Likens and Loucks, 1978). The erosion of soil material
and the leaching of P through surface and subsurface runoff transfer P from soil to river in particulate,
colloidal and dissolved forms. Within aquatic environment, particulate P deposits to bottom sediment
while the dissolved labile P can be used and accumulated by aquatic biota (Worsfold et al., 2016). The
sedimentation of phosphorus-containing compounds from the dead bodies or wastes of aquatic
organisms will latter settle down. Through several geochemical processes, phosphorus retained in
sediment can then mobilized to upper water layer and again be available for aquatic organisms.

During chemical weathering of sedimentary rock, phosphorus, as well as other rock-derived plant
nutrients such as potassium or calcium, are leached to the environment in both available and unavailable
forms (Ruttenberg, 2014). In all biological active fractions and in important minerals, P principally
corresponds to the ions of orthophosphoric acid, which are soluble in water as orthophosphate anions
PO.*, HPO.%, H.PO, with varying proportions according to pH.

HsPO4 + H,O S H,PO4 + H3O+ H3PO4/H2PO4' pKal =2.10
H.PO4 + H,O S HPO42' + HsO* H2P04'/HPO42' pKaz =7.20
HPO.Z +H,0 S PO2 + H30* HPO,#/PO* pKas = 12.30

Phosphates have high binding affinity for many metals. Orthophosphates of alkaline earth and transition
elements such as iron (Fe), aluminum (Al), manganese (Mn) and calcium (Ca) are highly insoluble
except under acidic leaching, and they represent the dominant geochemical forms of the global
phosphate residues (Reynolds and Davies, 2001). Those secondary P minerals have different dissolution
rates depending on the size of the minerals and the soil pH (Shen et al., 2011). The higher soil pH favors
the solubility of Fe and Al phosphates meanwhile decreases the solubility of Ca phosphate (Hinsinger,
2001).

The sorption of phosphate on Fe and Al oxy(hydr)oxides are in great concern in terrestrial systems since
these processes can limit the availability of P (Guzman et al., 1994). In the whole manuscript,
oxy(hydr)oxides referred to both oxides, hydroxides and oxy(hydr)oxides. The bioavailability of
orthophosphates is strongly driven by the ion exchange for hydroxyls on the surface of metal oxides that
they are immobilized on. They also co-precipitate within or be included in the molecular matrices of
metal oxy(hydr)oxides (Reynolds and Davies, 2001). The association of Fe and Al with organic matter
(OM) are one important sink of phosphate, while phosphate bonding to clay lattices is a less efficient
scavenger than oxy(hydr)oxides (Ruttenberg, 2014). The P sorption varies relatively with mineralogy
and morphology of oxy(hydr)oxides , for instance, goethite is more efficient support than hematite . The
poor crystalline Fe/Al oxy(hydr)oxides have higher reactive surface area and further higher sorption
capacity than crystalline Fe-Al oxy(hydr)oxides (de Mesquita Filho and Torrent, 1993; Duiker et al.,
2003).

The adsorption-desorption and precipitation-dissolution reactions of phosphates highly influence
bioavailability of P in soils. In acidic soils, P is mainly associated to Fe/Al oxy(hydr)oxides (Parfitt,
1989) while in neutral to calcareous soil, P is dominantly under precipitated forms with Ca (Arai and
Sparks, 2007). The redox-sensitive Fe and Mn oxy(hydr)oxides can undergo reductive dissolution when
the redox potential is under +200 mV/ESH and induce P release back to the soil solution (Reynolds and
Davies, 2001). In contrary, increase in redox potential leads to the oxidation of ferrous iron in ferric iron
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that can precipitate as ferric oxy(hydr)oxides (eg. Fe(OH)s) and scavenging dissolved phosphates,
resulting in the immobilization of phosphate and reduced availability for biological uptake. Furthermore,
the degradation of organic matter is a great source of dissolved inorganic and organic phosphorus
(Blackwell et al., 2009). P can also be desorbed by the competition with organic acids for sorption site
and the alteration of bonding energy of sorbed P (Fink et al., 2016; Lindegren and Persson, 2009).
Chemical interaction between organic matter and phosphates is another important process in soil
solution. Humic substances can strongly form surface complexes with metals, especially Al(I1l) and
Fe(l11), by carboxylic and phenolic groups (Tipping, 2002). Orthophosphate ions are not bound directly
to humic molecules but bound to Al or Fe at the surface of humic substance in similar mechanism to
Fe/Al oxy(hydr)oxides. Phosphate anions compete with OH" or H,O via ligand exchange (Lindegren
and Persson, 2009). Humic-Metal (Al or Fe) support have high P sorption capacities and are sometimes
dominant P species in soil solution. At pH below 5, the stability of these humic-metal complexes
decreases leading to the release of Al and Fe along with P, and thus contribute to P availability (Gerke,
2010; Urrutia et al., 2014).

Phosphorus enters receiving water via several pathways, primarily from water-born, in a mixture of
dissolved, colloidal and particulate loads. About 90 % of P input is associated with particulate matter
since P has high affinity to solid. Dissolved phosphorus in rivers is in both inorganic and organic forms.
From 20 to 40 % of phosphorus in suspended particulars are organic; particulate inorganic P is shared
mainly between ferric oxy(hydr)oxides and apatite (Cosmidis et al., 2014; Ruttenberg and Berner, 1993).
Aluminum oxy(hydr)oxides and clays may also be significant carriers of phosphorus (Shen et al., 2011).

Once P has been transported to receiving water, the soluble phosphorus can either stay in solution, or be
scavenged by Fe/Mn/Al oxyhydroxide colloids and particulates, or be assimilated directly by bacteria,
algae and plants. Particulate P may settle to bottom sediments where the microbial communities
consume these organic constituents and release P back to water column as free orthophosphates (Correll,
1998). In low retentive aquatic basin, P can be flushed to downstream without chemical modification or
biotic uptake and become biomass supportive in downstream river and ocean. In lakes and reservoirs
that have longer retention time, P can be consumed by microorganisms, but also acts as suspended
particulate loads and settle at the bottom sediment (Reynolds and Davies, 2001). All the algal cells and
bacterial excreta are considered as a part of autochthonous sedimentary flux (Reynolds and Davies,
2001). In general, excluding influences from hydraulic residence time and bathymetry, sediments are
likely a substantial destination and trap for P loads in water bodies (Maavara et al., 2015).

At bottom sediment, deposited P is subjected to several complex diagenesis processes, which are driven
by the sequence of redox reactions and the organic matter mineralization via microbial activities. One
third of organic matters can be decomposed by oxidation within one day and another second one third
requires weeks to months to be degraded, meanwhile the last third portion constituted of mainly cellulose
and skeletal that are considered as recalcitrant (Reynolds and Davies, 2001). At the surface layer of
sediment, the mineralization of freshly deposited biogenic P can release phosphate. A portion of
phosphate mobilized at this stage transfers to interstitial pore water, which latterly moves to overlying
water via diffusion or advection, whereas the other portion is susceptible to chemical interactions with
other sediment constituents. Phosphates are rapidly sorbed onto the surface of metal oxy(hydr)oxides or
of clay minerals, forming the “readily bioavailable” or “conditionally available” fraction. Ferric
oxy(hydr)oxides present a high affinity to phosphate; thus, a high capability of P immobilization and at
some extents, the ferric-bound P is stated as the largest pool of P in most of freshwater lake sediments
(Reynolds and Davies, 2001). Calcium carbonate and apatite are also efficient support in trapping free
phosphates by coprecipitation. The CaCOs sedimentation contributes little to P transformation but
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importantly in the permanent burial of P (Hupfer et al., 1995). The degradation of organic matter occurs
through a vertical sequence of oxido-reduction reactions (Reynolds and Davies, 2001). The depletion of
oxygen underneath the sediment-water interface allows a suit of reduction of nitrate, manganese (IV),
iron (111), sulfates and finally organic carbon (Fig. 5) (Froelich et al., 1979; Postma and Jakobsen, 1996;
Anschutz et al., 2007).

Process Reaction tage
(1) Aerobic respiration (CH20 Yz{NHy )y{HaPOy )z + (24 2y)02 — 2COz +  -475
(z + y)H20 + yHNO; + zH3PO,

(2) Nitraie reduction 5(CHz0)z(NHa )y(HaPO, )z + 4xNG; — 2CO; +  -448

3zH;0 + 4zHCQZ + 2zN; + H5yNHs + 52HaPO,
(3) Manganese reduction (CH,0 Jo(NHs )y(H3PO4 )2 + 22Mn0, + 32C0, + -349
zHO — 2eMnt* 4+ deHCOS + yNHyz + zHzPOy

(4) Irom reduction {CH30 )a(NH3 )y(HaPOy4 )z +4zFe(OH); +32C04 +  -114
eHz0 — dzFett £ 82HCOZ + 32H,0 + yNHz +
zH4PO,

(5) Sulfate reduction 2(CHa0 ja(NHa )y(HzPOy )z + 2507 — zHaS + i

2:HCO; + 2yNHs + 2zH3PQy
(6) Methane production  (CH;0 )a(NH3 }y(HsPO4): — zCHy + 2CO; + -58
2yNHa + 22H2PO, |

Figure 5. The sequence of sedimentary diagenesis reactions (Froelich et al., 1979; Stumm and Morgan,
1995; Tromp et al., 1995; Aller, 2014).

1.1.4. Physico-chemical factors controlling phosphorus mobility at the water/sediment interface
1.1.4.1. Redox condition

The presence of oxygen at sediment surface accelerates the decomposition of OM by aerobic heterotroph
organisms, oxygen being the first-order electron acceptor during metabolism of microorganisms.
Mineralized P will remain in sediment water and increase P concentration in pore water. Redox states
of Fe and Mn depend strongly to oxygen level by both chemical reductive dissolution and by microbial
metabolism (Orihel et al., 2017). Under anoxic condition, microorganisms use alternative electron
acceptors such as nitrate, iron, manganese, and sulfate instead of oxygen. Thereby, iron and manganese
oxy(hydr)oxides are subjected to dissimilatory reduction by anaerobic bacteria and release previously
adsorbed or occluded P to solution. Besides, the microbial sulfate reduction at low redox conditions
limits the mobility of metals by the formation of metal sulfides precipitates (FeS and FeS;) (Borch et
al., 2010). Moreover, if conditions permit, the Fe(ll) released in reducing condition can precipitate with
phosphate to form vivianite (Fes(POa4).-8H,0) and contribute greatly to P retention during early
diagenesis (Rothe et al., 2016).

1.1.4.2. pH

The pH controls the phosphate speciation and also the precipitation and dissolution of many secondary
minerals such as apatite, calcite, siderite. P is commonly present as HPO4? in alkaline environment and
as HPO4 at pH lower than 7 (Fig. 6) (Azam et al., 2019). For pH between 7 and 8.5, P can co-precipitate
with Ca to form hydroxyapatite and this complex dissolve when the pH decreases to lower than 5
(Hinsinger, 2001). In contrary, the increase of pH to be neutral or slightly alkaline below 8.5 increase
the solubility of Fe and Al phosphates (Reitzel et al., 2013; Willard, 1979) and limit the P retention onto
sediment.
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Figure 6. Phosphate speciation in natural environments (Azam et al., 2019).

1.1.4.3. Microbial activities

The microbial community attributes important role during the degradation of OM. Microorganisms can
exudate extracellular enzymes, electron shuttles and chelating agents into pore water to increase the
bioavailability of P (Rézyto and Bohacz, 2020). The structure of these exudates depends on their
purpose. The extracellular hydrolytic enzymes act on both particulate and aqueous organic P species to
produce free orthophosphates, which are the only form of P accessible to biota. The microorganisms can
alter the amount of P in surrounding environment by accumulation within the cells. The polyphosphate
content in aerobic microbes can count for 10 % of TP of surface sediment (Hupfer et al., 2007). The
limitin P availability puts stress on the microbes and stimulates a system that transforms orthophosphate
into insoluble polyphosphate to store inside the cell (Hupfer et al., 2007). The P accumulating bacteria
therefore contribute potentially to a portion of the P fluxes between the sediment and the overlying
water.

Benthic biota induces physical perturbation of sediment, called bioturbation. The mechanism of
bioturbation includes bioirrigation which transport solutes, bioconveying which transport particulate
and sediment mixing (Fig. 7) (Andersson et al., 1988; Meysman et al., 2006). The disturbing of surface
sediment, that are rich in P, mobilizes P to water column. The movement of invertebrate constructs
burrow tubes and enhance the transport of solute from pore water to water column (Chaffin and Kane,
2010; Gautreau et al., 2020). The burrow construction also introduces oxygen, it results in the
precipitation of Fe and Mn oxy(hydr)oxides at burrow wall and limits the P mobilization (Lewandowski
and Hupfer, 2005).
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Figure 7. The bioturbation enhancing nutrient transport from sediment to overlying water during
sediment resuspension induced by flow perturbation (Xie et al., 2018).

1.1.4.4. Temperature

Temperature has been shown to stimulate primary production in water surface and induce higher
biomass density to bottom sediment (Sgndergaard et al., 2003). The higher temperature also improves
microbial activities in mineralization of organic matter, especially of organic P, and consequently
enhance mobilization of dissolved P (Gudasz et al., 2010). Furthermore, the seasonal temperature
variation resulted in the seasonal stratification in lakes. In summer, warm weather results in higher
primary production at surface water. The deposition of dead organisms provides a new carbon supply
to biomass present in the sediment. The decomposition of these organic matters and thermal stabilization
of water column, which is caused by the difference in water density of warm surface and colder bottom,
induces anoxic condition at the sediment-water interface at hypolimnion zone.

1.1.4.5. Drying and rewetting cycles

The drying and rewetting (DRW) cycles alter water content in soils and sediments; they are caused either
by seasonal fluctuation in water level of rivers, lakes, reservoirs or on purposes such as power production
or flood monitoring. The P bound to soils and sediments that undergo drying and rewetting cycles can
be significantly impacted by the physical, chemical and biological exchange with aqueous environment
(Zhang et al., 2012). The main mechanisms contributing to P dynamics during drying/rewetting of
sediment are the change in bacteria community and change in water chemistry at sediment-water
interface. The alternate DRW of soils and sediment are shown to enhance the release of TP upon
rewetting (Schonbrunner et al., 2012) by stimulating the mineralization rates and iron oxyhydroxide
dissolution. During desiccation, the oxidation of metal sulfides resulting in acidification leads to higher
consumption of alkalinity, dissolution of calcite, cation exchange reactions and subsequently the
weathering of Al and Fe oxy(hydr)oxides. However, the prolonged drying periods show acceleration in
mineral aging, results in the higher crystallinity of ferric oxy(hydr)oxides and in the decrease of reactive
binding site for P (Schénbrunner et al., 2012). The desiccation of sediments also acts on microbial
community. The loss of obligate anaerobic bacteria, who die or shift to resting stage during drying
(Blackwell et al., 2009), limits the reduction of ferric oxy(hydr)oxides and sulfate, thereby, P remains
sorbed to ferric minerals. Overall, repeated drying and rewetting are likely promoting P release upon
rewetting.
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Conclusion

Due to its high affinity to solid phases, P is often found in association to soil and sediment particles. The
largest pool of P in global cycles are terrestrial soil and aquatic benthic sediment. The amount of soluble
P compounds present in watershed is relatively minor compared to the fraction associated to soil
materials, such as iron oxy(hydr)oxides (Cavaliere and Homann, 2012) and to carbonate species (Toner
and Catling, 2020). Soil erosion due to forest clear-cutting and widespread cultivation has increased
riverine suspended matter concentrations, and thus increased the riverine particulate-P flux. Dams, in
contrast, decrease sediment loads in rivers and therefore diminish the phosphorus flux to the oceans.
According to a model calculation of Maavara et al., (2015), the dam building reduces greatly the
downstream transfer of P to coastal marine environments by 12 % from 1970 to 2000 and could extent
to 17 % by 2030 due to the construction of about 3700 new dams globally. The P retention in reservoirs
can significantly constraint the delivery of P to downstream areas, influencing regional nutrient patterns,
trophic conditions, and food web dynamics (Friedl and Wuest, 2002). Nevertheless, P accumulation in
dam reservoir can become a source since dam reservoirs often possess large lake-like features that can
induce anoxic condition at the bottom zone via transformation of biogeochemical properties occurring
in lentic water bodies (Habets et al., 2018). This internal P load is estimated to be approximately 24 %
of annual external TP load (North et al., 2015) and triggers long-term in reservoir water. All these effects
of river damming represent critical anthropogenic perturbation of the continental P cycle, consequently,
requiring the better evaluation of river damming on riverine P fluxes and any transformation of P within
reservoir to fully determine the associated environmental impacts.

1.2. Temporary storage of phosphorus in dam reservoir
1.2.1. Phosphorus entrapment in dam reservoir

The intensive river impoundment constructions over the past few decades have significantly affected
the hydrologic and hydraulic characteristics of river-ocean continuum. It is estimated that more than 50
% of the world’s streams and rivers flow through one or more dams before reaching the oceans (Van
Cappellen and Maavara, 2016). Large reservoirs decrease the global sea level by approximately 30 mm
(Chao et al., 2008) and capture 30 % of total annual runoff (Postel et al., 1996). Water storage in large
reservoirs retains nutrients through biological consumption, physical sedimentation, and results in the
interruption of nutrient transport to downstream of the dam. The nutrient retention within dam reservoir
has shown impacts on nutrient delivery from inland to ocean areas and also on the water and sediment
quality of reservoir themselves (Wang et al., 2019). The sedimentation of mineral particles and organic
debris carries P to the bed sediment. The sediment acts as a sink and also a potential source of P
depending on the biogeochemical condition of overlying water as well as the speciation of sedimentary
P (Rapin et al., 2019; Wang et al., 2009).

With raising in economic development and high demand on non-fossil fuel-based energy resources,
about 3700 hydropower dams are under construction or planned to be implemented in near future (Zarfl
et al., 2014). Therefore, the global river TP retention by river damming will notably increase compared
to the last century. It has been estimated that the retention fluxes of TP by dams in the years 1970 and
2000 were 22 and 42 Gmol/year, in correspondence to global riverine fluxes of P increase from 312 to
349 Gmol/year from 1970 to 2000 (Maavara et al., 2015). Thereby, global TP retained by dam
construction had increased from approximately 7 % to 12 % for 30 years. The higher sequestered pool
of P in reservoir were due to the building of 2500 new dams (65 % have residence time of more than 6
months) (Maavara et al., 2015).
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In Europe and South America, it is interestingly that the TP load input from river to coastal areas
declined significantly in impounded rivers compared to no-dam rivers, despite the watershed received
higher anthropogenic TP loads (Maavara et al., 2015). This effect could imply firmly the implicit
retention of P in reservoir sediments. As P is an important element to control aquatic primary production,
the effect of riverine damming on P transport should be well identified in order to better understand the
associated impacts on interconnected environment.

1.2.2. Reservoir functioning and its impacts on within-system and downstream river

Reservoirs are often characterized by specific features against rivers and lakes, including the control of
outlet, origin and geographical placement in river network (Hayes et al., 2017). Reservoirs are usually
divided into three zones: river (lotic), transitional and lacustrine (lentic) (Fig. 8).

Riverine Transitional Lacustrine

\l\ Epilimnion }
Metalimnion / L

~

Hypolimnion

Figure 8. The vertical and horizontal zonation of a stereotypical deep reservoir with summer
thermocline ending at 4°C at the bottom sediment (Ruhl et al., 2014).

According to Jgrgensen et al., (2005), the inflow riverine region is characterized by narrow channel
cross-section, shallow water level depth and rapid water flow, which reaches maximal velocity near the
center and surface. At transitional region, the river flow becomes slower and less turbid before entering
the more stagnant lacustrine water. The lacustrine zone possesses some characteristics similar to lake
such as more balanced and stagnant water, but also contains deeper zones, superior surface area, larger
drainage basin, strongly vertical stratification and higher shoreline development (Galizia Tundisi, 2018).
In many reservoirs, the variation in water level is higher than in natural lakes as the combined effect of
natural inflow variability and operational purposes. The highest fluctuation often takes place in the
regions subjected to high periodically variated inflow (Jergensen et al., 2005).

Dam reservoirs have brought various social and economic benefits, but their construction impacts all
river system they fragment (Galizia Tundisi, 2018; Hoeinghaus, 2018).

Dam reservoirs disrupt the continuity of river flow, lead to the deposition of bedload (gravel, cobbles
and sand) and a portion of washload (suspended materials that carry mainly silt and clay) within the
upstream reservoir and the release of sediment-starved water flow to downstream, causing channel
incision downstream and the coarsening of downstream bed sediment due to the lack of upstream
compensation for the loss of fine sediment (Csiki and Rhoads, 2014; East et al., 2018; Guo et al., 2020;
Kondolf et al., 2014). The changes in flow and sediment regimes are often received more announced
attention for their negative impacts on downstream system of the dam. However, their influences on
upstream system are also significant because the variability in sediment pulses of river channel can alter
geomorphological properties of upstream flow. The sedimentation along riverbanks can narrow down
the cross-section of river before it reaches the reservoir, meanwhile the accumulation of sediment
materials modifies the bottom terrain of reservoir (Csiki and Rhoads, 2014; Liro, 2016). The river flow
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generally slows down in the reservoir upstream during the period of high-water level and stimulates
sediment deposition in the channel and on the floodplain (Liro, 2014). Fine-grained sediment is crucial
for the structure of some riverine forms (vertically accreted floodplains and estuarine mud flats), it can
act as a turbidity source and play important role in transportation of nutrients and contaminants (Kondolf
et al., 2014). The reservoirs with long residence time can trap the suspended load; the percentage of
suspended sediment to be trapped within a reservoir increases with residence time (Kondolf et al., 2014).
According to Vorosmarty et al., (2003), it is estimated that a 1-day residence time can result in a
substantial percentage (more than 80 %) of inflowing suspended sediment to be trapped by the large
dams, with 55 % of coarse sediment and 30 % of colloidal and dispersed fine sediment (silt and clay).
The sequestration of sediment is mainly occurring during rainy season when the suspended load is high
(Xu and Milliman, 2009; Yang et al., 2014). The allocation of suspended sediment depends greatly on
the material properties and flow velocity, in which the abundance of fine particles is always found
predominantly in the reservoir front area and coarsening laterally with increasing elevation (Fonseca et
al., 2010; Guo et al., 2020; Tang et al., 2018a). The sediment trapped in the reservoir upstream area is
comprised of mainly finer material (fine and medium silt with 50 % is clay minerals), whereas the
sediment in the immediately downstream of the dam contain coarser texture, mainly fine and medium
sand (Guo et al., 2020; Rapin et al., 2020).

The siltation in reservoir terrain reduces the water storage capacity and particularly threats the reservoir
water quality. An example in Missouri River showed an average bed rise of 7 cm/year which contributes
to an average of 3 m increase of bed rise to the pre-dam period, that forced a town to be reinstallation in
higher altitude due to increased flooding (Coker et al., 2009). The global reservoir storage can be half
filled by 2100 and the consequently impaired functions of the dam demand cautious actions to achieve
sustainability in water supply and sediment management to replenish ecological loss of coastal land
(Kondolf et al., 2014).

The decantation of (in)organic matter and nutrients/contaminants sorbed to and transported by fine
sediment in reservoir, due to the decreased flow velocity, can improve the downstream water quality,
but in contrary, could act as a long-term source of pollution, particularly for phosphorus (Jan et al., 2013;
Zarfl and Lucia, 2018).

The dammed rivers have been taken into account as one of the hot spots for methane emissions and the
large dam reservoirs are estimated to increase the global methane emission from freshwater bodies by
up to 7 % (Maeck et al., 2013). Since the methane release has higher potential to increase global warming
than carbon dioxide release (Cole et al., 2007), the deposited sediment in dammed reservoir promoting
anaerobic degradation of organic matter will increase the global climatic impacts further than aerobic
degradation. Another major parameter to assess aquatic environment is the limiting nutrient P. Various
researches have established the massive retention of P in dam reservoirs (Jossette et al., 1999; Teodoru
and Webhrli, 2005; Lopez et al., 2009; Kunz et al., 2011; Maavara et al., 2015; Van Cappellen and
Maavara, 2016; Tang et al., 2018a) and its cohesively anoxic release from deposited sediment to surface
water can cause severe effect to water quality, especially the eutrophication (Nlrnberg, 2009; Welch
and Cooke, 2005).

Furthermore, the alterations in the amount and composition of sediment, water quality, temperature and
food availability upon dam construction lead to significant negative impacts on the ecology of aquatic
ecosystems, increase the fish mortality (ie., Corieus guichenoti) and decrease the reproduction success
(Wu et al., 2019). The major effects encompass the increase abundance and proliferation of
phytoplankton (Li et al., 2013), especially cyanobacteria such as Microcystis aeruginosa; decline of
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zooplankton such as rotifers (Dickerson et al., 2010); blocking migration pathways and consequently
decrease abundance and biodiversity of fish and aquatic mammals (Hoeinghaus, 2018); loss of natural
habitats and animal-plant symbiosis (Emer et al., 2013).

1.2.3. Dam reservoir management and impacts on within-system
1.2.3.1. Flow management

Many reservoirs lead to alteration in hydrology due to flow management in response to multi-purposes
by water storage and discharge. Depending on the purpose, the level of water in reservoir changes daily,
weekly, monthly or seasonally throughout the year (Kaczmarek and Kindler, 1982). At some critical
periods of the year, the inflow supply is insufficient to the outlet discharge of the reservoir in comparison
to hydrological drought condition and can subsequently result in the lower level of water at all points of
reservoir, particularly in the riverine section. During that period, the sediment at the bank of reservoir
are potentially exposed to the air and eventually to drying partially or thoroughly. During the filling by
upstream river water, the water level raise and inundate once more the dried sediment. This phenomenon
occurs regularly and alternately at the bank of reservoir and is different than the natural fluctuation of
water level in most lakes and rivers (Zhang et al., 2012). The alternating inundation and desiccation of
sediments have shown complexity in physical, chemical and biological transformation processes
between interstitial and overlying water. Gu et al., (2018) notified the release of both reactive and
unreactive dissolved phosphorus in fraction lower than 0.45 pum, which can comprise the presence of
colloidal P, following the rewetting of dried soils. Gu et al., (2018) also suggested an important amount
of colloidal/nanoparticulate P mobilized during rewetting and this fraction is constituted by Fe/Al
oxy(hydr)oxides and organic matter. The release of colloidal P caused by dry/wet cycles can become
potential source of P for aquatic organism and support eutrophication. In addition, some reservoirs
experienced the water emptying event can lead to the drying of sediment and probably induce impacts
on nutrients exchange along water column during following reflooding events. The exposure of sediment
during water drawdown enhances the contact of oxygen to previously inundated sediment. In
particularly, previously reduced species (for example, Fe and Mn) are oxidized, thus immobilizing
phosphate via sorption and/or (co)precipitation and lowering the dissolved P concentration in restored
flow. However, on the other side, the larger amount of particulate P would be mobilized under
resuspension (Ahearn and Dahlgren, 2005; Cavaliere and Homann, 2012).

Other options for water quality management includes hypolimnetic oxygenation system (HO), sub-dam
or bypass channel for preventing nutrient or sediment from coming into reservoir, advanced hydrological
forecasts and climate prediction to be more flexible in flow management/mimic natural flow. The HO
system is a technique used to inject air or oxygenated water to the bottom layer and thus maintain the
well-oxygenated condition of many seasonally stratified reservoirs (Munger et al., 2016). The use of
HO system has advantages in increase DO level to more than 8 mg/L (Munger et al., 2016), increase P
sequestration by limiting redox-dependent P release (Munger et al., 2016; Niemisto et al., 2019; Preece
et al., 2019), decrease NH4" concentration by stimulating activities and population of nitrifying bacteria
(Beutel, 2006). In contrary, in some cases, the HO system shows disadvantages by increasing
hypolimnetic temperature and turbulence, consequently, enhances nutrient recycling from sediment to
water column and reallocates settling materials, resulted in the higher primary production and organic
matter deposition to bottom layer (Niemisto et al., 2019).
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1.2.3.2. Sediment management

In reservoir, sediments accumulation induces a reduction of their capacity to store water, causing
degradation in dam infrastructure and safety problems (Kondolf et al., 2014; Wang et al., 2018). In order
to restore reservoir capacity, various management activities have been applied (Fig. 9) and are
composing of four major approaches: (1) to reduce sediment entrainment via bank/slope protection and
reforestation; (2) to minimize sediment trapping, for example, via venting turbid flow during high
sediment load season and the implementing sediment by-pass channels; (3) to remove trapped sediment
in reservoirs by dry/wet excavation or suction dredging; (4) to develop adaptive structural and functional
strategies (International Hydropower Association, 2019; Kondolf et al., 2014; Morris, 2020).
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Figure 9. Strategies for sediment management in dam reservoir (International Hydropower Association
2019)

The first two approaches act on both the maintenance of reservoir storage capacity and delivery of
sediment to downstream, whereas the third method focus only on storage capacity. The fourth approach
is not aimed to adjust sediment balance but instead, to address the techniques to mitigate the storage loss
(Morris, 2020). It has been estimated that the building of by-pass channel can exclude 90 — 95 % of total
sediment load and extent the reservoir life by ten folds (Morris, 2020). The implementation of sluice
and drawdown flushing involves in the freely passing of sediment through the dam without upstream
impoundment and transport to the downstream (Kondolf et al., 2014). However, the sediment that has
been excluded from reservoir can induce significant environmental risks such as pollutant transfer. The
sediment flushing flow results in a drastic decrease of dissolved oxygen concentration due to the hyper-
concentrated sediment load up to hundreds of thousand mg/L of suspended solid concentration (SSC)
(Baoligao et al., 2016; Buermann et al., 1995); the increase of biological oxygen demand (BOD)
concentration in downstream river due to the resuspension of organic matter (Chung et al., 2008); and
the recorded release of contaminants that were previously retained in reservoir sediment, such as some

hydrophobic organic contaminants (Lepage et al., 2020), trace elements (Bretier et al., 2019; , Palanques
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et al., 2020) and other heavy metals (Peter et al., 2014). The remobilization of contaminants associated
to flushing sediment can induce bioaccumulation of contaminants by aquatic organisms and plants,
increase damage and mortality by the toxicity of contaminants, river-ocean transport of contaminants
especially in colloidal forms (Wildi et al., 2004).

1.2.4. Internal loads of phosphorus in reservoir

Internal loading of P is coming from the accumulation of sediment during high external nutrient input
events (Jeppesen et al., 2005; Sgndergaard et al., 2003) (Fig. 10). The high internal loading of P may
delay or prevent aquatic ecosystem from recovery after experienced algal bloom (Parsons et al., 2017).
The internal P loads are driven by two major opposite fluxes: downward flux due to sedimentation of
particulate P coming from external input and particulate P produced in water column; upward flux due
to organic matter decomposition and reductive dissolution of P-bearing minerals (Jeppesen et al., 2005;
Orihel et al., 2017).

External P 3-
Uptake PO,

Resuspended
particulate P

Sedimentation

Release

Figure 10. Simplified internal P cycle in reservoir adapted from (Cavalcante et al., 2018a).

The bottom sediment typically become anoxic at a few millimeters below the surface (Kdster et al.,
2000). Once P reach bottom sediment, it will become a part of complex and interexchange redox
reactions to be either permanently buried or released back to overlying water. The redox potential, pH
and the concentrations of organic matters, iron, aluminum, calcium are some of the main parameters
influencing the P mobility at sediment-water interface. The sequential extraction of sediment has shown
different constituents of sedimentary P depending on the deposit location of sediment. In granitic
catchment or the catchment that has luvisols, the sedimentary P in deep reservoir was dominantly
associated to amorphous Fe/Mn oxy(hydr)oxides (Cavalcante et al., 2018; Rapin et al., 2019), whereas
in riverine section, P was mainly bound to calcium and amorphous Fe/Mn oxy(hydr)oxides (Rapin et
al., 2020). Iron and manganese are redox-sensitive elements; hence under anoxic condition at bottom
sediment, associated P is released through the dissolution of Fe/Mn oxy(hydr)oxides and migrate to
surface water. Therefore, the variability in P dynamic in reservoir is strongly depending on the
hydrological dynamic upon reservoir management.

Conclusion

Overall, dam construction, functioning and management have led to significant change in hydrology of
the river, biogeochemical cycles of various elements of the reservoir and thus increase the risk of

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 31
Licence CC BY-NC-ND 3.0



eutrophication. To better understand and monitor P mobility, it is substantial to pay attention to the
physical, chemical and biological parameters that can drive the transformation and migration of P from
sediment to water column. Consequently, redox potential, pH, temperature, microbial activities, dry/wet
cycles, and composition of P pools should be studied. Since P has high affinity to solid phase, the transfer
of P to downstream river is not limited to soluble form but also in solid and colloid forms. Special
attention should be paid to colloidal P which remains suspended and potentially labile to be uptaken by
phytoplanktonic species.

1.3. Why do we focus on colloidal fraction?
1.3.1. Colloids
1.3.1.1. Definition and functional behaviours

Colloids, which are abbreviation of colloidal systems, originated from a Greek word “kolla” means
“glue” and refers to a glue-like two-phase system constituted of a dispersed phase, of fine and evenly
distributed particles, and a dispersion medium as a whole (Ho, 2013; Shchukin et al., 2001). Even
though, through common usage, the term colloids became an acronym for the dispersed particles
themselves, especially in environmental aspect. According to IUPAC Recommendations 2011, colloidal
is the state of subdivision such that the molecules or polymolecular particles dispersed in a medium have
at least one dimension between approximately 1 nm and 1 um, or that in system discontinuities are found
at distances of that order.

In natural water system, the behavior of contaminants is generally defined by three-phase systems. Their
occurrence and distribution depend strongly on the partitioning between stationary solid material, solute
phase, and the suspended matters. Certain portion of suspended matters will settle through time, whereas
half of them will remain in suspension even over long period of time in the absence of aggregation and
represent “colloids” (Wilkinson and Lead, 2007). Colloids are generally suspended particles that do not
settle through time under ideal condition. The stability of colloids depends largely on electrical charges
of individual particles and thus depends on presence of dissolved electrolytes (Mahmood et al., 2014).
In stable dispersion, the collisions between particles do not lead to aggregation because interparticle
repulsion forces dominate, thus the colloids remain dispersed indefinitely although the colloids bigger
than about 0.1 um should sediment depending on their density (Mahmood et al., 2014). In unstable
dispersion, collisions lead to aggregation and large aggregates sediment depending on their relative
density (Mahmood et al. 2014). The fundamental interaction between colloidal particles is often
explained through DLVO theory (developed by Derjaguin and Landau (1941) and Verwey and
Overbeek (1948) independently). According to DLVO theory, the stability of colloidal dispersion is
driven by the balance between the long-range repulsion of the double layer and the short-range attraction
due to Van der Waals forces (Biermann, 1996; Hamad-Schifferli, 2014; Ohshima, 2014) (Fig. 11).
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Figure 11. The interaction between two colloids described by DLVO theory with the total potential
energy (V), repulsive energy due to electric double layer (Vr) and attractive energy due to Van der
Waals (Va). (1) corresponds to long Debye length at low electrolyte concentration. (2) corresponds to
short Debye length at high electrolyte concentration. (Hamad-Schifferli, 2014).

The Van der Waal interactions are non-ionic in nature (Roy et al., 2015) and are purely interparticle
attraction between fluctuating dipoles at close distance (Ohshima, 2014). Whereby, the double-layer
repulsive forces between two colloidal particles is due to the overlap of double layers of particles at very
long or very short distances (Hamad-Schifferli, 2014). The surface potential of colloid become
negatively charged when negative ions in solution are adsorbed to its surface. To maintain the electrical
neutrality, this negatively charged colloid eventually attracts positive counterions (Stern layer) and an
electric double layer is formed surrounding the colloid (Park and Seo, 2011) (Fig. 12). The concentration
of counterions declines exponentially from the stern layer and results in an ionic cloud called diffuse
region of the electric double layer (Mahmood et al., 2014).

When colloid moves in solution, the overlapping of similar charged electric double layer between
colloids give a repulsive force that pushes the colloids apart (Mahmood et al., 2014; Shaw, 1992). The
double layer interactions depend on the variation in ionic strength of the dispersed medium (Adair et al.,
2001). The determination of the total interaction energy via addition of these two forces can predict the
stability of colloidal solution. At low electrolyte concentration, the repulsive forces dominate, resulting
in positive total potential energy, referring to stable colloidal suspension. Meanwhile, at high electrolyte
concentration, the Van der Waals attractive forces are dominant and there is no barrier energy for colloid
to be coming in short contact with each other and lead to fast colloid aggregation (Hamad-Schifferli,
2014).
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Figure 12. Electric double layer of colloidal particle (Park and Seo, 2011)

The size of colloids is very small (1 nm to 1 um) (Mahmood et al., 2014), but they are large enough to
scatter the light beam and make visible light pathway (Tyndall effect) that allow them to be visible under
electron microscope (Bajpai, 2018). However, in some extents, the upper size threshold can be
considered to be 2 um (Tulve and Young, 1999) or even 10 um (Sepehrnia et al., 2018). Thanks to their
small size, colloids have a high surface area relatively to their volumes (Dukhin and Goetz, 2017) (Table
3). The proportion of colloids in total particulate mass and volume is small (less than 2 %) but they
represent importantly a high available surface area to adsorb contaminants (Gaillardet et al., 2003; Perret
et al., 1994). Most of colloids have negatively/positively charged surface due to their anionic/cationic
functional groups, respectively (Bajpai, 2018). Colloids can thus adsorb opposite charge ionic
contaminants to their surfaces. The examples are many minerals and solid phases such as clays, iron,
manganese, aluminum oxy(hydr)oxides and humic colloids. For instance, the hydroxyl groups of
inorganic colloids will be dissociated when in contact with water and develop surface charge that
electrostatically attracts charged ions in surrounding liquid on its surface, whereby the organic colloids
can adsorb non-ionic compounds via protonation, ligand exchange and hydrogen bonding (Berkowitz et
al., 2008). Another property of colloids is their Brownian movement due to the collision of dispersed
colloids with molecules in dispersion medium and results in zigzag chaotic movement of colloidal
particles in suspension (Chhabra and Basavaraj, 2019). This Brownian movement also contribute
partially to the stability of colloids in agueous medium.
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Table 3. Particle and colloidal properties of a mole of water versus spherical particle size. The specific
area is applicable for spherical particles of specific gravity of 1.0, for other materials, divide this number
by the specific gravity of the solid material for the given particle radius (Bajpai, 2018; Biermann, 1996)

Particle Particle Particle Particle Area Total Area Total Surface® Specific Area?
Radins Number Volume {cm3} (cmz] l:t'mZJ Energy (Jfmol) (mz 1g)
1.63cm 1 18 332 33.2 0.00048 18.107
1.00mm 4300 419.1073 0.126 540 0.00619 3.0.107%
0.10mm  4.30.10° 4.19.107° 1.26.1072 5400 0.0619 3.0-1072
0.0l mm 4.30.10° 419.107° 1.26.107° 5.4-10% 0.619 3.0-1071
1.00um  4.30-102 4.19.10°2 1.26.107 43.10° 6.19 3.0
01Cum  430.10°  419.10°5 1.26.107° 4.3.10° 61.9 3.0.10t
0.0lum  4320.10"°  410.10°% 126-1071 43.107 610 3.0.10%
1.00nm  4320.10%  4.10.107% 126-1078  43.10° 6102 3.0.10°
01925 nm 6.02.102%  208.1073 466-10°° 2.8.10° 40,300 3.0.10%

Nowadays, the definition of colloids is mostly established based on the size range and thereby,
throughout this thesis: “The term colloids are regarded to any entities that have at least one
dimension ranging from 1 nm to 1 pm.” (Buffle and Leppard, 1995, Stumm, 1993, Xu et al., 2018,
Yan et al., 2017). By this definition, the term colloid also includes nanoparticles which is defined to
have at least one dimension lower than 100 nm (American Society for Testing and Material, 2012).

1.3.1.2. Types of colloids in natural environment

Colloids are comprised of extremely complex and diverse materials: organisms, biological debris,
organic macromolecules, clays, minerals, oxides, particularly coated with organic matter. Though, the
vast variety of colloidal systems can be categorized into four commonly found types (Table 4): inorganic
colloids, biocolloids, natural macromolecular organic matter and the association of minerals with
organic matter (Stumm, 1993; Sen and Khilar, 2006).
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Table 4. The classification and some common examples of colloids in natural environment
(Kretzschmar et al., 1999)

Inorganic colloids | e Rock and mineral fragments, such as clay minerals, quartz,
muscovite

e Mineral precipitates:

- Oxy(hydr)oxides of iron (I11) and manganese (11, 1V)

- Aluminum hydroxides

- Carbonate minerals (calcite CaCOs;, dolomite
CaMg(CO:s3),, siderite FeCOs, etc.)

- Phosphate minerals (apatite Cas(F,CI,OH)(PO.)s,
vivianite Fe3(PO4)2(H20)s, etc.)

- Sulfide minerals (pyrite FeS;0, gypsum CaS04.2H,0)

Organic colloids | Hydrocellulose, lignin, proteins
Humic acids

Biocolloids Microorganisms, bacteria, viruses
Structural biological fibrils

Inorganic-organic | Inorganic colloids coated with organic material
colloids Organic colloids associated with inorganic species

The inorganic colloids are mainly the fragments of rock and secondary minerals that are naturally
present in aquifer, such as clay minerals, and the precipitation of inorganic species. The aluminosilicates
are the most common colloids in aquatic systems due to the mobilization and transport from fractured
rocks and soils (Degueldre et al., 1996; Weisbrod et al., 2018; Wilkinson and Lead, 2007). The
aluminosilicates are important colloidal materials due to their cation-exchange capacity and the variety
in charge types lead to different ways of aggregation, such as the plane-to-plane, edge-to-edge and edge-
to-plane interactions (Wilkinson and Lead, 2007). For example, the flocculation of clay particles can
occur through electrostatic attraction of positive edge charges to negative plane charges (Das and
Sobhan, 2013). The adsorption of anion or desorption of proton due to change in pH of clay particles
alters the charge reversal of the edge and can lead to spontaneous aggregation through edge-to-plane
interaction (Tajana, 2016). Other forms of inorganic colloids in water is the mineral precipitates due to
the chemical reaction upon the perturbation in solution chemical composition or the aeration of anoxic
water (Zaenker et al., 2005; Zanker and Hennig, 2014) including insoluble oxides of iron (I11) and
manganese (I11, 1), hydroxides of iron and aluminum, iron oxy(hydr)oxides and carbonate minerals.
The cycling of colloidal minerals is generally in great concern because of their role in many relevant
transports of contaminants through soil, freshwater and groundwater (Bollyn et al. 2019, Chadwick et
al., 2006; Chen et al., 2015; Chotpantarat and Kiatvarangkul, 2018; Wolthoorn et al., 2004). With large
specific surface area, mineral colloids have strong capacity to sorb various cationic/anionic and non-
ionic contaminants depending on the nature of colloid (Sen et al., 2002; Wikiniyadhanee et al., 2015).
A vast variety of toxic metal ions (examples of Pb, Cu, Cd, Ni, Zn), metalloids (Sh, As), radionuclides
(Cs, Ce, U) and anionic nutrients (examples of phosphate, organic phosphate, polyphosphates) have
been demonstrated to be adsorbed and migrated with inorganic colloids (Zhao et al., 2020; Bollyn et al.,
2019; Islam et al., 2018; Tran et al., 2018; Baken et al., 2016a; Cheng and Saiers, 2015; Jiang et al.,
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2012; Usman et al., 2005; Sen et al., 2002; House and Donaldson, 1986). The investigation for colloid-
enhanced transport of non-ionic compounds has been reported for a common hydrophobic organic
pollutant of phenanthrene (Roy and Dzombak, 1998).

The living microorganisms (viruses and some bacteria) are considered as biocolloids. The viruses and
bacteria, which have size falling in colloidal range, are potentially pathogenic contaminants themselves
or as pollutant carrier (Kim et al., 2003; Kretzschmar et al., 1999; McCarthy and McKay, 2004). Indeed,
the virus and bacterial cells can either accumulate contaminants through uptake process or sorb
contaminants on their surface, corresponding to biosorption. The cell wall of bacteria is more complex
and heterogeneous than the surfaces of inorganic colloids (McCarthy and McKay, 2004). The
exopolymers secreted at the cell surface of microbes are mainly constituted of polysaccharides
(Chatterjee et al., 2019) and are able to bind with metals through covalent bonding between metal cations
and negatively charged ligands of the polysaccharides (Miao et al., 2018). Furthermore, the hydrophobic
organic contaminants can be sorbed on the surface of both dead and live cells of most bacteria, thus
accelerate the transport of contaminants in natural environment (Tsezos and Bell, 1989).

The organic colloids are mainly the macromolecules of organic compounds derived from the
decomposition of plant and soil organic matters, the exudates and biological structure of microbes such
as fibrils secreting at organism-water interface and exopolymer substances (EPS) (Gaillardet et al., 2003;
Stumm, 1993; Thurman, 2012). The organic colloids can account until 10 % of the dissolved organic
carbon in fraction lower than 0.45 pum (Thurman, 1985). In the range of colloids, these organic
macromolecules are dominantly the aggregates of humic acids that have a diameter between 2 — 50 hm
(Thurman, 2012). In the presence of multivalent cations (Ca?*), the flocculation of humic acids occurs
at all pH condition, because the binding of cations to humic acids leads to the decrease in the zeta
potential and formation of bridges that eventually initiates the attachment of humic molecules together
and further aggregation into various size aggregates (from 1 — 5 um) depending on the pH and
concentration of divalent cations (Kloster et al., 2013). In addition, at near neutral pH (6 - 8), humic
acids can dissociate protons from functional groups (carboxyl and phenol) and get negatively charged.
Therefore, the binding of positively charged ions to these carboxylic and phenolic sites of organic
colloids can play crucial role in the retention and mobility of these substances in terrestrial and aquatic
environments (Thurman, 2012; Weber et al., 2018). On the other hand, the humic acids also show high
affinity to bind with organically hydrophobic pollutants (De Paolis and Kukkonen, 1997). Whereby, the
fibril is the structural biogenic packing of acid polysaccharides; these polysaccharides have
multifunctional attribution in productive freshwater as floc formers, colloid scavenger based on
hydrophobicity and facilitating microbial adhesion to surfaces (Leppard, 1997).

The anionic characteristic of organic macromolecules upon the proton dissociation of functional groups,
allows them to bind with minerals and clays to form the inorganic-organic colloids (Gaillardet and
Dupré, 2003; Wilkinson and Lead, 2007). Indeed, in natural environment, the coating of minerals with
natural organic matter is more abundant than the bare minerals (Doucet et al., 2007; Gaillardet et al.,
2003) and this association occurs via several mechanisms: hydrophobic interaction, hydrogen bonding,
electrostatic interactions, cation bridging and ligand exchange (Wilkinson and Lead, 2007). In
particularly to the formation of iron-organic matter (OM) colloids, the OM in soils and water tends to
adsorb on the surface of metal oxides and oxy(hydr)oxides through surface ligand exchange between
OM, carboxylic groups and mineral surface, hydroxyl groups at acidic pH or through hydrophobic force
at neutral pH (Wu et al., 2008). Furthermore, the coprecipitation of insoluble iron (111) with OM at high
C/Fe molar ratios (> 2.8) can lead to the complete coating of mineral surface sites and the desorption of
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coprecipitated OM is in less extent than adsorbed OM (Chen et al., 2014). The OM adsorption capacity
increases with increasing ionic strength and decreases with increasing pH (Wilkinson and Lead, 2007).
Whereas the association of OM to clay minerals, which generally have lower cation exchange capacity
and smaller surface area (Al-Essa and Khalili, 2018), is dominated by the cation bridging, the surface
sorption can also occur through CH: groups of aromatic compounds (Feng et al., 2005). High number
of carboxyl functional groups and hydrophobicity of organic coated on mineral colloids increases
stability and enhances the surface reactivity to sorb toxic metal cations and metalloid contaminants (Hu
etal., 2010; Li et al., 2019). In the eutrophic lakes with presence of phytoplankton EPS, which contains
various types of organic compounds including proteins, polysaccharides, humic and fulvic acids, the
EPS—Ca?* bridging was the predominant mechanism for the enhanced heterogeneous aggregation
mechanisms to form the EPS-colloid in both the absence and presence of electrolytes, enhancing the
knowledge on the behaviors and fates of inorganic colloids in aquatic systems (Xu et al., 2016).

1.3.1.3. Natural sources of colloids in environment

In natural systems, colloids can derive from three major sources: (1) fragmentation from parent materials
by physical disturbance (tectonic activity, freeze-thaw cycles...) of the fragile materials, (2) in-situ
precipitation of inorganic species and disaggregation of large aggregates due to changes in solution
chemistry and (3) biological activities.

(1) Fragmentation from parent materials by physical disturbance (tectonic activity, freeze-thaw
cycles...) of the fragile materials

The detachment of colloids from fragile materials occurs under influence of tectonic activity,
temperature, as well as the act of surface and subsurface water movement (Degueldre et al., 1996, 1989;
Lelong et al., 1976). The alternation of expansion and contraction of rocks upon difference in
temperature and water content establishes internal tension, weakening the surface of rocks and gradually
resulting in fragmentation and mobilization of minerals from parent material (Channarayappa and
Biradar, 2018). The freeze-thaw cycles of soil are also a potential mechanism to release colloids since
the frozen of pore water creates pressure on pore walls, disintegrating the fragile material of soil
aggregates and widening the flow path for latter colloid mobilization during thawing (Mohanty et al.,
2014). Depending on the nature of parent materials, the mineralogical of colloids are inherently varied
in the proportion of silica, alumina, iron, calcium, etc. to present as smectite, illite, muscovite, quartz,
chlorite, calcite, pyrite, etc. (Chattopadhyay and Chattopadhyay, 2003; Wilson, 2004). The organic
content in these colloids is low (Degueldre et al., 2000). The movement of surface and subsurface water
acts a shear stress on soil matrix and release colloids whose composition is similar to the fine fraction
of the bulk (Kretzschmar et al., 1999; Missong et al., 2018). The content of organic matter in colloids
enhance their leaching with soil solution. The coating of organic matter increases the dispersibility of
colloids by shifting the surface charge to be more negative and prevent colloids from coagulation and
fixation to soil matrix (Kalbitz et al., 2005; Kretzschmar et al., 1995). The size and composition of
leached colloids varying depends on the soil texture and soil profile properties (de Jonge et al., 2004;
Missong et al., 2018). However, the size of leached colloids from soil are generally small, the maximum
size in many studies is lower than 450 nm, which cannot thus be removed by filtration at 0.45 um (de
Jonge et al., 2004; Kaplan et al., 1993). Soil with sandy texture showed higher colloid leaching in
comparison to soil with higher clay proportion because the clay fraction can form strong surface
complexes with organic matter (Missong et al., 2018). Newly detached colloids are then translocated
with infiltrating water through soil and sediment profile (Mohanty et al., 2015).
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(2) In-situ precipitation of inorganic species and disaggregation of large aggregates due to changes in
solution chemistry

Another common mechanism for colloid generation is the precipitation of secondary minerals due to
chemical reaction upon the aeration of anoxic waters or the perturbation in water chemistry (Zanker et
al., 2006). The evaporation or dissolution of primary minerals can result in the highly concentrated
solution and is essential for the nucleation and growth of colloids (Lasaga, 1981). The high concentration
of divalent cations, such as iron, magnesium and calcium, can react with carbonate ions to form
carbonate minerals, such as calcite (CaCOs), dolomite (CaMg(COs).), magnesite (MgCQs), siderite
(FeCOs) (Gislason et al., 2010). The acidic condition, for example due to mineralization of organic
matter, lead to the dissolution of carbonate minerals, releasing cations and carbonate ions that increase
the solution alkalinity (Steiner et al., 2019). The divalent cations of Fe and Mn can get oxidized and
precipitated to oxide minerals, but they are rapidly dissolved under reducing condition induced by
microbial activities (Scheinost, 2005). Iron oxy(hydr)oxides (FeOOH) can be formed by the oxidation
of iron(11) mineral such as pyrite (Opdyke and Channell, 1996), whereas the AI** and Si** tend to form
aluminosilicate clay minerals. In general, the common secondary mineral colloids formed by in-situ
precipitation include aluminosilicates, amorphous Al hydroxide, Fe/Mn oxy(hydr)oxides, Fe/Al silicates
(Zénker et al., 2006) and at usual soil pH of 6 — 7, they have low solubility (Scheinost, 2005). However,
the dissolution and precipitation of mineral colloids are strongly influenced by changes in solution
chemistry, such as the alternation of inundation and desiccation in soil and sediment or the transient
flow in subsurface zone. Many soils, riparian zones and shallow river sediments experience change in
water level due to seasonal/annual hydrological pattern or human actions, such as flood monitoring,
water withdrawal and drainage (Gu et al., 2018; Kinsman-Costello et al., 2016). Fluctuation of water
level can expose or inundate large area of sediments, lead to changes in redox potential and thus affecting
biogeochemical processes including sorption-desorption, precipitation/coprecipitation, biological
dissimilation, organic matter decomposition. The exposure of redox-sensitive species to oxygen can
change their mineral form. For example, the drying of immerged sediment can cause a decrease in
amorphous Fe/Al oxides content (de Vicente et al., 2010). The precipitation of reduced iron and sulfur
to form pyrite is observed in the subsoil experiencing desiccation (Lucassen et al., 2002). The drying
and rewetting of soil and sediment do not only lead to the formation of colloids but also impact on the
diffusion/advection transport of colloids by altering the flow path permeability (Mohanty et al., 2015).

(3) Biological activities

The growth/death and metabolism activities of microorganisms are another source for colloidal particles
through the presence of viruses, bacteria, protozoa as well as the production of fibrils, organic skeletons
and protein-rich cell fragments (Keller and Auset, 2007; Wang et al., 2015). In addition, the respiration
of microorganisms, particularly the anaerobic respiration, is well-known for its roles in the reductive
dissolution of mineral species, such as iron oxides and oxy(hydr)oxides (Arnold et al., 1988; Suter et
al., 1991; Peiffer and Wan, 2016). The dissolution of Fe cementing agent can release colloids from the
bulk soil aggregates (Henderson et al., 2012). Moreover, the production of CO. during aerobic
decomposition of organic matter liberates proton and organic acids altering solution pH impacting on
the precipitation/dissolution of pH-sensitive species according to the partial pressure of CO, and
alkalinity of soil solution (Heberling et al., 2014). In addition, colloids and associated contaminants can
be resuspended from sediment to water via bioturbation of benthic fauna and macroinvertebrates
(Brownawell, 1986; Andrade et al., 2020; Gautreau et al., 2020).
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1.3.1.4. Association of phosphorus to colloids

As shown in chapter 1.1.3, phosphorus is present in aquatic environment as free orthophosphate ions,
polyphosphates, in organic compounds, but also in association with particulates (Van Moorleghem et
al., 2011; Baken et al., 2016). The finer fraction of particles, which comprised of colloids and
nanoparticles, have a great interest for acting as P carrier. Indeed, due to their high mobility and high
specific surface area, colloids may carry and facilitate the transport of P in the ecosystem (Buffle and
Leppard, 1995; Lead and Wilkinson, 2007; Rick and Arai, 2011; Zang et al., 2013; Chatellier et al.,
2013; Gottselig et al., 2014; Baken et al., 2016; Gu et al., 2018; Gottselig et al., 2017a; Missong et al.,
2018; Nomoto et al., 2019; He et al.,, 2019; Bollyn et al., 2019; Warrinnier et al., 2019). The
environmental effects of P associated to colloidal particles are different from those of free phosphate
(Baken et al., 2014; 2016). In natural ecosystems, vast heterogeneous mechanisms can contribute to
association of P to colloidal particles, changing according to water composition and physico-chemical
conditions (Baken et al., 2016; Gottselig et al., 2017a). The associated partner of P at colloidal scale can
be either single component: mineral or organic matter; or organo-mineral complexes (Klitzke and Lang,
2007; Gottselig et al., 2017b).

Colloidal P is mostly associated with Fe oxy(hydr)oxides (Baken et al., 2016) since phosphates are
highly adsorbed to Fe oxy(hydr)oxides and oxides through bridging binuclear complex of Fe — O — P
(Parfitt et al.,1976) and the precipitation of Fe(lll)-phosphate occurs at acidic pH (Chatellier et al.,
2013). The adsorbed phosphate on amorphous Fe hydroxide surface can further react with other reactive
sites and become occluded inside the structure of Fe minerals, whereby the crystalline iron
oxy(hydr)oxides, such as goethite, have lower specific surface, thus, lower adsorption capacity and
allows only surface adsorption (Chen and Arai, 2020).

Though, P also associates with colloids constituted of other elements such as OM, Al, Ca, Si, Mn. In
arable topsoil, colloidal P are dominantly present in association of OM and amorphous Fe/Al oxides in
nano fraction < 20 nm and in aggregates of fine clay, whereas P in association with OM and more
crystalline Fe oxides is found in fine colloid fraction 170 — 225 nm (Jiang et al., 2015). In forest stream
water, colloidal P are potentially linked to Fe oxy(hydr)oxides in nano fraction 1 kDa - 20 nm, in the
intermediate size 20 — 60 nm colloidal P have organo-mineral composition and in large colloid 60 —
300nm, P is sorbed to clay mineral surface by ligand exchange with metal hydroxides (Gottselig et al.,
2017D).

In slightly alkaline soil (pH of 7.5 - 8), P is mainly found in precipitated form with calcium though
calcium phosphate occurs in all soil pH (Beauchemin et al., 2003). The coprecipitation reaction between
phosphate and the calcite surface can occur during the growth of crystal, some of dissolved phosphorus
may also be entrapped or occluded into the bulk structure during rapid crystal growth (Danen-Louwerse
et al., 1995; House and Donaldson, 1986). The presence of Ca can also enhance phosphate sorption via
phosphate-Ca interaction coupled with Fe precipitation and lead to the coprecipitation of amorphous
Ca-Fe(l11)-phosphate (Senn et al., 2015).

The cations Ca, Mn, Al and Mg are well-known as ideal ligands to form bridges between negative
charged particles and are essential bonds between organic compounds or between organic matter with
minerals (Missong et al., 2018; Tipping et al., 1995). The bonding between organic molecules and
minerals/metal cations occurs through direct ligand exchange via hydroxyl group of organic substrates
(Rowley et al., 2018). Dissolved humic substances interact with metal via functional groups that will in-
turn support phosphate sorption (Chen and Arai, 2020). In slightly acidic soil with high organic content
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(pH lower than 5.7), humic acid can form phosphate-Me"™-humate complexes, for example a complex
of RCOO-Ca?—phosphate, through the binding between the oxygen atom of carboxylic ligands with
the calcium ion (acting as a bridge) and phosphate binding to calcium ions (Alvarez et al., 2004).

Generally, the association of P to colloidal particles is principally constituted of various building blocks:
aluminosilicates (clay), organic matter, oxides and hydroxides of Fe, Al and Mn (Lyven, 2003; Hartland,
2013; Baken et al., 2016; Gottselig et al., 2017b) (Figure 13).
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Figure 13. The distribution of different types of P-carrying colloids as function of pH and size in soil
(Chen and Arai, 2020).

1.3.2. Evidences on release of colloidal phosphorus at sediment-water interface

It has been well-known that colloids contribute importantly to the transport of P in soil (Haygarth et al.,
1997, Kretzschmar, 1999; VandeVoort et al., 2013), however almost zero literature studies concerning
colloid-facilitated transport of P has been established at sediment-water interface.

Clay minerals, metal oxy(hydr)oxides, humic substances and microorganism can carry P at colloidal
size at the subsurface environment (Kretzschmar et al., 1999; Hens, 2001; Ulén and Snall, 2007). At
sediment-water interface, P-bearing colloids are potential to migrate through sediment porous medium
to the overlying water by hydrodynamic disturbance, bioturbations or changes in pH and redox condition
(Buffle et al., 1989; Hens and Merckx, 2002; Sun et al., 2007). In the study of He et al., (2019), the
content of colloidal P (difference between TP in fraction 2.0 um and DIP in ultra-centrifuged aliquot)
in sediment in agricultural land is relatively low, 0.5 %, in comparison to total sedimentary P; however,
these P-colloids are the main component of the water-dispersible P fraction of sediment. Once mobilized
to overlying water, this form of P remains stable in water column thanks to their small size, though
colloidal P might be less available than orthophosphate (Baken et al., 2014). However, there are more
mobile than particulate P, and thus can be transported for far longer distance. In lakes and reservoirs
with long retention time, the resuspension of bottom sediment leads to release of colloidal P to water
column and those released P-colloids can resettle only after 1 day without hydrodynamic perturbation
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(Sun et al., 2007). The transportation of sedimentary colloidal P from sediment solution to the receiving
water can be probably in comparative quantity with truly dissolved phosphorus (Zhang et al., 2020).

However, the mechanisms for P-colloid generation or mobilization from sediment have not been
demonstrated. In contrary, mobilization mechanisms of P-colloids have been reported in many
researches for various types of soils, leachate and forest stream water. For example, in riparian soil, Gu
et al., (2018) found strong evidence on subsurface leaching of colloidal/nanoparticulate P during drying
and rewetting events (DRW). The draining of leachate through a soil column was proceed for 30 hours
and followed by drying by flushing O for 2 days, this process was repeated for 3 times. The organic-
rich and Fe/(Al)oxide-rich colloids contributed up to 70 % of total P in fraction lower than 0.45 pm
released from soil leachate immediately after rewetting. The alternation between drying and rewetting
of soil induces both physical (disruption of soil aggregates) and biological (microbial cell lysis)
disturbance on soil that stimulates the mobility of colloidal/nanoparticulate P to soil solution. The
increases in shear forces and capillary stress during drying pore walls and rewetting cause fragmentation
of macropore walls and soil aggregates, that lead to mineral colloids release. Meanwhile, the osmotic
shock upon rewetting of dried soil causes cell lysis and releases organic P to solution. These two
independent P releasing processes can interact to form P-bearing organo-mineral colloids via the
interaction between organic-P molecules and P-poor Fe oxyhydroxide colloids. The similar co-
activation of physically and biologically release of P-colloids might also occur at sediment-water
interface, which is often subjected to water level fluctuation and drying/rewetting alternance (Kerr et
al., 2010; Cavaliere and Homann, 2012).

Furthermore, the released P-colloids from surface and subsurface runoff can migrate to rivers, lakes and
reservoirs. Similar observation of colloidal P transport in runoff was pointed out by He et al., (2019).
They monitored P-bearing colloids in runoff transfer from sloped farmland to sediment during rainfall
event; they showed the content of colloidal P counted for 64.3 % of P loss in runoff and this content was
linearly related to the sediment yield rate. The retained colloidal P within waterbodies having long
retention times would latterly become a source of P to surface water in forms of resuspended P-colloids
or anoxic-derived dissolved P (He et al., 2019; Moura et al., 2020; Zhang et al., 2020). Additionally, the
release of dissolved P from sediment pore water can quickly precipitate with Fe, Ca, Al to form P-
mineral colloids or be adsorbed to colloids upon the oxidation during resuspension (de Vicente et al.,
2010).

1.3.3. Is colloidal phosphorus bioavailable to organisms?

P is an essential nutrient for growth and metabolism of organisms and accounts for approximately 3 %
of the dry weight of all living organisms (White and Metcalf, 2007; Jin et al., 2019). However, not all
forms of P are equally ready for algal uptake (Yang et al., 2018). The bioavailable P (BAP) is the fraction
of P that plant and algae can use for growth and is defined as the sum of immediately available P for
biological uptake and the P species that can be easily transformed into available forms by naturally
occurring processes (Bostrom et al., 1988; Van Moorleghem et al., 2013; Li and Brett, 2015; Yang et
al., 2018). The most bioavailable form of P is the free orthophosphate ions that are readily for algal
uptake, whereas, the majority of other P forms can become available conditionally (eg., P bound to
colloids and amorphous phosphate mineral forms) or are not available (insoluble and crystalline
phosphate minerals) (Reynolds and Davies, 2001).

The colloidal P can be available at long-term scale and their bioavailability would vary depending on
the speciation, therefore, the structural properties of P-colloids shall be well determined (Baken et al.,
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2014). Meanwhile most of organic P can be converted into inorganic phosphate by biomineralization,
chemical decomposition and photodegradation (Bjorkman and Karl, 2003; Guo et al., 2020); the
liberation of bioavailable phosphates from inorganic species occurs via the chemical or biological
dissolution of P-rich precipitation and desorption from metal oxides and hydroxides (Reynolds and
Davies, 2001; Litchman and Nguyen, 2008; Van Moorleghem et al., 2013). The variability in the affinity
of phosphate to mineral surfaces plays an important role in determining its P bioavailability. Guzman et
al., (1994) found that the availability of adsorbed phosphate to iron minerals decreases with increasing
relative affinity for phosphate. For instance, the adsorbed phosphate was more available in hematite and
ferrihydrite than goethite. The amorphous Al oxides are shown to have higher availability than the more
crystalline minerals (goethite) (He et al., 1994). The desorption of P can be driven by changes in pH in
which the increasing pH to above 6.0 would enhance P desorption by increasing competition between
hydroxyl and phosphate ions for specific sorption sites on mineral surfaces (Sato and Comerford, 2005).

According to the series of studies on Fe-rich colloids and their ability to associate with P (Baken et al.,
2014; 2016), the P-saturated Fe-colloids (molar P:Fe ratio of above 2) contain mostly labile P which can
be released within 7 days. Therefore, even though the associated P in the natural Fe-P-bearing colloids
is not immediately available (within 1 hour), its availability for the longer term (days and weeks) should
be examined (Baken et al., 2014). For this long-term BAP, their potential to deliver nutrient for algae
growth can be observed after several weeks of culturing compared to the immediately BAP fraction
(Van Moorleghem et al., 2013).

Additionally, according to Poirier et al., (2012), the fine fraction of sediment sized 0.05 — 1 um, which
was accounted for 50 — 68 % of particulate P in soils, contained more BAP (on average of 0.46 g P/kg,
determined by 0.1 M NaOH extraction) than in coarser fraction of sediment sized 1-100 pm (0.22 g
P/kg). This finding provides an evidence that colloids sizes lower than 1 um contain more BAP than
coarser particles (> 1 um).

In general, though colloid-bound P is indeed having high mobility in aqueous environment, their
bioavailability remains a disputed issue, therefore, requires acute evaluation in order to elucidate their
role in delivering nutrients in regard to environmental problems such as harmful algal blooms.

Conclusion

In environmental sciences, colloids have been receiving increasingly interest thanks to their critical role
in (i) carrying and facilitating transport of nutrients and contaminants in aquatic systems (Chotpantarat
and Kiatvarangkul, 2018; Gottselig et al., 2014; Gu et al., 2018; Tran et al., 2016; Zanker and Hennig,
2014), (ii) their contribution to contaminant speciation in natural environment (Baken et al., 2016, Li et
al., 2019; Liang et al., 2016; Xu et al., 2018) and (iii) the bioavailability of colloid-bound elements
(Bollyn et al., 2019, Wang and Guo, 2000). However, many studies did not differentiate between
dissolved and colloid-bound species. The filtration through 0.45 pm or 0.2 um pore size for separation
of dissolved and particulate species were widely used but this conventional separation ignored the
presence of colloids.

The colloidal systems are generally heterogeneous mixture in terms of size and physico-chemical
components. The finer colloidal fraction might have higher surface area and be composed by materials
that are different than in larger colloidal fraction, thus, lead to different behaviors. Therefore, it is
important to characterize the entire colloidal fraction but so is the distinction of colloidal fraction into
different sub-divisions. In this study, we would like to investigate the fate of phosphorus present in
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fraction sub-micron (< 1 um), which is now called water-mobilizable fraction in this manuscript. As a
result, a subset of nano/small colloids, intermediate/large colloids were performed based on size (Table
5).

Table 5. The classification of colloids based on size ranges

Label Size range (nm)

Small/nano colloids <200

Large/intermediate colloids 200 - 1000

1.4. Current states of natural colloid extraction, separation, fractionation and characterization

A wide range of techniques have been applied to collect and analyze colloids from natural matrices.
This chapter presents common methods used to extract, separate, fractionate and characterize colloids.

1.4.1. Colloid extraction

Mobilization of colloids can be induced by both physical and chemical condition. Colloids are generally
electrical charged on their surface (Khilar and Fogler, 1998), therefore the major factors inducing colloid
release are changes in solution pH and ionic strength. Numerous researches have elucidated the increase
detachment and release of colloids under low ionic strength and high pH (Klitzke et al., 2008; Liang et
al., 2010; Shang et al., 2008). However, change in ionic strength do not always stimulate colloid release,
for instance, in case colloids and attached grains are oppositely charged, the low ionic strength provides
no impact on colloid mobilization due to the strong electrostatic attraction (Sen and Khilar, 2006). The
more common mobilization of colloids in natural environment is found to be relied on hydrodynamic
forces. The act of hydrodynamic forces is complex and multi-dimensional, including lifting, surface
sliding and rolling of colloids (Sen and Khilar, 2006).

To extract colloids from natural matrices, the most employed method is based on physical perturbation
to disturb the balance between colloidal and hydrodynamic forces: aagitation and sonication. Both
techniques generate mechanical energy to overcome attraction forces between colloids and grains,
promoting colloid dispersion and liberation. Agitation provides turbulence through the movement of
solution according to air volume inside container to accelerate colloid dispersion and a kinetic energy
to disrupt aggregates (So et al. 1997). However, the energy induced by agitation often impacts on
unstable structure and barely lead to physical disruption of structure smaller than 2 um (Mentler et al.,
2004, So et al., 1997). In contrast, sonication is more abrasive technique, working by generating
powerful ultrasound vibration amplitudes and cavitation which stress and break aggregate bonds
(Schomakers et al., 2015). The high acoustic pressure emitted to solution caused by sonication can
accelerate the disruption of stable particles with dimension of 2 pm (Schomakers et al., 2015). At energy
range of as low as 60 J/mL, ultrasound energy can easily disrupt unstable aggregates sized 250 um or
smaller, those stable aggregates in smaller size class (clay) can be breakdown under energy of 700 J/mL
(Kaiser and Berhe, 2014). Therefore, a question remains to be elucidated is that how sonication impact
on the liberation of colloids and does sonication generate colloids according to its abrasive energy.

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 44
Licence CC BY-NC-ND 3.0



In addition, the diversification among existing colloid extraction methods encounters also differences in
types and characteristics of material (soils, sediment, surface and ground water) as well as the treatments
of raw material (moist, air-dried, oven-dried at various temperature, lyophilized) (see Table 6). The
drying of soil was demonstrated to increase soil aggregation due to evaporation of water and
precipitation of salts and minerals acting as cementing agent (Majdalani et al., 2008; Munkholm and
Kay, 2002). Meanwhile the sublimation of ice during lyophilization can enlarge pore structure and
facilitate transport of colloids in porous media (Dagesse, 2011). Due to these possible modifications in
physicochemical properties of raw materials when subjected to different drying conditions, differences
in sample storage could induce variation in quantity and quality of colloids to be extracted compared to
fresh moist sample.

1.4.2. Colloid separation

The separation of colloidal fraction from particulate and truly dissolved fractions has been performed
by several methods such as sedimentation, membrane filtration and centrifugation. Among them,
filtration and centrifugation are more widely used than sedimentation.

1.4.2.1 Sedimentation

Sedimentation is a process that Brownian particles attain a certain settling velocity due to an external
field (Dhont, 1996). A common sedimentation is based on gravitational field, which is an effective and
economic means to clarify particles from suspension. Depending on the size and density of particle, a
settling velocity can be used to characterize and separate different species of Brownian particles. During
sedimentation, according to designated settling velocity and time, to separate particles at 1 um, a long
detention time would be required. Therefore, sedimentation is often coupled filtration or centrifugation
in which particles that do not deposit and remain in suspension will be carried out to further treatment
such as filtration or centrifugation to obtain colloidal size fraction.

1.4.2.2 Membrane filtration

Membrane separation is a versatile method for isolation of colloids from natural materials due to its
feasibility for field operation, simplicity and low cost (Morrison and Benoit, 2001). In general, the
sample solution is put under vacuum or pressure to flow through membrane surface. All the particles
larger than pore size of filter paper are retained, while small particles and solutes pass through the filter.
The accuracy of filtration is considered being high in case of no retardation, though in reality, its
accuracy is often limited by formation of filter cake, membrane clogging (Zirkler et al., 2012), but also
due to interaction with membrane. The foulant layers formed during filtration of colloidal solution
exhibit the transition characteristic between concentration polarization and deposition (Chen et al.,
1997). The concentration polarization refers to an increase in local concentration at near membrane
surface compared to the bulk concentration that is caused by retention of particles (Bowen and Jenner,
1995). This significant mass polarization leads to a phase transition of matter from dispersed to
condensed states (Bacchin et al., 2006; Bessiere et al., 2008). At sufficient concentration at polarized
layer and weak repulsive forces between colloids, colloids can flocculate, deposit and form a cake layer
that causes decreasing permeate flux (Tang et al., 2011). Meanwhile the filter clogging refers to the
entrapment of colloids within the net of multilayered and complicated membrane structure (Zirkler et
al., 2012). The increase of filtration volume can easily lead to overload membrane filter and decrease
effective pore size due to colloids got lost or attached in/to pore structure and increase amount of colloids
being retained (Morrison and Benoit, 2001). The recommendation for routine practices with filtration is
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to pass small sample volume, terminate the collection of filtrate when permeate flow decreases and use
multiple filters for large sample volume (Morrison and Benoit, 2001). Many factors are assumed to
impact the colloid retention during membrane filtration including the characteristic of membrane and
colloidal particles as well as solution chemistry.

One of the pronounced characteristics playing role during filtration of colloids is the membrane
morphology (Fig. 14). The polymer track-etched membranes with straight cylindrical pores, such as
polycarbonate and polyester (Fig. 14-3A and 3B), has lower abundance of pores at filter surface thus
colloids deposit more in the space between pores (Iritani et al., 2017; Zirkler et al., 2012). The tortuous
path membranes such as glass fiber (Fig.14-2A and 2B), cellulose acetate, cellulose nitrate (Fig. 14-1A
and 1B), are recommended for colloid fractionation because they are not easily clogged as track-etched
membrane (Morrison and Benoit, 2001). However, the colloids often get lost within their multilayered
and interconnected structure (Zirkler et al., 2012).

The surface charges and hydrophobicity of colloids involve in the interactions of colloid-colloid and
colloid-membrane. If the filter and colloids have opposite charges, colloids are then attracted to the pore
surface of filter due to the electrostatic adsorption (Lee , 1998). The increase in ionic strength will
decrease the Debye length of electrical double layer, causing lower energy barrier and enhance
aggregation of colloids or attachment of colloids to filter surface (Tang et al., 2011). The increase ionic
strength, in general, leads to higher membrane fouling for small pore size membrane filter (Boussu et
al., 2007). Furthermore, the difference in hydrophobicity between colloid and filter surface is another
factor to determine the attraction (retention) or repulsion of colloids to pore walls (Brant and Childress,
2004).

Figure 14. The surfaces of tortuous path membranes (1) 1.2 um cellulose nitrate filter, (2) 1.0 um glass

fiber filter and polymer track-etched membrane (3) 1.0 um polycarbonate filter. A: before filtration. B:

after filtration of 10 mL soil suspension (S/L of 1/10). Images are taken from the work of Zirkler et al.,
(2012).
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1.4.2.3 Centrifugation

Centrifugation is an accelerated sedimentation method with the application of intensive g-force (Ermolin
and Fedotov, 2016). The problems of clogging and interaction of colloids with membrane filter during
separation by filtration can be minimized when using centrifugation. Colloids are settled based on size
at a given centrifugal force and time depending on particle density. Therefore, the accuracy of this
technique depends greatly on particle material, size and shape (Shard et al., 2018). However, in natural
samples, particle densities encounter a wide range from less than 1.0 g/cm?® for organic particles to more
than 5 g/cm? for iron oxide particles (Teja and Koh, 2009; Mankasingh and Gisladéttir, 2019). This
diversity in particle density, concomitant with the polydispersity in size of natural colloidal material,
will consequently lead to the difficulty in the achievement of precise size separation when using
centrifugation (Zirkler et al., 2012). In addition, the assemblage of colloids into large particles can occur
during centrifugation if the centrifugal force exceeds the interparticle electrostatic repulsion (Salim and
Cooksey, 1981; Fan et al., 2015). Due to the infeasibility to obtain homogeneity in size or particle density
of colloids from heterogeneous natural samples by centrifugation and to avoid the clogging of filter by
large particles during filtration, the filtration at higher porosity or combination of both centrifugation
and filtration can be a solution to obtain a precise size-separated colloidal fraction (Shand et al., 2000,
Séquaris et al., 2013).

Other rarely encountered methods are listed in Table 9 including continuous flow centrifugation (CFC)
and hollow fiber filtration (Hart et al., 1993) as well as straining through soil column (Kaplan et al.,
1993).

1.4.3. Colloid characterization

The size, quantity and chemical properties of colloids has been characterized using various techniques
and detailed discussion is provided in the following.

The size distribution and chemical composition are important properties in order to evaluate
environmental colloids fate and behavior. The common methods used in measurement of size
distribution include laser diffraction (LD), multiangle laser light scattering (MALLS) and dynamic light
scattering (DLS). The LD and MALLS share similar principle by measuring size distribution based on
the Fraunhofer and Mie diffraction theory in which the diffraction patterns (intensity and angle of
scattering light) of a particle is proportional to its size (Ermolin and Fedotov, 2016; Varga et al., 2019).
The difference between these two methods is that the MALLS allows measurement at several angles of
scattered laser beam (Ermolin and Fedotov, 2016), whereas the DLS is based on the fluctuation in light
intensity caused by Brownian motion of particles in suspension (Derkachov et al., 2020). The intensity
fluctuation is linked to velocity of Brownian movement and allows calculation of particle size following
Stokes-Einstein equation (Ermolin and Fedotov, 2016). Image analysis by scanning electron microscopy
(SEM), environmental SEM or transmission electron microscopy (TEM) allows the visualization of
precise size and morphology of individual colloids (Luo et al., 2013).

The analysis of colloid chemical composition can be done by a wide range of analytical methods. The
examples are inductively coupled plasma optical emission spectrometry (ICP-OES) (Mills et al., 2017)
and inductively coupled plasma mass spectrometry (ICP-MS) (Gottselig et al., 2017a, Missong et al.,
2018, Maria et al., 2020).

The quantification of colloids is usually employed by gravimetric methods to measure dry mass of

colloidal suspension (Table 6) but sometimes the dry mass does not exclude mass of dissolved salts
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(Tulve and Young, 1999). Another method for colloid quantification is its estimation based on turbidity
of colloidal suspension (Zirkler et al., 2012; Yan et al., 2017; 2018).

Conclusion

Overall, from literature survey, the isolation and characterization of colloids were mainly proceeded for
soil and water sample, meanwhile sediment matrix has been rarely studied. For this reason, the
knowledge on characteristics of sedimentary colloids as well as the method to extract and characterize
them remains limited and requires further evaluation. The assessment of colloid isolation from sediment
would confront the effects of sample storage modes, extraction and separation protocols on both quantity
and properties of recovered colloids.
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Table 6. Colloid separation using filtration, centrifugation, and the combination.

Note: CNA: composite cellulose nitrate/acetate membrane, DI: deionized water, nd: not determined, OM:

ratio by dry weight per volume, UC: ultra-centrifugation, UF: ultrafiltration, UPW: ultra-pure water

organic matter, S/L.:

solid-liquid

. Colloid
Authors Matrix Storage Extraction Separation method Colloid size quantitative | Colloid quantity
method
method
Georgeville S/L: nd
clay loam 24 h - . .
Kretzschmar et . Dispersant: DI | Wet sieving
al., (1995) soil sogked Centrifugation nd 0.05-0.5 pm nd nd
soil .
Fraction: nd Mode:
' agitation (2 h)
River and Membrane filtration: 0.45, 0.22,
Haygarth et al., | soil waters Store at N 0.1 and 0.025 pum (CNA)
(1997) 4°C nd Filtration nd nd nd
Fraction: nd UF: 10 kDa and 1 kDa at 276 kPa
S/L: 1/20
Dispersant:
Soil acetate buffer
Bergendahl and Storeat | (pH 5); UPW Eiltration Membrane filtration: 0.7 um 0.47 - 0.95 um nd nd
Grasso, (1998) Fraction: <6 | 4°C (glass fiber filter) (peak at 0.65 pm)
mm Mode:
agitation at 30
rpm (6, 18, 24
and 36 h)
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S/L: 1/10

Dispersant:
. Soil nano pure Centrifugation | Centrifugation: 2500 g (15 min) i
(81'3318? al., nd water combined 0.025 - 0.45 um Air dry ggﬁ 1320 mg/kg
Fraction: nd filtration Filtration: 0.45, 0.2 or 0.025 um
Mode:
agitation (17
h)
Soil rich in Centrifugation: 1000 g (60 min)
OM Centrifugation T
(S;;gg) etal., Air-dry | nd and successive Flr:;[r::(ljtlzg. 1rf16a$1r(;]blé§ um’ 0.7 0.22-1.2 um nd nd
Fraction: <6 filtrations Hm, 8.5 | ke
mm UF: 100, 10 and 1 kDa
S/L: 1/100
Soil _ Centrifugation: 3000g (15 min)
Tumeretal., Alr-dry ispersant B Centrifugation, | iy ation: 1,0.4,0.2and 0.1 pm | 1 kDa - 1 pm nd nd
(2004) Fraction: <2 | (7 days) | yjode: filtration, UF S AL +H H
mm sonication at UF: 100, 10, 3and 1 kDa
650 W (5 min)
S/L: 1/10
Soil Dispersant: Filtration: 1.2 pm
Klitzke et al., water Filtration and
(2008) Fraction: <2 | " uc UC: particle diameter 4 and 10 250 - 900 nm nd nd
mm Mode: nm

agitation (12
h)
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S/L: 1/8

Centrifugation: 3000 g (10 min)

Liang et al Soil Dispersant: DI | Centrifugation,
N . Air-dry filtration and Filtration: 1 um nd nd nd
(2010) lr:nrra:]ctlon. <2 Mode: UC
agitation at UC: 300,000 g (2h)
160 rpm (24 h)
S/L: 1/5
River Dispersant:
Murali et al., sediment Air-dry distilled water Centrifugation | 750 rpm (15 min) 20 -300 nm ? ry at 100 200 - 2400 mg/L
(2012) C
Fraction: nd Mode:
agitation (24
h)
S/L: 1/10
Soil Filtration: 1.2 and 1 pm
. Dispersant: DI | Filtration .
Zirkler et al., R . . . Maximum: 1200
(2012) Fraction: < 2 nd Vode (l:Jecr;trlfugatlon, Centrifugation: 78 g <1lpm Turbidity NEU
mm agitation at 15 UC: 124,000 g (1 h 17 min)
rpm (16 h)
S/L: 1/10
Ruptic and
. . siltic soil Dispersant: DI | Sedimentation | Sedimentation: 12 h
(Szegfg)rls etal, Air-dry and 499 - 790 nm nd nd
Fraction: < 2 Mode: centrifugation | Centrifugation: 10,000 g (90 min)
mm agitation at

150 rpm (6 h)
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S/L: 1/20

Sandy loam
VandeVoort et soil . Dispersant: nd Centrifugation | Centrifugation: 2300 g (3 min)
al., (2013) Air-dry and filtration | Filtration: 0.2 um 0.2-041 pm nd nd
5 Fraction: < 2 Mode: U2 f
pm zg;itation (48
S/L: 1/20
Gleyed Centrifugation: 3000 g (10 min)
Zang et al paddy soil Dispersant: DI | Centrifugation,
(20193) N Air-dry filtration and Filtration: 1 pm nd nd nd
Fraction: < 2 Mode: uc
mm agitation (16 UC: 300,000 g (1h)
h)
S/L: 1/10
. . Dispersant: 2 . Centrifugation: 3195 g (3 min);
Buettner et al., Mineral soil Storeat | mM KCl ?:rftcr?fsjlg\;?ion 21,169 g (24 min) 23-430 nm nd nd
(2014) . 4°C '
Fraction: nd Mode: and UF UF: 10 kDa (14,000 rpm, 10 min)
agitation at
120 rpm (2 h)
S/L: 1/8
Centrifugation: 3000 g (10 min)
Ultisol soil Dispersant: DI | Centrifugation,
Liuetal., (2014) filtration and Filtration: 1 pm 0.02—-1pm Dry at 100°C | nd
Fraction: nd Mode: uc

agitation (24
h)

UC: 300,000 g (2 h)
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S/L: 1/8
Cambisol . i . . .
soil Dispersant: Sedimentation Sedimentation: 15 - 20 min
Missong et al., Fresh UPW centrifuaation : 350 - 400 nm Freeze nd
(2016) Fraction: < 2 sample and U Cg Centrifugation: 4000 g (4 min) (average size) drying
mm : Mode: UC: 14,000 g (60 min)
agitation at
150 rpm (6 h)
S/L:nd
Soil Dispersant: nd
Lou et al., . . . 96 - 181 nm
(2017) Fraction: < 2 Air-dry Mode: Sedimentation | Settle 24 h (mean diameter) nd nd
mm agitation (2 h);
sonication (30
min)
S/L:nd
Forest land
soil Dispersant: . . Sedimentation: nd
Ma et al., (2017) nd UWP Sﬁg 'frﬂfrr:t?gr?” Zf:/; ;”e‘ sizey | N nd
Fraction: Filtration: 1.2 pm g
11.5 um Mode:
sonication
Ground S/L:nd
Mills et al., wa_tter and Dispersant: DI | Filtration and Filtration: 0.45 um
(2017) soil nd centrifugation _ _ 0.02 - 0.45 pm nd nd
Mode: Centrifugation: 8000 rpm (4.5 h)
Fraction: nd agitation (1 h)
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S/L: 1/10

Soil Dispersant; DI <0.1um nd
Yanetal., . Successive Centrifugation: 221 g (8 min); o
(2017) Fraction: < Air-dry Mode: centrifugation | 884 g (10 min); 22,095 g (8 min) 0.1-045 Dry at 105°C | 46.9 mg/L
0.05 mm agranon (24 0.45 - 1 um 29.2 mg/L
); sonication
(15 min)
S/L:nd
Luvisol soil Dispersant: 10 e
(leachate) mM NaCl T Filtration: 0.45 um 5 kDa - 30 kDa
Guetal., (2018) Air-dry Elllztratlon and UF: 30 kDa and 5 kDa (3400 nd nd
Fraction: < 2 Mode: 15 énd 25 min, respectively) 9 30 kDa - 0.45 um
mm agitation (24 , Tesp y
h); sonication
(15 min)
S/L: 3/20 . .
Lake Sedimentation: nd
sediment _ | Dispersant: . . . . .
Xu et al., (2019) grreeze NaHCOs a?:dggnlﬁagon, ;J5F) 1 kDa (concentration factor: 30 - 200 nm nd nd
Fraction: < 2 y
mm Mode: . .
sonication UC: 15,000 g (10 min)
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Table 7. Colloid fractionation using field-flow fractionation.

Note:FFF: field-flow fractionation, SAFFF: Sedimentary field-flow fractionation, FIFFF: flow field-flow fractionation, AF4: asymmetric flow
field-flow fractionation, TSPP: sodium pyrophosphate, UF: ultrafiltration, UPW: ultra-pure water

Colloid Colloid
. Separation method Colloid size quantitative .
Authors Matrix Storage Extraction method quantity
method
Principal Operation
Lee, (1998) River water | Storeat | S/L: nd FFF Channel: 26.5 cm x 2 cm (length x 185+ 30 nm nd nd
7°C breadth)
Fraction: nd Dispersant: nd 481+ 113 nm
Channel void volume: 90 mL
Mode: 734 £ 149 nm
agitation (1h), Carrier fluid: various composition
sedimentation
(20 min), Channel flow: 2 mL/min
sonication (5
min) Microfiltration: 0.02 um and 0.03 pm
UF: nd
Stolpe et al., River water | Storeat | nd FFF Membrane: 1 kDa 1kDa-0.45pum | nd nd
(2013) 8°C
Fraction: < Channel flow 0.5 mL/min
0.45 pm
Cross flow 3 mL/min
Sandy loam Channel void volume: 5.3 mL
. soil S/L = 1/500
ecth;f“e(?ggozl;gh nd SAFFF Channel void thickness: 0.0266 cm 0.04—05um | nd nd
N Fraction: < 2 Dispersant: nd
pm Carrier fluid: UPW
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Mode: Relaxation: 1000 rpm, t; = 10 min, t, = -
sedimentation 80 min
Channel flow: 2 mL/min
Ranville et al., Soil nd nd SdFFF Channel void volume: 2.5 mL 0.08-1pm nd nd
(1999)
Fraction: <1 Channel void thickness: 0.0127 cm
pum
Carrier fluid: 1mM TSPP
Relaxation: 800 rpm, t1 =4 min, t, = - 33
min
Channel flow: 1 mL/min
Chen et al., Soil Air-dry | S/L: 1/24 SdFFF Channel void volume: 2.5 mL <1.2pm nd nd
(2001)
Fraction: < Dispersant: Channel void thickness: 0.0127 cm
1.2 pym water
Carrier fluid: ImM TSPP
Mode:
sonication at Relaxation: 700 rpm, ty =5 min, ta = - 40
650 W (5 min) min
Channel flow: 1 mL/min
Lyven et al., Freshwater Storeat | nd FIFFF Carrier fluid: 5 mM borate buffer (pH 8.1) | 1 kDa - 0.45 um | nd nd
(2003) 4°C and 10 mM NacCl
Fraction: <
0.45 pm Membrane: 1 kDa
Channel flow: 0.5 mL/min
Cross flow: 2.96 mL/min
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Regelink etal., | Agricultural | 40°C- S/L: 1/500 Centrifugation, | Centrifugation: 2100 g (10 min) 1kDa-0.45pum | nd nd
(2014) soil dry filtration and
Dispersant: 5 | AF4 Filtration: 0.45 pm
Fraction: < 2 mM NaHCO;
mm (pH 8.3); 10 AF4:
mM TSPP (pH
8.5) - Membrane: 1 kDa
Mode: - Cross flow: 0.2 mL/min
agitation at 60
rpm (20 h),
sonication at
106 W
Gottselig et al., | Stream water | nd S/L: nd AF4 Membrane: 1 kDa nd nd nd
(2017b)
Fraction: <5 Dispersant: nd Tip flow: 0.3 mL/L
pm
Mode: Cross flow: 3 mL/min
agitation
Focus flow: 3.2 mL/min (30 min)
Kim et al., Ground nd nd AF4 Membrane: 10 kDa 20 - 700 nm nd nd
(2017) water
Pump flow: 0.2 mL/min (60 s)
Fraction: 10
kDa —0.45 Focus flow: 1.5 mL/min
pm
Cuss et al. River water | Storeat | nd AF4 Membrane: 300 kDa 300 kDa-0.45 | nd nd
(2018) rich in OM 4°C pum
and Fe Focus flow: 0.2 mL/min (6 min)
Fraction: < Crossflow: 2.1 mL/min
0.45 pm
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Channel flow: 0.7 mL/min

Missong et al.,
(2018)

Cambisol
soil
(leachate)

Fraction: nd

Store at
4°C

S/L: nd

Dispersant: 10
mM NaCl

Mode:
sonication

AF4

Membrane: 1 kDa
Carrier fluid: 25 pM NaCl
Cross flow: 3 mL/min

Focus time: 25 min

0.6-20

20-70

70 - 400 nm

nd

nd
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Table 8. Colloid fractionation using cross-flow ultrafiltration (CFF).

Note:CFF: cross-flow ultrafiltration, DI: deionized water

. Colloid
Authors Matrix Storage Extraction Separation method Colloid size guantitative | Colloid quantity
method
method
Dai et al., Sea water nd nd CFF Membrane: 1 kDa (Amicon) nd nd nd
(1998)
Fraction: < Pressure: 14 — 16 psi
0.2 ym
Ranetal., River waters | nd nd CFCand CFF | CFC flow: 4 L/min 0.2—-1pm Dry 103- nd
(2000) 100 kDa — 0.2 um | 105°C (16 h)
Fraction: < CFC speed: 5260 ¢ 10 — 100 kDa
25 ym
Filtration: 1 ym, 0.2 um, 100
kDa, 10 kDa
Wang and Guo, | Sea water nd nd CFF Membrane: 1 kDa 1kDa-0.2 um nd nd
(2000)
Fraction: < Concentration factor: 40 L
0.2 ym
Hassellov et al., | Ground N2 purge | nd CFF Membrane: 1 kDa 1kDa-0.22pum | nd nd
(2007) water
Cross pressure: 0.4 bar
Fraction: <
0.22 pym Permeate flow rate: 120 mL/min
Tang et al., Soil Air-dry S/L: 1/20 Sieving, Sieving: 50 um 635 nm nd nd
(2009) sedimentation,
Fraction: < Dispersant: | centrifugation | Sedimentation: 1 h 14 min 76 nm
250 pm Dl and CFF
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Mode: Centrifugation: 433 g (5 min); (mean diameters)
sonication 3900 g (54 min)
(10 min)
CFF: 0.1 ym membrane
Baken et al., Stream water | Reduce nd CFF Membrane: 30 kDa 30 kDa - 0.45 um | nd nd
(2016) hardness:
Fraction: < Dowex
0.45 um HCR-S/S
softening
resin
Wang et al., Ground nd nd CFF Membrane: 100 kDa 50 - 1100 nm nd nd
(2018) water
Permeate flow rate: 650 mL/min
Fraction: < 1
pm
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Table 9. Application of other separation methods

Note:CFC: continuous flow centrifuge

. Colloid
Authors Matrix Storage Eﬁ;ﬁ;'on Separation method Colloid size quantitative | Colloid quantity
method
CFC speed: 8200 rpm
Flooded
Hart et al., materials nd nd ﬁ(l):lﬁ)\?vngber CFC rate: 4 L/min 0.015-0.1 pm Dry at 103- 0.7-1.2mg/L
(1993) . filtration . AT 0.1-1pum 105°C (16 h) 5.5-8.6 mg/L
Fraction: nd Hollow fiber filtration: 0.1 um
and 0.015 pm
Kaplan et al., Blanton soil | nd nd Straining Lysimeter: 3 m x 3m x1.5m 0.1-1pm Dryat 373K | 0.3-1.7 ¢g/L
(1993) through soil (Length x width x depth) (100°C)
Fraction: < 2 profile
mm
Simulated rain event:
Effluent: tap water (pH = 6.1,
conductivity = 0.6mS/m)
Rainfall rate: 5.1 cm/h, 2 h
Effluent collection period: 2 - 28
h
River
sediment S/L: 1/1000 <10 pm
Eéll}/r? an((iggg) Air-dry nd nd Dry at 105°C | 122 mg/L (TSS)
g Fraction: < Dispersant: DI (95%)
63 um




Mode:
agitation,

sedimentation
(2 min),
sonication (>
24 h)
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1.5. Global conclusion for literature review

One of the largest pools of P in global cycles is aquatic benthic sediment. With human intervention on
hydrological transport system, sediment is retained in man-made dam reservoirs. It is estimated that river
damming would retain 17 % of global riverine TP in 2030s (Maavara et al., 2015), therefore, dam reservoirs
can attribute a potentially important pool of P.
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Figure 15. Schema for the mobility of water-mobilizable P (sized below 1 pm) in reservoir bottom
sediment.

Sediment accumulation in dam reservoir can act as both a sink and a source of P (Fig. 15) depending on
physical, chemical and biological parameters that can induce the transformation and migration of P from
sediment to water column. Consequently, the parameters such as redox potential, pH, temperature,
microbial activity, dry/wet cycles and composition of P pools should be considered. Unlike the input of
external P that can be effectively reduced and mitigated, the control of internal P is more complex (Wen et
al., 2020). Furthermore, since P has high affinity to solid phase, the transfer of sedimentary P to water
column is not limited to soluble form but also in particulate and colloidal forms. To better understand and
monitor P mobility, special attention should be paid to colloidal P which remains suspended and potentially
labile to be uptaken by phytoplanktonic species.

The natural colloids are heterogeneous in size and chemical composition. Different size class of colloidal
fraction might exhibit different surface area and composed by different materials, thus, can behave
differently. Therefore, the characterization of colloidal fraction should take into account also the
fractionation and characterization of sub colloidal size classes. In this study, we would like to investigate
the fate of phosphorus present in fraction sub-micron (< 1 pm), which will be called water-mobilizable
fraction.

The isolation and characterization of colloids were mainly performed on soil/water matrices and rarely
encountered for sediment matrix. To better isolate and characterize sedimentary colloids, it is important to
determine the proper method to extract and characterize them, considering sample storage modes, extraction
and separation protocols on quantity and quality of recovered colloids.
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The questions we propose to investigate are:
- How to isolate colloids from sediment matrix?
- What is the role of colloids in P mobility?
- How do colloids and associated P variate along dam reservoir?

- How do colloids and associated P behave in anoxic bottom sediment?
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Part Il. Materials and methods

I1.1. Studying area and sampling method
11.1.1. Characteristics of Champsanglard reservoir

Champsanglard hydroelectric dam reservoir is located on Creuse river (Fig. 16), in central France. It
belongs to the Age complex, composed of the cascade of three dams which can supply electricity for a
population of 21,000 inhabitants. The river source is from the Mas-D’Artige, in the south of Creuse
department, Plateau de Millevaches (890 m above the sea level) and extents north-west toward the Col du
Massoubre before flowing into the Vienne river at Port-de-Piles, Indre department (at 44 m above sea level)
(Despriée et al., 2004). The Creuse river flows through 264 km length and receives water from a 10,279
km? watershed.

)
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Bassin versan de la riviére Creuse
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Afflvents de la riviére Creuse
0 3 90

Figure 16. Watershed for Creuse river and location of the Age complex and Champsanglard reservoir.

The Champsanglard dam was first commissioned in 1984 with 19-meter height and 102-meter width. The
EDF company takes over the rights to exploit and monitor Champsanglard dam. The reservoir covers an
area of 0.55 km? and has a length of 2.36 km. The annual mean inflow is 13.8 m?s, varying between 0.46
and 74 m®/s, at the Glenic station, at the upstream of Champsanglard dam. In reservoir, the residence time
is 3 days and the average longitudinal terrain slopes is 0.37 %. The 406-km? watershed is covered by 65 %
agriculture land, 30 % forest and semi-natural environment and 4 % of artificial use (Corine Land Cover
data). The watershed stratum is characterized by the crystalline granitic rock that is composed of mainly
quartz, feldspar and mica (Fig. 17). The Creuse water was not classified to be good ecological condition
due to development of cyanobacteria and silting up of channel morphology (baignade.gouv.fr). During
flooding period, water flows from the upstream to the downstream through the overflow crest with man-
made operation. Reservoir receives suspended sediment mainly from Creuse river and two tributary (Dauge
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and Pechadoire streams) inputs. Champsanglard dam retains certain part of water even during a flood
depending on the filling state of the reservoir and avoid flooding the downstream. Hydrological condition
in Champsanglard are influenced mainly by the regional climate. The climate on Creuse department is
continental with atmospheric perturbation from the west. The climate is warm and temperate with annual
precipitation of 1059 mm and average annual temperature of 11.3°C (donneespubligues.meteofrance.fr). In
2018, the temperature in Creuse region varies from 0 to 28°C with maximum rainfall level of 196 mm per
month and the minimum of 14 mm per month.

Chézelles

o (t‘%mﬁsﬁggl&ra g

Limites des bassins versants des barrages w
EI de Champsanglard, Chézelles et Age

— -
E‘._:Eg Roche sédimentaire Roches granitiques
- Roche métamorphique -

Figure 17. Geological map of Age complex watershed.

11.1.2. Sampling methods

Surface sediments were collected from Champsanglard reservoir during three campaigns to serve for three
main objectives of this research. Each campaign carried out in short time (a day) before the following
laboratory experimentation to assure fresh sediment could be used. Overall, thirteen sampling locations was
selected starting from Champsanglard dam, going upstream toward the riverine section and across lateral
sections (Fig. 18). Two campaigns were performed in the middle of reservoir on the 17 Mai 2018 and the
15 March 2019. For the first one, sediment was collected in the middle of the reservoir (Site 4, Figure 18)
at the depth of 9 m, which was latterly subjected to the investigation on the influence of extraction/
separation protocols and sediment storage modes on the quantity and quality of isolated colloids. The
second one on the 15" March 2019 took place at site 2 that has higher depth (14 m) and is closer to the
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dam. This last sediment was sampled to handle laboratory redox oscillation experiment. For these two
campaigns, sediments were collected in surface of bed sediment up to 10 cm by using Ekman grab sampler.
After excavated, sediments were homogenized using plastic spade before putting into HDPE bottles.
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Figure 18. Localization of sampling sites in Champsanglard reservoir

To investigate longitudinal and lateral variability, a sampling campaign on 13 sites was performed on 25
February 2019, through the longitudinal of the reservoir (from site 1 to site 9) and at the cross-sections of
site 8 and site 9. Those sites from locations 1 to 5 were located in lacustrine zone with deeper depth,
meanwhile those sites from locations 6 to 9 were located in the transitional zone (tail of reservoir) and
upstream riverine zone characterized by shallower depth and higher water velocity. Due to the changes in
hydraulic condition, sediment deposited at higher altitude and near the bank at site 8 and site 9 were prone
to air exposure and desiccation. Additionally, two small tributaries enter the main channel of reservoir at
site 3 and site 7, featuring flow confluences. In upstream riverine region, samplings were performed at sites
8 and 9. At the shoreline of these two sites, where an important water-level fluctuation was observed, a
series of samples were collected across the lateral axis from the deeper zone to the zone gradually exposed
to air (Fig. 18). Three samples along the transect of site 8 (namely WFZ-1) and one sample along the
transect of site 9 (namely WFZ-2). They were annotated “A” for the sediments sampled at the shoreline
and assumed to be frequently submerged sediment. The annotation “B” and “C” were given to the sediments
sampled at drier surface and higher elevation than water level that were assumed to be temporary and
occasionally submerged sediments, respectively. The two water-level fluctuation zones at site 8 and site 9
(WFZ-1 and WFZ-2, respectively) exhibited different river morphology and toposequence. The WFZ-1
was similar to “bank of the river” and more soil-like, whereas the WFZ-2 was similar to a deposition area
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of the transported river material and covered by thin organic layer (Fig. 18). Because of limited
sedimentation (rocky shores), additional lateral sampling in the sites 1-7 was not allowed.

Sediments were preserved in icebox during transport. Once arrived in laboratory, all samples were
immediately sieved through a 2-mm mesh to remove coarse particulates and large organic debris, stored at
4°C in dark room. All bottles and apparatus used during sampling were previously clean thoroughly by
ultra-pure water in laboratory and by in-situ reservoir surface water.

11.2. Laboratory experimentation
11.2.1. Isolation of colloids from sediment matrix

11.2.1.1. Examination and validation of sediment storage modes, colloid extraction and separation
protocols for fraction 0.2 -1 pym

In order to determine the potential variability in the quantity and characteristics of extracted colloids in
fraction 0.2 - 1 um derived from the variation in applied isolation protocols, several sediment storage
modes, colloid extraction protocols and finally separation modes were examined (Fig. 19).

Fresh sedimentsieved
through 2 mm mesh

Sediment storage

Fresh wet modes

Dried at 20°C | Dried at 40°C Freeze-dried

¥

Suspending the sediment with a solid to liquid ratio of 1/10 for wet sediment (equivalent to 1.7% w/v for
dry sediment)

A 4

Agitation (200 rpm, 24 h) ‘ Sonication (60 W, 10 min) | Sonication at pH of 9 (60 W, 10 min) ‘

____________________ Yy
© o © ©

Colloid extraction
protocols

Colloid separation

Centrifugation at protocols

272 g for 6 min

& Fraction <1 pm
ol

%

Sedimentation Filtration Centrifugation at Centrifugation at
at2.7 um 68 g for 15 min 272 g for 6 min
A4 v v 2
L

Filtration at 0.2 pm

Colloidal fraction
between 0.2 — 1 um

Centrifugation at &
680 g for 6 min Fraction < 0,2 um

Figure 19. Diagram for the examination of various sediment storage modes, colloids extraction and

separation protocols
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Sediment was divided into four portions subjected to four different storage modes that are commonly
encountered in literature references (Table 6). A first portion was kept in moisture at 4°C in dark room,
corresponding to “wet sediment”. A second portion was air dried at constant room temperature of 20 + 1°C
for 2 weeks. A third portion was oven dried at 40°C for 5 days. The last portion was freeze-dried for 4 days
using a lyophilizator (Cryotec, COSMOS-80).

To isolate colloids, both dried and wet sediments were suspended in 150 mL of ultrapure water at a humid
solid-liquid ratio of 1/10, which was equivalent to 1.7 % of dry weight solid-liquid ratio. All dried sediments
were not harshly crushed into powder to avoid the generation of colloids by mechanical grinding process
that could subsequently involve in the overestimation of naturally occurring sedimentary colloids.
However, the drying at 20°C and 40°C provided intensively consolidated sediments, therefore, a gently
smash of consolidated sediment into smaller pieces was carried out. Further fragmentation and dispersion
of dried sediment were performed on re-humidified and soften sediment after immersion in ultrapure water
for 2 days and by gently crush using stainless spoon in concomitant with continuous manual shaken until
obtaining homogenous suspension.

The most common techniques used to extract colloids from raw matrices are agitation and sonication (Table
6-9). Furthermore, colloids mobilization is favored at high pH, because the negative charge of hydroxyde
group enhances the electrostatic repulsive force between colloids and attached surface. Herein, three
extraction protocols were tested: agitation, sonication and sonication at pH 9. Agitation was set up during
24 hours at the speed of 200 rpm using IKA KS 501 digital agitator. Sonication was performed using
ultrasonic probe (Bandelin, Sonopuls GM70) at 100 % power (60 W) for 10 minutes. For the third protocol,
sample pH adjustment to 9 was done by addition of 1 M NaOH solution before sonication using similar
program.

For colloid separation, five tested protocols were (a) direct filtration, (b) successive filtrations, (c) low-
speed centrifugation and filtration, (d) high-speed centrifugation and filtration, and (e) successive
centrifugations. All calculation was wade considering average density of sediment of 2.417. The details of
each protocol are presented as below:

a) Direct filtration: Sediment suspension was decanted for 2 h by gravitation which allow to settle
down large particles larger than 42 um. The supernatant was filtered through a 1-um filter. The cut-
off size was calculated from Eq. 1.

Equation 1. Formula to determine particle diameter after gravitational sedimentation.
2 [18Xnxv
d= \ gxap
where:
d: particle diameter (cm)

Ap: difference in particle volumic mass and suspension medium (pwater = 1.0 g/cm?®)

1: dynamic viscosity of the suspension medium (n = 0.01 g/(cm.s))
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v: settling velocity (cm/s)
g: gravitational acceleration (g = 9.81 cm/s?)

b) Successive filtrations: Sediment suspension was filtered through 2.7 um, and the filtrates were then
passed through a 1-um filter.

c) Low-speed centrifugation and filtration: Sediment suspension was centrifuged at 68 g for 15 min
to separate particles larger than 2.0 pum (d = 2.417). The centrifugates were then carefully pipetted
out and filtered through a 1-um filter. The centrifugation speed and time were calculated using Eq.
2, according to Gimbert et al., (2005):

Equation 2. Formula to determine centrifugation speed and time.

181 1In(R/S)
w2d2Ap

t =
where:
d: particle diameter (cm)

Ap: difference in particle volumic mass (g/cm?®), herein pp, = 2.417 g/cm?, and volumic mass of
suspension medium, here in pr2o = 1.0 g/cm®

n: viscosity of suspension medium (g/cm.s), herein = 0.01 g/cm.S

t: settling time (s)

R: distance from the axis of rotation to the settling level in the tube (R = 10.8 cm)

S: distance from the axis of rotation to the suspension surface in the tube (S = 5.5 cm)

«: angular velocity of the centrifuge (rad/s), calculated according by Egs. 3 and 4 with rotor
radius of 108 mm:

Equation 3. Formula to determine angular velocity of centrifuge.

2n
W= —Xrpm
60

Equation 4. Formula to convert revolution per minute (rpm) to relative centrifugal force (g).

g= 1118 X R x (%)2
d) High-speed centrifugation and filtration: Sediment suspension was centrifuged at 272 g for 6 min
to remove particles larger than 1 um. The centrifugates were then carefully pipetted out and filtered

through a 1-pm filter.
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e) Successive centrifugations: Sediment suspension was first subjected to centrifugation at 272 g for
6 min to remove the fraction greater than 1 um (Gimbert et al., 2005). The supernatant was then
gently pipetted out and submitted to the second centrifugation at 680 g for 6 min to settle the
particles greater than 0.2 um. The pellets after the second centrifugation were resuspended in UPW
by agitation for 30 min in order to obtain colloidal suspension of 0.2 — 1 um. The supernatants were
also gently pipetted out and represented the fraction smaller than 0.2 um.

For the four protocols (“a” through “d”), an aliquot of obtained suspension (fraction smaller than 1 pm)
was passed through a 0.2 um cellulose nitrate membrane filter (Whatman) to obtain fraction lower than 0.2
pm. The glass microfiber (VWR) was chosen for separation at upper threshold of colloidal fraction due to
high chemical resistance, pH resistance and biological inertia. All centrifugations were performed using a
centrifuge (Thermo Scientific, Multifuge X3 FR) and a rotor (Thermo Scientific, FIBERLite F14-
6x250LE). All experiments were run in triplicate.

Quantity of extracted colloidal particles, in the range 0.2 — 1 um, was determined by the difference between
drying mass of 0 — 1 um solution and 0 — 0.2 pum solution at 40°C (see section 11.3).

11.2.1.2. Colloid extraction for investigation of spatial distribution of colloidal P along
Champsanglard reservoir

To investigate the spatial distribution of colloids and colloidal P in dam reservoir, 13 samples of surface
sediment were collected along the length and at bank of riverine region of Champsanglard reservoir (see
Section 11.1.2). In laboratory, freshly sampled wet sediments were used to extract colloids. Sediments were
suspended in ultrapure water at a wet solid-liquid ratio of 1/10 and were agitated for 24 h at the speed of
200 rpm using orbital shaker (IKA-WERKE, KS 501 digital).

Then, colloids were separated by using high-speed centrifugation at 272 g for 6 min, followed by a filtration
at 1 um (WVR, glass fiber) (protocol 4, see section 11.2.1). Further separation between large colloidal and
fraction lower than 0.2 pm (containing truly dissolved phase and nano/small colloids) was performed with
filtration at 0.2 um using cellulose nitrate filter membrane (Sartorius). After separation, two fractions were
obtained as intermediate/large colloids with size from 0.2 - 1 um and the fraction lower than 0.2 pm
comprised nano/small colloids and truly dissolved species.

11.2.3. Incubation of sediment in anoxic/oxic alternation for investigation of colloidal P dynamic at
sediment-water interface

The objective of this experiment was to elucidate the impacts of anoxic/oxic condition on the mobilization
of colloids and associated P at the sediment-water interface. The experiment was conducted by the
incubation of sediment suspension in synthetic water under controlled cyclic redox condition. The sediment
suspension was prepared from 10 g of fresh wet sediment (sampling at site 2, figure 23) and completed by
200 mL of synthetic water (wet S/L of 1/20). The preparation of synthetic water is presented in Table 10
simulating major elemental composition of bottom water in Champsanglard reservoir.
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Table 10. Composition of synthetic water simulating the major elemental composition of bottom water in
Champsanglard reservoir

lons Concentration (mg/L) Salts

Ca* 5.4 CacCl; (Prolabo, 96 %), Ca(NOs3)2.4H,0 (Normapur, 98 %)
Mg?* 1.6 MgS04.7H,0 (Sigma, 99 %)

K* 8.6 KHCO; (Normapur, 100 %)

Na* 9.2 NaNOs (Fluka, 99 %), NaHCO3; (Normapur, 100 %)

SO.* 6.3 MgS04.7H,0 (Sigma, 99 %)

NOs 4.9 NaNOs (Fluka, 99 %), Ca(NO3)2.4H20 (Normapur, 98 %)
CI 8.5 CaCl; (Prolabo, 96 %)

HCOs 34.7 KHCO; (Normapur, 100 %), NaHCO3 (Normapur, 100 %)

Before the incubation, sediment solution was allowed to equilibrate under oxic condition for 2 days. The
whole experiment was performed through a 63-days period composed of oxic/anoxic/oxic conditions with
sacrifice samplings. The initial numbers of batches was 24 of 250-mL glass bottles. Regularly, bottles were
shaken manually once a day, five days per week and different physico-chemical parameters were
monitored: dissolved oxygen concentration, temperature, pH and redox potential (see 11.3.2.2). During the
whole experiment, each sampling was conducted with a sacrifice of 2 or 3 bottles for replicates.

The closing of bottles marked the beginning of incubation and was aimed to develop anoxic condition
meanwhile the opening of bottles was aimed to reach oxic condition. To enhance the development of anoxic
condition, on day 15, all bottles were purged with N> gas to remove O, then closed by septic silicon cap
and covered by parafilm. All bottles were then transferred into a glovebox (PLAS LABS, 830-ABD/EX)
maintained at 0.18 mg O /L in the dark. Subsequently, the redox potential induced by the N2 purging and
closing dropped gradually to reach anoxic condition after 23 days. For oxic condition, all bottles were
transferred out of the glovebox, the silicon cap was removed but remained covering by parafilm to limit
evaporation. The sediment incubation included a 23-day Oxic-1 phase, 22-day Anoxic phase, 23-day Oxic-
2 phase (Figure 20).

N2
Closing purge Opening
Day 0 1 7 23 37 45 46 56 63 >
LAl o o £ 40 e
e = = e B o
\ J J |
Oxic-1 Anoxic Oxic-2

Figure 20. Schema for sediment incubation under oscillation between anoxic (closed system) and oxic
(opened system) conditions
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Sediment suspension was sampled 9 times, on days 0, 1, 7, 23, 37, 45, 46, 56, 63 to have, at least, one
sampling date at the beginning, one sampling in the middle and one sampling at the end of each half cycle.
On the day of sampling, sacrificed bottles were let settled for 30 min before the separation between
supernatant and deposed solid. The supernatant was fractionated using successive filtrations to obtain four
different size fractions of colloids: large colloids 0.45 - 1 um, intermediate colloid 0.2 - 0.45 pm, small
colloid 300 kDa - 0.2 pm, nano colloid 10 - 300 kDa and a fraction lower than 10 kDa considered as truly
dissolved fraction (Fig. 21). For samples collected during anoxic half-cycle, the extraction and fractionation
of colloids along with measurements were performed in anoxic glovebox (0.18 mg O2/L).

' Pre-separation at 2.7 pm

1 um glass fiber

Fraction < 1 pm
Large colloid

0.45 um cellulose nitrate 0.45-1 pm
Fraction < 0.45 pm
0.2 um cellulose nitrate Intermediate colloid
0.2-0.45pm

Fraction < 0.2 ym

Vivaspin20 ultrafiltration Small colloid
300kDa-0.2 pm

Fraction < 300 kDa

Nano colloid

Vivaspin20 ultrafiltration 10-300kDa

Fraction < 10 kDa

Truly dissolved fraction

Figure 21. Size separation of water-mobilizable fraction (smaller than 1 um) using successive filtrations

The five extracted colloidal and dissolved fractions were separately divided into small portions of aliquots
serving for different measurements (Table 11). Four aliquots were immediately set aside for the analysis of
alkalinity, ferrous iron (Fe(ll)), total phosphorus (TP), dissolved inorganic P (DIP), and colloidal size
distribution. The other aliquots were freeze dried in 10-mL polypropylene tubes for further analysis of total
Fe, Al, Ca, Mn and Mg, organic carbon, and major ions (Ca?*, Mg?", Na*, K*, NH,*, Cl', NOz, NO, and
8042').
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Table 11. List of analysis for each fraction during one sampling day for redox oscillation experiment

<lpum | <045um | <0.2um | <300kDa | <10KDa | Method Status
- Acid titration to pH 4.3 (see .

Alkalinity X section 11.3.2.1) Immediate
Ferrozine  (see  section .

Fe (1) X 11.3.2.6) Immediate
Hach LCK 349 (see section .

TP X X X X 113.1.2.1.2) Immediate
Murphy and Riley (1962) .

DIP X X X X X (see section 11.3.2.3) Immediate

- Dynamic light scattering .

Colloids Size | x X X X X (see section 11.3.1.1.3.2) Immediate

Total Fe, Al, US EPA 3015a (2007) (see

Ca, Mn and . X . section 11.3.1.2.2) Frozen

Mg with acid

digestion

Fe, Al, Ca, MP-AES  (see  section

Mn and Mg X X X 11.3.2.5) Frozen

without acid

digestion
TOC analyzer (see section

TOC X X X X X 11.3.2.4) Frozen

Major  ions lonic chromatography (see

concentration % section 113.2.6) Frozen
Lyophilisation (see section

Dry mass X 113.1.1.6.2) Frozen

11.3. Analytical methods

11.3.1. Particulate phase

11.3.1.1. General physicochemical characteristics
11.3.1.1.1. Siccity

The loss on drying is determined as the percentage of weight remaining after drying at 105°C. To determine
the siccity, the balance should be able to weight 0.0001 mg (Ohaus). About 20 g of wet sediment were
added on porcelain crucible and placed in an oven preheated at 105°C until the unchanged mass. The
porcelain crucible was cooled at room temperature in desiccator before weighting with a precision balance
with an accuracy of 0.0001 g (Ohaus) The percentage of loss on drying is calculated using Eq. 5.

Equation 5. Calculation of sediment Siccity.

m2-mo0

Siccity (%) = x 100

ml-mo

Where:
mO: weight of supporter (aluminum cup or porcelain crucible)
m1: weight of wet sediment with supporter

m2: weight of dried sediment at 105°C with supporter

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 74
Licence CC BY-NC-ND 3.0



11.3.1.1.2. Particle density

Particle density is the mass per unit volume of sediment particles over the mass per unit volume of solvant,
(without unity). A certain volume of wet sediment (V sediment) was weighted before drying to obtain the
mass of wet sediment (Mrotar). The sediment was then dried at 40°C in preheated oven until unchanged
mass and weighted to have the mass of solid (Msoiid). The particle density was calculated with following
Eqgs. 6 to 8:

Equation 6. Formula to determine bulk density.

M Solid (g)
V sediment (cm3)

Bulk density (g/cm?) =

Equation 7. Formula to determine porosity.

M Total (g)—M Solid (g)
Vsediment (cm3)

Porosity =

Equation 8. Formula to determine particle density.

. . Bulk densi 3
Particle density (g/cm3) = = :zzgggyﬂm )

11.3.1.1.3. Particle size distribution
11.3.1.1.3.1. Sediment grain size

The grain size of sediment was measured by the laser diffractometer (MasterSizer 3000, Malvern) on wet
dispersion under ultrasonic field in ultrapure water that is purified through Milli-Q system (Sartorius). The
MasterSizer 3000 apparatus allow the measurement of particle size ranging from 10 nm to 3.5 mm. The
dispersion of sediment in ultrapure water decreases the particle-particle adhesive force via surface wetting,
promoting aggregation of particles to be dispersed with lower adding energy input. The suspension has
obscuration level lower than 10 % to avoid the blocking or multiple scattering of laser light due to high
particle concentration. The stirring speed of 2000 rpm and 100 % sonication were applied during each
measurement (30 to 60 seconds). Each sample was passed three times for measurement. Samples were
replicated three times to obtain reproducibility and consistency in medium grain size D50 (um). For all the
measurement, the relative standard deviation between replicates and measurements were low (less than 10
%).

11.3.1.1.3.2. Colloidal size

Particle size distributions of colloid extracts were determined based on dynamic light scattering technique
(ZetaSizer NanoZS, Malvern) on the 0 - 1 um solution and 0 - 0.2 um solutions. This device working based
on classical single-scattering to calculate particle size in a range from 0.3 nm to 10 um using a 633-nm
laser. Material refraction index was set to be 0.18 and material absorption was 0.001. Ultrapure water was
selected for dispersion medium and have refractive index of 1.330. Angle of measurement was 173°
backscatter. Measurement started with 120-second equilibration, followed by 3 measurements with
automatic selection of run and optimum position. The size measurement of colloidal suspension was
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manipulated during 24 h after the extraction to avoid the destabilization of colloidal particles.
Measurements were conducted without stirring.

11.3.1.1.4. pH

The pH of sediment was measured according to Method 9045D (US EPA, 2004). The wet sediment is
suspended in ultrapure water at a ratio of 1/1 (w/v), covered and stirred for 5 min. Then, the suspension was
let stabilized for about 1 h before the pH measurement. A glass electrode was immersed deep enough in
clear supernatant solution for good electrical contact through the capillary hole. The pH measurement was
performed using a CRISON GLP22 pH meter and a CRISON 5221 probe. The calibration was performed
daily using buffer solution at pH 4 and 7.

11.3.1.1.5. Loss on ignition (LOI)

The sediment placed in a support (mass m0) was dried at 105°C until unchanged mass (m2) measurement
and was then calcined at 550°C for 2 hours. The mass of calcined sediment in support was recorded as m3.
The content of OM s calculated in mass percentage associated to the mass loss during calcination using
Eq. 9.

Equation 9. Formula to estimate organic matter content (in %) from loss on ignition.

m2-m3

* 100

oM (%) - m2-mo0
11.3.1.1.6. Intermediate/large colloid quantification
11.3.1.1.6.1. Gravimetry

The quantification of intermediate/large colloidal concentration (fraction 0.2 — 1 um) was carried out
according to gravimetric method through the measurement of dry mass at 30°C of colloidal suspension. An
adequate volume (V) of suspension (< 1 um) was passed through the 0.2 um filter (Whatman, cellulose
nitrate membrane) to separate colloids (0.2 — 1 um). The filter was then dried at 30°C until unchanged mass
and cooled to room temperature in desiccator. The colloid concentration was determined as Egs. 10 and 11:

Equation 10. Determination of colloid concentration in extracted solution (in mg/L).

M3geoc (mg)—MFiiter (Mg)
V(L)

Colloid concentration (mg/L) =

Equation 11. Determination of colloid concentration in dry weight of sediment (in mg/gow-sed)-

Colloidal concentration (mg/L)*Volume (V)

Colloid concentration (mg/gpw—_sea) = Dried weight of sediment ()

where:
M Fiier: dry mass of supporter, herein supporter is 0.2 pm cellulose nitrate membrane
M soec: dry mass of colloid suspension at 30°C with supporter (filter)

V: initial volume of colloid suspension
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11.3.1.1.6.2. Lyophilization

Fraction smaller than 1 um in redox oscillation experiment was freeze-dried using lyophilizator (Cryotec)
for 3 to 4 days until achieving constant weight. Colloid suspension was collected in 60-mL HDPE flask and
frozen. Before lyophilization, the flasks were covered with parafilm with small holes to avoid mass loss
during vacuum. The colloid concentration was reported by the difference between total dry weight of water-
mobilization fraction (smaller than 1 pm) and the total dissolved salts.

11.3.1.2. Total contents of P, Fe, Al, Ca, Mn, Mg and Si
11.3.1.2.1. Total P
11.3.1.2.1.1. P content in sediment

Total P in sediment was measured according to Ruban et al., (2001) protocol. A 200-mg of sediment dried
at 105°C was calcinated at 450°C for 3 h to break organic bonds and allow P extraction from OM. To avoid
mass loss upon the transfer of calcinated sediment to centrifuge tube, both weight of sediment after
calcination and actual weight of transferred sediment in centrifuge tube were well recorded. Calcinated
sediment was then immersed in 20 mL of 3.5 M HCI for 16 h before centrifugation at 2000 g for 15 min.
The supernatant was filtered through a 0.45 um cellulose acetate membrane (LLG Labware). The filtrate
was adjusted to pH between 2 to 7 by 5 M NaOH and/or 0.1 M HCI before being subjected to the
measurement of dissolved inorganic phosphorus (DIP) by spectrophotometry (according to Murphy and
Riley, (1962) protocol). The final concentration of sedimentary TP was calculated by Eqg. 12.

Equation 12. Determination of total sedimentary phosphorus.

m,
DIP (7€) « Vircras m (L)
MC

TP (Mg/gow-sed) =

Where:

- DIP: final concentration of dissolved inorganic phosphorus (mg P/L), calculated by multiplying
dilution factor (Df) with measured concentration of DIP, according to Egs. 13 and 14:

Equation 13. Measurement of dissolved inorganic phosphorus according to method of Murphy and Riley,
(1962).

DIP (mg/L) = DIPmeasured(mg/L) X Df

Equation 14. Dilution factor used in measurement of total phosphorus.

Vwater(L) +Vsample (L)+VNaon s M(L)+Vhcro1m (L)
Vsample(L)

Df =

- Vheizsm: volume of HCI 3.5M used for extraction (L), herein V = 0.02 L

- Mc: Corrected dry mass of sediment subjected to acid addition (g), calculated by Eq. 15:
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Equation 15. Determination of sediment dry mass to calculate total sedimentary phosphorus.

M 95°¢(8)— M4s0°c(8)
o) = M) 1+ e et

11.3.1.2.1.2. P content in colloidal extract

The total P concentration in colloidal extract and in water-mobilizable fraction (0 - 1 um) was determined
after persulfate digestion according to Method 365.1 (US EPA, 1993). For 10 mL of sample, 0.625 mL of
a working digestion was added in prior to the autoclave for 30 minutes at 121°C and 1 bar of pression. The
working digestion solution was the combination of sulfuric acid 5.6 M and sodium persulfate, prepared
daily. The digested solution needed to be adjusted to the pH between 2 and 7 for the phosphate analysis by
spectrophotometric method (See section 11.3.2.3). All forms of phosphorus were converted to
orthophosphate and can be measured by the method of Murphy and Riley, (1962).

The TP was also measured using kit HACH LANGE LCK 349 with hydrolysis based on principle described
in section 11.3.2.3. Sample was digested with concentrated H,SO4 for 1 h at 100°C. This method provides
a measurement of P over a range of concentration from 0.05 — 1.50 mg P/L.

11.3.1.2.2. Fe, Al, Ca, Mn, Mg and Si analysis

The determination of total element contents was based on a digestion procedure for analysis according to
method 3015a (US EPA, 2007). The principe of this method is to dissolve sample in concentrated nitric and
hydrochloric acid using microwave heating.

For sediment sample, a 250-mg of sediment dried at 105°C was put in Teflon tubes. The degradation of
organic matter was done by adding 2 mL of concentrated peroxide (Merck, 30%) and let to degas overnight.
In next step, a combination of 6 mL HNO;3 (Fisher, 65 %) and 3 mL HCI (Normapur, 37 %) was placed into
vessel. After 4 h of reaction and degas, vessels were sealed and placed into microwave (Multiwave Go,
Anton Paar) for 40 min at 180°C. After cooling, contents inside vessels were filtered through 0.45 pum
cellulose acetate (LLG Labware), then diluted to 50 mL.

For colloidal extracts, 5 mL of solution were digested with aqua regia (of 6 mL HNO3 (Fisher, 65 %) and
3 mL HCI (Normapur, 37 %)) in microwave (Multiwave Go, Anton Paar) operating with similar program.
The pressure inside sealed Teflon vessel can reach 12 atm for the using of acid combination meanwhile the
sample containing high organic matter can create 25 atm pressure inside vessel. Therefore, sample needs to
be degassed overnight before heating in the microwave to avoid excessive increase in pressures inside
Teflon vessels. Each microwave run included two blank samples and 3 replicates for each sample.

The contents of Fe, Al, Ca, Mn, Mg and Si in digested solution were latterly determined by microwave
plasma atomic emission spectroscopy (Agilent, MP-AES 4100) (See section 3.2.5).

11.3.2. Dissolved phase
11.3.2.1. Alkalinity

Alkalinity in filtrate at 0.45 um was determined according to acid titration by 0.001 M HCI until the pH of
solution dropped to 4.3 to neutralize completely the hydrogen carbonate ions (ISO, 1994). The pH
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monitoring was performed using a CRISON GLP22 pH meter and a CRISON 5221 probe. The results were
reported in mg HCOs /L. The limit of quantification is 0.4 mmol/L and the quantification range is up to 20
mmol/L (I1SO, 1994).

11.3.2.2. pH, conductivity, oxygen level and redox potential

The pH was monitoring using pH meter (Crison, GLP22) and a pH probe (Crison, 5221) which was
calibrated daily by buffer solution at pH 4 and 7. The conductivity was measured using conductivity meter
(MeterLab, CDM210). The oxygen concentration was measured by a multi-parameter (HACH, HQ40D).
The redox potential was recorded using platinum band combined Ag/AgCI electrode (WTW, Portable
Multimeter 3210). The Eh values were corrected according to standard hydrogen electrode following Eqg.
16.

Equation 16. Formula to correct redox potential according to standard hydrogen electrode.

Ehcorrectea (MV) = Ehpeasurea (MV) +230—0.76 X (T(°C) — 25) + 60 X (pH — 7)
11.3.2.3. Dissolved inorganic phosphorus

Concentration of dissolved inorganic P (consistely in orthophosphates) in the solution was measured by
colorimetric method according to the standard method NFT90-023 (Murphy and Riley, 1962).

In acid condition, orthophosphate ions (HsPO., H.POs, HPO4*) react with molybdate ions to form a
phosphomolybdic complex. After reduction with ascorbic acid, and in the presence of antimony, this
complex turns into a blue molybdenum complex (McKelvie et al., 1995). The two pronounced wavelengths
used to read the absorbance of blue molybdenum complex are 700 nm and 880 nm. The maximal absorbance
was observed at 880 nm for different matrices obtained from different extraction and was used throughout
the thesis. DIP concentration was calculated from regression equation by plotting absorbance response
versus standard concentrations.

The pH of the samples must be adjusted to be between 2 and 7 by dilution or addition of acid/base before
dosing using 5 M NaOH and/or 0.1 M HCI. The detection limit of this method is 20 ug P/L and has an error
percentage of 5 %. The calibration curve is determined through the series of standards ranging from 0,
0.025, 0.05, 0.1, 0.25 to 0.5 mg P/L. The correlation coefficient of calibration curve needs to be at least
0.995 to be able to provide accurate results. Phosphate ion concentration was then measured by colorimetry
at 880 nm using 1-cm cuvettes, and results were expressed in mg P/L.

The DIP was also measured using kit HACH LANGE LCK 349 without hydrolysis based on similar
principle described above. This method provides a measurement of DIP over a range of concentration from
0.05 - 1.50 mg P/L.

11.3.2.4. Total organic carbon

For the determination of total organic carbon (TOC), a 7-mL solution was introduced into the TOC analyzer
(Analytik Jena, multi N/C 2100S) with the measuring range of 0 — 30 mg C/L, LQ of 1 mg C/L. The
measurement was carried out after acidification by 50 uL of phosphoric acid HsPO4 2 M and bubbling to
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remove inorganic carbon. Then, 500 pL of sample was injected to the oven and combusted at 800°C. The
high temperature provides sufficient energy to break the stable C — C, C — O, C — N bonds. The released
CO, gas was detected through infrared radiation.

11.3.2.5. Fe, Al, Ca, Mn, Mg and Si analysis

Elemental concentrations of Fe, Al, Ca, Mn, Mg, Si in dissolved fraction were directly measured by MP —
AES. Principally, the element atom is excited by external energy and emits radiation with distinct
wavelength pattern, forming emission spectrum when it returns to ground state. The MP-AES provides
microwave energy to produce plasma discharge using N2 gas. Sample is nebulized and come into interaction
with plasma. The aerosol is subsequently dried, decomposed and atomized, promoting excited state and
emitted light. The spectrum and intensity of each emission line are recorded. Concentration of element in
sample was quantified by comparing with known concentration established on calibration curve. The limit
of quantification (LQ) were 20 ug Al/L, 30 ug Fe/L, 12 pg Ca/L, 7 ug Mn/L, 1 ug Mg/L and 15 pg Si/L.

11.3.2.6. Cations and anions

Concentrations of major anions (NOz, NO2, SO.%, CI") and cations (Na*, NH4*, Ca?", Mg?*, K*) were
measured in filtrates at 0.45 um and 0.2 pum using ionic chromatography (Metrohm, 930 Compact IC Flux).
The column for IC is packed with resin having opposite charge to analytes. The separation of analytes
works based on the electrostatic interaction between molecules and fixed charges on stationary phase. The
LQ for NOz, NO7, SO+%, CI, Na*, NHs*, Ca®*, Mg?* and K* were 0.45, 0.075, 0.075, 0.25, 0.1, 0.3, 0.25,
0.25 and 0.15 mg/L, respectively.

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 80
Licence CC BY-NC-ND 3.0



Part I11. Results and discussions

I11.1. Impact of methods of sediment preconditionning, extraction and separation methods of colloids
for sediment matrix

111.1.1. Introduction

The investigation of natural colloidal particles in the transport of contaminants, nutrients and their impact
on the environment is a common research topic for aquatic systems and soils. In natural environments
colloids occur with heterogeneous composition and diperse size classes. Prior to any assessment of the
source, behavior, mobility and fate of colloids in the environement, the preliminary task is the extraction
and separation of colloids from their natural matrices.

Common methods for extracting colloids include agitation and sonication (Table 6-9). According to the
different input energy that agitation or sonication provide, and hence the varying interactions, it can induce
between colloids and between colloids and soil/sediment particles, differences in the quantity and quality
of colloids could be expected. However, the effect of these extraction methods on the recovered colloids
characteristics has not been investigated. In addition, the extraction of the colloid can be performed on fresh
wet sediment or on dried sediment. This also raises the question of the impact of different modes of
sediment preservation (fresh, air-dry, oven-dry, freeze-dry) on the nature of colloids and their
guantification.

Concerning colloids separation in the extracted solution (containing both colloids as well as particulate and
dissolved fraction), there are several methods based on the different principles and providing different size
ranges of colloids. The most common separation techniques to recover colloids from soil and water samples
are gravitational sedimentation, filtration and centrifugation (Table 6). As the whole, the impact of those
methods on the variation in sedimentary colloid recovery and characteristics is missing because very few
researches were subjected to study them.

In this section, the impacts of extraction, separation of colloids from the sediment as well as the sediment
preconditioning were targeted as follow:

- How the agitation and sonication of the sediment suspension during colloids extraction affect the
guantity and quality of the recovered colloids?

- Do the separation protocols used (filtration, centrifugation and various degree of combination)
affect the quantity and characteristics of the recovered colloids?

- Do different modes of sediment preservation (fresh, air-dry, oven-dry, freeze-dry) influence the
nature of colloids and their recovery?

- If there are effects of sediment storage, extraction and separation, what changes in chemical
properties of colloids could be induced?

- What is the more appropriate extraction and separation methods to recover colloids from sediment
sample?

To answer these questions, a surface sediment was collected in Champsanglard reservoir and submitted to
various sediment preservation (wet, air-dry, oven-dry, freeze-dry), colloid extraction (agitation, sonication)
and separation methods (direct filtration, prefiltration before filtrations, low-speed centrifugation prior to
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filtration, high-speed centrifugation prior to filtration, and successive centrifugations. The results were
focused on quantity of extracted colloids and their characteristics (chemical composition and size
distribution)

Results were presented in form of two articles:

- Article 1: How do colloid separation and sediment storage methods affect water-mobilizable
colloids and phosphorus? An insight into dam reservoir sediment

The article was published in Journal of Colloids and Surfaces A: Physicochemical and Engineering Aspects
(Nguyen et al., 2020)

- Article 2: Comparison of three methods of colloid extraction for characterization of mobilizable
colloids from Champsanglard sediment.

This article will to be submitted to Chemosphere journal.
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111.1.2. How do colloid separation and sediment storage methods affect water-mobilizable colloids
and phosphorus? An insight into dam reservoir sediment

Avrticle is accepted for Journal of Colloids and Surfaces A: Physicochemical and Engineering Aspects.
Diep N. Nguyen, Malgorzata Grybos, Marion Rabiet, VVéronique Deluchat
Limoges University, PEIRENE EA 7500, 123 Av. Albert Thomas, 87060 Limoges Cedex, France
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Despite the significant role played by colloids in determining the fate of contaminants in aquatic systems,
obtaining knowledge about the mobilizable colloids from bottom sediments of dam reservoirs has not yet
received sufficient consideration. A major obstacle to understanding the role of colloids in aquatic systems
is the limited comparability of results with the literature due to the vast number of methods practiced for
colloid extraction/separation and the various sample storage conditions used for colloid extraction purposes.
This work presents the effects of five colloid separation methods (namely direct filtration, successive
filtrations, low-speed centrifugation and filtration, high-speed centrifugation and filtration, and successive
centrifugations), combined with four sediment storage modes (wet, air-dried at 20°C, oven-dried at 40°C,
freeze-dried), on the characteristics (mass, size distribution, composition) of water-maobilizable colloids
from the bottom sediment of an eutrophic reservoir (Champsanglard, France). Special attention has been
paid to phosphorus (P), an element that occupies a predominant place in the study of eutrophication process.
Results showed that Champsanglard sediment contained a relatively high stock of water-mobilizable
colloids (over 5.4 g/kgow-sed), along with the associated colloidal P constituted of approximately 4% total
sedimentary P and 81 - 93 % total water-mobilizable P (fraction < 1 pm). The mass and size distribution of
released colloids, as well as the amount of colloidal and dissolved P, Corg, Fe, Ca, Mn, Al and Mg, differed
by a factor of up to 26 depending on colloid separation protocols. The loss in colloidal mass upon membrane
clogging during direct filtration was mitigated by means of a preliminary separation of particles through
filtration and centrifugation, while successive centrifugations led to the potential overestimation of colloid
guantity due to incomplete separation caused by presence of organic matter. Sediment storage impact at a
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greater extent on extracted colloidal mass. In comparison with fresh sediment, drying decreased up to 40
folds the amounts of colloidal and dissolved elements. Special attention should be paid to sediment storage
and separation protocols. According to our results, the characterization of colloids shall be done on fresh
sediment and with separation by successive filtrations or combination of centrifugation and filtration. The
comparison between sediment of different reservoirs should be based on similar application of sample
storage and colloid separation protocol, the definition of normalized protocol would be thus required. It is
strongly advised to avoid using solely centrifugation for colloid recovery and sediment freeze-drying for
long-term storage when working with sediments.

Keywords: Dam reservoir sediment, colloidal size distribution, colloidal composition, colloid quantity,
phosphorus, separation, centrifugation, filtration, drying, freeze-drying.

Abbreviations:

AF4 Asymmetric flow field-flow fractionation
ANOVA One-way analysis of variance

CFC Continuous flow centrifugation

CFF Cross-flow ultrafiltration

DIP Dissolved inorganic phosphorus

FFF Field-flow fractionation

ICP-MS Inductively coupled plasma mass spectrometry
LQ Limit of quantification

MP-AES Microwave plasma-atomic emission spectrometer
P Phosphorus

Pwwm Water-mobilizable P

S/L Dry weight solid-liquid ratio

TOC Total organic carbon

TP Total phosphorus

uc Ultra-centrifugation

UF Ultra-filtration

UPW Ultrapure water

111.1.2.1. Introduction

Natural colloids (operationally defined as particles within the size range from 1 nmto 1 um) play a key role
in the fate and behavior of nutrients and contaminants in aquatic and terrestrial ecosystems, given their
ubiquity and reactivity (Buffle and Leppard, 1995a, 1995b; Lead and Wilkinson, 2006; Baken et al., 2016;
Gottselig et al., 2017a; Gu et al., 2018; Yan et al., 2017). Despite the significance of colloids in the balance
of mobile nutrients in natural environment, the state of knowledge is rather poor regarding colloids in dam
reservoirs and, more specifically, colloids being mobilized from the bottom sediments of these systems. It
should be noted that reservoir sediments are generally enriched in biogenic elements since they are receptors
of elements from both the surrounding catchments and internal recycling in the column water (Wildi et al.,
2004; Teodoru and Wehrli, 2005; Maeck et al., 2013; Maavara et al., 2015; North et al., 2015; Orihel et al.,
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2017; Hahn et al.,, 2018; Pestana et al., 2019; Palanques et al., 2020). In addition, their specific
hydrodynamics, which depends in part on the type of dam and how it is managed, can cause sediment
resuspension and thus contribute to the release of particles, colloids and ions through vertical distribution
to the overlying water (Galvez and Niell, 1992; Buermann et al., 1995; Effler and Matthews, 2004; Filstrup
and Lind, 2010; Cavaliere and Homann, 2012; Zhang et al., 2012; Cervi et al., 2019).

The colloids in lake and reservoir water can be derived from several pathways, including inlet water, the
detachment and/or resuspension from bottom sediments, breakdown of larger aggregates (biological and
inorganic debris) and/or in situ formation of mineral precipitates or organo-mineral associations. In such
systems, the increasing retention time promotes the entrapment and settling of fine and colloidal material,
which for example in large lakes and reservoirs accounts for 30% of the inflowing suspended materials
(Vorosmarty et al., 2003). The mobilization of colloids from bottom sediments to overlying water (i.e.
internal colloid load) is associated with natural mechanical disturbances of sediment, or bioturbation
(Pokrajac et al., 2007; Valipour et al., 2017; Phillips et al., 2019; Schroeder et al., 2019; Gautreau et al.,
2020). Mobilizable colloids from sediment may contain the colloids settled from the water column and/or
colloids generated within the sediments. Many processes occurring within sediments may contribute to
colloid generation, e.g. incomplete decomposition of organic debris (Wilkinson and Lead, 2007), mineral
precipitation in sediment pore water (Lewandowski and Hupfer, 2005; Rothe et al., 2015; Rothe et al., 2016;
Woszczyk, 2016; Steiner et al., 2019; Vuillemin et al., 2019) or aggregate disintegration by the dissolution
of cementing agents (Newman, 2008; Henderson et al., 2012). Colloids might also be continuously
generated at the surface sediment-bottom water interface due to, for example: the mixing of reducing
sediment porewater with overlying oxic water, and the oxidation of iron and manganese (Pakhomova et al.,
2007; Chatellier et al., 2013; Corzo et al., 2018).

Several protocols for extracting and separating colloids from various matrices (soil, sediment and water)
have been proposed in the literature, including centrifugation and filtration (see Table 6). Sedimentation,
membrane filtration and centrifugation are simple methods that have been used in many researches for
studying aquatic colloidal particles over a long period and continuing through today (Table 6). Each
approach has distinct advantages but also drawbacks. For example, conventional filtration with a 1-um
membrane may underestimate the mass of colloids and cause a serious error in the colloidal size class
evaluation. A progressively clogged membrane during filtration involves a decrease in effective membrane
pore size and thus retains colloids (Morrison and Benoit, 2001). On the other hand, centrifugation has been
recommended for separating colloids due to its advantages in overcoming the entrapment or interaction of
colloids with the filter membrane (Gimbert et al., 2005). However, when operated properly in a way that
avoids membrane overload and introduces multiple filters for large sample volumes (Morrison and Benoit,
2001), filtration can compromise high recovery.

Moreover, the differences in techniques used for colloid extraction, separation and characterization, plus
the applied cutoff size could lead to differences in the colloidal size determination over the dissolved
fraction. Conventional colloidal size separation has often been carried out at 1 um for the upper colloidal
fraction threshold, while the lower threshold for isolating colloids from the dissolved fraction has varied
from one author to the next (Table 6). For example, Liu et al. (2014) considered a colloidal fraction of
between 0.02 um and 1 um, whereas Tang et al. (2009) placed the size of this fraction at from 0.1 - 1.0 um.
In some instances, no distinction lies between dissolved and colloidal fractions (Gimbert et al., 2006; Zirkler
etal.,, 2012; Yan et al., 2017).
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Regarding the widespread use of filtration, the problem of membrane clogging has been minimized by
proceeding with the pre-removal of large particles, e.g. by: sedimentation (Tang et al., 2009; Missong et
al., 2016), filtration at higher pore sizes (Gottselig et al., 2017a), centrifugation (Sinaj et al., 1998; Turner
et al., 2004; Liang et al., 2010; Zang et al., 2013), and a combination of various techniques (Shand et al.,
2000). In addition, a wide range of colloid extraction methods are available; these comprise: the choice of
solid-liquid ratio (wpw/Vv) such as 1/8 (Missong et al., 2018), 1/10 (Buettner et al., 2014) and 1/20
(VandeVoort et al., 2013), matrix type (soil, sediment, surface, groundwater) and its characteristics, and
raw matrix treatment for storage before colloid extraction such as wet (Missong et al., 2018), air-dried
(Yan et al., 2017), oven-dried (Regelink et al., 2014) and lyophilization (Xu et al., 2019). The quantity of
colloids in extracts varies from 0.03 to 1.7 g/L (Kaplan et al., 1993; Yan et al., 2017) and from 260 to 1,320
mg/kg (Sinaj et al., 1998) in soil; from 122 mg/L (Tulve and Young, 1999) to 200-2,400 mg/L (Murali et
al., 2012) in sediment; and 0.7-8.6 mg/L (Hart et al., 1993) in water. Nonetheless, it remains unclear whether
the differences in quantity of extracted colloids across studies have been induced by differences in sample
characteristics or by the colloid extraction/separation/characterization protocols and raw matrix
conditioning.

The majority of available studies have focused on surface and groundwater, porous media and soils
(Grolimund et al., 1998; Kretzschmar et al., 1999; Ran et al., 2000; Bradford et al., 2002; Wolthoorn et al.,
2004; Murali et al., 2012; Baken et al., 2016; Yan et al., 2016; Gottselig et al., 2017a; Missong et al., 2018).
Much less attention has been paid to lake and river sediments (Seaman et al., 1997; Tulve and Young, 1999;
Murali et al., 2012; Xu et al., 2019) and among them, no identical protocol is observed.

The objective of this paper is twofold: 1) evaluate the role of various sediment storage modes (wet, air-
dried at 20°C, oven-dried at 40°C, freeze-dried) and various colloid separation protocols (direct filtration,
successive filtrations, low-speed centrifugation and filtration, high-speed centrifugation and filtration,
successive centrifugations) on the characteristics (mass, size distribution and composition) of water-
mobilizable colloids from reservoir sediment; and then 2) propose recommendations for future studies. All
tests were performed on organic P-rich sediment sampled in a hydroelectrical dam reservoir located in a
granitic catchment and periodically impacted by eutrophication (Champsanglard, France). Special attention
was paid to the dissolved and colloidal P, by virtue of its key role in the algal bloom process (Zhang et al.,
2019).

111.1.2.2. Materials and methods
111.1.2.2.1. Sediment sampling and preconditioning

Sediment was collected in the middle channel of the Champsanglard dam reservoir (46°15'41.69"N,
1°53'30.49"E) on the Creuse River (France). This reservoir, with a surface area of 0.55 km?, a total storage
volume of 3.56 hm? and a water depth of up to 19.4 m, exhibits thermal and oxygen stratification along
with a significant bloom of microalgae during the summer period (Rapin et al., 2019). Surface sediment
(up to 10 cm) was collected from the reservoir bottom (approx. 9 m) during mid-May 2018 using an Ekman
grab. The sediment was manually homogenized and preserved in polyethylene bottles previously rinsed
with reservoir surface water. All bottles were kept in an icebox during transportation. In the laboratory, the
wet sediment was immediately sieved through a 2-mm mesh and separated for four different conditionings:
1) one portion was kept at 4°C (denoted "wet"), 2) another portion was air-dried at ambient temperature
(20° £ 1°C) for 2 weeks (denoted "air-dried at 20°C"'), 3) another portion was dried in an oven at 40°C for
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5 days (denoted "oven-dried at 40°C"), and 4) the last portion was freeze-dried using a lyophilizator
(Cryotec, COSMOS-80) for 4 days (denoted "freeze-dried™). Table 12 presents the general physicochemical
characteristics of this sediment.

Table 12. Characteristics of sediment collected in the Champsanglard dam reservoir.

pH Dso Particle ‘Water loss on OM* P Fe Al Ca Mn Mg
density drying
um glem® % % Mg/ oW Sed
6.4+0.2 191 2.417 81.6 19x1 1.43 £0.01 791 136 £ 4 8.5+£05 1.5£0.1 172 £0.0

The water loss on drying of sediment was determined as the percentage of mass loss after drying at 105°C
until unchanged mass. The pH of sediment was measured on a suspension of wet sediment in ultrapure
water with ratio of 1/1 (w/v) according to Method 9045D (US EPA, 2004). The grain size (D50) of sediment
was measured by laser diffractometer (MasterSizer 3000, Malvern) on wet dispersion under ultrasonic field
in ultrapure water. Particle density was determined by drying a certain volume of wet sediment at 105°C
until unchanged mass. The particle density was then calculated as bulk density minus the pore spaces
occupied by air and water according to following equation:

M dry sediment (g)

V sediment (cm?3)

M moist sediment — M dry sediment
Porosity (%) = 10(()%)* A0 4 ©) * 100%
Bulk density (g/cm?)

1 — Porosity (%)

Bulk density (g/cm?) =

Particl density (g/cm3) =

The organic matter (OM) content was calculated by percentage of mass loss during calcination at 550°C
for 2 h. The measurement of total P in sediment was performed according to the method of Ruban et al.,
(2001) in which calcinated sediment was digested with HCI 3.5 M for 16 h. Digested solution was
centrifuged at 2000 g for 15 min, filtered through 0.45 um cellulose acetate membrane (LLG Labware) and
measured of dissolved phosphate by spectrophotometry (see part 3.2). The determination of total contents
of Fe, Al, Ca, Mn and Mg was based on a microwave-assisted digestion procedure with concentrated
peroxide (Merck, 30 %), HNO; (Fisher, 65 %) and HCI (Normapur, 37 %) (Multiwave Go, Anton Paar) for
40 min at 180°C according to method 3015a (US EPA, 2007). The contents of Fe, Al, Ca, Mn and Mg in
digested solution were determined by microwave plasma atomic emission spectroscopy (Agilent, MP-AES
4100) (See section 3.2).

111.1.2.2.2. Colloid extraction and separation

Throughout this study, the focus will be placed on the fraction of large colloids with a size ranging
between 0.2 and 1 pm.

111.1.2.2.2.1. Extraction
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Colloid extraction was carried out from sediment suspension prepared by adding 150 mL of ultrapure water
(UPW) to a 15-g equivalent of wet sediment. The ratio of dried solid/liquid (S/L) equaled 1.7% (Wpw/V).
Sediment suspensions were agitated for 24 h at 200 rpm using an orbital shaker (IKA-WERKE, KS 501
digital). Since drying involved significant sediment consolidation, before colloid extraction, the dried
sediments were submerged in UPW for 2 days to soften, then gently hashed using a stainless spoon and
shaken manually to disperse sediment particles. Dried sediments were not powdered so as to avoid a
grinding process that would generate new colloidal particles.

111.1.2.2.2.2. Separation
The effect of the various colloid separation protocols was solely assessed on wet sediment.

Five such protocols were applied on the wet sediment in order to isolate the fraction smaller than 1 pm
from sediment suspension. The separation protocols were selected according to reviews found in the
literature (Gimbert et al., 2005, 2006; Liang et al., 2010; Murali et al., 2012; Liu et al., 2014; Regelink et
al., 2014; Séquaris et al., 2013; Yan et al., 2017), consisting of sedimentation, filtration, centrifugation or
the combination of two techniques, as presented in Figure 22.

l Sediment (< 2 mm) + UPW l
|
Agitation for 24 h |
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for2 h at 2.7 um (68 g -15 min) (272 g - 6 min) (272 g - 6 min) >
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I Filtration at 1 pm l
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[ Filtration at 0.2 um l Centrifugation

(680 g - 6 min)
Protocol Pre-separation Sep.aration i Se;?aration of
fraction < 1 pm fraction < 0.2 um
a Sedimentation Filtration 1 pm Filtration 0.2 pm
b Filtration 2.7 pm Filtration 1 pm Filtration 0.2 um
c Centrifugation 68 g Filtration 1 pm Filtration 0.2 um
d Centrifugation 272 g Filtration 1 um Filtration 0.2 um
e None Centrifugation 272 g Centrifugation 680 g

Figure 22. Colloid extraction and separation protocols applied on wet sediment.

a) Direct filtration: Sediment suspension was decanted for 2 h by gravitation which allow to settle down
large particles. According to the quality of decanting or centrifuging matters (mineral, organic or mix),
the size cut-off would be different (Klitzke et al., 2012). Considering average density of sediment, 2 h
of decantation would settle the particles larger than 42 um (d = 2.417 g/cm?); for organic particles (d =

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 88
Licence CC BY-NC-ND 3.0



1.2 g/lcm3), the cut-off size would be 112 um. then, the supernatant was filtered through a 1-pm filter.
The cut-off size was calculated from equation (1):
where:

_ 2[18Xmxv
d= f—gx Ao (1)
d: particle diameter (cm)

Ap: difference in particle density and suspension medium (pwaer = 1.0 g/cm?)
n: dynamic viscosity of the suspension medium (n = 0.01 g/(cm.s))

v: settling velocity (cm/s)

g: gravitational acceleration (g = 9.81 cm/s?)

b) Successive filtrations: Sediment suspension was filtered through 2.7 um, and the filtrates were then

c)

d)

passed through a 1-um filter.

Low-speed centrifugation and filtration: Sediment suspension was centrifuged at 68 g for 15 min to
separate particles larger than 2.0 um (d = 2.417 g/cm?®). In case of organic particles (d = 1.2 g/cm?), the
cut-off size was 5.23 um. The centrifugates were then carefully pipetted out and filtered through a 1-
um filter. The centrifugation speed and time were calculated using the equation (2), according to
Gimbert et al., (2005):

181 In(R/S
t= Sd—(m/)) @)
where:
d: particle diameter (cm)
Ap: difference in particle density and suspension medium (pp = 2.417 g/cm?®) (pwater = 1.0 g/cm?3)
n: dynamic viscosity of the suspension medium (= 0.01 g/(cm.s))
t: settling time (s)
R: distance from the axis of rotation to the settling level in the tube (R = 10.8 cm)
S: distance from the axis of rotation to the suspension surface in the tube (S = 5.5 cm)
«: angular velocity of the centrifuge (rad/s) as calculated by the following equation:
21

= —X
W= o5 XTpm

High-speed centrifugation and filtration: Sediment suspension was centrifuged at 272 g for 6 min to
remove particles larger than 1 um (d = 2.417 g/cm?®). In case of organic particles (d = 1.2 g/cm?), the
cut-off size was 2.62 um. The centrifugates were then carefully pipetted out and filtered through a 1-
pum filter.

Successive centrifugations: Sediment suspension was first subjected to centrifugation at 272 g for 6
min to remove the fraction greater than 1 pm (d = 2.417 g/cm?®) (Gimbert et al., 2005). The supernatant
was then gently pipetted out and submitted to the second centrifugation at 680 g for 6 min to settle the
particles greater than 0.2 um (d = 2.417 g/cm?®). In case of organic particles (d = 1.2 g/cm?), the cut-off
size would be 2.62 pum and 0.52 pm for the first and second centrifugation, respectively. The pellets
after the second centrifugation were resuspended in UPW by agitation for 30 min in order to obtain
colloidal suspension of 0.2 - 1 um. The supernatants were also gently pipetted out and represented the
fraction smaller than 0.2 pm.
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For the four protocols (“a” through “d”), an aliquot of obtained suspension (fraction smaller than 1 pm)
was passed through a 0.2-um filter.

All filtrations at 2.7 pm and 1 um were conducted with glass microfiber (VWR), which features a higher
chemical resistance, pH resistance and biological inertia, and at 0.2 um with a cellulose nitrate membrane
(Whatman). All centrifugations were performed using both a centrifuge (Thermo Scientific, Multifuge X3
FR) and a rotor (Thermo Scientific, FIBERLite F14-6x250LE). All experiments were run in triplicate.

Protocol “d” (combining centrifugation at 272 g and filtration at 1 um, see Fig. 22) was selected for
investigating the various sediment storage modes (wet, air-dried, oven-dried at 40°C, freeze-dried).

111.1.2.2.3. Colloid characterization
111.1.2.2.3.1. Colloid concentration and size distribution

The quantity of colloids was determined by gravimetric method. The filtrates at 1.0 pm (protocols “a” to
“d”) and suspension 0.2 - 1 pm (protocol “e”’) were passed through a 0.2-um filter to retain the large
colloidal fraction (0.2 - 1 um), and the filters were oven-dried at 30°C until the mass remained unchanged.
The colloidal concentration was quantified as a dry mass of colloid divided by the dry mass of sediment
(Wpw-colloid/Wpw-sed). The particle size distribution of colloids was determined based on a dynamic light
scattering technique using ZetaSizer NanoZS (Malvern) on the 0 - 1 um (protocols “a” to “d”) and 0.2 - 1
um (protocol “e”) suspensions. The material refraction index was set at 0.18 and the material absorption
equaled 0.001. The angle of measurement was 173° backscatter; measurements started with a 120-second
equilibration, followed by three measurements with an automatic selection of running times and optimal
measurement position. The size distribution was presented according to number-based DLS data.

111.1.2.2.3.2. Chemical analysis for TP, Fe, Al, Mn, Ca, Mg, TOC

All chemical analyses were conducted on two fractions: 0 - 1 um and 0 - 0.2 um. The 0.2 - 1 um fraction
was determined by the difference between these two fractions across all separation methods, except for
protocol “e” since the resuspended solution had already presented colloids sized 0.2 - 1 um.

Total organic carbon (TOC) was measured using a TOC analyzer (Analytik Jena, multi N/C 2100S) with
an LQ of 1 mg C/L. The organic content analysis was carried out with onboard magnetic stirring in order
to avoid colloid aggregation and decantation.

Measurements of Fe, Al, Mn, Ca and Mg contents were recorded using MP-AES (Agilent, MP 4100). The
LQ were: 30 pg/L ,20 pg/L, 7 pg/L, 12 pg/L and 1 pg/L, respectively. For the fraction smaller than 1 um,
prior to analysis the samples were acid digested with aqua regia, as presented in Method 3015a (US EPA,
2007) using a microwave digestion system (Anton Paar, Multiwave GO).

Total released phosphorus (TP) was analyzed after persulfate digestion according to Method 365.1 (US
EPA, 1993). This method converts all forms of P into orthophosphate by autoclaving at 121°C for 30 min
with ammonium persulfate and sulfuric acid. The content of digested orthophosphate, or dissolved
inorganic phosphorus (DIP), was then measured by means of spectrophotometry using ammonium
molybdate and antimony potassium tartrate, according to the method described by Murphy and Riley,
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(1962). The amount of DIP was determined by the absorbance of molybdenum blue P, in conjunction with
a UV-visible spectrophotometer at 880 nm (Agilent 8453 UV-visible spectrometer), using 1-cm cuvettes.
Results were expressed in mg P/L. The limit of quantification (LQ) for this method is 0.01 mg P/L.

Four fractions of P could be determined: water-mobilizable P (Pwm: TP in the fraction smaller than 1 um),
large colloidal P (TP content in the 0.2 - 1 um fraction, as identified by subtracting TP< 0.2 um from Pwwm),
small colloidal P (TP in the fraction smaller than 0.2 um minus the dissolved P, as found by subtracting
DIP< 0.2 um from TP<.2um), and dissolved P (evaluated by DIP in the fraction smaller than 0.2 um). By this
fractionation step, the small colloidal P covers P-colloids less than 0.2 um, whereas large-colloidal P
includes P-colloids from 0.2 to 1 um.

111.1.2.2.4. Statistical analysis

A one-way analysis of variance (ANOVA) and two-tail t-test were used to analyze the significance of the
differences between colloid separation methods and sediment storage modes at a 0.05 level of significance.
The possible correlation between colloidal P and other colloidal elements was measured by means of the
Pearson correlation coefficient R2. All statistical analyses were run on Microsoft Excel, enhanced with
Analysis ToolPak, XLSTAT and XL Toolbox NG.

111.1.2.3. Results and discussion
111.1.2.3.1. Separation protocols
111.1.2.3.1.1. Effects on the quantity of separated colloids and their size distribution

The mass of water-mobilizable colloids (0.2 - 1 um) obtained according to five separation protocols is
presented in mg colloid/gow-ses Of sediment (Fig. 23). The colloid quantity varied between 5.4 + 0.6 mg/gow-
sed for direct filtration (protocol “a”) and 21.2 & 1.5 mg/gow-sed for successive centrifugation (protocol “e”),

which corresponds to a factor of 4 across the tested assays.
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Figure 23. Variation in dry mass of the colloidal fraction sized 0.2 - 1 um by means of different colloid
separation protocols. The error bar depicted 1 SD.
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When comparing protocol “a” with pre-separation filtration protocols “b” through “d”, the introduction of
a pre-separation step by filtration or centrifugation prior to filtration at 1 um induced an increase of 1.5 to
2 times the mass of obtained colloids (from 7.3 + 0.2 to 14.7 + 0.4 mg/gow-seq) relative to direct filtration at
1 pm (5.4 £ 0.6 mg/gpw-sed). The lower mass of colloids obtained by direct filtration, compared to “pre-
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treated” separation methods, is typically associated with membrane fouling, which decreases the flow rate
due to an accumulation of particles at the surface (cake layer formation) or inside the membrane pores
(Speth et al., 2000; Gimbert et al., 2005; Tang et al., 2009). Cake layer formation is driven by both particle
diameter and filter porosity with larger flocs/particles creating a thicker cake (Shirazi et al., 2010).
Introduction of the pre-separation step therefore helped reduce the deposition of coarser particles and
resulted in an increase of colloid quantity passing through the 1-um membrane. The decantation carried out
prior to filtration in protocol “a” was insufficient to limit this phenomenon. However, the quantity of
isolated colloids could also be decreased by colloid interaction with the filter or by attachment to larger
particles retained by the membrane during filtration or aggregation to larger floc (Buffle and Leppard,
1995a; Stumm and Morgan, 1995). These interactions are not well understood, and more studies are needed
to reveal the complex interactions taking place between colloid and membrane.

Application of a pre-centrifugation step (protocols “c” and “d”) showed lower colloid recovery when
compared with protocol “b” (pre-filtration at 2.7 um), 10.5 £ 0.5 and 7.3 + 0.2 against 14.7 + 0.4 mg/gow-
sed, respectively. The mass of colloids further decreased by approximately 30% as the centrifugal force
increased from 68 g (protocol “c”) to 272 g (protocol “d”) yet remained at least 1.4 times higher than direct
filtration (protocol “a”). Separation by centrifugation could bring particles into closer contact and enhance
aggregate formation (Vauthier et al., 2008). An increase in centrifugal force likely resulted in greater colloid
collision and aggregation. Colloidal aggregates larger than 1 um would be eventually separated in the
subsequent filtration and could explain the lower mass observed in pre-centrifugation protocols. However,
aggregate formation upon pre-centrifugation cannot be demonstrated in this study since no significant size
discrimination for large colloids in the colloidal fraction (0.2 - 1 um) were observed between two centrifugal
speeds; moreover, for large aggregates, the size distribution of the particle fraction (i.e. above 1 um) was
not recorded herein. Although pre-centrifugation induced important mass loss of recovered colloids in
subsequent filtrations compared to the successive filtration protocol, pre-centrifugation did remain a good
solution for overcoming membrane clogging during direct filtration without any significant change in size
distribution.
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Figure 24. Effect of colloid separation protocols on the size distribution of the water-mobilizable fraction
smaller than 1 pm, except for protocol "e", which presents the 0.2 - 1 um fraction size. The error bar
depicted 1 SD.
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For successive centrifugation without filtration at 0.2 um (protocol “e”), the colloid quantity was
considerably higher than for the other protocols (by a factor ranging from 1.4 to 5), and the size distribution
of obtained colloids revealed the presence of particles larger than 1,000 nm (Fig. 24). Meanwhile, the
expected size was between 200 and 1,000 nm. During two successive centrifugations, the first aimed to
remove particles larger than 1 um and the second to separate colloidal from the conventional “dissolved
fraction” at 0.2 um. The appearance of particles larger than 1 um after two successive centrifugations could
be ascribed to an incomplete separation, caused by the heterogeneity of particle density and/or colloid
aggregation/flocculation under high centrifugal forces. Particle density has an important role on the cut-off
of colloidal particles separated by centrifugation using Stoke’s law. The particles with lower density (for
example organic particles) travel at a lower rate and at some point, will be separated from particles with
higher density. Therefore, organic matter dominated particles would give a larger size cut-off than the
particles dominated by minerals when subjected to the same centrifugation procedures (Klitzke et al., 2012).
According to our calculation, at the centrifugation speed of 272 g and 680 g and considering density of 1.2
g/cm?® (for organic particles), the size of separated colloids was estimated to be 2.62 um and 0.52 pm,
respectively. The presence of particles larger than 1000 nm (Fig. 24) is a hint for presence of organic
colloids. Moreover, as shown in figures 25a and 25b, the major component of separated colloids was
organic carbon (9-12 %). Thus, the colloids separated from studied sediment contained high amount of
organic matter (estimated as 15-21 % by a factor of 1.72 of total organic carbon). The incomplete separation
of colloids during successive centrifugation (protocol “e”) and associated higher size cut-off of separated
colloids could be related colloid composition (with high organic content).
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Figure 25. Impacts of colloid separation methods on the elemental composition, expressed per dry mass of
sediment for: a) large colloidal fraction (0.2 - 1 pm), and b) fraction below 0.2 um;
versus c) the concentration per dry mass of large colloids (0.2 - 1 um). The error bar depicted 1 SD.
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On the other hand, high density of colloids could favor colloid assemblies. Aggregation/flocculation may
occur in the pellets or through colloid collision/agglomeration within supernatant (Salim and Cooksey,
1981; Baalousha, 2009; Maria et al., 2020) to form large aggregates/flocs. In general, the supernatant
obtained from the first supernatant could contain particles, colloidal and dissolved fractions.

When considering incomplete separation and aggregation with respect to the second-centrifuged
supernatant, the presence of colloids larger than 0.2 um could be expected even after the second
centrifugation step. This has been confirmed by means of a size analysis of the fraction assumed to be
smaller than 0.2 um, in which 19 + 15 % of particles were in the range of greater than 200 nm for successive
centrifugations, compared to 6 + 3 % for the other protocols (Fig. 31). Nevertheless, the presence of larger
particles due to this incomplete separation has notably increased the expected mass of colloids (Fig. 23)
and can lead to overestimating the colloidal fraction. This finding highlights the importance of considering
not only the weight of extracted colloids but also their size distribution.

The large colloidal and dissolved fractions separated by all tested protocols contained high amounts of
organic, Al and Fe and lower contents of Ca, Mg and Mn (Figs. 25a and 25b). Chemical composition of
extracted colloids and dissolved fractions was related to composition of sediment (Table 12) which was
related to local geological context (mainly granitic). As shown in figures 4 and 5a, the masses of P, OC, Fe,
Al, Ca, Mn and Mg recovered in fraction lower than 1 um were respectively: from 30.1£2.1t085.3+7.8
Mg P/gpw-sed, 1330 £ 160 to 3500 + 400 pg C/gpw-sed, 430 = 30 to 1300 + 100 pg Fe/gow-sed, 750 £ 70 to
2500 + 200 pg Al/gpw-sed, 460 + 30 to 730 £ 90 pg Ca/gow-sed, 8.8 + 0.1 t0 21.9 £ 0.2 g Mn/gpw-sed and
115 £ 5 to 250 * 2 pg Mg/gow-sed. Water-mobilizable fraction (below 1 um) represented 2.1 — 6 %, 0.7 —
1.8%,0.5-1.6 %, 0.5—-1.9 %, 5.4—8.6 %, 0.5—1.5% and 0.7 — 1.4 % of total sedimentary P, OC, Fe,
Al, Ca, Mn and Mg contents. The percentages were obtained under experimental gentle agitation with UPW
and probably did not represent all the mobilizable P-colloids in natural system. The large colloids (0.2 — 1
pm) represented 67 — 90 %, 50 — 67 %, 76 — 94 %, 87 — 98 %, 61 — 67 %, 54 — 98 % and 62 — 72 % of P,
OC, Fe, Al, Ca, Mn and Mg contents in water-mobilizable fraction (below 1 um).

It is important to highlight that higher release of OC in large colloids (0.2 — 1 um) by successive
centrifugation protocol were concomitating with higher release of Al, Fe, Mg and P. In fraction below 0.2
pum, this release of OC was with Al, Ca, Fe, Mg, P and Mn. This suggesting the remaining colloids after
centrifugation could be organo-mineral colloids.

Furthermore, there are difficulties in comparison potential of sediment to mobilize colloids with other
terrestrial systems as most of the studies presented colloid concentration by volume of extract.
Dissimilarities between the method used to extract and separate colloid, S/L ratio and cut-off size for
colloidal fraction do not allow straight comparison. However, to some extents, the estimation of colloidal
stock in sediment can be relatively determined. For example, Sinaj et al., (1998) showed colloid
concentrations of 0.26 — 1.32 g/kgow-soil in Ap horizon soils for fraction 0.025 — 0.45 um separated by
centrifugation combining filtration and with similar S/L ratio of 1/10 to present work. Our sediment showed
a colloid concentration of 7.29 — 10.52 g/kgpw-sed for fraction 0.2 — 1 um by similar separation protocol
(protocols “d” and “c”). Hence, the amount of colloids in reservoir sediment is 7 — 10 times higher than in
soil reported by Sinaj et al., (1998). This drastic variation might indicate the higher potential of reservoir
sediment to release colloids than in soil. However, it should be noted a different in cut-off size can derive
incomparable data; as taken into the work of Yan et al., (2017), large colloids (0.45 — 1 pm) contributed
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lower proportion (approximately 38 %) than small colloidal in total soil colloids (0.1 — 1 pm) separated by
successive centrifugation.

111.1.2.3.1.2. Effects on water-mobilizable phosphorus

The concentrations of water-mobilizable phosphorus (Pwwm) obtained from five separation protocols are
presented in three size-based forms: DIP; “small colloidal P” containing colloids sized below 200 nm; and
“large colloidal P” containing P-colloids sized 0.2 um - 1 um. The concentration of Pww is presented in pg
of P per gow of sediment (Fig. 26).
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Figure 26. Distribution of water-mobilizable phosphorus extracted from wet sediment using five
separation protocols. Large colloidal P sized from 0.2 — 1 um. Small colloidal P sized smaller than 0.2
pum. Dissolved P represented dissolved inorganic phosphate in fraction smaller than 0.2 um. The error bar
depicted 1 SD.

The release of Pwm varied between 30.1 + 1.6 (direct filtration) and 85.3 + 9.6 ug P/gow-sed (SUCCeSSive
centrifugations) in proportion with the mass of colloids released from the sediment (R? = 0.88). The Pwwm
distribution between dissolved, small and large colloidal fractions was relatively similar for all tested
separation protocols, except successive centrifugations (protocol “e”). Generally, Pwwm presented mainly in
large colloids (> 0.2 um; 67% - 90%). The lowest quantity of large P-colloids was observed after direct
filtration (protocol “a”, 23.1 + 2.0 pg/gow-sed), While the highest amount was obtained after successive
centrifugations (protocol “€”, 57.1 + 7.5 pg/gow-sed) and varied proportionally to the mass of Pwm. The
guantities of small colloidal P were less than 1.3 + 0.6 pug/gow-ses and contributed up to 4% of Pwwm for the
separation protocols using filtration (protocols “a” to “d”). As opposed to other protocols, namely the
successive centrifugations protocol, a significant contribution of small P-colloid was observed (30 £ 3 %).
An increasing amount of small colloidal P in successive centrifugations might be due to the remaining large
colloids due to incomplete separation in second-centrifuged supernatant. These colloids were organic or
organo-mineral considering their chemical composition (Fig. 25b).

The quantities of dissolved P were not strongly impacted by any of the separation protocols, with an average
of 4.5 + 1.1 pg/gow-sed, constituting 11 + 6 % of Pwwm and 0.3 + 0.1 % of total sedimentary P. As such, the
total colloidal P in both the small and large colloids accounted for 1.7 - 5.8 % of total sedimentary P, which
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far exceeds dissolved P, thus highlighting the major contribution of P-colloids, beyond the focus on truly
dissolved P.

In comparison to studies on soil samples, in the present work, the contribution of colloidal P in fraction
lower than 1 um represented 81 — 93 %, which is relatively higher than the contribution of colloidal P
extracted from soils. For example, for agricultural soil, Liang et al., (2010) found that 25.5 % of total P in
fraction below 1 um came from colloidal form and Liu et al., (2014) reported proportions of 55.2 — 80.9 %
for colloidal fraction between 0.02 — 1 um. In study performed on wetland soils, Gu et al., (2018) found up
to 70 % of nano and small colloidal P contributed to TP<o.4sum but in different size range 5 kDa — 0.45 pm.
Even though, the important proportions of the colloidal P found in other studies and in our study highlight
the significant contribution of this fraction to the potential mobilization of P from sediment to the water
column and the interest to improve knowledge about this fraction.

111.1.2.3.1.3. Effects on the chemical composition of large colloids (0.2 -1 pm)

Figure 25c presents the elemental composition of P, OC, Fe, Al, Ca, Mn and Mg in separated large colloids.
The P concentration obtained by successive centrifugations (protocol “e”) equaled 2.7 + 0.5 mg/gow-colioid,
which was similar to the successive filtrations (protocol “b”, 3.14 £+ 0.12 mg/gow-coleia) and low-speed
centrifugation-filtration (protocol “c”, 3.6 £ 0.3 mg/gow-coloid). HOWever, these concentrations were less
than those in colloids separated by direct filtration (protocol “a”) and high-speed centrifugation-filtration
(protocol “d”), with 4.4 £ 0.6 and 4.4 + 0.4 mg/gow-coliid, respectively. The concentrations of Ca, Mn and
Mg in large colloids also varied across the separation protocols, with higher values being observed for
protocols “a” and “d” (i.e. 54.2 = 7.5 and 47.5 £+ 4.4 mg Ca/gow-colioid, 1.6 £ 0.2 and 1.8 + 0.5 mg Mn/gpw-
colloid, 13.6 £ 0.9 and 10.1 = 0.2 mg Mg/gow-caineid, respectively. Therefore, the higher concentrations of P
for protocol “a” and “d” can be linked to higher in concentrations of Ca, Mn and Mg. On the other hand,
the difference in separation protocols seems to exert no influence on the concentrations of OC, Fe and Al
in large colloids (one-way ANOVA: p > 0.05 for OC and Fe, t-test for each pair of means for Al), with
average values of 105 £ 6, 56.5 = 7.0 and 114 + 13 mg/gow-coloid, respectively. For P, Ca, Mn and Mg
elements, the low concentrations in large colloids after separation by means of successive centrifugations,
in spite of the higher dry mass, may be caused by dilution due to the presence of large particles resulting
from incomplete separation, because colloids have higher specific surface area than particles (Biermann,
1996).

On the whole, the successive centrifugations should be considered with caution since this technique
introduces a high probability of incomplete separation, which in turn can lead to overestimating quantity
and underestimating quality of the colloidal fraction. Special attention should be paid to organic rich
sediment which could induce higher error in size separation by this method and overestimation of colloid
mass and size. Among the four separation protocols using filtration, successive filtrations provided the
highest recovery in colloid quantity, whereas high-speed centrifugation and filtration delivered lower
colloid quantity, though with colloids richer in P content. In the next section, as regards the role of P in the
aquatic environment, an assessment of several sediment storage modes will be conducted from the colloid
separated by high-speed centrifugation and filtration (protocol “d”) in order to obtain colloids with elevated
P contents.

111.1.2.3.2. Sediment storages
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111.1.2.3.2.1. Effects on the quantity of extracted colloids and their size distribution

The mass of large colloids (0.2 - 1 um) and the size distribution of the fraction smaller than 1 um are
presented in Figures 27 and 28, respectively. From here, the wet sediment will be considered as a reference
when assessing the influence of various sediment drying on the quantity and quality of water-mobilizable
colloids obtained according to protocol “d” (high-speed centrifugation and filtration, Fig. 22).
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Figure 27. Effect of the rewetting of previously air-, oven-, and freeze-dried sediments on the dry mass of
colloids sized 0.2 - 1 um. The employed colloid separation protocol was high-speed centrifugation
combined with filtration (i.e. protocol “d”, Fig. 1). The error bar depicted 1 SD.

As displayed in Figure 27, various modes of sediment storage prior to colloid extraction performed strong
influence on the quantity of colloids actually yielded. The mass of colloids (0.2 - 1 um) obtained from the
wet sediment was 7.3 + 0.2 mg/gow-sed, as decreased by 18 % and 28 % after sediment drying at 20°C and
40°C, respectively, and by 82 % after freeze-drying. Sediment drying had also exerted an impact on the
size distribution of water-mobilizable colloids (Fig. 28). In the first part of this study, we showed that when
the “d” protocol was used for colloid separation, 94 % of the released colloids were sized smaller than 450
nm; also, colloids sized 0 - 50 nm did not appear in extracted supernatant from the wet sediment. We noted
that even after sediment drying and rewetting, this fraction remained undetectable. We did however observe
an impact of sediment drying on the 50 - 100 nm, 100 - 220 nm and 220 - 450 nm fractions. The percentages
of colloids sized 50 - 100 nm declined significantly, i.e. from 29 £ 1 % in wet sediment to less than 5 % in
dried sediment regardless of the drying mode, whereas the percentage of the 100 - 450 nm fraction increased
from 65 + 14 % for wet sediment to 95 + 2 % for dried sediment.

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 97
Licence CC BY-NC-ND 3.0



100%

W 1000 - 4000 nm
80% @ 700-1000 nm
c = [ 450-700 nm
s
£ T 60%
@ ] / 220-450 nm
P § —_ [100-220 nm
== 050-100 nm
20% 00-50 nm
0% T T T 1

Wet

Air-dry  40°C-dry Freeze-dry

Figure 28. Effect of the rewetting of previously air-, oven-, and freeze-dried sediments on the size
distribution of the water-mobilizable fraction smaller than 1 um. The employed colloid separation
protocol was high-speed centrifugation combined with filtration (i.e. protocol “d”, Fig. 1). The error bar
depicted 1 SD.
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Figure 29. Impacts of the rewetting of previously air-, oven-, and freeze-dried sediments on the elemental
composition, expressed per dry mass of sediment of: a) large colloidal fraction (0.2 - 1 um), and b)
fraction below 0.2 um; versus c) the concentration per dry mass of large colloids (0.2 - 1 pm). Extraction
using the high-speed centrifugation protocol combined with filtration (i.e. protocol “d”, Fig. 1). The error
bar depicted 1 SD.

The observed decrease in colloidal mass and the change in colloidal size distribution may be due to two
phenomena: (i) an increase in the hydrophobicity and/or (ii) an aggregation occurring during the
evaporation of water by desiccation and freeze-drying. The first phenomenon concerns an increase in water
repellency on solid surfaces during drying, which implies an increase in the hydrophobicity of solid phases

(Dekker et al., 2001; Klitzke and Lang, 2007). The intensification of hydrophobicity involves the retention
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of colloidal particles on the surface of solids, and thus affects their dispersibility after rewetting (Klitzke
and Lang, 2007). It is also postulated that colloids become more hydrophobic during drying and become
less mobile after rewetting (Klitzke and Lang, 2007; Wan and Wilson, 1994). Another possible explanation
for the decrease in colloid recovery after drying is aggregation. During water elimination, the cohesive
forces of capillary-bound water increase with the decrease in pore water pressure and thus increase the
effectiveness of bridging and cementing materials (Munkholm and Kay, 2002). Especially during freeze-
drying, through the sublimation of ice crystals, the water molecular layers in electrical double layers are
limited, which in turn enhances short-range attractive forces and accelerates both colloid-colloid and
colloid-particle flocculation (Dagesse, 2011). Moreover, the duration of drying process plays an important
role in colloid mobility (Majdalani et al., 2008; Mohanty et al., 2015). Drying would initially enhance
colloid release because during the early period of drying, pore walls are broken under capillary stress that
favor colloids generation. However, after a critical period of 2.5 or 9 - 11 days, according to cases cited in
Mohanty et al. (2015) and Majdalani et al. (2008), the quantity of mobilized colloid decreases. This
phenomenon was explained by the precipitation of salts and minerals in pore water during evaporation,
which according to the authors serves to bind colloids and prevent their mobilization during rewetting
(Majdalani et al., 2008). Moreover, further drying can lead to the hydraulic disconnection of previously
saturated pores and might limit the diffusive transport of colloids from matrix to solution (Mohanty et al.,
2015). It is therefore possible that in our study the important decrease in mass of large colloids was
associated with the precipitation of dissolved Fe and Al during drying (2 weeks for 20°C-dried sediment, 5
days for 40°C-dried sediment and 4 days for freeze-dried sediment). As shown in Figure 8b, in most cases,
a lower release of Fe and Al in the fraction below 0.2 um (generally defined as dissolved) was observed
when using dried sediments as compared to wet ones. The release of Fe from wet sediment to the fraction
smaller than 0.2 um amounted to 78 + 22 Ug/gow-sed, dropping to 37 £ 9 LUg/gow-sed, 25 £ 22 Pg/gpw-sed and
14 + 2 ng/gow-sed (p < 0.05) in the experiments carried out on sediments dried at 20°C, 40°C and by freezing,
respectively. For Al, the release from wet sediment was 53 * 14 ug/gow-sed and significantly decreased after
40°C and freeze-drying to reach 27 £ 4 ug/gow-sed and 4.6 * 0.6 g/gow-sed respectively (p < 0.05). The
drying of sediment at 20°C seems to exert no impact on the amount of dissolved Al. The lower release of
dissolved Fe for all dry modes and Al for 40°C-dried and freeze-dried sediments suggested that Fe and Al
precipitation may have played a role in the formation of cement bridges binding the colloids to one another
and/or the colloids with sediment particles; moreover, the dissolved Fe and Al could interact with large
colloids and promote their aggregation. Thus, colloids bound to sediment particles (by cementation or
increased solid phases/colloid hydrophobicity) and/or contained in the aggregates larger than 1 um were
eliminated during the extraction and/or separation steps or else were not mobilized after rewetting. As
shown in Figure 293, a portion of large Al-, Fe- and Ca-colloids were impacted by the processes described
above at an intensity varying by sediment drying mode. The lowest release of large Fe- and Al-colloids
occurred after freeze-drying, with quantities of 80 + 30 and 160 * 40 ug/gow-sed respectively, corresponding
to 0.11 % and 0.12 % of total sedimentary Fe and Al, against 480 + 110 and 940 + 150 Mg/gow-sed
respectively (corresponding to 0.61 % and 0.69 % of total sedimentary contents) found in colloids separated
from wet sediment. The Ca quantities in large colloids were similar across three sediment drying modes (p
> 0.05), with an average value of 160 + 20 pg/gow-seds Which were two-times lower than for the wet one,
and composed of 1.8 + 0.2 % of total sedimentary Ca. In contrast, it seems that large water-mobilizable
OC-, Mn- and Mg-colloids were not impacted by sediment drying at 20°C and 40°C, but only by freeze-
drying. Their colloid quantities in 20°C- and 40°C-dried sediments were: 870 = 60, 12 + 2 and 61 + 4
Mg/gbw-sed, respectively, representing 0.45 %, 0.82 % and 0.36 % of total sedimentary OC, Mn and Mg.
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These quantities of OC, Mn and Mg in large colloids dropped to 290 * 30, 0.6 + 0.6 and zero pg/gow-sed
when the sediment was freeze-dried, thus representing lower proportions in total sedimentary contents (0.15
% and 0.04 % for OC and Mn). Several studies have reported an increase in the solubility of organic matter
following drying, as attributed to microbial lysis and the disruption of organic matter coatings on mineral
particles (e.g. Bartlett and James, 1980; Turner et al., 2003). A greater release of dissolved and/or colloidal
OC would thus be expected, but as presented in Figures 29a and 29b, differences in the OC pool in the O -
0.2 umand 0.2 - 1 um fractions remained relatively small (except for large OC colloids in the freeze-drying
assay) and lied within the error expected for replicate analyses. This finding indicates that air-drying and
oven-drying cause no systematic changes in OC release; furthermore, if the disruption of organic matter
coatings on the mineral particles occurred during drying pretreatment, then this step shall produce OC in
the fraction larger than 1 um and hence was not evaluated herein. Our results indicate the preferential
immobilization of inorganic colloids during air and oven drying comparing to organic colloids, which
underline their different mobility after drying. This result is consistent with the observations reported by
Klitzke and Lang, (2007) suggesting that the dispersibility of colloids after drying depends on their
composition and that organic colloids are more mobile than organo-minerals colloids. In addition, we
observed a decreasing release of large OC colloids in freeze-dried sediment, most likely due to the
formation of larger particles (or more hydrophobic) and their retention during the extraction and/or filtration
step. Freeze-drying is a common method employed to avoid microbial and chemical degradation in samples
(Sun et al., 2015; WeilRbecker et al., 2017; Wu et al., 2018). However, the use of freeze-dried sediment
instead of fresh sediment can result in a significant underestimation of water-mobilizable OC, Fe, Al, Ca,
Mn and Mg.

111.1.2.3.2.2. Effects on water-mobilizable phosphorus

The variation in Pww quantities induced by the different sediment drying modes is presented in Figure 30,
in comparison to the reference (wet sediment). We observed that Pwwm recovery during colloid extraction
was significantly altered by the freeze-drying pretreatment step. The amounts of Pwwm extracted from wet,
20°C- and 40°C-dried sediments were comparable, at 36 + 3 pg/gow-sed, Whereas with freeze-drying, Pwwm
recovery decreased by a quarter compared to the initial value, reaching 27 + 1 pg/gow-sed. A lower release
of Pwwm from freeze-dried sediment is primarily due to the decrease in large P-colloids and probably due to
the same processes explaining colloidal OC retention (see previous section). On the other hand, the
sediment drying pretreatment step led to an alteration in the size-based forms of Pwwm, regardless of drying
mode, by increasing small-sized colloidal P from 0.35 = 0.17 pg/g gow-sed for wet sediment to reach 2.5 +
0.7 Hg/gpw-sed Tor the 20°C-dried and 4.2 + 0.7 ug/gow-sed for the 40°C-dried and freeze-dried modes. The
small-sized P-colloids only contributed 1.0 £ 0.4 % of total Pwwm in wet sediment, while this P fraction rose
to 8 £ 3 % for 20°C-dried, 11 + 3 % for 40°C-dried and 16 + 2 % for freeze-dried sediments. Thus, air-,
oven- and freeze-drying generated small-sized colloidal P, probably in the range of 100 - 200 nm, in
accordance with an increase in the 100 - 220 nm sized fraction (Fig. 28). In sediments, P can be associated
with the organic fraction and with primary and/or secondary minerals, which are mostly composed of Fe,
Mn and Al oxi-hydroxides and Ca phases (Pettersson et al., 1988). According to the literature, drying may
induce the solubilization of small-sized P-colloids because of microbial cell lysis and/or organic matter
solubilization through disrupting the mineral particle organic coating (Turner et al., 2003). However, as
indicated in Figures 29a and 29b, the expected increase in OC release was not observed for dried sediments.
A greater release of Ca and Mg in the 0 - 0.2 um fraction from all dried sediments (Fig. 29b) suggests that
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small P-colloids released from dried sediments originated rather from inorganic particles and were or still
are associated or generated along with Ca and/or Mg. It is also possible that a portion of small-sized P
colloids was produced by the (co)precipitation of DIP during drying. As shown in Figure 30, the amount of
dissolved P decreased from 4.7 + 0.1 pg/gow-sed for wet sediment to 3.0 + 0.1 pg/gow-sed, 2.0 = 0.4 and 2.6
+ 0.2 for 40°C-dried, 20°C-dried and freeze-dried sediments, respectively. Thus, across all sediment storage
modes, the principal fraction of Pwm came from large-sized colloidal P (i.e. larger than 0.2 um), which
varied from 75 £ 4 % to 87 + 8 % of Pwwm, against 5+ 1 % to 13 = 1 % for truly dissolved P. Therefore, the
large-size colloidal fraction plays a substantial role in the mobilization of P from sediment to aqueous phase.
The Pwwm recovered from wet and dried sediments represented 2.4 + 0.3 % of total sedimentary P.
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Figure 30. Distribution of water-mobilizable phosphorus extracted from wet and rewetted previously air-,
oven-, and freeze-dried sediments using the high-speed centrifugation protocol combined with filtration
(i.e. protocol “d”, Fig. 1). Large colloidal P sized from 0.2 — 1 um. Small colloidal P sized smaller than

0.2 um. Dissolved P represented dissolved inorganic phosphate in fraction smaller than 0.2 pum. The error

bar depicted 1 SD.

111.1.2.3.2.3. Effect on chemical composition of colloids

The total mass of recovered elements (P, OC, Al, Fe, Ca, Mg and Mn) in 0.2 — 1 um fraction represent 37
+ 2 % of the mass of large water-mobilizable colloids released from wet, 20°C-dried and 40°C-dried
sediments and 51 % of the mass of colloids released from freeze-dried sediments. Taking into account the
local geological context of Champsanglard reservoir (i.e. mainly granitic (Rapin et al., 2019), the missing
mass is probably due to Si, Na, K and other elements (not evaluated in this study). When considering the
measured elements, we can conclude that the major components of large colloids mobilized from wet
sediment were: Al (128 + 18 mg Al/gow-colioid) and OC (123 £ 19 mg C/gow-colioid), followed by Fe (67 + 13
mg Fe/gow-colloid) and Ca (48t 5 mg Ca/gow-coliia), With a smaller share ascribed to Mg (10.1 + 0.2 mg
Mg/gow-colioid), P (4.4 £ 0.3 mg P/gbw-coliig) and Mn (1.8 £ 0.5 mg Mn/gbw-colieid). Sediment drying affected
differently the release of individual elements in colloidal form, so the chemical composition of recovered
colloids depended on the sediment drying mode. For example, sediment drying at 20°C (compared to wet
sediment) favored the release of colloidal OC and lowered the release of colloidal Ca, whereas drying at
40°C favored the release of colloidal P (1.5 times higher) and decreased the release of colloidal Ca. Freeze-
drying drastically favored the release of colloidal P (3 times higher), Ca (2.6 times) and OC (1.5 times)
while decreasing by a factor of 5 the release of colloidal Mn and by 10 the release of Mg (Fig. 29¢). Freeze-
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drying resulted in releasing the lowest quantity of colloids compared to wet and 20°C-dried or 40°C-dried
sediments. However, it is noticeably that freeze-drying led to enriching large colloids by P and Ca.

111.1.2.4. Conclusion and Recommendations

Based on our experimental data, it can be concluded that diversification in applied separation and sample
storage induce significant variation in quantity and physicochemical characteristics of recovered colloids.
Apart from confirmation that loss of colloids by membrane fouling during filtration can be improved by
introducing a pre-separation step via filtration at a greater pore size or with centrifugation. The successive
centrifugations, a usual alternative protocol for filtration, also showed obstacle in size accuracy. The
incomplete separation between colloids and particles under centrifugal forces in our cases highlights the
participation of colloid aggregation/flocculation and of heterogeneity in particle density. The latter one
refers to difference in density of organic and inorganic particles, hence, chemical composition of sediment
strongly affected the colloid separation. Those sediments rich in organic matter like our case could result
in overestimation of colloid quantity obtained with these successive centrifugations.

As opposed to the impact of varying separation protocols on colloid quantity, changing the sediment storage
modes (drying at 20°C, at 40°C and by lyophilization) led to a critical modification in both quantity and
characteristics of recovered colloids (size and chemical composition). The drying of sediment decreases
colloids quantity and altered their size distribution by increasing small/intermediate-sized colloids and
decreasing nano-colloids. Furthermore, organic colloids behave differently to mineral-rich colloids upon
drying. Mineral or organo-mineral colloids could be prone to immaobilization in sediment structure after
drying than organic colloids due to cementation and increase of sediment/colloid hydrophobicity.
Therefore, the common storage by drying at 20°C is not appropriate for sediment’s colloid characterization.

From these considerations, effect of colloid separation and sample storage on colloid recovery are specific
to sample characteristics and experimental approaches. Dissimilarities in colloid quantity and
characteristics are at a factor up to 40 depending on sample storages and up to 26 according to colloid
separation protocols. Hence, this may drastically alter the interpretation of how sedimentary colloids behave
in situ. No standard methods currently exist for either sediment storage or colloid separation prior to the
guantification of water-mobilizable colloids. Straight comparison of colloid composition in sediment or
soils cannot be done unless special care should be paid to solid composition, solid storage and colloid
separation protocol.

Based on our findings, we recommend working with fresh moist sediment and eluding the use of successive
centrifugation protocol for colloid separation.

Apart from an insight to the heterogeneity between colloid extraction protocols, this study also shed a light
on the strong potential of bottom sediment to release colloids and associated contaminants/nutrients to
surface water which has been rarely investigated in dam reservoir context. To some extent, our data can
enrich current knowledge on mobility of colloidal P in reservoir context. Dam reservoir sediment exhibited
a relatively high potential of water-mobilizable colloids, with over 5.4 g/kgow-sed and those colloids could
deliver approximately more than 25 mg P/kgpw-sed.
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111.1.3. Comparison of three methods of colloid extraction for characterization of mobilizable
colloids from Champsanglard sediment.
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Abstract

Water mobilizable colloids from bottom sediment of lakes and reservoirs contain nutrients and
contaminants and thus may affect water quality once being released. A major obstacle to evaluate the
guantity and quality of mobilizable colloids in natural system located in the using of appropriate method
for colloid extraction from sediment and their separation from dissolved and particulate phases. This work
evaluates the role of extraction methods (agitation, sonication at sediment pH (6.6 with studied sediment),
and sonication at pH of 9) on the characteristics (mass, size distribution, shape and composition) of water-
mobilizable colloids from the bottom sediment of Champsanglard dam reservoir (France). Special attention
has been paid to phosphorus (P), an element playing an important role in eutrophication process. Compared
to agitation, both sonication protocols impacted significantly on recovered colloids. The less aggressive
agitation liberates low-energy water dispersible colloids without physical damage and probably with less
modification in colloidal chemical composition and shape. Whereas sonication released 10-20 times higher
colloid quantity and colloids were in lower size, probably due to physically disruption of fragile and
organic-rich sediment structure or aggregated/agglomerated colloids. On the other side, the alkaline pH
intensified colloid release by fortified repulsive forces between colloids and dissolution of organic coat.
For all protocols, extracted colloids were composed of organo-mineral composition. Concerning
phosphorus, the competition with OH" for sorption site or dissolution of phosphate minerals in alkaline pH
caused release of dissolved P to solution and decrease of P content in recovered colloids. In conclusion,
agitation is recommended for the extraction of colloids from sediment matrix to limit any destruction in
sediment aggregates and unwanted generation of new colloids under robust ultrasonic field.

Keywords: Colloids composition, colloids size distribution, reservoir sediment, ultrasonic extraction,
phosphorus, organic matter, pH

11.1.3.1. Introduction

Due to small size (1 nm - 1 um) and high specific surface area, colloids are able to carry and transport
nutrients (N, P) through various surface and subsurface environment, thus, they affect the surface water
guality (Miller and Karathanasis, 2014; Gavrilescu, 2014; Judy et al., 2018). Therefore, understanding the
fate and behavior of mobilizable colloids from sediment to overlying water is an important issue. In surface
water, the behavior of colloids is distinct from dissolved substances since they are susceptible to
aggregation and to evolve in suspended particles and further sedimentation. Colloids are heterogenous in
size and composition (organic, mineral, organo-mineral), and generally have a charged surface that allows
association with dissolved elements, other colloids and/or organic and minerals particles. In general, the
negatively charged colloids have higher electrostatic affinity with positively charged mineral surfaces (for

example Fe-oxy(hydr)oxides) and/or adsorb dissolved cationic species. In contrast, positively charged
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colloids possess higher electrostatic affinity with a negatively charged mineral surfaces (for example clay
minerals) and may adsorb dissolved organic matter and other dissolved anionic species (including
phosphates). Sedimentary colloids are multiphasic entities either originated from water column or formed
as a result of biophysiochemical reactions occurring in sediment (Ryan and Gschwend, 1992; Zénker et al.,
2006; Quik et al., 2012; VandeVoort et al., 2013; Xu et al., 2019). They could be present in individual or
aggregated form (flocs) in interstitial porewater or be attached to pore surface (Buffle and Leppard, 1995).

The release of colloids from sediment to overlying water could be induced by hydrodynamic disturbance,
bioturbation, changes in pH, ionic strength or under reducing condition (Buffle et al., 1989; Hens and
Merckx, 2002; Liang etal., 2010; Sun et al., 2007; VandeVoort et al., 2013; Valipour et al., 2017; Gautreau
et al., 2020). Thus, the definition of an appropriate method to extract colloid is prerequisite for ensuring no
impact on the physico-chemical nature of water-mobilizable colloids from sediment, because sediment
matrix is complex, heterogeneous and sensitive to external forces. According to the literature (Tables 7-
10), several techniques are currently employed to recover colloids from natural matrices (soils, sediment).
While the recovery of colloids in sediment pore water could be accomplished by simply mixing sediment
with water, the extraction of colloids attached to sediment pore surface or in loosely aggregated forms can
require more specific treatments. From numerous instances, we can list here three main treatments: (i)
dispersion of raw material in extracting dispersant (water, NaCl, KCI, NaHCO3) (Buettner et al., 2014;
Mills etal., 2017; Gu et al., 2018; Xu et al., 2019), (ii) extraction of colloids from raw material to dispersant
by providing sufficient energy to disintegrate bonds between colloids and attached surface (e.g. agitation,
sonication) (Gu etal., 2018; Mills et al., 2017; Xu et al., 2019), and (iii) extraction of colloids from sediment
exposed to a solution at high pH that can increase negative charges of both colloids and sediment matrix,
thus, favor colloids detachment (Klitzke et al., 2008). Since colloids are comprised of complex and diverse
materials (biological debris, organic matter, clays, oxi(hydr)oxydes, carbonates, silicates, etc.), and the
colloids mobilization can be triggered both physically and chemically, it is likely that the mass, size and
chemical composition of extracted colloids would vary according to employed protocol. Therefore, the
proper choice for extraction of colloids from raw material could be an important step during colloid isolation
from natural matrices.

From literature survey, the most common techniques applied to withdraw colloids are agitation and
sonication (Tables 6-9). Both techniques aim to establish mechanical vibration to overcome the attractive
energy due to van der Waal forces and initiate the disruption of linkage bonds between colloids and attached
surface, promoting liberation of colloids. The energy generated by ultrasound has been considered as more
powerful than the one produced by agitation and is sufficient to breakdown not only larger (< 250 pm)
unstable aggregates but also the smaller (< 2 um) and more stable aggregates composed of clay-metal-
organic particles (Mentler et al., 2004). Sonication is efficient technique to liberate natively-born colloids,
but at the same time, risks to generate new colloids through disruption of aggregates, therefore requires to
be evaluated in comparison with the less robust agitation protocol in terms of the quantity and properties of
recovered colloids.

Furthermore, the stability of colloids is strongly impacted by changes in solution chemistry such as pH and
ionic strength, since the adsorption of similar charged ions from surrounding solution can enhance repulsive
forces that inhibit colloid aggregation and attachment (Hamad-Schifferli, 2014; Liang et al., 2010).
Organically enriched colloids under elevated pH conditions usually exhibit a negatively charged surface
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that enhance electrostatic repulsion and colloidal stability (Calero et al., 2017; Kretzschmar et al., 1997).
Therefore, a change in solution pH can induce a change in quantity of extractable colloids.

The objective of this study was to elucidate the impacts of different extraction protocols on the quantity and
quality of recovered colloids from reservoir sediment. Three modes of colloid extraction including (i)
agitation, (ii) sonication and (iii) sonication at pH 9, were examined on wet sediment collected from
Champsanglard dam reservoir.

111.1.3.2. Materials et methods
111.1.3.2.1. Sediment sampling and characteristics

The sampling was carried out in Champsanglard dam reservoir (surface area of 0.55 km?, storage volume
of 3.56 hm?) which exhibits thermal and oxygen stratification along with repeatedly bloom of microalgae
during the summer period (Rapin et al., 2020).

Surface sediment (up to 10 cm) was collected during mid-May 2018 from the middle channel (9-m depth)
of Champsanglard reservoir using an Ekman grab (Creuse River, France). Sediment was manually
homogenized, preserved in polyethylene bottles previously rinsed with surface water and transported under
cool and dark condition. In laboratory, sediment was sieved through a 2-mm mesh and stored at 4°C until
experimentation. Champsanglard sediment was rich in P (1.4 £ 0.2 mg P/gow-sediment) that was mainly
associated to ascorbate fraction (Rapin, 2018) and contained high amount of organic matter (19 = 1%).
Total concentrations of Al, Fe, Ca, Mn and Mg were 79 +1, 136 £+ 4,85+ 0.5, 1.5+ 0.1and 17.2 £ 0.1
MQ/gow-sediment, respectively. The median grain size (Dso) of the sediment was 19 = 1 um and the pHuz0 was
6.4 £ 0.2 (Nguyen et al., 2020). Inorganic particulate fraction was dominated by quartz, felspar, clay
minerals (kaolinite, chlorite) and mica (Rapin et al., 2019).

111.1.3.2.2. Colloid extraction

Sediment suspensions were prepared by dispersion of 15 g of wet sediment in 150 mL of ultrapure water,
corresponding to a wet solid-liquid ratio of 1/10 (w/v). Suspensions were subjected to three different modes
of colloid extraction: agitation, sonication at sediment pH (pHseq), and sonication at pH of 9 (pHy). Agitation
in 250-mL cylindrical flask was performed at 200 rpm for 24 h using an IKA-WERKE KS 501 digital
orbital shaker. Sonication was performed using Bandelin Sonopuls GM70 ultrasonic probe at 100 % power
(60 W) for 10 minutes, which provides equivalently an energy of 240 J/mL. This duration of sonication
was selected to avoid the heating of sediment solution during prolonged period. Preliminary test had shown
an increase of approximately 10°C when increase sonication time from 10 to 60 min. For sonication at high
pH, 300 pL of 1 M NaOH was added to solution sediment solution, in order to reach pH of 9 in prior to
sonication.

After sediment dispersion, obtained suspensions were let settle for 2 h and supernatants were afterward
gently pipetted out for further colloid separation. A high-speed centrifugation combined with filtration was
chosen according to higher recovery of P-rich colloids (See section 111.1.2, Nguyen et al., 2020).
Supernatants were firstly centrifuged at 272 g for 6 min to remove particles larger than 1 pum. The
centrifugates were passed through 1 um glass fiber membrane (WVR) to ensure an accurate size separation
of colloids by removal of particles remaining in centrifugate due to heterogeneous sediment particle density.
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A portion of filtrates at 1 um was filtered through 0.2 pm cellulose nitrate membrane (Sartorius). The
fraction below 1 um was considered as the water-mobilizable fraction, meanwhile the fraction below 0.2
pm was composed of dissolved species and small colloids sized between 1 nm and 0.2 um. The large
colloids sized from 0.2 to 1 pum were then estimated by the difference between these two fractions.

111.1.3.2.3. Colloid characterization

The particle size distribution of water-mobilizable fraction was performed using dynamic light scattering
at 173° backscatter (see section 11.3.1.1.3.2). Quantity of extracted large colloids was determined by
gravimetric method. Large colloids retained on 0.2 um cellulose nitrate membrane were dried at 30°C until
unchanged mass. TOC concentration was quantified using TOC analyzer (Analytik Jena, multi N/C 2100S)
with an LQ of 1 mg C/L. Concentrations of Fe, Al, Mn, Ca and Mg were measured using MP-AES (Agilent,
MP 4100) with LQ of 30 pg Fe /L, 20 pg Al/L, 7 ug Mn/L, 12 pg Ca/L and 1 pg Mg/L, respectively.
Concentration of DIP was measured by spectrophotometry according to the method of Murphy and Riley
(1962) using 1-cm cuvettes and a UV-visible spectrophotometer at 880 nm (Agilent 8453 UV-visible
spectrometer). LQ for this method is 0.02 mg P/L.

Prior to analysis of Fe, Al, Ca, Mn and Mg, filtrates at 1 um were acid digested with nitric and hydrochloric
acids, as described in Method 3015a (US EPA, 2007) using a microwave digestion system (Anton Paar,
Multiwave GO). Particularly for TP measurement, both filtrates at 1 um and 0.2 um were digested with
ammonium persulfate and sulfuric acid according to Method 365.1 (US EPA, 1993) (see section
11.3.1.2.1.2).

Therefore, P was quantified into four fractions: water-mobilizable P (Pwwm), large colloidal P including P-
colloids from 0.2 to 1 um, small colloidal P covering P-colloids less than 0.2 um and truly dissolved P
(Table 13).

Table 13. Determination of colloidal and dissolved P through size fractionation of PWM

Fraction of P Corresponding size fraction Determination
Water-mobilizable P | _, Hm Total P in filtrate at 1 pm
(Pwm)

Difference in TP between filtrates at 1 um and

Large colloidal P 0.2—1um 0.2 um

. Difference between TP in filtrate at 0.2 um
Small colloidal P <0.2um and DIP in filtrate at 0.2 um
Dissolved P <0.2 um DIP in filtrate at 0.2 um

111.1.3.2.4. Scanning electronic microscope investigation

Microscopic observations were conducted onto 0.2-1 pm fraction. This fraction was prepared by filtering
5 — 10 mL of filtrates < 1 um on a 0.2-um cellulose nitrate filter (Whatman) and let dry in desiccator at
room temperature (20 £ 1°C). All filters were coated with thin Au-Pd layer of 15-nm to create conductive
surface for morphology image or with 12-nm layer of C for chemical analysis. Colloids were analyzed with
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scanning electron microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDS, LEO
1530VP,) at EHT =5 kV for image processing and EHT = 15 kV for EDS analysis.

111.1.3.3. Result and discussion
111.1.3.3.1. Variability in mass and size distribution of recovered colloids

Figure 32 presents the dry mass of colloidal fraction sized 0.2 — 1 um according to colloid extraction
protocol.
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Figure 32. Variation in dry mass of colloidal fraction sized 0.2 — 1 um recovered from three modes of
extraction

Among three extraction protocols, the lower mass of large colloids (0.2-1 pum) was obtained by agitation
(6.1 £ 1.2 mg/gow-sed) and the highest by sonication at pHy (128 + 2 mg/gow-sed). In the case of sonication
at pHseqd, the mass of large colloids was 72 + 8 mg/gow-ses (Fig. 32). As shown in Fig. 33A, the three modes
of colloid extraction also impacted the size distribution of recovered colloids (< 1 pum). The 96 + 1 % of
water-mobilizable colloids was smaller than 450 nm regardless of extraction protocols. However, the
relative proportion of nano colloids (< 50 nm) was similar between agitation and sonication at pHseq.
considering standard deviation, but this fraction was absent after sonication at pHs. Colloids extracted by
agitation showed highest proportions for two size fractions 220-450 nm (33 £ 16 %) and 450-700 nm (4 £
2 %). Sonication at pHg looked to induce an increase in the size fraction 100-220nm.
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Figure 33. Effect of extraction protocols on the size distribution of water-mobilizable colloids: (A) size
fractionation and (B) cumulative distribution.

Extraction of colloids from a natural materiel by agitation and/or sonication is often used for soils. It has
been shown that both techniques provide sufficient mechanical energy to overcome attractive forces
between colloids and soil grains to release loosely attached colloids, and that vigorous stirring or high-
power ultrasound can disrupt soil aggregates and subsequently release colloid-size fragments without using
chemical agents (So et al, 1997; Raine and So, 1997; Kaiser and Berhe, 2014; Schomakers et al., 2015; Luo
etal, 2017; Ma et al., 2017). It has been also shown that agitation is generally less efficient than sonication
in disrupting micro-aggregates smaller than 2 um (Raine and So, 1997). However, sonication due to ballistic
impact and higher shear stress, can physically damage soil particles and, depending on the energy used,
affect the degree of particle/aggregates fragmentation thus generating new colloids (Mentler et al., 2004).
In the case of permanently submerged sediments, the breakdown of the cohesive bonds between the colloids
and the sediment grains as well as the disruption of the sediment aggregates upon agitation and/or sonication
could contribute to the release of a low-energy-required fraction of water-mobilizable colloids and the
colloids freely present in the interstitial water of sediments. As shown in Fig. 33B, presenting the
cumulative size distribution of recovered colloids upon the three tested methods, the sonication at pHseq.
provided the highest percentages of small colloids (< 300 nm) than agitation and sonication at pHg
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protocols. Particularly, the proportion of colloids below 300 nm in case of agitation was about 20 % lower
than upon two modes of sonication and the fraction 100-150 nm were nearly absent (Fig. 33B). These
results show that the size of colloids extracted by agitation is larger than those extracted by the two modes
of sonication and that concerns mainly the colloids between 100-500 nm. Therefore, it can be concluded
that higher release of sedimentary colloids upon sonication is related to the additional release of small sized
colloids. It could be related to more disruptive action on the structure of large colloids and/or induced by
the fragmentation of sediment particles/aggregates into smaller pieces. Agitation mobilizes low-energy
water dispersible colloids (for example dispersion of pre-existing colloids in sediment porewater and/or
detachment of labile colloids on pore surfaces), whereby, sonication produces additional portion of colloids
via disintegration of flocs and/or by breakdown of sediment particles/aggregates. As shown on SEM images
(Fig. 34), the extracted colloids from Champsanglard sediment consisted of aggregated/agglomerated small
and nano-colloids. The colloids extracted by sonication at pHy exhibited more globular shape and larger
size comparing to those extracted by sonication at pHseq. The colloids extracted by agitation exhibited much
less globular shape and appear to be chained. This observation suggests that different modes of colloids
extraction imply not only variation in the quantity of recovered colloids and their size but also play
important role in modification of colloid’ shape.
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Figure 34. Scanning electronic microscopic images of extracted colloids from Champsanglard sediments.
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Figure 35. Impacts of extraction protocols on elemental masses of P, OC, Fe, Al, Ca, Mn and Mg in (a) large
colloids sized 0.2 — 1 pm and (b) fraction smaller than 0.2 pm.

Champsanglard sediment is silty and contain important amount of OM (19 = 1 %). It was shown that
sand and silt-sized mineral particles can be disrupted under ultrasound energy exciding 700 J/mL (Kaiser
et al., 2012), whereas the disintegration of organic particles, which are less dense and cohesive, could
be observed under the application of much lower ultrasound energy (60 or 90 J/mL) (Balesdent, 1991,
Amelung and Zech, 1999; Kaiser and Berhe, 2014). Particles within clay-size fraction of soils (< 2 um)
are shown not to be disintegrated by sonication despite that the application of ultrasound energy superior
to 12,000 J/mL reveals breakage of pure minerals such as kaolinite (Kaiser and Berhe, 2014). According
to these literature data, considering the far lower energy used in this study (240 J/ml, 10 min), a 12-fold
increase in mass of recovered colloids upon sediment sonication at pHseq. compared to agitation cannot
be explained by the disintegration of the crystalline mineral particles, but rather by the breakdown of
organic particle or breakdown of sediment aggregates.

Considering Champsanglard sediment, the breakdown of organic particles under sonication could occur
due to an important stock of OM available for mechanical disruption. As shown in Figure 35a, the
amount of OC in 0.2 — 1 um fraction was 4.4-fold higher by sonication at pHsed. than by agitation.
However, along with increase in mass of colloids extracted by sonication at pHseq the 26-fold increase
in Mn, 10-fold increase in Mg, 9.4-fold increase in Fe, 9.2-fold increase in P, 7.2-fold increase in Al,
and 2.5-fold increase in Ca were observed in fraction 0.2-1 um (Fig. 35a). These releases of both organic
and inorganic species in large colloidal fraction suggests that sonication of sediment was able to disrupt
both organic particles, organic coating minerals or organo-mineral aggregates, and lower increase of OC
in this fraction suggest that organic matter played binding role in the formation of organo-mineral
aggregates or flocs. In addition, surface sediments from lake and reservoir are unconsolidated and not
as highly aggregated as soils due to the presence of water that prevents desiccation and aeration. Surface
sediments are also less compacted than deeper sediments. Hence, surface sediments exhibit finer and
fragile structure compared to soils and a 30 % contributes of total sedimentary material is amorphous
material (Chirinos et al., 2005; Sheppard et al., 2020). Thus, another hypothesis could be the breakdown
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of amorphous mineral phases under ultrasonic treatment. However, this hypothesis is not solid due to
shortage in available literature data concerning the impact of ultrasonic force on amorphous structures.

Particularly, for fraction below 0.2 um (Fig. 35b), compared to sonication at the pHseq, the sonication at
pHo resulted in 2-time higher OC in concomitant with 12-time higher Fe, 9-time higher Al, implying
that an increase in pH strongly influence organic coat of Fe/Al mineral than sole sonication and lead to
higher release of Fe/Al colloids in fraction below 0.2 um. On one hand, at pH of 9, the mineral particles
are deprotonated, the concentration of negative charge on colloids also increased and enhanced repulsive
force between colloids or between colloids and sediment solids, thus promoted colloids mobilization.
On another hand, the effect of increasing pH in enhancing colloid release has been already well
demonstrated for increasing OM degradation, dissolution of organic coating or organic binding agent
(Krachler et al., 2009; Liang et al., 2010). Higher release of Fe and Al together with OC by sonication
at pHg suggests their association with negatively charged organic compounds. It is well known that Al
release is highly promoted at high pH (considering extraction protocols for instance, Paludan and Jensen,
(1995)), and that multivalent cations induce aggregation process of organic molecules involving the
aggregates of several small organic matter moieties (Iskrenova-Tchoukova et al., 2010; Kalinichev and
Kirkpatrick, 2007; Piccolo, 2002). In general, effect of cation bridging is higher for trivalent ions than
for divalent ions (Ghosh and Schnitzer, 1980). As shown in Fig 35b, the bivalent elements (Ca, Mg and
Mn) are not shown higher release in the fraction below 0.2 um.

111.1.3.3.2. Variability in water-mobilizable phosphorus

Figure 36 illustrates the variation in quantities of water mobilizable P (Pwwm) and its three size-based
subfractions (large colloids, small colloids and dissolved).
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Figure 36. Distribution of water-mobilizable phosphorus extracted from wet sediment using three
colloid extraction protocols.

Due to the impact of sonication on the physical properties and the redistribution of OC across water-
mobilizable subfractions presented in previous section, agitation protocol was considered herein as
reference. Quantities of Pwwm released by sonication at pHseq. and sonication at pH 9 were respectively
176 £ 4and 196 + 1 pg P/gow-sed, €quivalent to 8 times higher than that recovered from agitated sediment,
22.5 £ 0.3 pg P/gow-sea. For all three modes of colloid extraction, a major portion of Pwm (more than 85
%) was released under colloidal forms. For agitation, Pwm was composed of 12.6 % dissolved P, 0.6 %
small colloidal P and 86.8 % large colloidal P. This P distribution was modified when applying
sonication protocols. Sediment sonicated at pHseq and sonicated at pHo, released higher portion of small
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colloidal P, 7.4 % and 9.7 % of Pwwm, respectively. In comparison with agitation protocol, the portion of
dissolved P decreased to 2.9 % upon sonication at pHseq but increased up to 15.4 % upon sonication at
pHq. In contrast, the release of large colloidal P from sonicated sediment at pHseq and at pHy was
comparable and was 9.2 and 8.6-fold, respectively, higher than for agitated sediment.
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Figure 37. Distributions of (a) phosphorus (P) and (b) organic carbon (OC) in three size classes of
water-mobilizable fraction smaller than 1 um.

In general, sonication protocols resulted in significantly higher amounts of both small and large colloidal
P (averages of 16 and 152 g P/gow-sed, respectively) compared to agitation protocol (2.9 £ 0.5 and 17.2
+ 0.5 pg P/gow-sea) (Fig. 37a). According to comparable quantity of both large and small colloidal P
obtained by two sonication protocols (Fig. 37a) indicates that the increase of the pH did not influence
the release of colloidal P but did highly increase the release of dissolved P (Fig. 37a). In surface
sediment, dissolved P is mainly present as orthophosphates and various organic forms (Wan et al., 2020).
As shown in Fig. 37b the increase of dissolved P was correlated to the increase in OC content in fraction
lower than 0.2 um. However, the increased pH upon sonication did not increased the release of P in
large and small colloidal fractions (Fig. 37b). This suggests the sonication at pHses resulted in the
disruption of larger organic aggregates/flocs into large and small colloidal P, whereas the increase in
solution pH caused additional release of dissolved P due to competition with OH" for sorption sites and
release of dissolved organic P.

111.1.3.3.3. Chemical composition of extracted colloids

As shown in Fig. 38, according to the mass of released elements by mass of colloids, regardless of
extraction modes, the nature of recovered colloids from sediments was organo-mineral, with similar
range amount for Fe, Al and Mg whereas colloids released by agitation contained significantly higher
organic carbon content. The total mass of analyzed elements (P, OC, Fe, Al, Ca, Mn and Mg) in large
colloidal fraction (0.2 — 1 um) represented only 32 % of dry mass of recovered large colloids for
“agitation” and about 18 % for the two sonication protocols. It indicates that recovered colloids
contained also other elements and that sonication involved their higher release. In Table 14, the
qualitative evaluation of chemical composition of colloids by SEM-EDS analysis demonstrated that,
besides the elements previously presented (P, C, Al, Fe, Ca, Mn and Mg), the recovered colloids
contained also Si, Na, K and S and, some of them, N.
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Figure 38. Impacts of extraction protocols on elemental composition of recovered large colloids sized 0.2 — 1
pm, expressed by dry mass of colloids.

In comparison with agitation, the application of two sonication protocols showed major impacts on P
and OC concentrations of large colloids (t-test, p < 0.05). The relative proportion of OC to mass of
colloids decreased by 60 % for sonication at pHses and 86% and sonication at pHy in (Fig. 43). Via
chemical composition of recovered colloids determined by chemical analysis (Fig. 35a) and SEM-EDS
(Table 14), it can be suggested that both sonication and increasing pH caused by drastic release of
colloidal Al, Si or Mg (in case of pHseq) that could be associated to mobilization of aluminosilicate
colloids during sonication. The presence of kaolinite, K-feldspar, plagioclases and chlorite in
Champsanglard sediments had been illustrated by X-ray diffraction (Rapin et al., 2019). Therefore, a
significant quantity of these minerals introduced to colloidal fraction by both sonication protocols
attributed to lower contribution of OC in colloidal mass.

% C N MNa Mg Al Si P 5 K Ca Fe
Agitation 100 5 82 5 18 18 18 68 18 23 0
Sonication pHsed 100 0 83 17 92 100 17 92 17 0 0
Sonication pH 9 100 2 100 17 98 100 17 100 17 45 64

Table 14. The percentage of analysis detecting the presence of a given element in recovered sedimentary
colloids. Chemical composition of colloids was determined by SEM-EDS analysis based on the number of total
independent analysis of 22 for colloids recovered by agitation, 12 by sonication at pHseq and 47 by sonication at

pHg.

For P concentration, in comparison with agitation, a 4-fold decline in P content of colloids (Fig. 38) was
observed in case of sonication at pHy, meanwhile, considering standard deviation, no difference
observed between agitation and sonication at pHs.q. After sonication, the solution pH decreased from 9
to 8.0 £ 0.1 (Table 15), this pH decrease could be explained by hydroxide sorption onto colloids, and
further, the lower P content in colloids extracted by this method was likely to be caused by competition
with OH" for sorption site on mineral surface and possible P desorption from colloids. Another
mechanism can also explain this result, the dissolution of phosphate minerals (Al-P especially) is
expected in alkaline solution. As a consequence, the sonication at pHy caused important increases in the
levels of Fe (12-fold), Al (9-fold) and P (6-fold) in fraction below 0.2 pm compared to sonication at
PHseq (Fig. 35b).
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Table 15. The variation in solution chemistry before and after extraction by three different modes: agitation,
sonication at pHsed and sonication at pH9.

Before extraction After extraction
Extraction mode pH Tem pet:ature Conductivity pH Temperature Conductivity
O (ps/cm) (°C) (ps/cm)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Agitation 6.8 0.1 20.0 0.1 20.7 03 6.7 0.1 23.0 0.1 28.3 1.8
Sonication at pHse 6.8 0.1 20.0 0.1 18.4 0.2 6.6 0.1 38.0 0.1 36.0 4.9
Sonication at pH 9 9.1 0.1 20.0 0.1 29.8 1.0 8.0 0.1 37.8 03 72.6 0.9

111.1.3.4. Conclusion

Compared to agitation, both sonication protocols provided drastic increase in the quantity of colloids to
be extracted from sediment with a factor of 10 to 20 times, accordingly. Agitation provides less
aggressive mechanical stresses on sediment structure than sonication and liberate colloids that pre-exist
in sediment porewater and/or detachment of labile colloids on pore surfaces without physical damage
and probably with less modification in colloidal chemical composition and shape. On the other hand,
sonication provides amplified vibration that could physically disrupt low fractal sediment structure or
aggregated/agglomerated colloids into smaller colloidal size classes which is responsible to the critical
release of colloids by this method. Organic compartment of sediment seems to be the major target of
disruption by sonication due to its low density and fragile structure than mineral particles. The increase
in pH might intensify the release of colloids due to enhancing repulsive forces between colloids,
dissolution of organic binding agents. Regardless of extraction modes, recovered colloids showed an
organo-mineral composition. Sonication released superior quantity of recovered colloids compared to
agitation and therefore higher quantity of colloidal P. However, in alkaline pH (at 9), the competition
with OH" for sorption site or dissolution of phosphate minerals caused release of dissolved P to solution
and decrease P content in recovered colloids.

Overall, according to physically disruption of sediment structure and diminution in P content of colloids
caused by sonication and increasing pH, the application of low-power agitation looks to be the most
appropriate to extract colloids from sediment matrix.
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111.1.4. Conclusion

All sediment drying modes tested (air-dry, oven-dry, freeze-dry) show an important impacts on lowering

the quantity of colloid recovery and modification their size class and chemical composition comparing

to the colloids extracted from wet sediment.

-> The work with sedimentary colloids is advised to be carried out on wet sediment to preserve the
natural physico-chemical properties of the colloids.

Concerning the extraction protocols, extraction by sonication will derive from 10 to 20-times higher

recovery of colloids depending on applyied pH, althrough these colloids may contain both the

labile/freely-dispersed in the porewater and colloids that are presents in flocs and/or agglomerates.

-> Agitation is recommended to avoid changing in size and shape of colloids as well as modification in
colloidal composition.

The colloid separation by centrifugation did not allow the correct size separation of recovered colloids

due to the heterogeinity in particle density of natural colloids. The use of centrifugation to separate

colloids needs to be accompanied with a filtration step to ensure size integrity. Successive

centrifugations is not recommended for colloid separation from heterogenous matrices.

- The most suitable colloids separation methods is filtration with pre-separation step filtration or
centrifugation at higher cutoff size.

—> The separation of colloids by filtration should be done in an appropriate manners: filtrate a small
volume (about 10 -15 mL) of sample per filter to avoid membrane fouling.
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I11.2. Impacts of reservoir management on the size partitioning and mobilization of phosphorus
from sediment

111.2.1. Introduction

River plays an important role in the Earth’s system and the transport of materials from continental surfaces
to the oceans. Most of rivers around the world are regulated by dam, there is 70,000 large dams worldwide
(Maavara et al., 2015). The impacts of river damming are well-known for changing flow continuity and
disrupting sediment transport. The sedimentation pattern of suspended material exhibits longitudinal
variability upon the change in flow regime with the accumulation of fine fraction towards low-energy
lacustrine zone of reservoirs and in front of the dams (Kondolf et al., 2014, Lopez et al., 2016).

Sediment is one of the sinks for biogenic compounds/substances, including phosphorus. However, only a
part of sequestered P remained permanently buried in the sediment, meanwhile a part can be released as an
internal P load support primary production in the water column and thus cause eutrophication.

Most of studies on the internal P load in reservoirs focus on particulate or dissolved P and neglect colloidal
P fraction. Colloidal P has been proved to be abundant in soil water, leachate and runoff and to contribute
to the external non-point source P loads (Heathwaite et al., 2005, Liang et al., 2016, Missong et al., 2018).
However, the spatial distribution, mobility and fate of colloidal P in reservoirs has not yet been
demonstrated.

Therefore, this study was dedicated to providing a preliminary view concerning the distribution of
sedimentary water-mobilizable colloidal P in a dam reservoir. The questions we attempted to answer in this
chapter are as below:

- How the sediment potential to release colloids and P in the reservoir change spatially?

- What are the relationships between the physical and chemical characteristics of sediments and the
distribution and chemical composition of water mobilizable colloid?

- What are the factors influencing the mobility of water-mobilizable colloids and P in the reservoir?

To answer these questions, surface sediments were collected along the Champsanglard dam reservoir, at
the bottom of lacustrine and riverine zones of reservoirs as well as in the banks. As a first step, the main
physical and chemical characteristics of sediments were analyzed. Then, for each collected sediment,
colloids were extracted to determine the quantity and physico-chemical properties (mass, size, chemical
composition). The results were presented in the form of an article to be submitted to the journal Science of
The Total Environment.
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111.2.2. Spatial distribution of water-mobilizable colloids from dam sediment and the risk of water-
level fluctuation on phosphorus release

Article to be submitted to Science of The Total Environment.

Nguyen Ngoc Diep, Grybos Malgorzata, Rabiet Marion, Deluchat VVéronique

Limoges University, PEIRENE EA 7500, 123 Av. Albert Thomas, 87060 Limoges Cedex, France
Abstract

The hydrodynamics of dam reservoirs favor the accumulation of phosphorus (P) in sediments as it has a
strong affinity for the sedimenting particles. The release of sedimentary P may occur in dissolved, colloidal
or particulate forms. Despite the well-known internal flux of dissolved P from the sediment, little is known
about the release of colloidal P. The aim of this study was (i) to evaluate the potential of sediments,
accumulated in the bottom of Champsanglard reservoir and in the area of water level fluctuation, to release
colloids and (ii) to investigate of the impact of sediments quality on the release of colloids and their
characteristics. A sampling campaign was carried out for 9 locations along the main channel of reservoir
from riverine to lacustrine area (bottom sediments) and 4 locations across riverine transects where the
sediments were impacted by significant water-level fluctuation. The results showed that colloids are
intrinsic component of reservoir sediment and contribute up to 2.3 % of sediment mass. Colloidal P
attributed up to 6 % of total sedimentary P and 80 % of water-mobilizable P (fraction < 1 um). The stock
of water-mobilizable colloids and associated P varied according to sediment size distribution and was
strongly dependent to channel morphology, hydrodynamics and inlet of tributary. Particularly, the water-
level fluctuation in riverine regions strongly impacted on potential of bank sediments to release water-
mobilizable colloids and P. Bank sediment contained high amount of the more bioavailable P (dissolved P
and small/nano P-colloids) than bottom sediment. Therefore, special attention should be paid to this area of
reservoir as one of the nutrient sources to be manage in the context of eutrophic water system.

Keywords: Dam reservoir, sedimentary colloids, phosphorus form, spatial variability, water-level
fluctuation zone, drying, organic matter, iron

111.2.2.1. Introduction

The management of water resources and demand of renewable energy production have led to the increasing
construction of dams along rivers. One of the consequences of river damming is trapping of sediments in
reservoirs due to the reduction in flow velocity and therefore in transport capacity. Sediment enters
reservoirs because of soil erosion of upstream watershed, erosion of riverbed and banks, and transport
through the river system. The amount of sediment trapped in the reservoirs depends on the quantity and
type of entering transported material, as well as the characteristics of the reservoir and the way how the
dam is managed. In general, the distribution of sediments is associated to the variations in the intensity and
location of the energy-controlled process and the fine-grained particles preferentially accumulate in low-
energy zones that usually corresponds to deeper zones and the quiet water in shoreline areas (Rose et al.,
1993; Kirk and Bradley, 1995). However, in reservoirs, the proportion of fine-grained particles in deeper
zones may be diluted by the influx of coarse-grained sediments derived from tributaries at different points
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in the reservoir or by secondary distribution of sediments linked to steep slope in reservoir (Abraham et al.,
1999; Curran et al., 2015; Tang et al., 2018). Therefore, spatial distribution of the sediments within the
reservoir is complex, not uniform, and site dependent. Consequently, knowledge about sediment
distribution in natural lakes may not be comparable to the reservoir because of its more river-like
hydrodynamic characters (Abraham et al., 1999).

Many natural and anthropogenic compounds, including phosphorus (P), have a strong affinity for fine-
grained particles (Heathwaite and Dils, 2000; Lopez et al., 2009; Fonseca et al., 2010; Rapin et al., 2019;
Rapin et al., 2020) including colloids (Doucet et al., 2007; Baken et al., 2016; Bol et al., 2016; Gottselig et
al., 2017b; Cuss et al., 2018; Nguyen et al., 2020). Therefore, their behavior in surface water is largely
regulated by transport, dispersion and sedimentation of fine-grained materials (Effler and Matthews, 2004;
Ciesla et al., 2020; Wang et al., 2020). Because the hydrodynamic of reservoirs favors the trapping of fine-
grained sediments, it also promotes the formation of internal sedimentary P stock (Maavara et al., 2015).
However, only a portion of P is permanently buried in sediments and under favorable conditions an
important amount of sedimentary P is mobilized to pore- and overlying waters (Sgndergaard et al., 2003).
Internal P load becomes thus a source of P for reservoir waters and, together with nitrogen, can promote
primary production and eutrophication (Smith and Schindler, 2009; Schindler et al., 2016; Le Moal et al.,
2019). Therefore, in recent years, the biogeochemistry of sedimentary P has been a subject of particular
attention since internal sedimentary P load is supposed to delay eutrophication recovery time and prevents
improvement of water quality in such systems (Sendergaard et al., 2003; Jeppesen et al., 2005; Filippelli,
2008; North et al., 2015; Baker et al., 2019).

In sediment, P is associated to inorganic and organic materials (Pettersson et al., 1988; Lopez et al., 2009;
Cavaliere and Homann, 2012; Cavalcante et al., 2018b; Rapin et al., 2020). The release of sedimentary P is
related to the availability of mobilizable P as well as activated mechanisms/factors facilitating such release
(e.g. sediment resuspension, anoxia, temperature, bioturbation...) (Kim et al., 2003; Surridge et al., 2007,
Parsons et al., 2017; Chen et al., 2019; Rapin et al., 2019; Gautreau et al., 2020; Taguchi et al., 2020). In
general, internal P load originates mainly from redox-sensitive iron compounds (redox-P) or from the more
or less labile organic forms (labile organic P) (Sendergaard et al., 2003; Cavalcante et al., 2018; Rapin et
al., 2020). The mobilization of sedimentary P from redox sensitive mineral phases is somewhat site-specific
and favored in the reservoirs characterized by temporary or permanent oxygen depletion (anoxia)
(Cavalcante et al., 2018; Norgbey et al., 2020). In fully aerated reservoirs, the release of sedimentary P via
redox-driven internal loading is limited (Zhang et al., 2017; Moura et al., 2020) and can be relied on change
in pH (Gaoa, 2012; Jin et al., 2006). The release of labile organic P, on the other hand, could be limited
under anoxic conditions because low oxygen level inhibits organic matter decomposition. Other important
factors affecting internal P load are: (i) shifting from a clear to a turbid state of water, e.g. the resuspension
of bed sediment (Filstrup and Lind, 2010; Gautreau et al., 2020) and (ii) fluctuations in the water level
causing sediment emersion, desiccation and re-inundation (Tang et al., 2018; Zhang et al., 2012). The turbid
flow can lift up fine particles from sediment accumulated throughout the reservoir, whereas the water level
fluctuation impacts mainly the sediments accumulated in the proximity of shores and in the banks. The
frequency and magnitude of sediment drying and rewetting (SDW) is variable and site-specific. Inundation
and desiccation may alter sediment redox, pH, physical and biological characteristics and thus sedimentary
P speciation, transformation and release (Baldwin and Mitchell, 2000; Forber et al., 2017; Gu et al., 2018;

Sun et al., 2018). Thus, the sediment impacted by water-level fluctuation of dam reservoir can induce a

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 120
Licence CC BY-NC-ND 3.0



pulse release of P in different manner than the sediment accumulated in deeper part of reservoir through a
suit of different biogeochemical processes.

The release of sedimentary P may occur in dissolved, colloidal or particulate forms. Despite mechanism for
release of dissolved P (orthophosphate ion) are well known via diffusion and advection (Darke and
Walbridge, 2000), few attentions have been paid to the release of colloidal P, particularly its exchange
between bottom sediment and water. However small/nano P-colloids (sized 3 kDa — 240 nm) are considered
bioavailable for living organisms (Montalvo et al., 2015) and should be thus taken into account to better
evaluate eutrophication risks. The mobility of colloids has been elucidated to keep an important role as P
carriers across vast environmental matrices such as soils, vadose zones, riparian zone, rivers and
groundwater (Turner et al., 2004; Wolthoorn et al., 2004; Séquaris et al., 2013; Jiang et al., 2015; Baken et
al., 2016; Gottselig et al., 2017b; Missong et al., 2018; Gu et al., 2018). Nonetheless, the role of sedimentary
colloids in P dynamic in dam reservoir context is not yet studied.

Considering that the heterogeneous spatial distribution of fine-grained sediments in dam reservoir is
responsible for the uneven distribution of P in the deposited sediments (Rapin et al., 2020), the aims of this
study was to (i) evaluate the colloids release potential of bottom sediments accumulated at different zones
of the reservoir (lacustrine/riverine zones, at confluence with tributary, in the area impacted by water level
fluctuation) (ii) to investigate the role of the physico-chemical properties of the sediment on the
characteristics of released. The study was conducted on the sediment deposited in Champsanglard dam
reservoir impacted by water-level fluctuation and characterized by the presence of tributaries. Sediments
were sampled at 9 sites along the longitudinal pathway of the reservoir from the upstream riverine area
downwards to the dam (permanently submerged bottom sediments) and at 2 complemented sites by lateral
cross-sections (bank sediments impacted by water level fluctuation).

111.2.2.2. Materials and methods
111.2.2.2.1. Description of studied site

The study was carried out in Champsanglard hydroelectric dam reservoir, located on Creuse river (France).
Champsanglard belongs to the Age complex which is constituted of three cascade dams and supplies
electricity for a population of 21,000 inhabitants. The Champsanglard dam was commissioned in 1984 with
19-meter height and 120-meter width. In the middle channel near to the dam, the water depth can reach up
to 17 m. The Champsanglard covers an area of 0.55 km?, has a length of 2.36 km and receives an annual
average inflow of 13.8 m®sec. During flooding period, the water flows through the overflow crest with
man-made operation. The Champsanglard watershed (406 km?) is composed of 65 % of agriculture land,
30 % forest and semi-natural environment and 4 % of artificial use (CORINE Land Cover data). The
underlying lithology is mainly granitic (http://infoterre.brgm.fr). Thus, agricultural activity is a principal
source of P for aquatic system. The Champsanglard is periodically subjected to thermal stratification and
oxycline as well as to recurrent development of cyanobacteria (http://baignades.sante.gouv.fr).
Champsanglard reservoir receive the sediment mainly by Creuse river and two tributaries (Fig. 39). The
hydrological conditions in Champsanglard are influenced by oceanic continental climate with annual
precipitation of 1059 mm and average annual temperature of 11.3°C (Météo France meteorological data).
In 2019, the temperature in Creuse region varies from 1 to 27°C with maximum monthly rainfall level of
177 mm and the minimum of 44 mm. The precipitation height is lowest during summer (July to September)
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and at the end of winter (February) with an average of 50 mm per month, compared to autumn and winter
(October to December) of 155 mm per month averagely (Historique-meteo). The Creuse flow is maximum
in winter (up to 70 m%s) and minimum at the end of summer.

111.2.2.2.2. Sediment sampling, pretreatment and characterization
111.2.2.2.2.1. Sediment sampling and pretreatment

The sediments (up to 10-cm depth) were collected in high-flow period but during a month with low
precipitation (February 2019), from nine sites along the longitudinal pathway from lacustrine region to
riverine region (up to 3.3 km away from dam) (Fig. 39).

In lacustrine region, samplings were performed: near the dam (sites 1 and 2), in the middle of the reservoir
(sites 3 to 5), and in the tail of reservoir (sites 6 and 7). The sites 3 and 7 were located near tributaries.

In upstream riverine region, samplings were performed at sites 8 and 9. At the shoreline of these two sites,
where an important water-level fluctuation was observed, a series of samples were collected across the
lateral axis from the deeper zone to the zone gradually exposed to air (Fig. 39): 3 additional samples along
the transect of site 8 (namely WFZ-1) and 1 additional sample along the transect of site 9 (namely WFZ-
2). They were annotated as “A” for the sediments sampled right at the shoreline (frequently submerged
sediment), “B” and “C” for the sediments sampled at drier and higher position than water level (namely
temporary and occasionally submerged sediments, respectively). It should be noted that two water-level
fluctuation zones (WFZ-1 and WFZ-2) exhibited different river morphology and toposequence. The WFZ-
1 was likely “bank of the river” and soil-like, whereas the WFZ-2 was a deposition area of the transported
river material and covered by thin organic layer (Fig. 39). The additional lateral sampling in the sites 1-7
was not feasible because of limited sedimentation (rocky shores).

From here, we named sediments collected at deep channel and permanently submerged, from site 1 to 9, as
“bottom sediments” and the sediments collected in the shore and impacted by water level fluctuation (8A,
8B, 8C and 9B) as “bank sediments” (Fig. 39).

Sediments were collected using an Ekman grab, homogenized manually and preserved in polyethylene
bottles previously rinsed with surface water. All samples were well kept under refrigerated and dark
conditions during transportation. In laboratory, the sediments were immediately homogenized, sieved
through a 2-mm mesh and stored at 4°C before experimentation and analyses.
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Figure 39. Sampling sites along Champsanglard dam reservoir (permanently submerged bottom
sediments) and in two zones of water-level fluctuation (WFZ-1 and WFZ-2 areas; non-permanently
submerged sediments) (source : Geoportail, EPTB Vienne 2018).

111.2.2.2.2.2. Sediment characterization

Granulometry analysis was done on wet sediment by the laser diffraction particle size analyzer (Malvern,
MasterSizer 3000) after ultrasonically dispersion in ultrapure water (UPW). The pHu20 was measured on
a 1:1 wet sediment-water suspension using GLP22 pH meter (Crison) and a 5221-pH probe (Crison).
Sedimentary organic matter (OM) was estimated by the loss on ignition at 550°C for 2 h.

For measurement of total contents of Fe, Al, Ca, Mn, and Mg, the sediments were dried at 105°C, crushed
into powder, immersed in hydrogen peroxide (Merck, 30%) to degrade OM before the digestion according
to US EPA 3051a (2007) method. Sediments were further digested by reverse aqua regia (HNO3 65 %, HCI
37 %) and heated in a microwave for a duration of 40 min at 180°C (Anton Paar Multiwave Go). The
digested solution was filtered at 0.2 um cellulose acetate membrane (LLG Labware) and dissolved contents
of Fe, Al, Ca, Mn, and Mg were analyzed by MP-AES (Agilent, MP 4100) (See part 2.3.2).

For the determination of total sedimentary P, sediments were calcinated at 450°C for 3 h and digested in
HCI 3.5 M (VWR Prolabo Anala R Normapur) during 16 h (Ruban et al., 2001). The obtained solution was
firstly centrifuged at 2000 g for 15 min, then filtered through 0.45 um cellulose acetate membrane (LLG
Labware). The concentration of dissolved inorganic phosphates (DIP) in digested solution was measured
by spectrophotometric method at 880 nm after pH adjustment (between 2 and 7) (Murphy and Riley, 1962).
Method for DIP measurement is presented in part 2.3.2
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111.2.2.2.3. Extraction and characterization of water-mobilizable fraction (below 1 pm)
111.2.2.2.3.1. Method of extraction and separation for water-mobilizable fraction

Water mobilizable fraction was defined as dissolved and colloidal part in the fraction inferior to 1 um.
Colloids were extracted from fresh wet sediment resuspended in UPW. The wet solid/liquid (S/L) ratio was
1/10 corresponding a dry S/L ratio of 1.55 - 1.96 % (wpw/V) according to different samples (water loss on
drying at 105°C were ranging from 51 + 6 % to 82 + 2 %). Sediment suspensions were firstly agitated for
24 h at 200 rpm using orbital shaker (IKA-WERKE, KS 501 digital). Then, the separation for water-
mobilizable fraction was performed by centrifugation (272 g for 6 minutes) to remove larger particles
(theoretically larger than 1 um considering average density of sediment) in coupling with filtration at 1 um.
The speed and time of centrifugation were calculated by equation (1), according to Gimbert et al., (2005).

_ 18nIn(R/S)

w?d?Ap M

With  d: particle diameter (cm)
Ap: difference in particle density (g/cm?), herein pp, = 2.417 g/cm?, and density of suspension
medium, here in pr2o = 1.0 g/cm?®
n: viscosity of suspension medium (g/cm.s), herein n = 0.01 g/cm.s
t: settling time (s)
R: distance from rotation axis to the settling level in the tube (10.8 cm)
S: distance from rotation axis to the surface of suspension in the tube (5.5 cm)
«: angular velocity of the centrifuge (rad/s), calculated according by equations (2) and (3) with
rotor radius of 108 mm:

_n
w= = Xrpm 2

g=1LU8XRX()?  (3)

The filtration through 1 um was done with glass fiber filter (VWR). Filtration step is important to assure
the accurate size of separated materials since the centrifugation can result in the presence of larger particles
in supernatant due to the heterogeneity of sediment (Nguyen et al., 2020).

For organic carbon (OC), Fe, Al, Ca, Mn and Mg analysis, the separation between large colloidal fraction
(0.2-1 pm) and fraction below 0.2 um (including small/nano colloidal and truly dissolved species) was
performed by filtration at 0.2 um using cellulose nitrate membrane (Sartorius). For P, we distinguished
truly dissolved, small/nano colloidal (0 - 0.2 pm) and large colloidal (0.2 - 1 um) by an additional chemical
step (see section 2.3.2).

111.2.2.2.3.2. Characterization of colloids and water-mobilizable fraction

Particle size distribution of water-mobilizable colloids was measured using dynamic light scattering
technique performed by ZetaSizer NanoZS (Malvern). Material absorption and refraction index were 0.001
and 0.18, respectively. The backscatter angle of measurement was at 173°. The measurement was made
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after 120-second of equilibration, through three measurements with automatic selection of working times
and optimal measuring position.

The mass of large colloids (0.2 — 1 um) was estimated by gravimetric method and determined as dry weight
of the amount of colloids retained on the pre-weighted 0.2-um filter at 30°C until unchanged mass.

Fraction lower than 1 um was characterized for total organic carbon (TOC), total P (TP) and total contents
of Fe, Al, Mn, Ca, Mn and Mg with acid digestion. Fraction lower than 0.2 um was characterized for TOC,
TP, dissolved inorganic phosphate (DIP) as well as total contents of Fe, Al, Mn, Ca, Mn and Mg without
acid digestion.

Subsequently, the contents of OC, P, Fe, Al, Ca, Mn and Mg in large colloids were determined by the
difference in total contents between fraction lower than 1 um and fraction lower than 0.2 pm. Exclusively
for P, a fraction namely small/nano colloidal P was further estimated by the difference between TP and DIP
in fraction lower than 0.2 um. In this study, four fractions of P were established: water-mobilizable P (Pwm:
TP in the fraction lower than 1 um), large P-colloids (Pwm minus TP<o2um ), small/nano P-colloids (TP<o.
um Minus DIP< o2 um) and truly dissolved P (DIP< 0.2 um).

Content of TP was determined in persulfate digested solution according to US EPA 365.1 method (1993).
The digestion was performed by adding 625 pL of working digestion solution containing (NH4).S,0g 0.56
M and H2SO4 5.6 M into 10 mL of sample and heating for 30 minutes using autoclave at 121°C and 1 bar
(LEQUEUX). Solution after digestion was filtered at 0.2 um using cellulose acetate membrane (LLG
Labware). The DIP levels in both digested and non-digested solutions were measured with molybdenum
method according to Murphy and Riley, (1962) at 880 nm using 1-cm cuvettes with UV-visible
spectrophotometer (Agilent 8453 UV-visible spectrometer). The LQ of method is 20 ug P/L. The TOC
measurement was done using TOC analyzer (Analytik Jena, multi N/C 2100S) with LQ of 1 mg C/L. The
analysis of TOC was carried out with onboard magnetic stirring to avoid colloids aggregation and
decantation during analysis. The measurements of Fe, Al, Mn, Ca, Mn and Mg concentrations in both
digested solution (for fraction lower than 1 um, using US EPA 3015a method; see part 2.2) and in non-
digested solution (for fraction lower than 0.2 um) were analyzed using MP-AES (Agilent, MP 4100). The
limits of quantification (LQ) are 20 pg Al/L, 30 ug Fe/L, 12 pg Ca/L, 7 ug Mn/L and 1 pug Mg/L.

111.2.2.3. Results
111.2.2.3.1. Sediment characteristics
111.2.2.3.1.1. Grain size of sediments

For the bottom sediments, the median grain size (Dso) was largest in riverine region (74 = 14 yum at site 9
and 46 = 2 site 8) and decreased toward the dam (18 £ 2 pum, at sites 1 to 3) (Fig. 40A). The finer fraction
(below 20 um) of sediments was highest at site 2, and represented 65 % of particles, then decreased
gradually to be at 27 % at site 9. The grain size patterns at site 3 and site 7 (entrances of tributaries) exhibited
no difference than other sampling sites. It is notably that the coarsest grain fraction (> 210 pm), was
dispelled when approaching the deeper part of reservoir (from site 2 to site 4), “reappeared” in front of the
dam (site 1) at about 4 %.
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For bank sediments, the Dsy showed a similar grain size pattern to bottom sediments in both WFZ-1 and

WFZ-2 zones (Fig. 40A) with a variation of less than 11 % and 8 %, respectively.
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Figure 40. Sediment characteristics deposited along the reservoir (sites 1-9) and in WFZ-1 (8A, 8B, 8C)
and WFZ-2 (9B) areas: (A) grain size distribution, (B) quantity of OM, Al, Fe, Ca, Mn, Mg and (C)
amount of total phosphorus content and pH. WFZ - water-level fluctuation zone, OM — organic matter.
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111.2.2.3.1.1. Chemical characteristics of sediments

The content of OM in lacustrine bottom sediments (at sites 1 to 7) ranged from 15+ 1 % to 19+ 1 %
with the highest values found in the sediments deposited in the middle part (sites 2, 4, 5) of reservoir
(Fig. 40B). The entries of two tributaries at site 3 and site 7 induced no significant variation in OM
contents of bottom sediments. Riverine bottom sediments (site 8 and site 9) were characterized by lower
amount of OM, with values of 5.4 + 1.3 % and 6.0 £ 1.3 % respectively. Riverine bank sediments at
WFZ-1 and WFZ-2 contained increasing concentration of OM with increasing elevation; for instance,
from 11.9 + 0.3 % (site 8A) to 22.1 + 1.3 % (site 8C) and from 6.0 £ 1.3 % (site 9) t0 9.7 + 0.6 % (site
9B).

In Fig. 40B, the total concentrations of OM, Fe, Al, Ca, Mn and Mg in bottom sediments collected in
lacustrine region (at sites 1 to 6) were higher than in the tail and riverine regions (at sites 7 to 9). We
noted the decrease in concentrations of OM, P, Ca, Mn started from site 5 to site 8 and decrease in Al,
Fe and Mg started at sites 4 to 8. At riverine region, concentration of Ca increased gradually from bottom
sediments, 3.4 £ 0.4 mg Ca/gpw-sed (Site 8) and 3.1 + 0.6 mg Ca/gow-sed (Site 9), to be 1.6 - 2.3 times
higher in bank sediments, 7.8 + 0.5 mg Ca/gpw-sed (Site 8C) and 5.1 + 0.6 mg Ca/gow-ses (9B). Similar
tendency was observed for Al, Fe, Mg and Mn, but with slighter increases of up to 1.5, 1.3, 1.3 and 1.4
times, respectively (Table 16).

Table 16. Chemical composition of sediment along reservoir and at two zones of water-level fluctuation (WFZ-

1 and WFZ-2).
Sampling site P oM Fe Al Ca Mg Mn pH
Mg/ gow-sediment % Mg/gow-sediment
Mean SD | Mean | SD | Mean | SD Mean SD Mean  SD  Mean SD | Mean | SD | Mean | SD
1 191 | 0.13 14.9% | 0.5% | 76.87 | 2.85 | 131.29 | 8.01 | 7.11 | 0.07 | 15.67 | 0.59 | 1.62 | 0.10 6.83 | 0.03
2 1.80 | 0.01 17.2% | 1.2% | 84.39 | 0.05 | 155.83 | 1.86 | 8.19 | 0.01 | 17.28 | 0.00 | 1.59 | 0.10  6.79 | 0.03
3 145 | 0.01 15.0% | 1.1% | 69.91 | 2.22 | 12596 8.98 | 7.99 | 0.35| 15.33 | 0.13 | 1.25 | 0.10 6.88 | 0.01
4 146 | 0.08 18.4% | 0.8% | 77.76 | 1.76 | 136.65  2.01 | 8.92 | 0.09 | 18.38 | 0.20 | 1.38 | 0.10  6.82 | 0.01
5 148 | 0.03 19.3% | 0.9% | 74.49 | 0.99 | 122.63 | 5.16 | 9.03 | 0.03 | 17.19 | 0.11 | 1.45  0.10  6.77 | 0.04
6 1.33 | 0.08 14.8% | 0.8% | 60.13 | 3.49 | 90.74 | 5.47 | 7.17 | 0.15| 14.07 | 0.44 | 1.14 4 0.10 6.79 | 0.03
7 092 | 0.01 14.2% 1.0% 44.68 4.21 76.86 | 1580 5.79 | 0.02 | 9.02 0.28 0.81 | 0.10 | 6.67 | 0.01
8 0.71 | 0.11  54%  13% 3857 219 41.08 | 031 3.67 | 0.65| 875 042 0.71 | 0.09 | 6.65 | 0.03
At WFz-1
8 0.71 | 0.11  54%  13% 3857 219 41.08 A 031 3.67 | 0.65| 875 042 0.71 | 0.09 | 6.65 | 0.03
8A 0.68 | 0.01 11.9% 0.3% | 39.86  2.25 43.75 | 459 514 /090 | 9.45 049 0.81 | 0.20| 6.63 | 0.01
8B 0.83 | 0.01 18.1%  1.9%  48.85 0.81  63.49 | 249 6.74 | 0.03 | 11.50 0.04 0.99 | 0.10 | 5.32 | 0.03
8C 093 | 0.03  22.1% 1.3%  49.76 2.00 5395 | 6.28 7.82 | 0.49 | 10.79 0.19 0.92 | 0.10 | 6.26 | 0.06
At WFZ-2
9 0.78 | 0.06 6.0% @ 13% 4299 4.66 46.86 | 342 311 [ 059| 9.75 131 0.85 |0.20| 655 | 0.01
9B 069 | 0.03 97% 0.6% 4513 169 5858 | 284 508 |0.65|11.31 0.00 1.21 |0.06  6.79 | 0.02

As shown in Fig. 40C, the highest quantity of TP (1.8 £ 0.1 mg/gow-sed) Was observed in bottom
sediments deposited near the dam (at sites 1 and 2). Between the site 3 and 6, TP concentration in bottom
sediments remained comparable with about 1.5 £ 0.1 mg/gow-sed. In contrast, riverine bottom sediments
(sites 8 and 9) contained lower TP level (0.7 £ 0.1 mg/gow-sed) and were in the same range than TP
concentration in bank sediments (0.8 + 0.2 mg/gow-sed)-

Along the reservoir, pH of bottom and bank sediments were in the range of slightly acidic to neutral pH
with values from 6.5 + 0.1 to 6.9 + 0.1. However, particularly at riverine regions, bank sediment (site
8B) had a notably lower pH of 5.3 £ 0.1.




111.2.2.3.2. Water-mobilizable fraction
11.2.2.3.2.1. Geochemical of water-mobilizable fraction

The chemical composition of fraction below 0.2 um, containing both dissolved and small/nano colloidal
species, varied according to sampling site (Table 17). For bottom sediment, in lacustrine regions (at sites
1 to 7), the contents of Fe, Ca, OC and Mn were higher (by 1.5 to 9 times) than in riverine regions (site
8 and 9). For Fe and OC, the values at site 8 were 30 and 40 % lower than at site 9 (Table 17). The
content of Mg was lowest at site 9 (0.008 + 0.001 mg Mg/gow-sed) then increased by 4-fold to be
relatively stable in lacustrine zone (at sites 1 to site 7). Content of Al was slightly higher near the dam
(0.07 £ 0.01 mg Al/gow-sed at site 1) than at other sites (0.05 + 0.01 mg Al/gow-sed), except a peak of 0.09
+0.01 mg Al/gow-seq at site 7 (corresponding to a tributary entrance). In contrast, the contents of P below
0.2 um, fluctuated throughout the length of reservoir between 3.91 + 0.12 g P/gow-seq (Site 8) and 15.33
+ 0.8 pg P/gow-sed (Site 9) (Table 17). Bank sediments had higher contents of P, OC, Fe (except WFZ-
2), Al, Ca, Mg and Mn than bottom sediments, with factors between 2 to 6 (Table 17).

The increasing tendency in elemental contents towards the dam was also observed for large colloidal
fraction (0.2 — 1 um) (Table 18). In riverine bottom sediments, the contents of P, Fe, Al, Ca and Mg
were respectively 3 to 5-fold, 3.6 to 6.6-fold, 7 to 12-fold, 1.6 to 2-fold and 3.5 to 4-fold lower than in
lacustrine bottom sediments, respectively. The contents of OC behaved differently; the highest values
were found near the dam, with 1.5 + 0.3 mg OC/gpw-sed (Sites 2) and 1.1 £ 0.1 mg OC/gpw-seq (Site 1),
whereas these values were 3-fold lower at tributary (site 3) and from 3 to 25-fold lower at the tail and
riverine regions (at sites 6 to 9). In bank sediments, the contents of OC, Fe, Al and Mg in large colloids
were higher than in bottom sediments with factors between 2.8 to 10 (Table 18). In contrast, the contents
of P in large colloids were higher for frequently submerged sediment (site 8A) and lower for temporary-
occasionally submerged sediments (site 8B, 8C and 9B) than in bottom sediments.

Table 17. Chemical composition of the fraction below 0.2 um (in mg per g dry sediment) along
reservoir and at two zones of water-level fluctuation (WFZ-1 and WFZ-2).

Dissolved and
small colloidal P oc Fe Al ca Mg Mn
Site Mg/ 8ow-sediment Mg/ gow-sediment Mg/ Eow-sediment
Mean SD Mean  SD | Mean | SD | Mean | Mean | Mean | SD | Mean SD Mean SD
1 10.13 0.93 0.49 | 0.06| 0.08 | 0.01] 0.07 0.01 0.15 | 0.01| 0.033 0.002 2.96 0.40
2 9.55 0.36 0.43 | 0.05] 0.06 | 0.01] 0.06 0.01 0.13 | 0.01| 0.029 0.002 1.00 0.49
3 7.72 0.44 | 0.39 0.03] 0.05 H0.01] 0.05 0.01 0.14 | 0.01] 0.033 0.001 0.39 0.13
4 5.97 1.24 0.47 | 0.09] 0.05 | 0.02] 0.05 0.02 0.15 | 0.01| 0.034 0.001 0.79 0.27
5 7.74 1.54 0.44 | 0.05] 0.05 | 0.02] 0.05 0.02 0.16 | 0.01 | 0.036 0.001 0.41 0.06
6 8.28 0.50 0.39 | 0.06 ]| 0.07 | 0.01] 0.07 0.01 0.15 | 0.01 | 0.035 0.002 ND ND
7 12.97 1.01 0.50 | 0.02 ]| 0.07 | 0.01] 0.09 0.01 0.12 | 0.01 | 0.029 0.001 ND ND
8 3.91 0.12 0.20 | 0.04 ] 0.03 | 0.01] 0.05 0.01 0.04 | 0.01] 0.011 0.001 ND ND
9 15.33 0.74 0.29 | 0.01] 0.05 | 0.01] 0.05 0.01 0.04 | 0.01 | 0.008 0.001 ND ND
At WFZ-1
8 3.91 0.12 0.20 | 0.04] 0.03 | 0.01] 0.05 0.01 0.04 | 0.01] 0.011 0.001 ND ND
8A 16.87 1.55 0.32 | 0.02 ]| 0.06 | 0.01] 0.08 0.01 0.07 | 0.01] 0.021 0.001 1.20 0.07
8B 19.58 3.03 0.51 | 0.05] 0.06 | 0.01] 0.120 0.01 0.08 | 0.01| 0.024 0.001 1.74 0.10
8C 22.49 2.33 0.56 | 0.03 ]| 0.06 | 0.01] 0.09 0.01 0.10 | 0.01 | 0.027 0.001 1.23 0.08
At WFZ-2
9 15.33 0.74 0.29 | 0.01] 0.05 | 0.01] 0.05 0.01 0.04 | 0.01 | 0.008 0.001 ND ND
9B 17.46 1.61 0.35 | 0.01] 0.05 0.01] 0.07 0.01 0.10 | 0.01] 0.028 0.001 0.85 0.06
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Table 18. Chemical composition of large colloids (fraction 0.2 — 1 um) in mg/g dry sediment along
reservoir and at two zones of water-level fluctuation (WFZ-1 and WFZ-2).

*ND: not detected

P oc Fe Al Ca Mg Mn
Site ME/8ow-sediment
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 0.059 0.011 1.08 0.11 1.09 0.09 1.90 0.10 0.25 0.02 0.15 0.01 0.016 0.001
2 0.071 0.004 1.52 0.29 1.16 0.08 3.21 1.01 0.22 0.05 0.17 0.03 0.017 0.000
3 0.067 0.001 0.36 0.17 1.00 0.09 2.00 0.32 0.24 0.07 0.14 0.01 0.009 0.003
4 0.067 0.005 0.84 0.11 0.88 0.08 1.55 0.11 0.22 0.03 0.13 0.04 0.005 0.001
5 0.062 0.005 0.91 0.14 0.64 0.10 1.07 0.23 0.14 0.03 0.09 0.01 0.006 0.001
6 0.039 0.001 0.16 0.02 0.50 0.04 0.99 0.06 0.24 0.05 0.08 0.01 0.006 0.001
7 0.028 0.002 0.11 0.04 0.41 0.01 0.88 0.08 0.21 0.07 0.11 0.03 0.006 0.010
8 0.014 0.001 0.04 0.02 0.18 0.02 0.27 0.01 0.11 0.01 0.04 0.01 ND ND
9 0.023 0.001 0.03 0.01 0.32 0.01 0.46 0.01 0.14 0.02 0.05 0.01 0.005 0.001
At WFZ-1
8 0.014 0.001 0.04 0.02 0.18 0.02 0.27 0.01 0.11 0.01 0.04 0.01 ND ND
8A 0.021 0.001 0.29 0.01 0.44 0.03 0.69 0.05 0.06 0.01 0.03 0.01 0.004 0.001
8B 0.007 0.003 0.40 0.18 0.76 0.09 1.61 0.20 0.09 0.01 0.11 0.03 0.010 0.001
8C ND ND 0.30 0.05 0.66 0.03 1.36 0.06 0.12 0.03 0.11 0.03 0.011 0.001
At WFZ-2
9 0.023 0.001 0.03 0.01 0.32 0.01 0.46 0.01 0.14 0.02 0.05 0.01 0.005 0.001
9B 0.001 0.000 0.29 0.08 0.45 0.05 0.69 0.08 0.16 0.03 0.08 0.01 0.005 0.001

11.2.2.3.2.2. Size distribution of colloids

Figure 41 presents the particle size distribution of water mobilizable fraction. Fraction below 450 nm
contributed approximately to 92 + 2 % of total fraction below 1 pm regardless of the sediment analyzed.
Between 40 and 70 % of released colloids were smaller than 220 nm. In bottom sediment, nano-colloids
(smaller than 50 nm) were only detected in bottom sediment at sites 1, 4, 5 and 6. Meanwhile, the size
of colloids at site 3 (meandering confluence) became enriched by large colloids (larger than 220 nm).
In front of the dam (site 1), colloids were mainly composed of fraction 100 — 450 nm. No difference was
observed in size class of bottom sediments between site 8 and site 9.

Concerning bank sediments, both WFZ-1 and WFZ-2 zones exhibited comparable size of water-
mobilizable fraction and bank sediments showed no difference to bottom sediments. Up to 90 % of
released colloids were sized below 450 nm, and about 50-60 % of them were inferior to 220 nm. Nano-
colloids (below 50 nm) were observed only in temporarily submerged sediment for both site 8B and site
9B.
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Figure 41. Size distribution of water-mobilizable colloids (< 1 um): (A) along reservoir, (B) in WFZ-1 area and
(C) in WFZ-2 area. WFZ stands for water-level fluctuation zone

11.2.2.3.2.3. Mass of large colloid (0.2 -1 um)

For bottom sediments, masses of large colloids (0.2-1 pm) increased from site 8 (at 2.8 + 0.3 mg/gow-
sed) toward the dam, with a factor up to 8 to reach 22.8 + 0.9 mg/gow-seq at site 2 (Fig. 42A). Bottom
sediment at site 9 contained 1.5-time higher level of colloidal mass than site 8. In front of the dam (site
1), colloidal mass was 22 % lower than in site 2. At site 2, right after entrance of tributary at site 3, mass
of colloids increased by 30 %.
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Figure 42. Spatial variability of large colloids (0.2 — 1 um): (A) along reservoir, (B) in WFZ-1 area and (C) in
WFZ-2 area. WFZ stands for water-level fluctuation zone.

In bank sediments, the amounts of large colloids were higher than in bottom sediments (Fig. 42B and
42C) and were comparable to the quantities released from lacustrine bottom sediments. At WFZ-1 area,
the quantity of large colloids released from occasionally air-exposed bank sediment (site 8A) was 6.5 £
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0.7 mg/gpw-seq and raised up to 16.6 + 1.8 mg/gow-sed in frequently and temporary air-exposed sediment
(sites 8B and 8C). These contents at WFZ-1 were6 times higher than in bottom sediments that were
never exposed to air drying. At WFZ-2 area, a higher quantity of released large colloids from bank
sediment was also observed compared to bottom sediment, but with a lower increase amplitude, 1.8-
fold, to reach 7.6 + 1.2 mg/gow-sed (Site 9B).

11.2.2.3.2.4. Composition of large colloids

In the case of bottom sediments, the masses of analyzed elements (OC, P, Al, Fe, Ca, Mn and Mg) in
large colloids (0.2-1 um) accounted for 0.06 - 0.63 % of total sediment mass (Fig. 43-Al) and 21 — 31
% of total colloidal mass (Fig. 43-B1). Among analyzed elements, large colloids contained high
concentrations of Al, Fe, OC and Ca with the averages of 110 £ 20, 60 + 10, 45 + 27 and 22 + 12 mg/gpw-
colloid, respectively (Table 19). The amounts of Mg, P and Mg were in lower range with the averages of
10 £ 3, 4.3+ 0.9 and 0.6 + 0.4 mg/gow-colloid, respectively. Right after the entering of tributary at site 3,
at site 2, higher OC was observed. No significant difference in composition of large colloids was
detected for tributary entrance at site 7.

Table 19. Chemical composition of large colloids (0.2 — 1 um) expressed in mg per g dry colloids along
reservoir and at two zones of water-level fluctuation (WFZ-1 and WFZ-2).

*ND: not detected

P ocC Fe Al | Ca | Mg | Mn
Site mg/g dry colloid
Mean Sb Mean SD Mean | SD Mean Sb Mean SD | Mean SD Mean | SD
1 3.4 0.6 59.6 7.7 61.3 3.8 107.0 1.9 14.1 1.2 8.6 0.3 0.88 | 0.07
2 3.1 0.2 66.5 10.8 50.9 3.2 1379 @ 426 10.0 2.0 7.5 1.3 0.74 | 0.04
3 4.2 0.4 15.6 0.3 61.9 3.5 125.1 28.6 14.7 3.8 8.9 0.7 0.59 | 0.23
4 4.2 0.2 53.2 8.5 55.8 0.9 97.8 0.5 14.0 1.3 8.3 1.9 0.34 | 0.04
5 4.9 0.6 63.9 18.5 47.4 8.8 81.5 16.1 10.8 2.2 6.5 0.9 0.42 | 0.05
6 4.5 0.6 18.3 4.0 59.0 9.8 117.0 17.0 28.7 9.0 9.7 1.7 0.66 | 0.10
7 3.6 0.2 14.8 5.1 53.3 2.8 113.3 1.0 27.3 9.7 14.2 4.4 0.73 | 1.33
8 5.3 0.4 16.9 11.2 63.5 1.9 101.4 12.5 39.9 7.5 15.2 1.5 ND ND
9 5.3 0.7 7.8 2.2 75.7 1.8 107.3 2.8 34.4 2.4 11.3 0.3 1.24 | 0.03
At WFZ-1
8 5.3 0.4 16.9 11.2 63.5 1.9 101.4 12.5 39.9 7.5 15.2 1.5 ND ND
8A 3.3 0.4 42.7 3.1 68.4 2.6 106.0 4.2 10.0 3.1 5.4 0.6 0.68 | 0.06
8B 0.4 0.2 24.5 6.1 46.9 2.1 99.3 3.6 5.3 0.8 6.6 1.0 0.60 | 0.10
8C ND ND 19.1 6.0 39.9 4.1 82.6 10.0 7.5 2.3 6.7 1.8 0.65 | 0.08
At WFZ-2
9 5.3 0.7 7.8 2.2 75.7 1.8 107.3 2.8 34.4 2.4 11.3 0.3 1.24 | 0.03
9B 0.15 0.03 40.6 19.9 60.3 6.3 92.0 9.1 21.3 2.0 11.2 2.1 0.63 | 0.12

For the bank sediments, the total mass of analyzed elements in large colloids accounted for 0.06- 0.3 %
of total sediment mass (Fig. 43-A2, A3) and 16 — 23 % of total colloidal mass (Fig. 43-B2, B3). Among
analyzed elements, large colloids contained higher amount of Al, Fe, OC and Ca of averagely 100 + 10,
60 + 2, 30 £ 5 and 20 + 3 mg/gow-coloig, respectively. The concentrations of Mg, P and Mg in large
colloids were in lower range, with the averages of 10 = 1, 2.4 + 0.3 and 0.6 £ 0.1 mg/gow-colloid,
respectively.
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Figure 43. Chemical composition (OC, Fe, Al, Ca, Mg, Mn) of large colloids presented in % of dry sediment,
Mg/gow-sediment (A1-A3) and in % of dry large colloids, mg/gow-coiiiss (B1-B3). WFZ stands for water-level
fluctuation zone.

11.2.2.3.2.5. Phosphorus

Fig. 44A illustrated that the quantity of water-mobilizable P (Pwwm) extracted from bottom sediments

varied longitudinally.
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Figure 44. Distribution of water-mobilizable P: (A) along reservoir, (B) in WFZ-1 area and (C) in WFZ-2 area.
WEFZ stands for water-level fluctuation zone.
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For bottom sediments, as observed for mass of colloids, higher concentrations of Pwm were observed in
lacustrine regions (74 + 6 1g/gow-sed, at Sites 1 to 5) than in the tail and riverine regions (43 * 4 pg/gow-
sed, at sites 6, 7 and 9). The lowest Pwwm level was recorded at site 8 (15 + 1 ug/gow-sed) and the highest
at site 2 (71 + 4 Ug/gow-sed).

The large colloidal P was the main component of Pww (more than 75 %). In lacustrine region, bottom
sediments (from site 1 to site 5) contained about 65 + 5 pg/gow-seq Of large colloidal P and it represented
88 + 4 % of Pwwm. Whereby, in the tail (sites 6 and 7), the amounts of large colloidal P released from
bottom sediments were less important, at 33.4 + 7.8 g/gow-sed and represented approximately 77 % of
Pwwm. Lower large colloid Pwwm levels were observed in riverine region (sites 8 and 9) than in lacustrine
region. Between them, according to distinction in the context of the two sampling stations, Pww at site
8 was composed by 14.0 £ 0.9 pg/gow-ses OF large colloids (represented 78 % of Pwwm), meanwhile this
value increased by 1.6 time to reach 22.7 + 1.4 pg/gow-sed at site 9 (represented 60 % of Pww).

The difference in large colloids of Pwm between these two sampling sites was also observed for
small/nano colloidal P. The amount of small/nano colloidal Pwm was 7.5 £ 0.6 g/gpw-sed at Site 9 but
was 15-time lower at site 8 (0.51 = 0.07 pg/gow-sed, corresponding to 3 % of Pwwm). The contents of
small/nano colloidal P (0-0.2 um) were lower for lacustrine bottom sediments (2.2 £ 0.9 Ug/gpw-sed,
corresponds to 3 £ 1 % of Pww) than in riverine bottom sediment (7 £ 1 pg/gow-sed, COrresponding to 18
+ 3 % of Pwwm), except for site 8.

The amount of dissolved P released from bottom sediment remained relatively constant longitudinally
with an average of 6 £ 1.5 pg/gow-sea and accounted for less than 20 % of Pwwm. Riverine bottom
sediments (sites 8 and 9) contained higher proportion (19 + 2 %) of dissolved P than lacustrine sediments
(mean of 10 %, from site 1 to site 7).

For bank sediments, in WFZ-1 area, the amounts of Pwwm wWere higher than bottom sediment (Fig. 44B).
The frequently submerged sediment (site 8A) mobilized two-time higher Pwwm levels (38 + 1 ug/gow-sed)
than bottom sediment (18 £ 1 pg/gow-sed), meanwhile the temporary and occasionally submerged
sediment (sites 8B and 8C) also showed an increase in Pwm by 23 % and 32 %. In sediments exposed to
air and desiccation, large colloidal P level was higher at site 8A for frequently submerged sediment (in
WHFZ-1 area) to reach 21 + 2 ug/gow-sed, but then it decreased with from site 8A to site 8C. In contrast,
the amount of small/nano colloidal P was higher (factor of 10-25) compared to bottom sediment (site 8)
to reach the maximum at 11.7 £+ 2.1 pg/gow-sed at site 8C. In contrast, across the WFZ-2 (Fig. 44C), bank
sediment mobilized 2 times lower Pwvm amount compared to bottom sediment. The quantity of
small/nano colloidal P was 3 times lower in sediment exposed to air (site 9B) than in bottom sediment
(site 9). Similarly, a lower in large colloidal P amount was observed at site 9B (a factor of 21.5) in
comparison to site 9.

In both WFZ-1 and WFZ-2, bank sediments released higher quantity of dissolved P than bottom
sediments, especially by factor of 4 for the temporarily and occasionally submerged sediments (up to 13
+ 3 Hg/gow-sed) Which represented up to 52 % (WFZ-1) and 83 % (WFZ-2) of Pwm.

111.2.2.4. Discussion
111.2.2.4.1. Sediment distribution and characteristics along the reservoir

The sedimentation of particles in an aquatic system is driven by various factors, including the
characteristics of the sedimentary materials (especially size and density) as well as the hydrodynamic

conditions. As expected, the presence of dam generated a noticeable spatial heterogeneity of sediment
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in terms of grain size distribution and chemical composition. As shown in Fig. 40A, the sediments
collected in all sites were fine grained, from 80 to 100 % corresponding to a fraction below 210 pm, but
with very low content (less than 0.4 %) of clay (fraction below 2 um). Such a low content of clay in
comparison to natural lakes, where clay content often exceeds 50 % (Shah et al., 2019), is associated to
specific hydrodynamic of dam reservoir, that is characterized by more river-like than lacustrine
dynamic. The 13 sampled sediments presented heterogenous distribution of sand and silt fractions.
Bottom sediments of lacustrine zone were siltier comparing to riverine zones and were dominated by 3-
20 um fraction (up to 60 %). Riverine bottom sediments as well as the sediments accumulated in the
zone of water level fluctuation were sandy and dominated by 60-210 pm fraction (up to 50 %).
Therefore, the median grain size (D50) of the bottom sediments deposited in the main channel
(longitudinal axis) decreased from the riverine section toward the dam, that was related to a lower water
flow velocity towards the dam (Rapin et al., 2020; Tang et al., 2018a). Therefore, the highest amount of
the finest fractions (< 3 um and 3-20 um) was observed within the lacustrine zone of the reservoir (site
2). Sediments accumulated in the front of the dam (site 1) were coarser, possibly due to turbulent
condition when water current approaches the dam (Bocaniov et al., 2014). Taking into account the
obtained results, it was not possible to state whether the sediment deposited at the site 1 was depleted in
the finest fraction due to the reservoir water outflow during the period of high-water level in the
reservoir, or whether the sediments deposited at site 2 is enriched by the deposition of fine-grained
sediment transported by tributary inflow. Champsanglard reservoir is characterized by two main
tributaries whose the convergences are close to the sites 3 and 7. Since a confluence of two separated
flows often plays an important role in sediment transport (Gualtieri et al., 2018; Best and Rhoads, 2008),
we observed that the bottom sediments at site 2 and 6 (downstream of tributaries) contained higher, but
not very significant contents of fine-grained particles (fraction below 20 um). This may be due to the
turbulent hydrodynamic condition in the boundary of mixing water (site 3 and 7), which induces shear
stresses near or within the surface sediment and prevents the finest particles or low-density particles
from settling down (Yuan et al., 2018). On the other hand, the bank erosion arising from the flow shear
stress at the outside meander bends can remobilize sediment or transfer material to the channel,
therefore, causing the delivery of particles downstream to be deposited in the further distance
(Constantine et al., 2014). In our case, the entering of tributaries is located near meander bends,
therefore, it is not possible to illustrate the appropriate function of each channel feature. Furthermore, it
is remarkable that the inlets of two tributaries at sites 3 and 7 as well as fluctuation in water-level at the
bank (sites 8 and 9) not significantly affected the grain size of the sediment.

The geochemistry of accumulated sediments was related to local geological context (mainly granitic).
The sediments were rich in Al and Fe (averagely at 8.8 % and 5.8 % of total sedimentary mass
respectively) but poor in Ca (at averagely 0.7 % of total sedimentary mass). Spatial distribution of
sedimentary OM, Al, Fe Ca, Mg, Mn and P was more heterogenous compared to the size grain
distribution (Fig. 40B). Lacustrine bottom sediments were organic rich (from 15+ 1 % to 19 + 1 % of
total sedimentary mass) whereas riverine bottom sediments contained lower OM level (averagely 5.7 %
of total sedimentary mass). This tendency was observed for all analyzed elements (Al, Fe and Ca, Mg,
Mn and P) that is in concordance with observation of Rapin et al., (2020). Higher content of OM in
reservoir bottom sediments could be a consequence of many overlapping factors. On the one hand,
agricultural practices and low permeability of crystalline watershed substratum favor the loss of OM
from soils while decreasing water velocity favors its accumulation within the reservoir. On the other
hand, the hydrodynamic of the Champsanglard reservoir (16 m in deepest part) causes temporal
stratification of water and oxycline (Rapin et al., 2019). The development of anoxic conditions slows
down the mineralization of organic compounds favoring its accumulation. High primary production in

the lacustrine zone may also contribute to increase the OM level in the sediments. In riverine section,
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oxidative condition enhances OM mineralization and higher water flow promotes low density organic
particles transport downstream.

Bank sediments in both water-level fluctuation zones of sites 8 and 9 showed higher contents of OM,
Fe and Al than bottom sediments in these areas (Table 16). Especially at WFZ-1 (site 8), sedimentary
OM content in bank sediments (18.1 + 1.9 % and 22.1 + 1.3 % at 8B and 8C respectively, Fig. 40B)
were comparable and even higher than bottom sediment deposited within lacustrine region (from 14.2
t0 19.3 %, Fig. 40B). Higher OM level in bank sediments compared to riverine bottom sediments was
also observed at WFZ-2 (site 9). This indicate that bank sediments are the depositional area for organic
matter along the channel. However, lower content of OM was observed in bank sediments at WFZ-2
(site 9B) compared to bank sediments at WFZ-1 (site 8B). In fact, site 9B is a deposition zone for
materials transported by river and covered by a thin organic layer (accumulation of OM is mainly on the
bank-top sediments) whereas site 8B is soil-like materials. In soils, pedogenic processes favor OM
stabilization in the aggregates, that physically protect organic compounds from rapid decomposition by
microorganisms (Berhe and Kleber, 2013) whereas in fluvial lateral banks, organic compounds are
mainly stabilized mainly chemically by its adhesion to mineral particles (Martinez-Mena et al., 2019).

Inlets of both tributaries at site 3 and site 7 impacted mainly the contents of Fe and Al, with higher
values in their associated downstream, at sites 2 and 6 respectively. Confluence of two separated flows
is common phenomenon in river systems and often plays important role in sediment transport and thus
in its composition (Gualtieri et al., 2018; Best and Rhoads, 2008). The turbulent hydrodynamic condition
in this mixing interface causes the bed scouring and resuspension of bottom sediment, partially attributed
to the delivery of low-density particles (as OM ones) downstream (Konsoer and Rhoads, 2014;Rhoads,
2014). Moreover, the counter downwelling helical flow can increase the hyporheic exchange and
consequently enhance the adsorption of dissolved P (Yuan et al., 2018). Therefore, the reallocation of
enriched sediment in downstream area of the confluence shall exhibit higher concentration of adsorbed
P. As shown in Fig. 40C, the higher TP levels in sediment were observed in the downstream of tributary,
in upstream transient zone (site 6) and at the confluent meander bends in lacustrine zone of the reservoir
(site 2). The strongest positive correlation between the content of 3-20 um sized sedimentary particles
and the total of sedimentary P (R?=0.89, Table 21) suggests that this particles size fraction is responsible
for P accumulation within the sediments. This fraction also plays the role in the accumulation of Fe and
Al (positive correlation between the content of 3-20 pum sized fraction and sedimentary Fe and Al was
respectively R? = -0.86 and R? = -0.92. As shown in Table 21, much lower correlations were observed
between sedimentary P, Fe and Al and the content of the 21 and 60 um sized particles and negative
correlations were revealed between sedimentary P, Fe and Al and 61-210 yum and > 211 um sized
particles content. It demonstrates different affinity of those elements to various size fractions of
sediment. This in consequences could cause change in geochemistry of sediment during reallocation. In
general, the longitudinal sharp observed increase in the quantity of both P, Fe and Al in surface sediment
towards the dam is critically associated to the stronger affinity to fine-grained sediment and substantial
settling of this sediment fraction in lacustrine region due to lower flow velocity, as well as mixing flow
from tributary that additionally promotes P adsorption. This sharply increasing trend of P accumulation
within surface sediment in the downstream of river impoundment has been long reported in many
researches as consequences of low-velocity flow and/or P recycling by redox processes (Maavara et al.,
2015; Van Cappellen and Maavara, 2016; Tang et al., 2018b; Rapin et al., 2019).
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111.2.2.4.2. The distribution of water-maobilizable fraction along the main channel of dam
reservoir: insight for bottom sediments.
111.2.2.4.2.1. Large/intermediate colloids

Our results demonstrated that all bottom sediments deposited in Champsanglard reservoir contained
water-mobilizable colloids. Depending on site sampling, from 30 to 60 % of released colloids were in
the size range of 220 — 1000 nm, and from 40 to 70 % were in the range below 220 nm which is often
applied as a cutoff size for the evaluation of dissolved fraction (Fig. 41). Consequently, the colloids are
intrinsic component of the sediment and should receive commensurate consideration in studying of
water-mobilizable fraction. As shown in Fig. 4, the potential release of large colloids from sediments
was heterogeneous at reservoir scale and was increased from the riverine section towards the dam, with
the greatest release of large colloids found for the sediments accumulated at site 2 (22.8 £ 0.9 mg/gow-
sed). At this site, the sediment’s potential to release large colloids was 22 = 5 % and 29 + 6 % higher
compared to the sediments deposited downstream (site 1) and upstream (site 3) respectively. The
sediment’s potential to release large colloids was positively correlated with the content of fine-grained
sediment particles and especially with for 3-20 um fraction (R? = 0.91). Therefore, the size of
sedimentary particles deposited along main channel of reservoir plays an important role in the amount
of large colloids released from them.

The origin of sedimentary colloids in the aquatic system is usually twofold. On one hand, colloids are
continuously delivered to surface sediment by the settling from column water. Gravitational settling is
especially observed for the colloids with sufficient size and density that can settle during long residence
time, and for the colloids able to flocculate/aggregate to form larger particles. However, it has been
demonstrated that non perturbed natural water, the size and physico-chemical properties of colloids are
instable in time and their transformation often take place after 2 days due to aggregation, biological and
chemical reactions (Lead et al., 1997). On the other hand, colloids can be generated within the sediment
and/or at sediment-water interface. The generation of new colloids within the sediment could be
observed when anoxic condition develops in sublayer and initiate a series of reactions that can
disintegrate sedimentary aggregates and/or while the infiltration of oxic water in anoxic sediment cause
the precipitation of dissolved species, as metals oxy(hydr)oxides (Amirtharajah and Raveendran, 1993;
Henderson et al., 2012; Liu et al., 2013).

Thus, the lower release of large colloids in the riverine part of Champsanglard reservoir (from site 6 to
site 9) can be explained by the higher-velocity flow in steep part of the channel that involves in-channel
bottom erosion and thus the redistribution of finer sediments downstream (Pacina et al., 2020). This part
of reservoir is characterized by the presence of coarser sediment compared to lacustrine part of reservoir
(Fig. 40A) and characterized by lower content of OM, Al and Fe, especially at site 8 and 9 (Fig. 40B).
Meanwhile, lacustrine sediments of the reservoir were characterized by a higher potential colloid
release, though, the amount of potentially mobilizable large colloids from bottom sediments was
unevenly distributed with significant impact by tributaries. Both tributary convergence (sites 3 and 7)
seems to take part in the increase of water-mobilizable colloids in downstream sediment (sites 2 and 6).
As described above, the presence of two tributaries had an impact on the quality of deposited sediments
at site 2 and 6 (downstream of tributaries); theses sediments contained slightly higher content of fine-
grained particles (fraction below 20 um) as well as higher quantities of Al and Fe (Fig. 40A and 40B)
but lower quantity of OM. It was because the finest particles or low-density particles could not settle
down in more turbulent hydrodynamic condition imposed by mixing water (Yuan et al. 2018).
Furthermore, the bank erosion (e.g. at the outside meander bends) and/or bottom sediment scouring can
remobilize colloids causing its delivery and settle downstream (Konsoer and Rhoads, 2014; Constantine
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et al., 2014). Thus, the significant occurrence of large colloids was observed in the deeper region of
reservoir and in the downstream of tributary junctions and meander bends.

Chemical composition of released large colloids and the fraction below 0.2 um was related to the
composition of sediment. Because the chemical composition of sediments varied spatially (Fig. 40), we
compared the chemical composition of large colloids (Table 19) to the chemical composition of the
sediment (Table 16) to evaluate the effect of heterogeneous sediment distribution on the chemistry of
released colloids. For each analyzed element, we calculated the ratio (R) corresponding to the amount
of a given element in a large colloidal fraction (expressed in mg/g of dry weight colloids, Table 19) to
the amount of a given element in the sediment (mg/g of dry weight sediment, Table 16). At the same
sampling site and for an element, if the R was around 1, the concentration of this element in large colloids
and deposited sediment was comparable. If the R > 1 or R < 1, the concentration of the element in large
colloids is respectively higher or lower compared to the sediment and indicate an enrichment or an
impoverishment of this element in large colloids. As shown in Table 20, the R varied spatially and
differently for each element. The Rca and Rr decreased toward the dam and were about 10.9 - 1.2 for Ca
and 7.5 — 1.7 for P. The Rre and Ra also decreased toward the dam however varied from 1.8 to 0.6 for
Fe and from 2.5 to 0.7 for Al. The Roc and Rmg Were always lower than 1, except at site 9. It
demonstrated that the quality of sediment is not the sole factor controlling the chemical composition of
water mobilizable colloids, and that various complex interactions and transformations operating at
different deposit sites impact their chemical and physical characteristics. For example, the lowest Roc
at tributary junctions (sites 3 and 7) and meander (site 6) could be related to preferential removal or non-
deposition of lesser density organic colloids due to more turbulent flow. The low amount of organic
matter can lower the flocculation/aggregation between colloids; thus, the inorganic colloids can be easily
resuspended under turbulent condition and be transported downstream. Among all considered elements,
none of them showed correlation between colloidal and sedimentary concentrations (Table 20), except
for Ca which performed a correlation coefficient of - 0.61. This result confirmed that there might be
other factors controlling chemical nature of sedimentary colloids rather than inheriting characteristics
from sediment. For instance, the general decline of Rc. from the upstream to the dam could be associated
the formation of Ca-rich aggregates and its burial in the sediment. Meanwhile, in lacustrine zone, the
low and variable Ree could be associated to Fe recycling under redox reactions, whereas in the more
oxygenated riverine water is R is higher than 1.

As shown in Table 19, difference in concentration of P in large colloids between lacustrine sediments
and upstream riverine sediments suggests that the reactivity of large colloids toward P was affected by
the longitudinal deposition of sediment or river impoundment. Colloids contained higher P content from
site 3 to site 6 in lacustrine region and highest P contents in riverine region. The richer in P of colloids
in the downstream of tributary at site 7 could be due to the aeration at mixing confluence that increase
affinity of P to colloids and these P-rich colloids were transported to further distance. At riverine region,
the high-energy flow and fully aerated sediment can also result in higher P sorption onto colloids. The
characteristics of large colloids are not uniform along the length of reservoir. Across the flatter and
lower-energy flow regions, P performed strong association in large colloids to organic carbon (R? =
0.73) and Al, as with surface of aluminosilicates (R? = 0.84), but low correlation to Fe (R? = 0.48) (Table
22). Meanwhile, the large colloidal P at turbulent regions, such as high-energy upstream flow,
confluences and meanders, contained heterogeneous inorganic composition but shows lower organic
content (Figures 44A and 40-B1).
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Table 20. Elemental colloid-sediment ratio (R) corresponding to the amount of an element in a large
colloidal fraction (expressed in mg/g of dry weight colloids, Table 19) to the amount of a given
element in the sediment (mg/g of dry weight sediment, Table 16).

*ND: not detected

P oM Fe Al Ca Mg Mn
Sampling site Elemental colloid - sediment ratio
Mean SD | Mean | SD Mean SD Mean | SD Mean SD Mean SD Mean SD
1 1.76 | 031 | 0.68 | 0.09 0.80 0.06 | 0.81 |0.05 1.98 0.16 0.55 0.03 0.54 0.05
2 169 | 0.08 066 | 0.12 0.60 0.04 | 0.89 |0.27 1.20 0.25 0.43 0.08 0.47 0.04
3 292 028 | 0.18 0.01 0.89 0.06 | 099 |0.24 1.84 0.48 0.58 0.04 0.47 0.19
4 2.87 | 0.18 | 0.49 0.08 0.72 0.02 | 0.72 |0.01 1.57 0.14 0.45 0.10 0.25 0.03
5 328 040 | 0.56 0.17  0.64 0.12 | 066 |0.13 1.19 0.24 0.38 0.05 0.29 0.04
6 336 043 | 0.21 0.05 0.98 0.17 | 1.29 | 0.20 4.00 1.25 0.69 0.13 0.58 0.10
7 3.85 | 0.14 | 0.18 0.06  1.19 0.13 | 147 | 030 4.72 1.68 1.57 0.49 0.90 1.64
8 7.41 | 127  0.53 037 1.65 0.11 = 2.47 | 030 10.88 | 2.80 1.74 0.19 ND ND
9 6.84 | 096 | 2.35 059 1.76 0.20 | 2.29 | 0.18 11.07 | 2.24 1.15 0.16 1.46 0.34
At WFZ-1
8 741 127 | 0.53 037 1.65 0.11 | 247 | 030 10.88 | 2.80 1.74 0.19 ND ND
8A 478 | 057 | 061 0.05 172 0.12 242 027 1.95 0.69 0.57 0.07 0.85 0.22
8B 0.44 | 0.17 | 0.23 | 0.06 | 0.96 0.05 | 1.56 | 0.08 0.79 0.12 0.58 0.09 0.61 0.12
8C ND ND | 0.15 | 0.05 0.80 0.09 | 1.53 | 0.26 0.96 0.31 0.62 0.17 0.71 0.12
At WFZ-2
9 6.84 | 096 | 0.22 0.08 1.76 0.20 ' 2.29 | 0.18 11.07 | 2.24 1.15 0.16 1.46 0.34
9B 0.22 1 0.04| 0.71 | 0.35| 1.34 0.15 | 157 | 0.17 4.9 0.66 0.99 0.18 0.52 0.10

111.2.2.4.2.1. Phosphorus

Phosphorous mobilized in fraction below 1 um (Pwwm) represented from 3 to 6 % of the total sedimentary
P. Strong positive correlation between Pwm and total sedimentary P (R? = 0.81) as well as between Pww
and the content of fine grained (3-20 um) sedimentary particles (R? = 0.89) confirm high affinity of P
to finer sediment (Lopez et al., 2009; Rapin et al., 2020). In bottom sediments, the mass of Pwwm increased
towards the dam and higher content of Pwwm in lacustrine sediments compared to upstream riverine
sediments was associated to lower water flow at this part of the reservoir. As shown in Fig. 44A, Pwm
in bottom sediments was composed of large P-colloids, small/nano P-colloids, dissolved P. Large
colloidal P (65 £ 5 pg/gow-sed) Was the principal component in Pwwm fraction and accounted for
approximately 80 % of Pwwm in lacustrine part of reservoir. The level of dissolved P was minor but
relatively constant (6 £ 1.5 pg/gow-sed) across the longitudinal channel of reservoir. The content of
small/nano P-colloid (< 0.2 um) was lower (2.2 £ 0.9 pg/gow-sed) than dissolved P in lacustrine part of
reservoir, but it exhibited important augmentation in the upstream riverine area (up to 7 £ 1 g/gow-sed),
except site 8. The uneven distribution within Pwwm in the sediments (large P-colloids, small/nano P-
colloids, dissolved P) may be associated to the morphological characteristics of reservoir and the process
occurring within the deposited reservoir. Riverine region of the reservoir is shallower, has stronger water
flow and coarser sedimentary particles than in the lacustrine region (Fig. 40A), thus riverine sediments
are more oxygenated than in lacustrine region. Oxygen can prevent Fe-oxy(hydr)oxides from reductive
dissolution, but also it can accelerate the mineralization of organic matter and induce the release of
associated P (Orihel et al., 2017). Thus, higher content of small/nano P-colloids in riverine bottom
sediments could be explained by hydrolysis of organic particles that induce transfer from large colloids
to small/nano colloids. Meanwhile, in lacustrine zone, where anoxic condition can develop in deeper
bottom sediment, OM degradation is limited and P could be recycled by redox transformation of redox-
sensible elements, for example Fe, S (Rapin et al., 2019). The Fe cycling in couple with OM can result
in release and then aggregation/flocculation of colloidal P towards larger size (see Part 111.3.2).
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At site 8, the Pwwm was very low, and dominated by the release of dissolved and large colloidal P whereas
the fraction of small/nano colloidal P became insignificant. This distinctive Pwm composition of site 8
could be related to channel morphology. Site 8 is located near a meander bend and thus characterized
by more turbulent water flow than at upstream site 9 and downstream site 7. At the same time,
large/intermediate colloids from both site 8 and site 9 contained higher P concentration than those in
lacustrine sediments (Table 19). This higher P affinity of riverine sedimentary colloids probably caused
by the lower OM contents. At low OM content, the surface charge of minerals can become more positive
because of lower surface complexation with negatively charged organic compounds, therefore, increase
P sorption.

On the whole, bottom sediments accumulated in the lacustrine zone of the reservoir typically
accommodated stronger potential to release Pwwm in colloidal form, meanwhile the sediment deposited
in riverine section attributed a much lower potential to release Pwwm but the released Pwwm were composed
of increasing proportion of the more bioavailable P: dissolved and small/nano colloidal forms.

111.2.2.4.3. Potential of bank sediment affected by water level fluctuation to release of water-
mobilizable colloids and phosphorus
111.2.2.4.3.1. Large/intermediate colloids

At both water level fluctuation zones the potential of sediment to release large/intermediate colloids
increased from permanently submerged to occasionally submerged sediment (1.7 to 6-fold increase in
WFZ-2 and WFZ-1 respectively, Figs. 42B and 42C). For the bottom sediments accumulated in
lacustrine part of the reservoir, the potential of the sediments to release colloids was positively correlated
with the content of fine-grained materials. In the case of bank sediments, this correlation was very low
(R? = 0.06) because fine-grained materials either did not have accumulation advantage toward the
riverbank as shown in Fig. 40A or were impacted by changing in water-level. Although the distribution
of water flow velocity cross channel is uneven and generally slower or stagnant at the bank (Yang et al.,
2019); the sediment accumulated at WFZ-1 and WFZ-2 area revealed a very comparable particle size
distribution. Therefore, increased potential of sediments accumulated towards the riverbank to release
large colloids cannot be explained by the accumulation of finer sedimentary materials but rather as the
result of repeated drying and rewetting of bank sediment related to the water level fluctuation. It has
been shown for example, that in the case of soils, when water downdrawn during the first drying and
wetting event, the aggregate stability is lowered by disruption from macroaggregates to
microaggregates, whereas repetitive dry-wet cycles increase macroaggregates stability (Denef et al.,
2001). In the case of Champsanglard reservoir, during the low flow period, bank sediments are exposed
to the air and generally partially dried before their immersion during the next high flow. The drying
process for short period of less than 2.5 (Mohanty et al., 2015) or 11 days (Majdalani et al., 2008)
depending on sediment characteristics can initially promote colloids mobilization during re-inundation
through the enlarged pore walls (Majdalani et al., 2008; Mohanty et al., 2015). By contrast, the extended
drying times could cause precipitation of dissolved species, binding colloids together or to the sediment
pore, thus the bank sediments subjected to longer exposure period are expected to have lower stock of
mobilizable colloids (Bartlett and James, 1980; Majdalani et al., 2008; Munkholm and Kay, 2002).
However, in Champsanglard system, the bank sediments were regularly submerged by river and/or
surface runoff from surrounding catchment. The time of air exposure in this context shall be insufficient
to reach the critical duration of colloid immobilization, but still be sufficient for pore wall expansion
and subsequently favor colloid mobilization. Thus, the bank sediments in upstream riverine section
remain a source of colloids in comparable concentration with lacustrine bottom sediments. On the whole,
riverine sediments deposited at the bank and affected by water level fluctuation, contained important
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amount of water mobilizable large colloids but exhibit no significant difference (considering important
standard deviation) in colloid size distribution compared to permanently submerged bottom sediments.

In both WFZ-1 and WFZ-2 areas, according to chemical composition (Table 19, Fig. 43-A2 and 43-
AZ3), large colloids accumulated in bank sediments were more organic but their content in Fe, Al, and
Mn but they were poorer in P compared to bottom sediment. For both sites, the chemistry of recovered
large colloids did not reflect the variation of the chemistry of deposited sediments (Table 20). At the
WFZ-1 area, recovered colloids from all sediments were enriched in Al (R > 1) whereas Al-enrichment
factor decreased toward the soil. The colloids recovered from permanently (site 8) and frequently
submerged (site 8A) sediments were enriched in P, Fe, Al and Ca, and the colloids recovered from
occasionally submerged sediments (site 8B and 8C) were impoverished in all (except Al) analyzed
elements. It demonstrates that various processes are responsible for sedimentary colloids generation and
reveals complex interactions between the colloids and other component of sediments (particles, colloids,
dissolved fraction). For example, the sediment accumulated on the site 8B and 8C were characterized
by lower pH, that could be related to increased microbial activity and the production of microbial
metabolites. At site 8B, the lowest Ca level (Table 19) was recorded that was explained by low pH value
(5.3, Fig. 40C) observed at this sampling station due to the fact that Ca precipitates dissolved when pH
gets lower than 5.5 (Morse et al., 2007). At the site 8A, higher concentrations of Fe and Al in colloids
(Table 19) could be due to the formation of Fe and Al hydroxides at site 8A (pH of 6.6) from the runoff
of ionic species present at site 8B (pH of 5.3).

At the WFZ-2 area, at site 9B, OC concentration in large colloids was higher than in bottom sediment,
whereas other elements contents were lower (Table 19), except for Mg (similar levels). The higher OC
concentration could be explained by the fine organic layer observed at this sampling station.

111.2.2.4.3.2. Phosphorus

The fluctuation in water-level at the upstream riverine section influenced the quantity and the forms of
Pwwm. At WFZ-1, the bank sediments impacted by water-level fluctuation released more Pwwm compared
to bottom sediment (Fig. 44-B). The highest release of Pwwm took place for frequently submerged
sediment (site 8A). Among bank sediments, the level of large P-colloids in Pwwm decreased toward the
land (Fig. 44-B). In contrast, an increase in the level of P in fraction inferior to 0.2 um (including
small/nano colloidal and dissolved P) towards the land was observed (Fig. 44-B). This trend was also
noticed in the study of Blackwell et al., (2009) when sediment was subjected to faster rewetting rate. In
our case, the frequently submerged sediment (site 8A) located at a place receiving more frequent and
rapid immersion compared to the sites 8B and 8C presented therefore the highest quantity of Pwwm. The
study of Blackwell et al., (2009) also showed that with slower rewetting time, phosphate can be re-
adsorbed on soil, at the same time, the microorganism can revive and uptake higher P amount, thus
causing decline in P concentration in fraction below 0.45 um. At sites 8B and 8C, lower Pwm amounts
were noted compared to site 8A. As presented in Fig. 40C, sediments at site 8B and 8C contained higher
total sedimentary P level than site 8A, which could indicate higher P sorption at sites 8B and 8C.
However, Pwwm decline was mainly associated to a strong decline of large P-colloids and Pwwm became
dominated by dissolved and small colloidal P. Therefore, it is likely that there were other factors
impacting on the transfer of large colloidal P to small/nano colloidal and dissolved P.

At WFZ-2 area, we observed the same trends, the quantity of Pwwm decreased toward the land, together
with large colloidal P whereas the amount of dissolved P increased notably (Fig. 44-C).

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 140
Licence CC BY-NC-ND 3.0



Frequent water fluctuation in WFZ involves in a series of biogeochemical processes, including microbial
cell lysis during rewetting upon osmotic stress, the mineralization of organic P during drying phase
(Turner and Haygarth, 2001) and non-microbial processes involved in transformation of redox- and pH-
sensitive species (as Fe or Mn) with their associated P (Forber et al., 2017). The introduction of oxygen
during prolonged drying period increases the sorption of phosphate on positively charged minerals
(mainly Fe oxy(hydr)oxides) and improves the association of P to sedimentary colloids. However, in
our cases, the concentration of Fe in large colloids decreased when sediment became exposed to the air
(Figs. 43-B2 and 43-B3) and this lower content of Fe- could limit the adsorption of P to large colloids
and probably to small/nano colloids. Furthermore, variation in the pattern and intensity of dry-wet events
could cause the mineralogical transformation and thus impact on P sorption capacity (Zhang, Lin, and
Werner, 2003). During drying, the crystallinity of Fe (hydr)oxides may increases, hence, the decrease
in quantity of P associated to colloids can be related to irreversible loss of amorphous Fe minerals upon
re-wetting of sediment (de Vicente et al., 2010; Darke and Walbridge, 2000). The poorly crystalline Fe
(hydr)oxides often have a much larger and more reactive surface area than crystalline one (Duiker et al.,
2003). As a consequence, the release of crystalline colloidal Fe mineral in sediment impacted by water-
level fluctuation contributes to the increase of colloid quantity but with lower P amount in these colloids.

In fraction smaller than 0.2 um, the increase in P and OC from sites 8A to 8C was observed and together
with a significant positive correlation between them (R? = 0.89) could be explained by hydrolysis of
organic matter. Furthermore, alternation of drying and rewetting had been shown to stimulate the
indirect release of inorganic and organic P via microbial cell lysis (Turner and Haygarth, 2001) and the
disruption of OC-Fe/ OC-Al associations during OM mineralization (Blackwell et al., 2009). In the case
of soils, dry-wet events were claimed to cause the increase in nutrients availability transferring from soil
leachate (Blackwell et al., 2009; Xu et al., 2011), similar observation could occur in sediment suggesting
increasing transfer of P to the water bodies and migration of bioavailable P to the downstream flow
(Forber et al., 2017; de Vicente et al., 2010).

In addition, higher quantity of small/nano P-colloids was observed at WFZ-1 (Fig. 44-B) for those bank
sediments impacted by changes in water-level. The P enrichment in small/nano colloidal fraction could
be due to the increase in calcium phosphate, as an increase of calcium amount was recorded in fraction
smaller than 0.2 um (Table 17) and a positive correlation (R? = 0.65) between P and Ca in this fraction
was noted. The amount of Ca in fraction below 0.2 um raised from 0.04 + 0.01 to 0.10 £ 0.01 mg/gow-
sediment When moving from the deeper channel to the bank (Table 17). The drying of sediment can promote
degradation of organic matter and release of organic acids (sites 8B and 8C). Eventually, lower pH in
bank sediment could drive the dissolution of Ca bridge, releasing P in forms of dissolved inorganic
phosphates or in form of small/nano colloids. The physical process of slaking fortified in extending
drying period can be another important mechanism in the formation of small/nano colloidal P as the
disruption of sediment aggregate structure and integrity.

111.2.2.5. Conclusion

Colloids are intrinsic component of reservoir sediment and contribute up to 2.3 % of sediment mass. A
30-60 % of released colloids were in the size of large colloids 0.22-1 um and thus this fraction should
be taken into accounts when studying the behaviour of colloidal P. The potential of sediment to release
colloids increased from river towards the dam and was positively correlated to distribution of fine-
grained sediment. Lower release potential of colloids from riverine sediment is due to higher-energy
flow that caused in-channel erosion and involved in transport of the finest particle including colloids
downstream. This potential of colloid release was found to be higher in lacustrine region but was
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unevenly distributed according to impact of tributary in which the role of mixing water at confluence
may involve in both migration of low-density colloids downstream and delivery of bank eroded
materials.

Chemical composition of colloids was related to local geological context with elevated contents of Al,
Fe and OC and was controlled by geochemical processes rather than inheriting sedimentary properties.
Colloids were enriched in Ca and P but poorer in OC and Mn than sediment particles though out the
reservoir. The colloids recovered from riverine sediments were richer in P, Fe and Ca meanwhile the
colloids recovered from lacustrine sediments were poorer in those elements, which could be related to
the annual development of anoxic condition in deeper water .

The amount of P associated to colloids contributed up to 6 % of total sedimentary P and 80 % of water-
mobilizable P. The variability of water-mobilizable P was uneven in sediments along reservoir and
associated to channel morphology. Oxygenated riverine sediments contained higher amount of
small/nano P-colloids, whereas lacustrine sediments were characterized by large P-colloids.

The water-level fluctuation was shown to impact on potential of bank sediments to release colloids as
well as water-mobilizable P. Longer drying time and slower re-wetting of bank sediments resulted in
significant elevation of water-mobilizable colloids to reach about 1.5 % of sediment mass which was
comparable to the value obtained in lacustrine sediments. Large colloids found in bank sediments have
lower P affinity than bottom sediment at the same latitude and also poorer in Fe, Al and Ca which could
be a consequence of sediment drying and rewetting. Across the water-level fluctuation zones, high
amounts of dissolved P and small/nano P-colloids in riverine bank sediments can be easily transferred
from the sediment to channel flow during high water flow, supporting bio-uptake in the further distance
of reservoir and causing higher potential of algal bloom in lacustrine zone. This finding could illustrate
that a P reserve in bank sediments is another source of bioavailable P inside dam reservoir system in
addition to the currently well-known catchment input and internal load of P.
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Supplementary data

Table 21. Correlation coefficient (R?) between elemental concentrations in sediment and various
sediment size fractions.

Grain size
fraction P Fe Al Ca Mg Mn oM
<3 um 0.66 0.64 0.66 0.23 0.49 0.60 0.06
3-20 um 0.89 0.86 0.91 0.43 0.73 0.73 0.12
21-60 pm 0.41 0.44 0.52 0.56 0.44 0.20 0.32
61-210 pm -0.85 -0.86 0.92 -0.53 -0.76 -0.65 -0.22
>211 um -0.73 -0.75 0.82 -0.66 -0.70 -0.51 -0.32
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Table 22. Correlation coefficient (R?) between element concentrations in large colloids (0.2 — 1 um)
for lacustrine regions (accounted for sites 1, 2, 4, 5 and excluded impacts of tributary entrance at site

3).

P Fe Al Ca Mn Mg oC
P 1
Fe 0.479 1
Al 0.839 0.828 1
Ca 0.18 0.888 0.504 1
Mn 0.345 0.908 0.801 0.68693 1
Mg 0.563 0991 0.85 0.88403 0.85 1
oC 0.73 0.785 0.969 0.41292 0.86 0.777 1

111.2.3. Conclusion

The study of the distribution of water mobilizable colloid and P, along the dam reservoir of
Champsanglard, considering the impact of tributary and water fluctuation zones, leads to the following
conclusions:

Large colloids (0.2-1 pm) are an intrinsic component of reservoir sediments that can constitute
up to 2.3 % of the sediment mass.

Distribution of colloids in reservoir sediments largely depends on channel morphology and
hydrodynamics.

The content of water mobilizable colloids was positively correlated with fine-grained fraction
of sediments (fraction < 20 um).

Chemical composition of colloids is not associated to chemical composition of sediment.

The amount of P associated to colloids represent up to 6 % of total sedimentary P and 80% of
water-mobilizable P.

Sediments accumulated at the bottom of lacustrine area of the reservoir contain a higher content
of large colloids, but lower concentration of associated P than in riverine region.

Tributary inlets contribute to the redistribution of large colloids downstream, especially low-
density and organic colloids, but did not appear to have a significantly effect on water-
mobilizable P.

Bank sediments accumulated in the zone of water-level fluctuations contained a higher amount
of large colloids than corresponding bottom sediments. However, the large colloids in bank
sediments contained lower concentration of P than in bottom sediments.

Bank sediment exposed to repeated drying and rewetting have a strong risk to release the more
bioavailable form of P (dissolved phosphates and small/nano colloids).
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111.3. Effects of redox oscillation on the release of dissolved and colloidal phosphorus
111.3.1. Introduction

One of the factors controlling sedimentary P mobility in aquatic systems is redox condition. It is commonly
known that anoxic condition promotes the release of dissolved P from sediment to water column (Niirnberg,
1994; Golterman, 2001). However, in many studies, the evaluation of dissolved P release was based on a
conventional measurement of soluble reactive P (SRP) in fraction below 0.45 pm or 0.2 um. This evaluation
is not so accurate for two raisons. In one hand, the SRP is not only constituted of truly dissolved P but also
contain a part of colloidal P (Shand et al., 2000; Filella et al., 2006; Zang et al., 2013). This could lead to
misunderstanding of P mobility and possible overestimation of the internal flux of truly dissolved P to
receiving water. In other hand, the SRP does not take into account the colloidal fraction in the range of 0.2
or 0.45 — 1 um. Though, as truly dissolved P, colloids could be considered as a source of bioavailable P
(Montalvo et al., 2015) and has been proved to be an efficient bearing phase of P in various environments
such as soil and surface water (Gottselig et al., 2014; Bol et al., 2016; Gu et al., 2018).

In large reservoirs, according to temperature stratification in warm season, anoxia is often established in
the bottom of lacustrine zone. Redox variations are responsible for alter redox-sensitive species such as
iron/manganese (mainly included in oxy(hydr)oxides), organic matter decomposition and microbial activity
and thus strongly impact on P mobility in bottom sediments (Rapin et al., 2019; Orihel et al., 2017, Parsons
etal., 2017; Schonbrunner et al., 2012; Smith et al., 2011). As presented in Part 111.2, the bottom sediments
in lacustrine region of Champsanglard reservoir contained about 4-time higher colloid quantity in
concomitant of 3-time higher water-mobilizable P than in riverine region but lower in the content of
small/nano colloidal P. This finding highlights the possible role of anoxia in addition to channel
hydrodynamics on distribution of water-mobilizable P in dam reservoir.

Therefore, this part of the thesis devoted to examining the mobility and behavior of P in association with
colloids under redox dynamic condition. The following questions are attempted to be answered in this part:

- Does anoxic condition mobilize of colloidal P? If yes, how much of sedimentary P can be released
under the form of colloidal P? What is the size class of released colloidal P in anoxic condition?

- Does oxic condition induce colloidal P mobilization? If yes, how much of sedimentary P can be released
in colloidal form? What is the size class of released colloidal P?

- What is the key parameter influencing the mobility of colloidal P in changing redox conditions?

To do this, a surface sediment was collected in the deepest part of Champsanglard reservoir and subjected
to laboratory incubation of oscillating oxic/anoxic/oxic condition. During the incubation, special attention
was paid to the evolution of solution in term of physico-chemical parameters (pH, Eh, alkalinity, P, Fe, and
OC) as well as size distribution of water-mobilizable fraction in 5 subfractions: large colloids (0.45-1 pm),
intermediate colloids (0.2-0.45 um), small colloids (300 kDa-0.2 um), nano colloids (10-300 kDa) and truly
dissolved fraction (below 10 kDa). This part was presented in form of an article to be submitted to the
journal “Environmental Science and Technology”. Besides, an additional part was given to tackle the
limitation in the use of freeze-drying as a pretreatment for colloid quantification.
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111.3.2. How does anoxia promote mobilization of P-bearing colloids from dam reservoir sediment?
Article to be submitted to Journal Environmental Science and Technology.

Ngoc-Diep Nguyen, Marion Rabiet, Malgorzata Grybos, Véronique Deluchat

Limoges University, PEIRENE EA 7500, 123 Av. Albert Thomas, 87060 Limoges Cedex, France
Abstracts:

Purpose: In reservoir context, anoxia often developed at bottom sediment and has been proved to induce
mobilization of dissolved phosphorus (P) to overlying water. Considering recent evidence on the important
role of colloids in transportation of P in various environments, including soils solution and surface waters,
and their bioavailability above particulate fraction, present study aimed to investigate the behavior of
colloidal P in alternative oxic-anoxic-oxic conditions and elucidate possible processes that could be
involved in colloidal P dynamic in water-sediment interface.

Principle results: The development of anoxic condition caused an important liberation of water-mobilizable
P (below 1 um) from sediment to water, whereas previous oxic condition contributed very fewer. The
released P was composed mainly by colloidal form (about 90 % of water-mobilizable P). Truly dissolved
P was released at the beginning of anoxia but then decreased over time. The main factors controlling
dynamic of water-mobilizable P was (i) iron reductive dissolution that mobilizes both dissolved and
colloidal P, (ii) organic matter release that involves in stability of released colloids. A half of water-
mobilizable P liberated in anoxia stayed stable in further oxic condition and composed strictly of colloidal
P, in the fraction 300 kDa-0.45 pum.

Major message: Anoxia induced a higher mobilization of colloidal P in comparison to truly dissolved P and
a major portion of them remained in suspension when condition became oxygenated.

Keywords: colloid, phosphorus, sediment, redox, anoxic release, dam reservoir, mobility

111.3.2.1. Introduction

Phosphorus (P) has been long considered as a limiting nutrient for primary production in most of inland
waters and thus is a critical factor to manage eutrophication in many freshwater systems (Conley et al.,
2009; Schindler et al., 2016; Le Moal et al., 2019). With exponentially growing human population, the
anthropogenic input of P intensified and responded in nuisance algal blooms, deteriorated freshwater
ecosystems in particular lake system that are particularly sensible to eutrophication. Despite all the recent
efforts in controlling P discharges since 2000 (Poikane et al., 2019) in order to reach the objectives of
European environmental legislation, the P concentration remains high in aquatic system and continue to
cause eutrophication in reservoirs. An explanation of this observation is that reservoirs have sequestered
gradually since long time nutrients in accumulated sediment, which in turn can become a source of P for
reservoir surface water, limiting the effectiveness of all regulatory measures (Nirnberg et al., 2012;
Maavara et al., 2015; North et al., 2015).

Since then, many research groups have focused their attention on the P mobility at sediment-water interface
(Parsons et al., 2017; Cavalcante et al., 2018; Rapin et al., 2019), showing that sediment-water P

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 145
Licence CC BY-NC-ND 3.0



interactions are controlled by several biogeochemical processes, including dissolution/precipitation,
sorption/desorption and microbial organic matter (OM) mineralization/biotic assimilation, dependent on
surrounding bio-physicochemical conditions (Anschutz et al., 2007; Smith et al., 2011; Orihel et al., 2017).
P mobility is closely coupled to biogeochemical cycles of redox sensitive elements, in particular iron,
organic carbon, but also sulfur (Sgndergaard et al., 2003; Orihel et al., 2017; Cavalcante et al., 2018; Dadi
et al., 2020). It has been nowadays widely demonstrated that the anoxic condition induced by complex
hydrodynamic behavior of the lake and flow management enhances release of phosphorus from sediment
through dissolution of and desorption from associated organo-iron phases. Subsequently released P can
migrate to overlying water via physical or bioturbation-induced diffusion (Horppila and Nurminen, 2003;
Zhang et al., 2019; Gautreau et al., 2020).

In most cases, study focusing on phosphorus cycle in environment (river, soil or reservoir contexts) used
the classical soluble reactive P (SRP) measured by the molybdenum blue method in the fraction passing
through a 0.45 um or 0.2 um filter (Bjérkman and Karl, 2003; Dupas et al., 2018; Dadi et al., 2020). Indeed,
hitherto, SRP is usually considered to be the only bioavailable P species (Simek et al., 2006; Kwak et al.,
2018; Jin et al., 2019;). However, this view neglects an important set of interactions that occur between P
and very highly mobile particles, colloids, limiting the understanding of phosphorus transport. Colloids
with size range between 1 nm — 1 um are small enough not to be subjected to gravitational forces, and their
electrostatic charges induce repulsion that maintain them to be dispersed in water column (Mahmood et al.,
2014). Therefore, colloids are highly mobile in aquatic environment and have been shown to be effective
sorbents of trace/nutrient elements owing to their high specific surface area and charge density (Buffle and
Leppard, 1995; Bol et al., 2016). Recent studies in various contexts (soil solution, soil water extract, lake
freshwater) highlighted the important role of colloids as efficient carriers of P and potentially bioavailable
P form (Reynolds and Davies, 2001; Hens and Merckx, 2002; Filella et al., 2006; Sun et al., 2007). For
instance, in soil context, colloid-facilitated transport is recognized as an important pathway for the loss of
soil phosphorus in agricultural systems (Jiang et al., 2015; Missong et al., 2018; Gu et al., 2018). Thus, in
some cases, colloidal P can represent up to 70 % of total P in operationally defined dissolved fraction of
soil solution (below 0.45 um) (Filella et al., 2006; Blackwell et al., 2009; Henderson et al., 2012; Gu et al.,
2018). These findings suggest that colloidal fraction is of preeminent importance in controlling the transport
of phosphorus in aquatic system and in particular in lake system where the potential of P-bearing colloids
to be produced and released from sediment are not well known.

The cause of colloid mobilization is complex according to their sensitive response to various laboratory and
environmental conditions, though, main driven factors include pH, redox and ionic strength (VandeVoort
et al., 2013). In natural environment, depending on the size-based fraction, colloidal P can be associated
with iron, calcium, organic matter or clay mineral (Jiang et al., 2015; Baken et al., 2016; Missong et al.,
2016; Gottselig et al., 2017a, 2017b). The variation in carrier phase of P among different colloidal size
fraction implies different processes involved in P mobilization/immobilization. The preferential carrier
phases in each size fraction of P-bearing colloids is site-specific, depending on hydrogeological, chemical
and biological properties. A study from Henderson et al., (2012) suggested important mobilization (71 — 91
% of total released P) of P-bearing colloids sized 200 — 250 nm from soil under reducing conditions caused
by reductive dissolution of iron-oxide cementing agent in soil aggregate structure. In contrast, the role of
OM in association with P has not yet been investigated even though evidence on the formation of binary
humic acid-metal colloids is well described at anoxic-oxic interfaces (Liao et al., 2017), therefore, a
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formation of ternary complexes between humic acid-metal-P should be taken into account (Audette et al.,
2020).

While the release of SRP from sediment is well documented in the literature (Jarvie et al., 2008; Dupas et
al., 2018; Varol, 2020), colloidal P has not yet received adequate attention and is generally overlooked
when assessing P mobility. Moreover, colloidal phosphorus studies concern mainly soil system whereas
sediment system are rarely examined, particularly in reservoir context, leading to a lack of knowledge
concerning mechanisms driving this P release.

Concerning the study of “dissolved” P release from dam reservoir sediment exposed to redox oscillation,
Rapin et al., (2019) hypothesized that Fe(l11) solubility increase was due to the possible formation of DOM-
Fe-P complexes and/or the predominance of colloidal Fe(lll) favoring the persistence of P in fraction lower
than 0.45 pum. Moreover, a study from Nguyen et al., (2020) showed that reservoir sediment contained a
relatively high stock of water-mobilizable colloids, associated to significant content of colloidal P, which
represented 81 — 93 % of total water-mobilizable P. Thus, along with the growing number of publications
showing colloid-facilitated transport of P, the study of colloidal fraction contribution in P release from
sediment constitutes a main issue. For this reason, the present study aims (i) to investigate the behavior of
water-mobilizable P released from sediment throughout controlled oxic and anoxic periods, (ii) to provide
an insight characterization of multiple size fractions of colloidal P, and (iii) to elucidate the processes that
could be prevailingly responsible for total and colloidal P mobility.

111.3.2.2. Materials and methods
111.3.2.2.1. Site description and sediment sampling

Sediment was sampled in the Champsanglard hydroelectric dam reservoir, constructed in 1984 in Creuse
River (France) and frequently observed for harmful cyanobacteria blooms during summertime, thermal
stratification and oxycline (Rapin et al., 2019). The total catchment adjacent to Champsanglard reservoir
covers a 406-km? area and are predominantly occupied by agricultural land (65 %) and deciduous forest
(30 %) (Corine Land Cover data). Agricultural activities in this catchment are mainly meadow for cattle
and sheep farming. Champsanglard reservoir is used for both hydroelectric production and recreation
activities such as fishing and bathing, therefore its water quality requires a good ecological status according
to Water Framework Directive 2000/60/EC. However, these recreational services are regularly banned
since several years according to water quality deterioration by cyanobacteria growth.

Surface sediment was sampled in the middle of reservoir in March 2019 at the depth of 14 m (46° 15' 40"
N, 1°53' 02" E) using an Ekman grab sampler (up to 10 cm depth). Collected sediment was homogenized
and transferred to polyethylene bottles. In laboratory, sediment was then sieved at 2 mm to remove large
debris and stored at 4°C in the dark. The incubation of sediment started on a following day of sampling to
avoid changes in biological and chemical properties due to long term storage.

111.3.2.2.2. Sediment characterization

The homogenized and wet sediment sample (fraction < 2 mm) was used to characterize physical and
chemical characteristics. The water loss on drying was determined as mass loss after drying at 105°C until
unchanged mass. The median grain size (D50) was measured by laser diffractometer (MasterSizer 3000,
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Malvern) on wet dispersion in ultrapure water and under ultrasound. The pH of sediment was measured on
a sediment suspension in ultrapure water with ratio of 1/1 (w/v) according to Method 9045D (US EPA,
2004).

The organic matter (OM) content was calculated as percentage of mass loss between calcination at 550°C
for 2 h and drying at 105°C. Sediment P was measured by digestion of calcinated sediment with HCI 3.5
M for 16 h according to the method of Ruban et al., (2001). Digested solution was then centrifuged at 2000
g for 15 min, filtered through 0.45 um cellulose acetate membrane (LLG Labware) and measured dissolved
phosphate using spectrophotometry (see part 2.5). The measurement of total sediment concentrations of Fe,
Al, Ca, Mn and Mg were performed according to method 3015a (US EPA, 2007) in which sediment was
firstly digested with concentrated peroxide (Merck, 30 %) to degrade organic matter and then with reverse
aqua regia (HNO;3 65 % and HCI 37 %) in a microwave (Multiwave Go, Anton Paar) for 40 min at 180°C.
The contents of Fe, Al, Ca, Mn and Mg in digested solution were then analyzed using microwave plasma
atomic emission spectroscopy (Agilent, MP-AES 4100) (See section 2.5).

111.3.2.2.3. Sediment incubation

Sediments were suspended in synthetic water and incubated under controlled redox condition. The sediment
suspensions were prepared from 10 g of freshly wet sediment and completed with 200 mL of synthetic
water (wet S/L of 1/20). All incubation was carried out in acid-washed (HCI 10%, v/v) 250-mL glass bottles.
The synthetic water, prepared to simulate major elemental composition of bottom water in Champsanglard
reservoir (Rapin et al., 2019), contained 5.4 mg Ca?*/L, 1.6 mg Mg?'/L, 8.6 mg K*/L, 9.2 mg Na*/L, 6.3
mg SO4%/L, 4.9 mg NOs7/L, 8.5 mg CI/L and 34.7 mg HCOs7/L (ionic strength | = 1.28 mM).

Sediment solutions were let equilibrate under oxic condition for 2 days before starting incubation to revive
microbial activity. The whole incubation was carried out through a 63-days period, composed of a closed
and an opened period to mimic various redox conditions (oxic and anoxic). At the beginning, the anoxic
condition was induced by closing bottles with septic plugs and maintained in the dark inside a glovebox
(PLAS LABS, 830-ABD/EX) adjusted to low oxygen level (< 0.18 mg Oz /L). After the first 15 days,
according to the real-time monitoring of redox potential, all bottles were then purged with N, gas to
accelerate development of anoxic condition. Considering monitored Eh, the first 23 days corresponded to
a first oxic condition and transition towards anoxia. The anoxic condition started from day 23 and lasted
until day 45. Afterward, oxic condition was applied by transferring bottles to the outside of glovebox,
removing septic plug but enfolding with a layer of parafilm, which limits evaporation but remains sufficient
for air exchange. The second oxic phase lasted for 20 days, from day 46 to day 63. Regularly, bottles were
shaken manually once a day, 5 days per week and the monitoring of oxygen level, temperature, pH, redox
potential was performed. During the whole experiment, each sampling was conducted as a sacrifice of 2 or
3 bottles according to real-time monitoring for replicates. This sacrificial method allows constant solid-
liquid ratio of 1/20 throughout the sediment incubation without any modification within system. Three
sampling was made for each period: on days 0, 1, 7 for the first oxic phase, on days 23, 37, 45 for the anoxic
phase and on days 46, 56, 63 for the second oxic phase. During closed phase, the sampling and colloid
separation as well as chemical analysis were carried out inside glovebox under low oxygen level to avoid
any oxidation.
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111.3.2.2.4. Colloid separation

Sediment suspensions were let settle for 30 min before the separation. The supernatants were fractionated
using successive filtrations to obtain four different size fractions of colloids: large colloids 0.45 - 1 um,
intermediate colloids 0.2 - 0.45 pm, small colloids 300 kDa - 0.2 pm, nano colloids 10 - 300 kDa and a
fraction lower than 10 kDa considered as truly dissolved fraction (Fig. 45). Supernatants were first filtered
through a glass fiber membrane at 2.7 pm (VWR) to remove large particles that could latterly enhance
membrane clogging during colloid separation. Afterward, filtrates were then passed through a series of
filtration and ultrafiltration steps using glass fiber membrane at 1 um (VWR), cellulose nitrate membrane
at 0.45 pum, 0.2 pm using cellulose nitrate membrane (Sartorius) and Vivaspin® 20 ultrafiltration units
(Sartorius) at 300 kDa and 10 kDa. The ultrafiltrations were applied with centrifugation at 6,000 g for 15
min. At each filtration step, subsamples were collected for elemental analysis in prior to the following
successive filtration.

Some samples were dedicated to immediate analyses (alkalinity, ferrous ions, total phosphorus (TP) and
phosphates) while others were stored at - 20°C for later analyses (total Fe, Al, Ca, Mn, Mg and organic
carbon).

d

Pre-separation at 2.7 pm

1 um glass fiber

Fraction < 1 um

. Large colloid

0.45 um cellulose nitrate 0.45-1 pm
Fraction < 0.45 pm

Intermediate colloid

0.2 um cellulose nitrate
0.2-0.45pum

Fraction < 0.2 um

Small colloid

Vivaspin20 ultrafiltration
300kDa-0.2 pm

Fraction < 300 kDa

Nano colloid

Vivaspin20 ultrafiltration 10 - 300 kDa

Fraction < 10 kDa

Truly dissolved fraction

Figure 45. Size separation of water-mobilizable fraction (smaller than 1 um) using successive filtrations.
111.3.2.2.5. Chemical measurement and analysis

The chemical analysis and measurement methods for each of five subsamples of water-mobilizable fraction
(below 1 pm) are described in Table 23.

The monitoring of solution chemistry (pH, dissolved oxygen, Eh) was carried out on sediment suspension
after 2-h of sedimentation. The pH was measured using pH meter (Crison, GLP22) and a pH probe (Crison,
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5221) which was calibrated daily by buffer solutions at pH 7 and 4. The oxygen concentration was measured
using an oximeter HQ30D flexi (HACH). The redox potential was measured using platinum band combined
Ag/AgCl electrode (WTW, Portable Multimeter 3210). The Eh values were corrected according to standard
hydrogen electrode (Bohn, 1971) following below equation:

EhCorrected (mV) = Ehmeasured (mV) +230—-0.76 X (T(OC) - 25) + 60 X (pHmeasured - 7)

Alkalinity in filtrate at 0.45 um was determined by acid titration using 0.001 M HCI until the pH of solution
reached 4.3 and was reported in mg HCOs'/L.

The dissolved inorganic phosphorus (DIP) was quantified by spectrophotometry method (Murphy and Riley
1962) at a wavelength of 880 nm using Agilent 8453 UV-Vis spectrometer and a 1-cm cuvette (LoD of 20
pg/L). Total phosphorus (TP) was determined by HACH LANGE LCK 349 (LQ of 50 pg/L) including a
digestion with concentrated H,SO, acid for 1 h at 100°C (HACH, LANGE LT200) and measured using
portable spectrophotometer (HACH, DR1900). Organic carbon (OC) content was determined using
Shimadzu TOC-L analyzer (LQ of 1 mg C/L). Contents of Fe, Al, Ca, Mn and Mg were analyzed on an
Agilent MP4100 MP-AES. For those fractions ranging from 10 kDa to 1 pum, samples were previously
subjected to microwave acid-assisted digestion using reverse aqua regia (USEPA 3015a 2007) before
analysis with MP-AES. The LQ were 30 ug Fe/L, 20 ug Al/L ,12 pg Ca/L, 7 ug Mn/L, and 1 pug Mg/L. In
addition, dissolved Fe(ll) concentrations were also measured in fraction smaller than 10 kDa inside
glovebox according to 1,10-phenantroline method (HACH LANGE 8146) with a LQ of 20 pg/L.

Elemental concentrations in colloidal fraction were determined as the difference between total
concentration in fraction below 1 um and dissolved concentration in fraction below 10 kDa. For each
colloidal fraction (nano: 10 - 300 kDa; small: 300 kDa - 0.2 um; intermediate: 0.2 - 0.45 um; large: 0.45 -
1 um), concentrations were calculated by differences between each phase successively.

Concentrations of major anions (NOs,, NO,, SOs#, CI") and cations (Na*, NHs*, Ca?*, Mg?", K*) were
measured in filtrates at 0.2 pum using an ionic chromatography (Metrohm, 930 Compact IC Flux). The LQ
for NOz, NO2, SO.%, ClI', Na*, NH,*, Ca?*, Mg?* and K* were 0.45, 0.075, 0.075, 0.25, 0.1, 0.3, 0.25, 0.25
and 0.15 mg/L, respectively.
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Table 23. The chemical analysis of different size class subfractions of water-mobilizable extract.
<1 <045 <0.2 <300 <10

Analysis pm pm pm kDa KDa Method
Alkalinity X Acid titration to pH 4.3
Fe(l1) X Ferrozine
TP X X X X Hach LCK 349
Murphy and Riley
DIP X X X X X (1962)
Al, Fe, Mn, Ca, Mg X X X US EPA 3015a (2007)
(with acid digestion)
Al, Fe, Mn, Ca, Mg MP-AES
(without acid X X X -
digestion)
TOC X X X TOC analyzer
NOs, NOz, SO+%, CI, .
X lonic chromatography

Na*, NH4*, Ca?*, Mg?*,
K+

111.3.2.2.6. Statistics and geochemical modelling

The chemical modeling was performed with Visual MINTEQ version 3.1 software to determine chemical
speciation at equilibrium and saturation index toward certain minerals. The modeling was performed using
the chemical composition (major anions and cations, P, Fe, Ca, Mn, Mg), pH and Eh in fraction below10
kDa throughout the days 0 to 45, corresponding to first oxic and anoxic period, and between days 45 to 46,
corresponding to transition point between anoxic to oxic phase, to evaluate which species were able to
precipitate during incubation.

Pearson correlation coefficient was used to reveal possible correlation between colloidal elements that
reinforce the precipitation/coprecipitation of colloids under biochemical redox changes. Statistical analysis
was carried out using Microsoft Excel enhanced with Analysis ToolPak.

111.3.2.3. Results
111.3.2.3.1. Sediment characteristics

The physico-chemical characteristics of surface sediment in Champsanglard reservoir were presented in
Table 24. Sediment contained a high percentage of water loss on drying (105°C) of 82 + 2 %. The sediment
pPHw20 Was slightly acidic at 6.8 + 0.1. Sediment grain size was dominated by fine grained fraction, with 50
% of particles sized below 13.8 + 0.6 um. Sediment was rich in organic matter (190 + 10 mg/gpw-sed), Al
(156 £ 2 mg/gow-sed), Fe (84 £ 1 mg/gow-sed), but poor in Mg (17.3 + 0.1 mg/gow-sed), Ca (8.2 £ 0.1 mg/gow-
sed) and Mn (1.6 £ 0.1 mg/gow-sed). Total sedimentary P content was 2.04 + 0.02 mg/gow-sed.

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 151
Licence CC BY-NC-ND 3.0



Table 24. Sediment characteristics.

Characteristics Unit Content
PHH20 6.8+0.1
D50 pm 13.8+0.6
Water loss on drying | % 82+2
Organic matter mMg/gow-sed | 190 + 10
Al MY/gow-sed | 156 + 2
Fe Mg/gow-sed | 84 £ 1
Mg Mg/gow-ses | 17.3+0.1
Ca Mg/gow-sed | 8.2 £ 0.1
P mg/gow-sed | 2.04 £ 0.02
Mn mMg/gow-sed | 1.6 £ 0.1

111.3.2.3.2. Biogeochemical redox dynamic of sediment solution

At the beginning of the sediment incubation, the redox potential was 630 = 30 mV (Fig. 46a). After the
closure of the batches, the Eh value decreased slowly to 352 + 20 mV by day 7. After being purged with
nitrogen gas at day 15 (aimed to accelerate the development of redox condition), the Eh dropped to 120 +
5 mV at day 23 and maintained under 100 mV corresponding to anoxic condition. After the opening of the
batches, redox potential increased quickly to reach 240 = 10 mV within a day (day 46) and remained above
350 = 10 mV until the end of experimentation (day 63). According to redox potential dynamic, we
considered that from day 0 to day 7 sediment was submitted to a first oxic condition, to an anoxic condition

from day 23 to day 45, and to a second oxic condition from day 46 to day 63.
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Figure 46. Evolution of redox potential, pH, alkalinity throughout the incubation.

As shown in figure 464, the initial pH was 6.6 = 0.3 and dropped to 6.4 £ 0.2 during first oxic condition
(day 7). After being purged with nitrogen gas (day 15), pH started to increase from to 6.7 £ 0.1 on day 23
to reach 7.2 £ 0.1 by the end of anoxic period (day 45). When opening the batches (day 46), pH dropped
rapidly to 6.8 £ 0.1 and continued decreasing during oxic 2 to reach 6.3 £ 0.2 by the end of second oxic
condition (day 63).

Similar tendency was observed for alkalinity (Fig. 46b). The alkalinity did not vary significantly during the
first oxic condition, averagely at 45.0 + 3.5 mg HCOs/L. Alkalinity began to increase after nitrogen gas
purging, from 54.4 £ 0.7 mg HCO3 /L to achieve the highest values of 101 + 14 mg HCOs'/L by the end of
anoxic condition (day 45). During the second oxic condition, alkalinity dropped significantly from 80.9 +
1.9 mg HCO3z7/L (day 46) to 38.4 + 1.6 mg HCOs'/L (day 63).

In contrast, sulfate concentration in sediment solution fluctuated along the incubation (Fig. 46b).
Concentration of sulfate increased from 11.5 £ 1.2 mg/L at the start of experiment to 17.5 + 0.2 mg/L on
day 23, then declined by 2.4 times to be at 7.2 £ 0.7 mg/L on day 37. By the end of anoxic condition, sulfate
level raised back to 12.7 + 3.2 mg/L which was close to initial state. After batch opening, sulfate level
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dropped quickly to 8.3 + 2.1 mg/L, then increased to be stable at 16.3 £ 0.7 mg/L between day 56 and 63
of the second oxic period.

111.3.2.3.3. Evolution in elemental composition of water-mobilizable fraction
111.3.2.3.3.1. Nutrient dynamics
111.3.2.3.3.1.1. Phosphorus

Figure 47 presents the evolution of water-mobilizable P (Pwwm) release along the incubation. The Pwwm
released from sediment to solution remained at low quantity of less than 0.02 + 0.01 mg/gow-sed at the
beginning experimentation corresponding to the first oxic period (from day 0 to day 7). At day 23, the
quantity of Pwwm started to increase by 4 times to reach 0.07 + 0.01 mg/gow-sed (day 37), then 0.82 + 0.10
mg/gow-sed at the end of anoxic condition (day 45). Right after the opening and thus re-oxygenation of the
batches (day 46), Pwwm quantity decreased by half and remained stable at 0.41 + 0.1 mg/gow-sed-

10 Slose Open B 0.45-1 um
' Oxic 1 Aiane Oxic 2 | 80.2-0.45 um
0.8 A 0300 kDa-0.2 um
-3 M 10-300 kDa
g 3 06 1 D<10 kDa
v B
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=~ 0.2 A
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46 56 63

0 1 7 23 37 45
Time (Day)

Figure 47. Evolution of water-mobilizable P release throughout the incubation.

The size fractionation of P shows that throughout the experimentation, colloidal form was predominant
with variable proportions of between 70 £ 20 % and 100 £ 30 % of Pww.

During first oxic period, the percentage that colloid P contributed to Pwm was remarkably very high (ranging
from 80 + 30 % to 90 + 20 % of Pwwm), meanwhile, the truly dissolved P was less than 0.003 1g/gow-sed and
contributed less than 19 + 8 %.

Once anoxic condition developed (from day 23), colloidal P increased strongly, particularly between day
23 and 37, with concentration passing from 0.05 + 0.01 mg/gpw-sed (day 23) to 0.7 £ 0.3 mg/gpw-sed (day 37),
corresponding to a 14-fold increase. At the end of anoxic period, colloidal P represented 100 + 20 % of
Pwwm. On day 37, the colloid P consisted mainly of small and intermediate colloidal P (80 + 40 %), large
and nano colloids represented 20 + 20 %. During this period, truly dissolved P increased also from 0.024 £
0.001 mg/gow-seat0 0.08 + 0.04 Mg/gow-sed-
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On day 45, Pwm did not continue to increase as much in concentration, but it did evolve in shift in colloid
size classes from intermediate to large colloid. The Pwm contained lower amount of small and intermediate
colloidal P (0.23 + 0.02 mg/gow-sed, €quivalent to 29 + 4 % of colloidal P) and important amount of large
colloidal P (0.48 £ 0.10 mg/gow-sed, €quivalent to 60 + 20 % of colloidal P). The quantity of nano colloidal
P remained at 0.08 + 0.01 mg/gow=ses and represented 10 £ 2 % of colloidal P. The truly dissolved P
decreased and reached 0.027 + 0.008 mg/gow-sed.

After batch opening and during the entire second oxic period, the proportion of colloidal P maintained at
100 £ 20 % of Pwm. Regarding P colloidal size fractionation, at the beginning of batch opening (day 46),
guantity of nano colloidal P increased from 0.08 + 0.01 mg/gow-sed 10 0.20 + 0.01 mg/gow-sea (representing
44 + 8 % of colloidal P) whereas large colloidal P dropped from 0.48 £+ 0.10 mg/gow-seq t0 0.05 + 0.01
mg/gow-sed (representing 12 + 7 % of colloidal P). During the following days of second oxic stage (days 56
and 63), this amount of nano colloidal P fell to 0.015 £ 0.003 mg/gow-sea and became negligible regarding
colloidal P. In contrast, fraction of small and intermediate colloidal P increased from 0.20 + 0.08 mg/gow-
sed (day 46) to 0.30 = 0.01 mg/gow-sed and remained stable until the end of experimentation (day 63). The
guantity of truly dissolved P decreased importantly at the opening of the batches down to approximately
0.002 £ 0.001 mg/gow-sed (day 46), then jumped up to 0.015 + 0.001 mg/gow-ses ON day 56. By the end of
oxic second oxic period (day 63), no truly dissolved P was recorded.

111.3.2.3.3.1.2. Nitrate and ammonium

Figure 48 presents the evolution in ammonium and nitrate concentration along the incubation.
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Figure 48. Evolution of N-NH,* and N-NOs™ concentration throughout the incubation.

During the first oxic condition, the concentration of nitrate decreased from 0.54 + 0.09 mg/L to 0.23 £ 0.08
mg/L, meanwhile the ammonium concentration varied between initial values of 0.36 £ 0.03 mg/L and 0.31
+ 0.11 mg/L on day 7 (Fig. 48). After the purging with nitrogen gas, the nitrate concentration dropped
quickly to 0.11 £ 0.03 mg/L on day 23 and 008 + 0.03 on day 37, but then increased up to 0.22 + 0.06 mg/L
on day 45 (end of anoxic condition). In the meantime, ammonium level increased slightly to 0.55 £ 0.06
mg/L on day 37 and remained stable at 0.58 + 0.33 mg/L until the end of anoxic condition. During the
second oxic condition, nitrate concentration remained stable between 0.15 + 0.04 mg/L (day 56) and 0.14
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+ 0.07 mg/L (day 63), whereas ammonium concentration evolves significantly to reach 1.57 + 0.07 mg/L
on day 63.

111.3.2.3.3.1.3. Organic carbon

During the first 7 days, the water-mobilizable OC levels were stable at 0.74 + 0.04 mg/gow-ses and OM was
mainly in fraction below 0.2 um (78 — 97 %) (Fig. 49a). When the batches underwent anoxic phase (day 23
to day 45), the levels of water-mobilizable OC increased gradually to reach 1.8 £ 0.1 mg/gow-sed ON day 45,
corresponding to an increase by a factor of 2, and the increase was observed for all fractions. At the end of
the anoxic period, the content of colloidal OC was 0.26 + 0.03 mg/gow-seq in fraction 0.2 — 0.45 um
(equivalent to 15 + 2 % of water-mobilizable OC) and 0.36 + 0.12 mg/gow-sed In fraction 0.45 — 1 pm
(equivalent to 20 + 6 % of water-mobilizable OC).

Once the batches were opened, we observed a quick decrease in the 0.45-1 um fraction passing from 0.36
+ 0.12 mg/gow to 0.08 = 0.09 mg/gow-sed, the other fractions remained unchanged. After that, throughout
the remaining second oxic period, from day 46 to day 56, the water-mobilizable OC amounts decreased in
the fraction inferior to 0.2 um from 1.1 £ 0.1 mg/gpw-sed t0 0.53 £ 0.11 Mg/gow-sea and seemed to remain
stable until day 63.
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Figure 49. Evolution of OC, Fe, Ca, Mg and Mn in water-mobilizable fraction during anoxic and oxic conditions.



111.3.2.3.3.2. Metal dynamic
111.3.2.3.3.2.1. Iron

Throughout the experimentation, the iron content (Fe) in water-mobilization fraction (Fig. 49b) varied
significantly between 0.09 + 0.03 mg/gpw-sed (day 0) and 1.7 £+ 0.4 mg/gow-sed (day 63).

During the first oxic stage (from day 0 to day 7), the quantity of water-mobilizable Fe remained at low
level (below 0.14 £ 0.03 mg/gow-sed, day 7) and was mainly in large colloidal fraction (up to 66 + 16%
of total water-mobilizable Fe). Truly dissolved Fe (fraction below 10 kDa) was under detection limit
(Fig. 49b), however, as shown in Fig. 6, there were presence of Fe?" in solution but at very low
concentration and slightly increased on day 7 (at 14 + 4 pg/gow-sed).

From day 23 (beginning of anoxic condition), water-mobilizable Fe amount increased by 9 times to
reach 1.24 + 0.06 mg/gow-sea ON day 45. The concentration of Fe(ll) or truly dissolved Fe showed similar
tendency, increased on day 37 to about 0.35 mg/gow-sed but then slightly dropped on day 45 to be at 30
+ 10 Hg/gow-sed and 0.11 = 0.01 mg/gow-sed, respectively. At maximum, truly dissolved Fe represented
only 22 + 7 % of total water-mobilizable Fe, the remaining existed in colloidal form, especially fraction
above 0.2 um. Similar observation was acquired for nano-colloidal Fe, in which the highest level
recorded was 0.44 + 0.20 mg/gow-sed ON day 37 (35 £ 20 % of total water-mobilizable Fe) then dropped
to not quantifiable value on day 45. In contrast, the small colloidal fraction evolved gradually through
anoxic incubation to reach 0.94 + 0.04 mg/gow-sed ON day 45 (representing 84 + 10 % of colloidal Fe).
The large-colloid Fe presented at the beginning of anoxia was 0.39 £ 0.01 mg/gow-sed and then decreased
during anoxic period to reach 0.15 + 0.12 mg/gow-sed ON day 45.

Once the flasks were opened (day 46), both Fe(l1) and truly dissolved Fe disappeared immediately (Figs.
49b and 50). Fe remained only in colloidal form, especially in the small colloidal fraction (62-85 % of
total water-mobilizable Fe). During the reoxygenation of the suspension, the total amount of water-
mobilization Fe remained unchanged from day 45 to day 56 (1.1 £ 0.1 mg/gow-sed), but then raised up to
1.7 + 0.4 mg/gow-sea ON day 63. Fe was no more detected in fraction below 300 kDa.
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Figure 50. Evolution of Fe?* in fraction below 10 kDa along the incubation.
111.3.2.3.3.2.2. Aluminum

Throughout the whole incubation, water-mobilizable aluminum (Al) were released from sediment to
solution in two main fractions: large and small colloids (Fig. 49c). Al was never quantified in the truly



dissolved fraction, and intermediate colloidal fraction could not be evaluated considering standard
deviation.

During the first oxic condition, the quantities of water-mobilizable Al were low, from 0.08 + 0.02
mMQ/gow-sed 10 0.11 £ 0.01 mg/gow-sed and were composed by approximately 66 + 30 % of large-colloidal
Al and 34 £ 20 % of small-colloidal Al. After being purged with nitrogen gas, water-mobilizable Al
decreased its quantities, mainly by a 2.6-time lower in large colloidal fraction from 0.066 = 0.009
M@/gow-sed t0 0.025 + 0.004 mg/gow-sea between day 7 and day 23, and by a 3.6-time lower in small-
colloidal fraction from 0.045 + 0.008 mg/gpw-sed t0 0.013 £ 0.004 mg/gow-sed Detween day 23 and day
37.

However, at the end of anoxic condition (day 45), water-mobilizable Al increased importantly to reach
0.26 = 0.06 mg/gow-sea Mainly by a 6.6-time higher in large-colloidal Al (representing 80 + 20 % of total
water-mobilizable Al) and a 2.5-time higher in small-colloidal Al (representing 13 + 3 % of total water-
mobilizable Al).

During the second oxic condition, the contribution of small-colloidal Al to total water-mobilizable Al
increased. Right after batch opening (day 46), quantity of water-mobilizable Al decreased to 0.20 + 0.02
mg/gow-sed, but small-colloidal Al raised by 2.2-fold and attributed a proportion of 35 £ 3 %. In the
following days of second oxic period, the amount of small-colloidal Al remained relatively stable.
Meanwhile, large-colloidal Al decreased significantly to be at 0.042 + 0.004 mg/gpw-sea (day 56) and
then increased to reach 0.11 + 0.05 mg/gpw-sed (day 63).

111.3.2.3.3.2.3. Manganese

Content of water-mobilizable manganese (Mn) was very low throughout all experiment and increased
gradually to reach the maximum 0.096 + 0.016 mg/gow-sea during anoxic condition (day 45) (Fig. 49d).
Considering the standard deviation and under detection limit results, Mn concentrations presented in
other fractions were not quantifiable.

Truly dissolved Mn was dominated throughout the whole incubation and attributed 61 — 99 % of total
water-mobilizable Mn contents, particularly in anoxic condition.

During the second oxic condition, the value of water-mobilizable Mn gradually decreased to be at 0.027
+ 0.007 mg/gow-sed ON day 63. Right after batch opening, there was an increase in quantity of small-
colloidal Mn to 0.020 £ 0.003 mg/gow-sea (day 46) but then this Mn fraction became unquantified during
the rest of second oxic period.

111.3.2.3.3.2.4. Calcium

The content of calcium (Ca) varied significantly between 0.68 + 0.05 mg/gow-ses and 1.8 + 0.4 mg/gow-
sed @long the incubation (Fig. 49e). The initial amount of Ca (at 0.70 + 0.08 mg/gow-sed) COrresponded to
Ca concentration present in synthetic solution. A flash release of Ca under large colloidal form was
noted during the first oxic period on day 1 (at 0.366 + 0.188 mg/gow-sed) and then disappeared on day 7.

Throughout the incubation, either in oxic or anoxic periods, truly dissolved Ca was the dominant fraction
of Ca with proportion varying between 50 = 20 % and 80 + 30 %, except on day 1.
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Once anoxia developed, Ca concentration became significantly higher with a maximum content of 1.8
+ 0.4 mg/gow-sed ON day 45 and noted by a significant increase, of 2.6-fold, in colloidal Ca (from 0.35 +
0.09 mg/gpw-sed ON day 37 to 0.9 £ 0.3 mg/gow-sed ON day 45) that represented about 50 + 30 % of total
water-mobilizable Ca. During the second oxic period, the level of Ca declined back to initial range of
0.7 £ 0.1 mg/gow-sea ON day 63.

111.3.2.3.3.2.5. Magnesium

The majority of magnesium (Mg) was present in fraction below 10 kDa throughout the experiment with
proportion of 81 — 100 % of total Mg contents in fraction below 1 um (Fig. 49f).

During the first oxic period, Mg concentration was stable and corresponded to initial concentration
present in the synthetic solution. When closing the flasks, truly dissolved Mg levels (fraction below 10
kDa) increased gradually from 0.12 + 0.01 mg/gow-sed (day 7) to 0.30 + 0.02 mg/gow-sed (day 45) and
then slowly declined during the opening back to 0.13 £ 0.02 mg/gow-sed ON day 63.

11.3.2.3.3.3. Geochemical modelling by Visual Minteq

According to chemical equilibrium simulation in the absence of organic matters, the minerals FCOs-
apatite and vivianite can precipitate between day 37 and day 45 of anoxic incubation considering ionic
concentration in fraction below 10 kDa according to saturation index (SI). The Sl of vivianite and FCOs-
apatite were oversaturated at 1.36 and 7.43, respectively, on day 37 then were found at 0.5 (near
equilibrium) and 6.1 on day 45, respectively. The simulation of redox transition from anoxic to oxic
condition on day 45, without taking into account the role of dissolved organic matter, revealed the
formation of hematite in fraction lower than 10 kDa and formation of hematite, hydroxyapatite and
FCOs-apatite in fraction lower than 0.2 um.

111.3.2.4. Discussion
111.3.2.4.1. Biogeochemical redox dynamic along sediment incubation

At the beginning of incubation, sediment solutions were not immediately purged with N, and contained
dissolved oxygen corresponding thus to oxic condition. Redox potential remained high and decreased
slowly despite of batch closure because low amount of sediment was used (Fig. 46a). The followed N,
purge on day 15 allowed to accelerate the O, depletion, thus favored the development of sub-oxic
condition and followed by anoxia started from day 23. The consumption of oxygen was caused by
respiration of benthic organisms, oxidation of organic matter that lead to the release of CO,, and
inorganic nutrients (ammonia and phosphate). Without O supply, the degradation of organic matter
continued via the development of anoxia and anaerobic by stepwise. Generally, the oxidation of OM by
anaerobic respiration organisms use a sequence of electron acceptors: nitrate, Mn and Fe
oxy(hydroxy)des and then sulfates in order of decreasing energy demand. During sediment incubation,
the successive reduction of electron acceptors led to the decrease of nitrate concentration
(denitrification) (Fig. 47) followed by the increase of Fe(ll) and Mn concentrations (Figs. 5b and 5d).
Sulfate concentration began to decrease at day 37 but significant amount remained in solution (7.2 £ 0.7
mg/L) (Fig. 46b), showing that the sulfate reduction was not complete or even not operated.
Ammoniums increased during anoxia was due to reduction of nitrate and during the second oxic
condition was due to aerobic respiration (ammonification). Along the reduction, the pH increased until
the end of anoxic condition, due to the consumption of H* upon nitrate and Fe, Mn reduction. This rise
of pH was concomitant with the blocking of CO; production during OM mineralization; it resulted in
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elevation of alkalinity (Fig. 46b). The opening of the batches allowed rapid supply with oxygen leading
to the increase of redox potential and loss of alkalinity upon degassing of CO, and drop of pH.

111.3.2.4.2. Sedimentary P released during sequential oxic-anoxic—oxic phases

In previous studies, it is well established that ‘dissolved’ P (phosphorus measured by the molybdenum
blue method in the fraction inferior to 0.45 or 0.2 um) release is maximal in anoxic condition and that
one of the dominant mechanisms is the reductive dissolution of iron oxide coupled to microbial
oxidation of organic matter (Litchman and Nguyen, 2008; Salas et al., 2010) and competition of P and
OM for sorption sites (Sato and Comerford, 2005). Considering total water-mobilizable P, we confirmed
that reducing condition promotes the strong release of P (40 % of total sedimentary P) comparing to
oxidizing condition where P released corresponded only to 1 % of total sedimentary P. However, P was
released mainly under colloidal fraction that represented about 90 % of Pwwm (Fig. 47). During the first
phase of anoxia (Eh= 58 mV on day 37), the majority of colloidal P was recovered in the fraction
between 300 KDa and 0.45 um (small and intermediate colloids). While anoxic condition was fortified,
the Pwm concentration did not evolve in total content, but involved in a shift between colloidal size
classes, from intermediate to large colloid. The size evolution of colloidal P lead to the dominant
association of P to large colloidal fraction (0.45-1 um) which is generally not considered when assessing
usual “dissolved P concentration. Truly dissolved P remained low and, above all, instable. Instead of
increase during anoxia, in contrary to what was expected during anoxia, the truly dissolved P fraction
showed a decrease in prolonged incubation. When condition became oxic again, the truly dissolved P
disappeared completely and approximately a half of large colloidal P dropped (Fig. 48). However, a
significant amount of P remained in colloidal fraction, mainly inferior to 0.2 um during the second oxic
phase.

The traditional measurement of “dissolved” P using molybdenum blue method (SRP) is widely applied
for 0.45-um filtrates and often defined as orthophosphates despite increasing evidence that this method
also quantifies a part of soluble unreactive P (SUP) according to the presence of colloid size ranges from
as low as a few nanometers. Numerous studies had pointed out a varying degree of colloidal P to be
hidden within SRP measurement (Haygarth et al., 1997; Shand et al., 2000; Filella et al., 2006; Zang et
al., 2013; Gu et al., 2018). With the present results, we strongly support that operationally defined
“dissolved” fraction is mainly colloid whereas truly dissolved P represents at maximum 10 % of water-
mobilizable P. Moreover, colloidal P in fraction higher than 0.45 pm can represent up to 60 % of total
Pwwm at the end of anoxic period, highlighting that coarse colloids are thus a bearing-P phase of major
importance. In water, the speciation of P is closely related to its bioavailability. In general,
orthophosphates are immediately available, whereas the significance of colloidal P bioavailability is not
well elucidated. Among a few researches focuses on the bioavailability of colloidal P, nano-colloids
sized below 100 nm could be considered as bioavailable P. For example, colloidal P sized below 50 nm
was shown to be as efficient as a solution of 5 UM phosphate in supporting algal growth (Van
Moorleghem et al., 2013). However, colloidal P is mostly not immediately available for algae but is
likely to be labile in a week (Baken et al., 2014). In lake, a monitoring of nano-colloidal P (sized 1-10
nm) and chlorophyll by Saeed et al. (2018) did provide an evidence for growth response of
phytoplankton uptake via an elevation of chlorophyll level in adjacent to the presence of nano-colloidal
P in lake hypolimnion.

According to these observations, we raised thus two questions: (1) Which mechanisms are involved in
the production of colloidal P during anoxic condition? and (2) Why are Pwwm higher in second oxic phase
than first oxic phase and what are subsequent consequences on P mobility?
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111.3.2.4.3. How anoxia induces mobilization of colloidal phosphorus?
111.3.2.4.3.1. Release of dissolved and colloidal P

The production/mobilization of colloids is generally caused by complex processes and has been revealed
to be associated to changes in solution ionic strength, redox condition, pH and solution chemistry that
influence surface charge of colloids as well as interparticle interaction (VandeVoort et al., 2013; Yan et
al., 2016). It has been well demonstrated that the release of colloid from soil or sediment is strongly
attributed to the reductive dissolution of cementing Fe oxides (Henderson et al., 2012; Yan et al., 2016,
Ryan and Gschwend, 1990) or can be generated subsequently by reprecipitation of Fe and Mn once
conditions became favorable (Zanker et al., 2006; Wolthoorn et al., 2004; Gunnars et al., 2002). Once
the colloids are mobilized and dispersed in solution, the association of colloids with organic compounds
can impact the stability of dispersed colloids via increase interparticle steric/electrostatic repulsion and
modify the aging/crystallinity of minerals (Henneberry et al., 2012; Colombo et al., 2015; Yan et al.,
2016; Liao et al., 2017; Li et al., 2019).

Therefore, in our case, the colloids produced during anoxic condition mostly consisted of iron, organic
carbon and calcium and their releases were concomitant with increase in pH as well as OC and
Fe?*content increase in solution. This supports the fact that the release of colloid could be largely
associated to the dissolution of Fe-oxide cementing agents or amorphous Fe coating that resulted in the
fragmentation of sediment and lead to release of pre-existing P-containing colloids trapped in sediment
matrix. In addition, the increase in solution pH can play a role in promoting colloid release to suspension
upon fortified electrostatic repulsion between colloids or between colloids and particles via increasing
negative surface charges of colloids and sediment surface. Nevertheless, during anoxic condition, in
addition to iron release, a strong release of organic matter was observed and strongly related to colloid
dynamic.. The natural colloids commonly have heterogenous composition of both organic and mineral
species (Gottselig et al., 2017a; Nguyen et al., 2020). The association of colloids with negatively charged
organic compounds increased interparticle steric/electrostatic repulsion and therefore, play a similar role
as increasing pH in enhancing the release of colloids from sediment matrix (Yan et al., 2016).

On the other hand, the dissolution of iron mineral could also cause a pulse release of truly dissolved P
into the aqueous phase, as shown by the strong correlation between P and Fe?* in fraction below 10 KDa
(R?= 0.96). The mean P/Fe molar ratio released in truly dissolved fraction was of 0.5 indicated that
phosphorus and iron were previously coprecipitated in sediment (Gunnars et al., 2002). Therefore,
during anoxia, the dissolution of P-bearing iron cementing agents should be the main factors that
controlled the release of colloidal and truly dissolved P.

111.3.2.4.3.2. Depletion of dissolved and possible formation of secondary phosphate mineral

The concomitant release of truly dissolved P and Fe within the first 14 days of anoxia (day 23 to 37)
was followed by a decrease of them in the last 8 days (day 37 to 45) (Fig. 47). This truly dissolved P
decrease can be attributed to (i) P incorporation in secondary mineral Fe oxides such as vivianite
(Fe3(POa4)2.8H20) or apatite and/or (ii) re-adsorption of P to organo-mineral surface such as colloid or
sediment.

Geochemical modelling calculation using concentrations of major ions, metals, nutrients in the fraction
below 10 kDa on day 37 and day 45 illustrated that vivianite and FCOs-apatite were able to precipitate
according to saturation index (SI). These two minerals are widely considered as authigenic P-bearing
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phase in sediment (Mérz et al., 2018). The formation of vivianite in reducing sediment has been
described previously to occur in elevated availability of ferrous and phosphate in pore water and under
low production of free sulphide (Rothe et al., 2015;2016). The dissolution of Fe(lll) oxy(hydr)oxydes,
serving as ferrous source, accompanied with high release of scavenged orthophosphates acted as a
precursor phase of vivianite precipitation (Rothe et al., 2016). The vivianite formation has been widely
reported, and not limited to soil but also in freshwater system, particularly, they are commonly found
during early diagenesis of organic sediment receiving high nutrient loads (Lemos et al., 2007; Taylor et
al., 2008; Cosmidis et al., 2014). During first oxic period, the Sl toward vivianite indicated
undersaturation, due to low Fe and P amounts. When anoxia developed, the Sl increased and reached
value corresponding to oversaturation on day 37 and then near equilibrium on day 45, reinforcing the
hypothesis of vivianite precipitation during anoxia. Concerning apatite, the onset precipitation of such
mineral is commonly controlled by kinetic factor and is a slow process that could exceed several months
(Trichet et al., 1994). Furthermore, most of Ca was observed in truly dissolved fraction (below 10 kDa).
Therefore, the short period of anoxic phase (22 days) in our experimental setting might not induce ideal
conditions for apatite formation.

The second hypothesis concerns the possible re-adsorption of dissolved P on organo-mineral colloids.
It is well know that the association of Ca?* and Mn?* to carboxylic or phenolic groups of organic matter
often affects surface charges of organic/orano-mineral colloids and can activate adsorption of phosphate
onto these cation bonds (Iskrenova-Tchoukova et al., 2010; Thurman, 2012; Audette et al., 2020). The
evolution of Ca and Mn contents and distribution during anoxia revealed their concomitant increase with
OC in colloidal concentrations, implying the surface bridging of cations (Ca* and Mg?*) on surface of
organic matter that may favor adsorption of truly dissolved P, by surface complexation.

111.3.2.4.3.3. Size evolution of colloidal P

Along anoxic incubation not only a raise in quantity of colloidal P was observed, but also a shift in size
class of colloidal P was noted, especially during the last 8 days (day 37 to 45, Fig. 47) when there was
no remarkable evolution in quantity. The first factor to be considered during this size transformation of
colloids is the significant presence of multivalent cations, such as Fe*, Ca?*, Mg?* and Mn?*, acting as
coagulants that neutralize negative charges of released colloids and destabilize colloids to form
agglomerates of larger size. In contrast to the role of Fe in redox dynamic condition, Al was not impacted
by anoxic incubation until the last 8 days of anoxia when a high increase of large colloidal Al was
observed. This increase of colloidal Al was only observed for large colloidal fraction and could be
derived as an indirect impact of iron cement dissolution that promote release of colloidal Al within
sediment structure and followed by flocculation.

Our data also showed an important increase of organic carbon in fraction below 0.2 pum during anoxic
phase, which is associated to anaerobic OM degradation. This presence of organic matter can promote
aggregation of the organic matter-iron(ll) colloids (Bastviken et al., 2004; Liao et al., 2017) and explain
the gradual development of larger size colloidal P during prolonged anoxic incubation. A strong
correlation of between P and OC in fraction 0.45 — 1 um (R? = 0. 9992) provides a hind for surface
complexing of colloidal P with organic matter to form larger size colloids.

111.3.2.4.4. Behavior of colloidal P during transition phase between anoxic and second oxic
conditions
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The switching from anoxic to oxic condition had led to the strong decrease of Pwm. A half of colloidal
P was removed during batch opening (day 45 to day 46). The decrease was effective for truly dissolved
P and above all for large colloidal P fraction (0.45-1 um).

At the end of anoxic phase, the truly dissolved P was 0.027 £ 0.008 mg P/gow-sed and then dropped to
under limit of detection on the first day of opening, in parallel of Fe?* concentration that decreased from
0.11 + 0.01 mg Fe?*/gpw-sed to 0.005 + 0.001 mg Fe?*/gow-seq. At this transition condition, geochemical
calculations revealed the oxidation of Fe(ll) into Fe(l11) leading to an oversaturation state toward ferric
oxide and thus possible precipitation. These newly formed Fe(l1l) oxides could favor truly dissolved P
sorption or coprecipitation (Elzinga and Sparks, 2007) and forming thus colloidal P under the second
oxidative stage.

For colloidal fraction, the large colloidal P in oxic condition decrease drastically. This removal could be
due to flocculation processes triggered by the oxidation of Fe** to Fe®* and following iron
oxy(hydr)oxide precipitation that can act as coagulant for large colloids. Remaining colloidal fraction
also contained high levels of Mn and Mg, however the thermodynamic of solution, tested with Visual
Minteq, did not showed the possibility of their precipitation. Even though, their declining concentration
in dissolved fraction provided evidence that Mn and Mg were redistributed to solid fractions, hence,
they might rather be bound to negatively charged surface of colloids or particulate phase, hence, as Ca,
act as bridges for phosphate sorption (Tipping, 2002; Tipping and Heaton, 1983). This flocculation of
colloidal P can also explain a shifting from nano-colloids to small/intermediate colloids during the first
10 days of second oxic phase (day 46 to 56).

Notwithstanding, as presented in Figs. 47 and 49a, during batch opening, the decrease of large colloidal
P was more likely to be related to the decrease of large colloidal OC rather than due to Fe dynamic
because colloidal Fe was not strongly impacted and was stable during oxic condition. Large colloidal P
was illustrated in previous section to be formed by the agglomeration of colloids by coagulants or with
organic matter. At the end of anoxic phase, a very high C/Fe molar ratio was observed at 11.5 for large
colloids, indicating the organic matter embedded completely colloids inside their structure. Right after
opening, this C/Fe molar ratio dropped by 30 %, in combination with decline of both colloidal P and OC
in fraction below 0.2 um, this could suggest colloid aggregation/flocculation. As a consequence, this
further aggregation/flocculation of colloids according to high level of OM occurred immediately at
anoxic-oxic transition to form particulate P and return to be redeposited in sediment transition point
(Yanetal., 2016).

Despite a half of Pwwm released during anoxia was removed at batch opening, about a half content of Pwwm
kept being suspended in solution even when condition became oxic and mainly present in colloidal form.
As discussed in previous section, the colloidal P generated during anoxic phase can contain a wide
variety of composition, including iron phosphate minerals (eg. vivianite) and organo-mineral P.
Vivianite is not easy to be solubilized (Rothe et al., 2016), thus probably contributes significantly to
residual colloidal P in oxic phase. Meanwhile the association of negatively charged organic matter on
mineral colloids can stabilize dispersed P-colloids due to interparticle steric/electrostatic repulsion and
lowering aggregation as well as crystallization of iron minerals (Angelico et al., 2014; Colombo et al.,
2015; Yan et al., 2016). Considering co-precipitation of mineral and organic matter during second oxic
phase, the molar ratio of C/Fe for all size fractions remained ranging from 1.1 to 9.6, indicating a
partially coverage of mineral surface by organic matter (Chen et al., 2014) and could maintain colloids
to be dispersed. This finding is of great concern for environmental implication because once being
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released from anoxic sediment, these stable colloidal P is highly dynamic and can migrate for longer
distance to reach surface water and can be a source of nutrient for aquatic species.

111.3.2.5. Conclusion

Reducing condition facilitated an important mobilization of water-mobilizable P (dissolved and
colloidal P) with predominant release of colloidal P (approximately 90 % of water-mobilizable P). The
return to oxidative condition of the batches did not induce a return to initial P distribution as observed
in the first oxic stage. Pwwm was only partially immobilized with main impact on truly dissolved P and a
half of colloidal P, in particular large colloids. In general, the initial stage of anoxic condition induced
P release in formed of truly dissolved phosphorus and small colloidal P as well as the release of cations
and organic matter through reductive dissolution of iron minerals and anaerobic organic matter
decomposition. Latterly, this complex solution chemistry could lead to a suit of reactions that favor the
formation of secondary phosphate mineral, such as vivianite, and re-adsorption of freshly released
phosphates to colloids. Furthermore, according to solution chemistry (concentrations of organic matter
and cationic coagulants), the shift towards larger size of P-colloids could be induced via coprecipitation
and bridging aggregation/flocculation. The presence by a half of colloidal P under second oxic phase
might derived from (i) the remaining of stable P-containing colloidal aggregates previously mobilized
under anoxic phase and (ii) a minor amount of the newly formed colloids due to coprecipitation of P
with iron(lI11) oxides generated under newly oxic phase. Our findings thus shed a light on the remarkable
release of colloidal P during anoxia and that a major part of this colloidal P remain dispersed in solution
even under following oxic condition. The release and stability of these colloidal P from sediment under
changing redox condition contributes importantly to improve knowledge of P mobility at sediment-water
interface in particularly and for freshwater ecosystem in general.
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111.3.3. Limitation of freeze drying pretreatment on quantification of colloid suspension
111.3.3.1. Study context

The freeze-drying is the process of water removal through ice sublimation from frozen materials under
vacuum (Adams, 2007). Unlike other preservation techniques such as air-drying and oven-drying,
freeze-drying is considered as less disruptive method that minimize the alteration or damage of original
structure of examined sample by limiting shrinkage due to surface tension caused by water evaporation
(Hoffmann et al., 2004; Negre et al., 2004; Perrott, 1977). Freeze-drying is commonly used to preserve
soils and sediment for long-term conservation serving the investigations of phosphorus sorption, organic
matters turnover and trace metals speciation (Islam et al., 1997; Rapin et al., 1986; Bordas and Bourg,
1998; Xu et al., 2012; Rolfhus et al., 2015; Kim et al., 2016; Xu et al., 2019; Chiaia-Hernandez et al.,
2020). Furthermore, several studies applied freeze-drying to quantify dry mass of colloids or to preserve
colloidal samples for chemical analysis. For example, Missong et al., (2016) used freeze-drying to
weight the dry mass of water-dispersible colloids released from soil and prepared for 3'P-NMR analysis.
Meanwhile Yan et al., (2016) freeze-dried colloidal pellets separated by successive centrifugations
(corresponding cut-off sizes are 1 um and 0.1 um) to measure colloidal concentration extracted from
soil.

Despite a wide assumption that freeze-drying does not deteriorate samples (Kodamatani et al., 2017),
several studies have pointed out the influence of sample pretreatment by freeze-drying on P sorption
and fractionation in sediment, disrupt organic matter and modify metal speciation (Zhang et al., 2001,
Hjorth, 2004; Hung et al., 2012). Futhermore, in this thesis, freeze-drying of sediment caused significant
decrease in colloidal mass (due to precipitation of Fe and Al acting as cementing agents for
agglomeration of colloids and of colloid to particles) and changes in chemical composition of colloids
(enrichment in P, Ca and OC) (see section 111.1.2.3.2). These findings strongly emphasize the significant
impacts of sediment preservation by freeze-drying on colloid’ elemental composition and colloid
stability. Since no bibliographic information highlights the influence of freeze-drying on colloidal
fraction, this complementary part of this thesis devotes to providing some remarks on this subject. For
this, the quantification of colloids was done with freeze-drying pretreatment for samples collected during
incubation of sediment under anoxic condition (see Part 11.3.2).

111.3.3.2. Materials and methods

A 30-mL aliquot of water-mobilizable fraction (0 — 1 pum) separated by successive filtrations (at 2.7 um
and 1 um), was transfered to a polypropylene 60-mL tube and frozen at — 20 °C for 24 h. The frozen
suspensions were freeze-dried for 3 days until completed removal of water was achieved. It should be
noted that before starting freeze-dry, all containers were covered with parafilm and poked several holes
by a needle to avoid the loss of material by vacuum. The dry weight of water-mobilizable fraction (Mww)
was quantified with a Sartorius balance providing a read-out of 0.00001 g.

The concentration of water-mobilizable fraction (Cwwm) was then reported in milligrams of water-
mobilizable dry weight per gram of sediment dry weight (mg/gow-sed). Because water-mobilizable
fraction comprised of both dissolved species and colloidal particles, concentration of colloidal particles
(CC.) was then calculated by the subtraction of Cwm by total dissolved salt concentration (TDS) (Eq.
17). The concentration of phosphate was measured by molybdenum blue method according to Murphy
and Riley, (1962). The TDS was determined as the sum of all inorganic substances present in fraction
below 10 kDa (Fe?*/Fe*, Al**, P-PO4*, Ca?*, Mn?*, Mg?, Na*, NHs*, K*, F, CI, NO2, NO3, S04,
HCOg3Y) and reported in mg/gow-sed. The anionic and cationic concentrations of Na*, NH4*, K*, F, CI',
NO, NOs", SO4* were determined by ionic chromatography (Agilent). The concentration of HCO3 was

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 166
Licence CC BY-NC-ND 3.0



measured by acid titration until pH reach 4.3. The concentrations of Fe, Al, Ca, Mn, Mg in fraction
below 10 kDa were quantified with MP-AES without acid digestion. All analysis were done on fraction
below 10 kDa. The TDS, in this case, can be underestimated due to other unanalyzed elements which,
in turn, can lead to overestimation of CC,. The overestimation of TDS in fraction below 10 kDa, which
can be caused by fragmentation of colloids with ultrafiltration, was excluded due to the similar
observation in ionic concentration between fraction below 0.2 um and 10 kDa.

Equation 17. Estimation of colloidal concentration (CCy) by subtraction of concentration of water-mobilizable
fraction (Cww) to total dissolved salts (TDS). Cwm was dertermined after freeze-drying water-mobilizable
fraction.

CCy (mg/gpw-sea) = Cwm (Mg/gpw-sea) — TDS (Mg/Ipw-sea)

The estimated colloidal concentration CC; was then compared to partial colloidal concentration (CC)
determined as the sum of all analyzed elemental composition in colloidal fraction 10 kDa — 1um (£CC;j),
regarding to P, OC, Fe, Al, Ca, Mn, Mg contents (Eg. 18). This determination of CC is another way to
estimate colloidal concentration but can underestimate actual colloidal concentration due to presence of
other unanalyzed elements. The colloidal elemental concentrations (CC;) of P, Fe, Al, Ca, Mn, Mg were
determined as differences between total concentrations in fraction below 1 pm and dissolved
concentrations in fraction below 10 kDa. The total concentration of P in fraction below 1 pm was
measured after persulfate digestion according to US EPA 365.1 method (1993) and quantified by
molybdenum blue method according to Murphy and Riley, (1962). The concentrations of Fe, Al, Ca,
Mn, Mg in fraction below 1 um were quantified with MP-AES with acid digestion. Colloidal
concentration of OC was measured by TOC-analyzer (Shimadzu) and accounted for fraction 0.2 —1 um
because of contamination in fraction 10 kDa — 0.2 um from ultrafiltration materials.

Equation 18. Estimation of colloidal concentration (CC) as the sum of colloidal concentrations (CC;) of
analyzed elements “i” varying among P, OC, Fe, Al, Ca, Mn, Mg) in fraction 10 kDa — 1jum.

CC, =XCC; = CCp+ CCyc + CCpp + -+

All these chemical analyis were done on fresh sample of water-mobilizable fraction and measurement
methods are detailed in Part I1.

111.3.3.3. Results and discussion

As shown in Figure 51, throughout the incubation, concentration of colloids ranged up to 9.3 + 1.4
mg/gow-sea and were only found at the end of anoxic 1 (days 37 and 45), and during oxic 2 (days 46 —
63). The other days, no colloids were quantified. This result of colloid concentration quantified after
freeze-drying of water-mobilizable fraction demonstrated that colloids were released only in certain
sampling points. Furthermore, during phase Oxic 1, the levels of Cwwm were relatively lower than TDS,
particularly on day 7 where Cwwm was 27 + 8 % smaller than TDS. In fact, colloids can be found at a
level of approximately 5 mg/gow-seq in water (see Part 111.1.2), therefore the zero observation of colloids
during this first period of incubation seems to be a bias, of analytical technique or quantification method
itself.
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Figure 51. The concentrations of total dissolved salts (TDS) and calculated colloidal concentration in freeze-
dried fraction sample (< 1 um). Data obtained from the incubation of fresh sediment under redox ocillation (see

section 11.2.3). Method of colloid quantification was freeze-drying of fraction below 1 um.

In comparison with CC, (Fig. 52), the sum of colloidal elemental concentrations (P, OC, Fe, Al, Ca,
Mn, Mg) in fraction 10 kDa — 1 um appeared significantly different than CC; for all sampling days.
During phase Oxic-1, CC; ranged from 0.66 £ 0.13 to 1.04 + 0.14 mg/gow-seqs and revealed that colloids
were present from the very first moment of the incubation, which is constrast to zero release observed
with CCy. During phases Anoxic-1 and Oxic-2, the CC;ranged from 2.12 + 0.31 to 3.75 £ 0.36 mg/gow-
sed and were 2.9 — 4.4 times lower than CC;, except on day 45. However, to some extents, this variability
observed between CC; and CC,, particularly to higher CC, values from day 0 to day 23, can provide
evidence for the loss of materials in colloidal fraction upon freeze-drying treatment of water-mobilizable
fraction, and that the smaller CC, from day 37 to day 63 (except day 45) could be due to unincluded

mass of unanalyzed elements.
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Figure 52. The concentration of colloidal fractions (10 kDa — 1 pm) estimated by sum of analyzed elements (P,
OC*, Fe, Al, Ca, Mn, Mg) in fresh water-mobilizable fraction (below 1 pum) without freeze-drying. Data
obtained from the incubation of fresh sediment under redox ocillation (see section 11.2.3). *Colloidal
concentration of OC was accounted for fraction 0.2 — 1 pm due to contamination from ultrafiltration material for
fraction 10 kDa — 0.2 pum.
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By comparison the results of CC; and CCy, a significant mass of colloids could be lost during freeze-
drying (from 8-100 %). The freeze-drying removes water by sublimation of ice, however, if
concentration of material are low, the interparticle forces between colloids are not sufficient to retain
colloids from flying off with the flow of ice under vacuum (Brydon et al., 1963). Though, a hint for the
breakdown of interparticle bonds between colloids during freeze-drying might be seen by the powdery
and fluffy structure of colloids (Fig. 53b) compared to what is obtained by oven evaporation (at 30°C,
Fig. 53a). However, this phenomena has not been stated elsewhere nor subjected to recent researches,
therefore, the proposition of colloid moving with ice sublimation cannot be considered as a reliable
hypothesis.

Another hypothesis relied on the impact of drying on hydrophobicity of dispersed colloids initiated by
Klitzke and Lang, (2007), could suggest that the loss of colloids with ice might also be induced by the
increase in hydrophilicity of colloids that enhance hydrogen bonding of colloids towards water
molecules which results in removal of both ice crystal and adhesion colloids. However, this effect of
freeze-drying on surface hydrophobicity of colloids cannot be deduced in this study and needs further
investigation.

A third hypothesis could be due to the fragmentation of colloids under very high centrifugation forces
(6000g) during ultrafiltration that can release nanocolloids sized lower than 10 kDa and pass through
the ultrafiltraion unit membrane. The impact of centrifugation at high speed was shown to have impacts
on increasing both organic and inorganic species in dissolved fraction (see Part 111.1.2, elemental content
of fraction below 0.2 um by protocol e, Fig. 25b). The high centrifugation force perhaps disrupted the
organo-mineral colloids that generally have lower stability and ahsesion forces. The release of
nanocolloids after ultrafiltration at 10 kDa could contribute to overestimate TDS level by increasing the
contents of Fe, Al, Ca, Mn, Mg in fraction below 10 kDa determined by MP-AES. This overestimation
of TDS would then lead to underestimation of CC;.

Figure 53. Effect of water evaporation at 30°C (a) and freeze-drying (b) on structure of water-mobilizable
fraction (including colloids and dissolved species).

Based on these preliminary experimental results, it can be deduced that the application of freeze-drying
to pretreat water-mobilizable fraction for afterward quantification of colloidal concentration is not
recommended, particularly for sedimentary colloids in regard to loss of colloidal material under ice
sublimation and vacuum. This problem has not been indicated in literature that freeze-dried colloidal
material and thus requires further examination to identify the real impacts of freeze-drying on
sedimentary colloidal. For this, a proposition is to examine the differences in colloidal concentration
and colloid composition obtained from oven-dried and freeze-dried colloidal sample. In case the loss of
colloids caused by low density and interparticle forces, the increase of colloidal concentration could be
achieved by CFF separation at high concentration factor.
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111.3.3.4. Conclusion

In general, the use of freeze-drying as a pre-treatment for colloid quantification showed drawbacks on
the recovery guantity of colloids. This lower colloid recovery could be a result of either freeze-drying
process (vacuum of low-density particles, change in colloid hydrophobicity) or the impact of
centrifugation-based ultrafiltration process (induce release of nanocolloids due to fragmentation of
larger size colloids). Further examination could be interesting to elucidate which parameter affect the
use of freeze-drying on colloid quantification, for example, characterization of colloid surface properties
and checking the impact of ultrafiltration unit on size of colloids. Though, according to obtained results,
it is recommended not using freeze-drying protocol to obtain the dry mass of colloids. Other
guantification protocols could be employed, such as drying at 30°C or turbidity (Yan et al., 2017D).

111.3.4. Conclusion

Concerning the mobility and behavior of P in association with colloids under redox dynamic condition,
the main messages are:
- Between 67 % and 100 % of released P during oxic/anoxic/oxic cycles was in colloidal form,
mainly in 300 kDa-0.45 um fraction.
- Prelease was promoted in anoxia:
o About 40 % of total sedimentary P can be released under water-mobilizable form
(below 1 um) during anoxic condition.
o The release of colloidal P could be due to reductive dissolution of iron cement.
o Truly dissolved P was unstable under prolonged anoxia, probably by secondary mineral
formation.
- Oxic condition induced very low production of colloidal P:
o Major part of anoxia-released colloidal P remained in oxic solution.
o About 20 % of total sedimentary P remained in suspension under colloidal form (sized
300 kDa-0.45 um) when condition got oxic again.
- Flocculation/agglomeration of colloidal P during extended anoxia to form large colloidal size
and during extended oxic condition to from small/intermediate colloidal size, probably due to
OM surface complexation and release of coagulants (Fe?*, Ca?*, Mg?* and Mn?"

Concerning the quantification of colloids, the use of freeze-drying as a pretreatment to obtain dry
colloidal mass is not recommended due to possible mass loss under vacuum.
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Part IV : General discussion and conclusion

Previous study of Champsanglard dam reservoir suggested that sediments can release P not only under
dissolved inorganic phosphorus (DIP) but also under colloidal form (Rapin, 2018). From this
supposition and from growing evidence on colloidal-bound P transport in various matrices (soil, water,
vadose sediment, groundwater), an investigation on the presence of colloidal P in the sediment as well
as sedimentary colloids mobility in reservoir sediments was of great interest.

In this context, this PhD work aimed to evaluate the role of sediments accumulated in dam reservoir
(Champsanglard, Creuse River, France) to release P and to assess the contribution of colloids in the
mobility and bioavailability of P.

Experimental part of this work assembled the results concerning the following tasks:

- Characterization of Champsanglard sediments (presented for each Part 111.1, I11.2 and 111.3).

- Assessment of the role of the methods selected for colloid extraction, separation and for
sediment storage on the quantification of water-mobilizable sedimentary colloids (fraction 0.2
—1um)and P (Part Il1. 1).

- Evaluation of the potential of Champsanglard sediments to release colloids (fraction 0 — 1 um)
and P :

o under sediment resuspension (Part I11.2).
o under changing redox condition (Part 111.3).

The synthesize and main outcomes of this dissertation is aimed to provide a new prospect of the internal
P load from sediment to water column in reservoir context, considering the colloidal fraction.

IV.1. How sediment storage mode and colloid extraction/separation protocol influence on the
guantity and quality of colloids recovered from sediment matrix?

Natural colloids are heterogenous in size and composition (organic, mineral, organo-mineral). In
sediments, colloids could be present in interstitial space or be attached to organic and mineral particles
or in association with other colloids (Kretzschmar et al., 1999). Subsequently, the quantification and
characterization of sedimentary mobilizable colloids require an appropriate method for colloid
extraction from raw materials as well as suitable method for colloid separation from truly dissolved and
particulate fractions. Moreover, because the extraction of colloids is done under laboratory condition,
thus, an appropriate method to store sediment dedicated to the colloid extraction after field sampling is
also necessary.

On these subjects, the first stage of this research work devoted on an evaluation of various methods for
colloids extraction (agitation, sonication), colloids separation (filtration, centrifugation and their
combination) and sediment storage prior to colloid recovery (wet sediment, drying at 20°C, drying at
40°C and freeze drying). It was conducted with Champsanglard sediment sampled in the lacustrine part
of the reservoir. At this stage, we also provided a preliminary evaluation on the importance of P present
in colloidal form compared to truly dissolved P.

The results (presented in part 111.1) demonstrated that each examined method provided a different result
comparing to each other with a factor up to 40, either in terms of mass or quality (chemical composition,
size distribution) of recovered colloids. According to an evaluation of the quantity and chemical
properties of the recovered colloids between the examined methods, an identification of proper approach
to isolate colloids from sediment was proposed.



The results of the evaluation of colloids extraction from the sediment by various methods indicated that
sonication (at 240 J/mL) provided more powerful energy and generated more colloids than the less
energetic agitation. The change in colloidal size distribution, shape toward more globular and chemical
composition towards more organic was demonstrated. The colloids released under the ultrasonic field
may contain not only labile colloids present in porewater, but also the colloids generated upon disruption
of the sediment structure and colloidal agglomeration. The alkaline extraction is also not recommended
because a higher pH can release additional colloids by the dissolution of organic binding agent in
aggregates or between colloids and sedimentary particles. Furthermore, when dealing with the
evaluation of sedimentary P mobility, this method leads to overestimation because of P desorption due
to competition for sorption sites with hydroxide ions.

Regarding separation of colloids following extraction, one of the interesting outcomes is that a filtration
at 1 pm is not sufficient because of rapid filter clogging and thus underestimation in the mass of
recovered colloids. In contrast, the application of the sole centrifugation (i.e., successive centrifugations,
in replacement of 1 um filtration) can easily lead to inaccuracies in the cut-off size due to heterogeneity
in particle density, and eventually overestimation of the colloid quantity. In this case of heterogenous
sample, the filtration at 1 um is necessary and important to ensure correct cut-off size. However, it is
important to perform a preliminary pre-separation to avoid filter clogging by removal of large particles
with either filtration (e.g., 2.7 um) or centrifugation (e.g., at 272 g and during 6 min for a particle density
of 2.42).

Concerning the modes of sediment storage and compared to fresh wet sediment, large colloids extracted
from dried sediments showed higher concentrations of organic carbon (1.2 to 1.5-fold) and P (1.5 t0 2.9-
fold), and particularly significant increase in Ca (2.6-fold) concentration after freeze-drying. Therefore,
attention should be paid to how the sediment is stored prior to colloid extraction. This finding also
reveals the impact of single drying and rewetting on mobilization of sedimentary colloids by a decline
from 12 to 75 % in mass depending on drying mode.

In conclusion, the correct approach to isolate sedimentary colloids is necessary to be identify according
to sample characteristics. For the case of Champsanglard sediments, the proper approach is (i) to extract
colloids from fresh wet sediment using low mechanical energy such as agitation and (ii) to separate
colloids from suspension (containing particles, colloids and dissolved species) by filtration with pre-
separation at higher cut-off size using filtration (e.g., 2.7 um) or centrifugation (e.g., at 272 g and during
6 min for a particle density of 2.42). A proposal guideline allowing feasible and correct selection of
colloid extraction protocol from sediment is presented in Fig. 54.

In addition to the evaluation of proper colloid recovery methods, this chapter provides, on the other
aspect, a confirmation on the important presence of P in the sediment in colloidal forms. It concerns not
only large fraction 0.2-1 um but also the fraction operationally defined as dissolved (below 0.2 um).
The amount of sedimentary P bound to colloids was significantly higher, 4 to 34-fold depending on the
recovery method, than truly dissolved P and attributed a proportion of up to 5.8 % of total sedimentary
P, justifying further evaluation in reservoir context.
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Framework for selection of colloid extraction protocols from fresh sediment

Identify sediment characteristics (heterogeneity, dispersibility) and objectives of study

!
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No

without chemical treatment?

!

h 4
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Figure 54. Framework for selecting a method for of colloid extraction from a sediment matrix.

Research into validating the most appropriate method to recover colloids from sediment is still far from
complete. Further examination should include testing different solid-liquid mass ratios, the duration of
the extraction and the power of extraction (agitation and sonication). It is also important to consider the
sediment characteristics (e.g., compare the quantity and quality of colloids recovered from sediment that
is poor in P and OM, or richer in clay minerals, or sediment originated from calcareous watershed). In
addition, there is no validated method for accurate quantification of dry colloidal mass, thus, it is
important to develop this quantification method. If such evaluations could be performed, it would be
possible to develop a standard normalized procedure for isolating colloids from sediment or other
matrices. This standard for colloid recovery procedure could support feasible cross-studies comparison.

IV.2. What is the potential of reservoir sediment to release colloids and colloidal P?

IV.2.1. In-situ variability in water-mobilizable fractions of colloids and colloidal P from
reservoir surface sediments

The accumulation of sediments in a dam reservoir behaves differently than in a natural lake due to the
intermediate hydrodynamic characteristics between the river and the lake. The spatial distribution of the
sediment in reservoirs is complex, unevenly and dependent on deposit location and hydrodynamic
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energy (Abraham et al., 1999). The preferential accumulation of fine sediment usually occurs in low-
energy zones, such as deeper zones and shoreline areas (Rose et al., 1993; Kirk and Bradley, 1995).

The need to investigate the spatial variability of the potential of sediment to release colloids and P in
Champsanglard reservoir is justified by important spatial heterogeneity in (i) chemical composition of
accumulated sediment and (ii) sedimentary P stock and speciation as revealed by sequential extraction
by Rapin et al., (2020). In addition, the Champsanglard dam induces a fluctuation of water-level up to
few meters in the reservoir, and thus a part of sediment, located in banks and tails of dam reservair,
could be impacted by drying during low water flow. In this study, we demonstrated that sediment drying
has a significant impact on the physicochemical characteristics of recovered colloids (Part 111.1.2),
therefore the potential of the sediments impacted by drying could be different compared to the
permanently submerged sediments.

Despite previous evidence of the intrinsic presence of water mobilizable colloids and P in the sediment
accumulated in lacustrine part of the reservoir (Nguyen et al., 2020), their occurrence in sediments
deposited along and across the reservoir remained questionable. Therefore, in order to assess the spatial
distribution of water mobilizable colloids and P at the reservoir scale, an in-situ investigation had taken
into account the: (i) longitudinal variability according to channel hydrodynamic and morphology and
(ii) lateral variability according to changes in local hydraulic pattern and topography (Part 111.2). The
results of this part provide notable information about the spatial heterogeneous potential of sediment to
release water-mobilizable colloids and P.

For all studied sites, results showed that the size of colloids was polydisperse and was not significantly
impacted by different deposition sites. The variability in the content of water-mobilizable colloids from
bottom sediments was strongly correlated to sediment granulometry. Indeed, higher amount of water
mobilizable colloids was found for fine-grained sediments. This indicated that the distribution of
sedimentary colloids was dependent on deposition of fine-grained particles, the process mainly driven
by flow dynamic and channel morphology (Fig. 55). The potential of the sediment to release colloids
and P was higher for bottom sediments accumulated in the lacustrine part of the reservoir and increased
towards the dam, in comparison to bottom sediments accumulated in the riverine zone. The quantity of
colloids suitable for mobilization in riverine bottom sediments was attributed to about 0.35 + 0.02 % of
the sediment mass whereas for lacustrine bottom sediments this amount was averagely at 1.5 + 0.04 %
of the sediment mass.

Chemical composition of the recovered colloids reflected the geological context of the watershed
(mainly granitic). However, it did not strongly inherit the chemical properties of in-situ sediment and
was rather influenced by in-situ biogeochemical dynamics, such as removal of organic colloids with
more turbulent upstream flow and Fe recycling upon periodical development of anoxia in the bottom of
lacustrine area. Colloids found in riverine bottom sediments were richer in P, Fe and Ca than colloids
from lacustrine bottom sediments (Fig. 55).

In lacustrine bottom sediments, the water-mobilizable P (Pwwm) represented an average of 4.4 % of total
sedimentary P and a major part of this Pwwm (91 %) was in colloidal form (Fig. 55). Meanwhile, in riverine
bottom sediments, the Pwm were attributed to 3.7 % of total sedimentary P, averagely, and contained
lower proportion of colloidal P (80 % of Pwwm) (Fig. 55). Whatever the localization of sediment, this
result has pointed of that sedimentary released colloids are richer in P than sediment themselves and
thus represent a phosphorus hot spot inside sediment. These lower quantities of Pwwm and proportion of
colloidal P in riverine bottom sediment compared to lacustrine one was mainly due to the decline of
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large colloidal P. This decline could be explained by increased organic matter oxidation in more
oxygenated environment involving the degradation of colloids.
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Figure 55. Variability in mass (mg/gow-sediment) @and chemical composition of large colloids (mg/gpbw-colioid), and
partitioning of water-mobilizable P between riverine and lacustrine regions of Champsanglard reservoir.

The Champsanglard reservoir featured by two inlets of tributary, one located in the tail of the reservoir
(point 7) and another located in the lacustrine zone (point 3) that is coupled with meandering bend
(namely confluent meander bend). The entering of two tributaries showed a significant impact on the
allocation of water-mobilizable colloids to the downstream of confluence (Fig. 56). The more turbulent
conditions at the mixing boundary of two flows prevent the finest and low-density particles from settling
and even resuspend deposited material. At the same time, the tributaries carry an additional load of
suspended materials either from tributary flow or from the bank erosion that contributes to downstream
deposition. In our system, higher quantity of water mobilizable colloids was detected on site 2, the site
in the downstream of the tributary in the confluent meander bend (Fig. 56), with a significant elevation
in colloid quantity by 30 % to reach a maximum quantity of colloids at 2.3 % of sediment mass. This
redistribution of colloids with turbulent flow was effective mainly for organic colloids in which higher
organic concentration was found in downstream deposition of tributaries (Fig. 56). Therefore, higher
organic concentration in recovered colloids was found in the sediment deposited downstream of
confluent meander bend (site 2). The impact of this tributary on the quantity of Pwwm in downstream
sediment (site 2) and on partitioning between colloidal and dissolved forms were not significant (Fig.
56). However, a slight lower in percentage of Pwwm to total sediment P was noticed in the downstream of
both tributaries, for instances, from 5.2 + 0.1 % at confluent meander bend dropped to 4.5 £ 0.2 % in
deposited downstream sediment (site 2) and from 4.4 £ 0.3 % at tail confluence dropped to 3.5+ 0.2 %
in downstream sediment (site 6).
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Figure 56. Variabilities in mass (Mg/gow-sediment) @and chemical composition of large colloids (Mg/gow-colioid), and
partitioning of water-mobilizable P under downstream influence of tributaries.

Together with lacustrine zone, the shoreline of riverine part of reservoir was also characterized by lower
energy flow and sediments located in this area also contained higher reserve of colloids than the
sediments located in higher energy riverbed. However, unlike the strong influence of channel
morphology and hydrodynamic on colloid mobility in lacustrine zone, the bank sediments were more
affected by the variations in the water table level. The fluctuations in water level lead to the alternating
desiccation (at low-flow) and rewetting (at high-flow) of sediments deposited in the bank of the channel.
The regular alternation between drying and rewetting of sediment showed strong impact on water-
mobilizable colloids and P levels (Fig. 57). Quantity of water-mobilizable colloids in bank sediments
were attributed from 0.65 % to 1.7 % of sediment mass and were higher than observed for bottom
sediments with a factor from 1.7 to 6. The higher amount of colloids in sediments towards the land was
highly linked to duration of air exposure and frequency of drying/rewetting. Bank sediments exhibited
also differences in chemical composition of their colloids in comparison with bottom sediments. The
concentrations of P, Ca and Mg in colloids were lower for bank sediments than in colloids from
associated bottom sediments. Among bank sediments, the concentrations of P, OC, Fe, Al in large
colloids showed a tendency to decrease with increasing bank surface altitude.

The quantity of Pwwm across the river transect was not related to the amount of water-mobilizable colloids.
Pwwm level was higher in bank than in bottom sediments, with the highest Pww found in sediments located
at the shoreline and experienced rapid drying and rewetting. Among bank sediments, the higher bank
surface altitude and the lower frequency and duration of rewetting were observed together with the lower
level of large colloidal P but higher levels of dissolved and small/nano colloidal P (below 0.2 pm). As
shown in Fig. 57, the Pwm in sediment that was regularly submerged (site 8A) contained 20 % of
dissolved P and 80 % of colloidal P. Whereas, the Pwwm in sediments that are regularly desiccated (at
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higher bank surface altitude) contain generally higher proportion of dissolved P (50 % for sites 8B - 8C
and 80 % for site 9B) and lower proportion of colloidal P (50 % for site 8B - 8C and 20 % for site 9B).
In a scenario of global climate change, the fluctuation of water level could be reinforced and cause
higher loss in sedimentary dissolved P and subsequently, higher P availability in associated water body

of this areas.
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Figure 57. Variabilities in mass (Mg/gow-sediment) and chemical composition (Mg/gow-colioia) OF large colloids and
partitioning of water-mobilizable P across two transects of water-level fluctuation zones (WFZ-1 and WFZ-2).

1VV.2.2. Potential of lacustrine sediment to mobilize colloidal P upon anoxic condition

According to the field investigation in spatial variability of sedimentary P-colloid along Champsanglard
reservoir, the sediments accumulated in lacustrine region contained higher level of water-mobilizable P,
especially in large/intermediate colloidal form, than in riverine region. Lacustrine region is often
characterized by deeper (about 12 m) and more stagnant water that can favor the development of anoxic
condition in bottom sediment with stratified water layer. The finding of Rapin et al., (2019) concerning
the presence of temporal anoxic condition in the reservoir water in the lacustrine part of the
Champsanglard and their hypothesis regarding the formation of colloids under the oxidation of
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previously reduced sedimentary iron, the sense to investigate the fate and behavior of colloidal P under
redox changing conditions was reinforced.

Therefore, in order to assess the colloidal phosphorus mobility at the water/sediment interface, a
laboratory experimentation was performed by incubating sediment submitted to changing redox
condition, and a particular focus was made on colloidal fraction.

First major result of this experimentation is that a strong amount of phosphorus, corresponding to 0.8
mg P/gow-ses Was released in solution during oxic/anoxic/oxic incubation, represented about 40 £ 5 %
of total sedimentary P. This points out a hon-permanent retention of P in this sediment. The release of
Pwwm was mainly operated under anoxia. Indeed, during the first oxic stage, it represented only 1.0 + 0.2
% of total P in sediment, highlighting that permanent oxic condition restricts the mobilization of
sedimentary P in colloidal and dissolved forms compared to anoxia. This important P generation and
release under anoxia could be linked to complex reactions that encompassing redox dynamic of Fe,
organic matter evolution and presence of multivalent cations. In fact, Fe oxy(hydr)oxides are a host
phase of P and can act as cementing agents, binding organo-mineral colloids together or with sediment.
Reductive dissolution of iron minerals could be one of the key mechanisms involved in the release of
both dissolved and colloidal P. Under oxic condition, such redox-sensible species (Fe) do not transform,
and low amount of sedimentary P reloaded the water. Moreover, the change in solution pH and
mobilization of organic compounds in anoxia were likely to impact on surface interaction, by increasing
negative surface charges of colloids and particles and enhancing electrostatic repulsion between colloid-
colloid and between colloid-particle. As iron, organic matter acts also as binding agent in aggregates or
between colloids and sedimentary particles and its release can thus promote colloids mobilization.

The second major result is that the released Pwwm was mostly present in colloidal fraction (from 67 % to
97 % of Pwwm) and that a transformation in size class of colloidal P occurred during anoxia from
small/intermediate size (300 kDa — 0.45 um) in the first 14 days, then, to large size (0.45 — 1 um) by the
end of anoxia stage (22 days). Surprisingly, the release of truly dissolved P, instead of continued to
increase over time with extended anoxia, was unstable throughout the incubation and a major part (78
% of maximum released dissolved P at 0.08 + 0.04 mg P/gpw-seq) Was depleted from solution in the
meantime of colloidal size shifting. The monitoring of truly dissolved fraction and colloidal composition
over time indicates that various parameters and processes could contribute to these phenomena. Increase
in pH during anoxia led to the released of organic matter that on one hand stabilized the dispersed colloid
and keeping them suspended, and on another hand, promote aggregation of the organic matter-iron(ll)
colloids and contribute to formation of large colloidal P via surface complexation. These two effects of
organic compounds could be overlap and induce complex colloidal system. Furthermore, a precipitation
of commonly found authigenic iron phosphate minerals, the vivianite, was effectively able to occur
according to thermodynamic and could explain for depletion of truly dissolved P during anoxia. The
role of multivalent cations such as Fe?*, Ca?*, Mg?" and Mn?* present in solution could impact on re-
adsorption of dissolved P on organo-mineral surface via surface bridging or act as coagulants that
neutralize negative charges of released colloids and destabilize colloids to form agglomerates of larger
size.

The third major result is that a return to oxic condition after anoxic stage, which did not allow a return
to initial stage with very low P mobilization from sediment. In this condition, a large amount of Pwm
was still present, at 0.45 + 0.08 mg P/gow-sed (22 £ 4 % of Pseq) in sediment solution and could be able
for a liberation from interstitial water to overlying water once sediment gets disturbed, especially in
nano-colloidal form (10 — 300 kDa) at first then mainly in small/intermediate colloidal form (300 kDa
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—0.45 pm). This is a main result for reservoir management. Sediment oxygenation permits the formation
of small/intermediate colloidal P englobing approximately 80 % of Pwm and 15 % of total sedimentary
P. At this stage, organic matter seemed to be a major factor controlling the dynamic of P. A high organic
content in solution can constraint flocculation process, stabilize small/intermediate colloidal P and limit
the redeposition of colloids into sediment.

This study highlights the enormous release of sedimentary P to reservoir solution in form of colloids
once anoxia developed at the bottom of reservoir. The more important remark is the stable suspension
of these colloidal P even in oxic water once being liberated. Therefore, in the context of large dam
reservoir where temporal anoxic condition occurs, the risk of bottom sediment to reload P to water
column is high and durable since the form of mobilized P is labile, dynamic but stable.

IVV.3. The releasing risk of water-mobilizable P from reservoir sediment to water column

According to the results concerning the evaluation of the potential release of water-mobilizable P from
reservoir sediments upon resuspension (Part Ill. 2) and concerning the notable release of water-
mobilizable P under anoxia (Part Ill. 3), it is relevant to highlight the risky zones and conditions
responsible for P release from sediments to reservoir water.

Bottom sediments accumulated in lacustrine part of the reservoir exhibited higher amount of water-
mobilizable P than bottom sediments occurring in riverine area. The power of sediment mechanical
perturbation played an important role of the quantity of mobilizable large P-colloids (0.2 - 1 um). For
example, the release of large/intermediate P-colloids from the lacustrine bottom sediment accumulated
in site 2 and under oxic condition was 6.5 + 2.2 ug P/gow-sed (0.32 = 0.11 % of Pseq) under gentle
perturbated condition (manual batched agitation during first oxic stage of redox experiment) and was
12-fold lower than under the more vigorous perturbated condition (agitation at 200 rpm, 24 h) at 70.7 +
3.1 pug P/gow-sed (3.9 £ 0.2 % of Psq) (Table 19). The release of small/nano colloidal P under oxic
condition was low for both gentle and more vigorous agitation, at 11.1 + 0.7 pg P/gow-seq respectively
(0.54 £ 0.04 % of Pseg) and 3.9 £ 0.2 g P/gow-sed (0.21 £ 0.01 % of Pseq), respectively. This observation
indicates that the mobilization of large P-colloids from sediment to water column can occur at low
amount and without significant changes in physical and chemical properties of solution and was fortified
when sediment experienced more turbulent condition, like resuspension.

Under anoxic condition, the amount of sedimentary P released in large colloidal form increased up to
75-fold to reach 0.49 + 0.09 mg/gow-sed and attributed to 23.9 + 4.6 % of Pseq (Table 25). In addition, an
important release of sedimentary P was also observed in small/nano colloidal fraction, at 0.30 £ 0.01
MQ/gow-sed (14.7 £ 0.6 % of Pseq). Thus, it is possible that during summertime, the development of anoxia
in hypolimnion of reservoir upon thermal stratification lead to an important release of sedimentary P to
water column under colloidal form (especially the large colloids) without sediment resuspension.

As for the riverine section of the reservoir, the surface sediments accumulated in this part are more
oxygenated compared to lacustrine sediments, and the bank sediments are additionally affected by
fluctuations in the water-level. This bank sediments frequently subjected to drying and rewetting, have
a high potential to release large P-colloids (site 2, Table 25) and comparable to the bottom sediments
upon resuspension. The highest release of the small/nano P-colloids were obtained also for bank
sediments, at site 8A and site 8C can release comparable amounts at 11.1 + 1.6 mg/gow-sed (1.6 £ 0.3 %
of Pseq) and 11.7 £ 2.1 mg/gow-sed (1.3 £ 0.3 % of Pseq) respectively (Table 25). It should also be noted
that bank sediments subjected to water-level fluctuations release up to 4.5-fold more dissolved P than
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bottom sediments upon resuspension (Part 111. 2). Consequently, special attention should be paid to the
sediment deposited in water-level fluctuation zone, as they can release bioavailable P.

Table 25. Comparison in water-mobilizable P, small/nano and large colloidal P release from sediment under
various conditions (mechanical resuspension and changing redox condition) between riverine and lacustrine
areas and between bank and bottom deposition. Releasing condition of resuspension refers to agitation of
sediment under laboratory condition (orbital agitation at 200 rpm, results showed in Part 111.2). Releasing
condition under oxic phase refers to gentle agitation under the first oxic phase of redox changing experiment
(results showed in Part 111.3.2). Releasing condition under anoxic phase refers to gentle agitation under the
anoxic phase of redox changing experiment (results showed in Part 111.3.2).

Note: NA: not available, ND: not determined, < LOQ: inferior to limit of quantification

Zone of reservoir Riverine Lacustrine
Sediment sampling site Bank 8C Bank 8A Bottom 8 Bottom 2
Releasing condition Resuspension Resuspension Resuspension Resuspension Oxic Anoxic
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Water-mobilizable P ug/g sed 23.0 3.0 38.0 3.0 17.9 0.8 80.0 4.0 19.0 3.0 800.0 | 100.0
% TP sed 2.4% 0.3% 5.6% 03% | 2.5% | 0.4% 4.5% 0.2% 0.9% 0.1% | 40.00% | 5.0%
Smallfnano coloidal P ug/g sed 117 2.0 11.0 2.0 0.5 0.1 3.9 0.1 111 0.7 300 20.0
% TP sed 1.3% 0.2% 1.6% 0.2% | 0.1% | 0.0% 0.2% 0.0% 0.5% 0.0% | 147% | 0.6%
pg/g sed <loQ | <LoQ | 210 15 14.0 0.8 71 4 6.5 2.1 500.0 | 100.0
ge/intermediate colloid % TP sed NA NA 3.1% 03% | 2.0% | 0.4% 3.9% 0.2% 0.3% 0.1% | 24.0% 5.0%
mg/g colloid NA NA 3.30 0.40 530 | 0.40 3.10 0.20 ND ND ND ND

Apart from evaluating the potential of reservoir sediments to release water-mobilizable P, this work also
highlights the release of other elements like OC, Fe, Al and Ca in form colloidal and dissolved form
(Table 26). In oxic condition, the highest potential to release large colloidal OC, Fe and Al were obtained
for bank sediments deposited at the shoreline, frequently submitted to drying and rewetting (site 8A)
and lacustrine bottom sediments with resuspension (site 2, Table 25), as for P. Under anoxic condition,
for site 2, the level of P in large colloids is far higher than what were observed in all other tested
conditions, and far higher than the levels of OC, Fe, Al and Ca. Further investigations should be carried
out to identify the involved processes.
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Table 26. Comparison of the content of large colloidal OC, Fe, Al and Ca released from sediments under various
conditions (mechanical resuspension and changing redox condition) between riverine and lacustrine regions and
between bank and bottom deposition. Releasing condition of resuspension refers to sediment agitation under
laboratory condition (results showed in Part 111.2). Releasing condition under oxic phase refers to gentle agitation
under the first oxic phase of redox changing experiment (results showed in Part 111.3.2). Releasing condition
under anoxic phase refers to gentle agitation under the anoxic phase of redox changing experiment (results
showed in Part 111.3.2).

Note: NA: not available, ND: not determined.

Zone of reservoir

Sediment sampling site

Bank (site 8C)

Riverine

Bank (site 8A)

Bottom (site 8)

Lacustrine

Bottom (site 2)

Releasing condition Resuspension = Resuspension = Resuspension = Resuspension Oxic Anoxic

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
mg/g sed 0.30 0.05 0.29 @ 0.01 0.04 0.02 1.6 0.3 0.11 0.03 0.62 | 0.12

Large colloidal OC % OC sed 0.24 004 042 ©0.01 0.14 0.08 1.6 0.3 0.10 0.03 0.6 0.2
mg/g colloid 20 6 43 4 20 20 70 20 ND ND ND ND

mg/g sed 0.66 0.03 044 0.03 0.18 0.02 1.16 = 0.08 0.11 0.02 0.2 0.2

Large colloidal Fe % Fe sed 1.3% 0.08 1.2 0.1 0.46 0.05 14 0.1 0.13 0.02 0.2 0.2
mg/g colloid 40 5 69 3 64 2 51 4 ND ND ND ND

mg/g sed 136 0.06 0.69 0.05 0.27 0.01 3 2 0.07 0.01 0.22  0.05

Large colloidal Al % Al sed 2.6 0.3 1.6% 0.2 0.66 0.02 2.1 0.7 0.04 0.01 0.14  0.03
mg/g colloid 90 10 106 5 110 20 140 50 ND ND ND ND

mg/g sed 0.12 0.03 0.06 @ 0.01 0.11 0.01 0.22 0.05 0.0019 0.0033 0.3 0.3

Large colloidal Ca % Ca sed 1.6 0.4 1.2 0.3 3.0 0.6 2.7 0.7 0.02 0.04 4 4
mg/g colloid 8 3 10. 4 40 8 10 3 ND ND ND ND

Prospects to broaden this study:

This thesis pointed out the main role of colloidal fraction in internal P loads in Champsanglard reservoir.
It also highlights the spatial variability of sedimentary colloids and associated P along reservaoir,
considering tributary influence and specific behaviour of bank sediments. In order to fulfil the
understanding about the processes involved in mobility of colloidal P from sediment to water column,
in the future it could be interesting to examine the following subjects:

- Single drying and rewetting (air-dry mode, part 111.1.2) of lacustrine sediment was shown to induce
higher release of small and nano P-colloids compared to wet sediment. Also, the in-situ bank
sediments deposited in riverine area, and affected by several DRW cycles, showed higher release of
large and small/nano colloidal P than permanently submerged sediments (part 111.2). Therefore, it is
important to test the impact of different frequency and duration of drying and rewetting cycles on
the release of water-mobilizable P of reservoir sediments. Especially in the context of sediments
excavation related to dam management and in the context of climatic changes that influence
hydrological patterns. This could evaluate the risk sediment drying and rewetting in the release of P
(both small/nano and large colloids) during sediment drying and resuspension.

- Temporal thermal stratification can induce repeated anoxic and oxic phases at the bottom sediment.
therefore, the evaluation of colloidal P dynamic under oscillating redox conditions is necessary to
better evaluate the risk of internal colloidal P loads.

- Since colloidal fraction is dynamic and continuously undergoes mobilization and removal in aquatic
environment, the monitoring of colloids and associated P under changing redox condition should be
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carried out in less discrete sampling time, for example, sampling can be taken each day. Another
proposition is to work with higher volume of sample for each batch to allow more types of analysis,
such as DRX analysis for mineral phases, SEM-EDS observation for size and morphology of
colloids, FTIR spectroscopy for identify functional groups of OM.

The spatiotemporal variability in colloids and associated P should be examined and compared between
various dam reservoirs to better identify the key factors controlling their dynamics in reservoir context.

IV.4. Environmental aspects and impacts/practices

This thesis highlights the spatial distribution of sedimentary colloids susceptible to be released in dam
reservoir upon sediment resuspension and under changing redox condition. A considerable amount of
colloidal P in addition to truly dissolved P can be liberated from sediments to reservoir water, especially
when the sediment was impacted by the water-level fluctuation and/or subjected to anoxia. The release
of highly bioavailable forms of P from sediment could contribute to phytoplankton growth and
maintaining eutrophication in reservoir. Therefore, the management of the dam reservoir should
consider the physico-chemical conditions that can involve in higher P release from sediments: anoxia
and drying/rewetting. For these purposes, management strategies of dam reservoir should take into
account the following:

- Limit the development of anoxic condition in lacustrine zone of the reservoir. This management
strategy has been already recommended as a prevention against eutrophication and methanization.
Several technigues have been implemented such as bubble diffusion (Dijk and Vuuren, 2012; Lima
Neto, 2019) and hypolimnetic aeration (Singleton and Little, 2006). Though the aeration of
hypolimnion replenishes dissolved oxygen, this operation should be carefully considered because it
can cause resuspension of sediment and thus induce important P load to water column (as
highlighted in table 19).

- Control the drying/rewetting frequency of bank sediment: Reservoir water level should be managed
to avoid important water-level fluctuation that responsible for emergence and drying of bank
sediments, for example, by limit residence time or rapidly replenish water after reservoir emptying.
Another proposition could be to remove bank sediments that are rich in OM and P in case of long-
term emergence.

In addition, the release of water-mobilizable P from sediments to water could induce different
environmental impacts depending on season. For example, in case of summer thermal stratification,
anoxia-induced release of water-mobilizable P can favor bloom of phytoplankton. Furthermore, even
when conditions get oxic again, the P release from sediment could still represent a P load, able to sustain
eutrophication. In case of cold season, primary production is limited, the resuspension of water-
mobilizable P from sediment could migrate with downstream flow and impact the downstream dam
reservoir or contribute to P transport towards the ocean. The dissolved and small colloidal P (both
considered as bioavailable) generated in the bank sediments upon drying, can be flushed and transported
downstream during higher water level and thereby maintain phytoplankton bloom in lacustrine part of
the reservoir.
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Appendix

Hybrid silica gel as a new tool for testing the bioavailability of colloidal P for
phytoplancton uptake.

I. Introduction

Phosphorus is one of the restrictive elements in the primary productivity of terrestrial aquatic
environment and is considered as the main contributor in freshwater eutrophication (Cavalcante et al.,
2018). Both transfer of P along the land-water continuum as well as the release of P from accumulated
sediments may contribute to the increase of P concentration in aquatic systems (river, lakes). It has been
commonly known that the orthophosphates are directly available form of P for plankton to uptake
(Bostrom et al., 1988) and that the rate of orthophosphate release from soil/sediment varies depending
on P sources (organic, mineral) and operating mechanisms involved (desorption, mineral dissolution,
organic matter degradation). However, the supply in orthophosphate in an aquatic system is often
accompanied by simultaneous supply in colloidal P (Filella et al., 2006; Gu, 2017). Therefore, better
knowledge of the bioavailability of colloidal P is necessary. Especially the evaluation of the
bioavailability of sedimentary P-colloids that are easily mobilizable during mechanical disturbance or
redox changes (Henderson et al., 2012; Schroeder et al., 2019) because the release of sedimentary
colloids may be a critical factor controlling (bioavailable) P load to surface freshwater. It has been shown
that nano colloids significantly affect the bioavailability of P and facilitate P transport in the environment
(Saeed et al.,2018; Gottseling et al., 2017; Montalvo et al., 2015; Ekholm and Krogerus, 2003) and there
is not the link between biologically available P and chemically reactive P (Ekholm and Krogerus, 2003).

The assessment of P bioavailability is often based on the duration of experimentations and/or on the
reconstruction of the conditions observed in natural environment. For example, the evaluation of the
bioavailability of particulate P for algae is mostly done in long-term laboratory studies in liquid medium
(several weeks), meanwhile for colloidal P it consists mainly in short-term experimentations in liquid
medium (Baken et al., 2014; Van Moorleghem et al., 2013). Thus, the obtained results are different
according to various studies. For instance, Ellison and Brett, (2006) found that 17-26 % of particulate P
(sized between 8 and 180 um) are bioavailable for algae Pseudokirchneriella subcapitata during a
fourteen-day experiment, whereas Ekholm and Krogerus, (2003) identified a various degree of P
bioavailability: from 3.4 to 89% depending of the P sources (minimum for the lake bottom sediments
and soils, then river water and the highest for wastewater and urban water) and depending on the duration
of the bioassay. In contrast, the determination of bioavailability of colloidal P is often carried out in a
less than 14-day tests however, the bioavailability of colloidal P was mainly tested on synthetic colloidal
materials (Baken et al., 2014; Van Moorleghem et al., 2013). It was shown that synthetic colloids
composed of ferrihydrite and organic matter and characterized by a molar Fe/P ratio of 1 and 178
induced a high response of algal growth rate that is comparable with the growth rate at the medium
containing 5 pmol/L orthophosphates (Van Moorleghem et al., 2013). Using similar synthetic colloids
but at lower Fe/P ratio of 0.02-0.17 Baken et al., (2014) demonstrated that the phosphate adsorbed on
colloids was not available for algae. These few and contrasting results are not sufficient to conclude the
contribution of colloidal P to algal uptake and therefore, highlight the need for further investigation.

The colloidal P is generally neglected in the assessment of total bioavailable P. Though, their dominant
appearance in various environment (water, soil, sediment) as well as their ability to transport P, they
may contribute to important part in algal uptake (Zhang et al., 2019). Colloidal P can be available either
through direct uptake of P (Saeed et al., 2018), through P desorption by competition mechanism such as
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with hydroxyl in response to increase in pH (Sato and Comerford, 2005) and through colloids dissolution
(for example dissolution of Fe-colloids (Reynolds and Davies, 2001; Litchman and Nguyen, 2008, Van
Moorleghem et al., 2013). In the study of Saeed et al., (2018), the elevated chlorophyll level was found
to be adjacent with the presence of nano-colloidal P in hypolimnion of monomictic lake.

Assessing the bioavailability of colloids for microorganism (bacteria and algae) is not easy task. The
culture medium used in the laboratory for the cultivation of microorganisms must provide all the
necessary nutrients required for cell growth and maintain the optimal condition to assure their growth.
It is also necessary to assure sterilized condition to avoid external contamination. The growth of
microorganisms under laboratory conditions is commonly observed in the liquid medium or in Petri
dishes. However, the assessment of the bioavailability of colloids using a liquid medium is not promising
due of the flocculation of colloids (together with microorganisms) which on the one hand decrease
colloids reactivity and on the other hand probably lead to the death of microorganisms. The assessment
of the bioavailability of colloids for microorganisms cannot be carried out an agar-based solid medium,
due to uncontrolled impurities contained in the solidifying agent. Agar consists of various organic
polymers derived from marine algae and the growth of microorganisms on the surface of the gel has
often been affected by the impurities contained in gelling agent. Thus, one of the challenges for scientists
interested in the complex interactions between microorganisms and colloids in natural environment and
to evaluate the bioavailability of colloids for microbial uptake is to propose the effective solutions to
contouring methodological problems such as flocculation of colloids in the culture medium, adsorption
of colloids to the microorganisms as well as difficulty in controlling growth of microorganisms on agar-
based Petri-dishes. Immobilisation of colloids in an inorganic porous material (silica gel) could provide
a solution for contouring many operational problems. Sol-gel technique permit to prepare porous,
biologically friendly, mechanically and chemically inert, impurity free, inorganic silica gel (Grybos et
al., 2011).

The objective of this study was to to develop silica gel doped with natural P-colloids extracted from
bottom sediment of Champsanglard dam reservoir and to test this hybrid materials as a new technique
for the assessment of colloids bioavailability. In order to evaluate the potential of colloidal P to support
algal and cyanobacteria uptake and growth, the two strains: cyanobacteria Microcystis aeruginosa and
green algae Chlorella vulgaris were chosen for the cultivation under controlled condition in laboratory.
The tests were conducted in the manner to (i) check a potential toxicity of the hybrid silica gel (HSG)
for both microorganisms, to evaluate spontaneous release of P from HSG in used culture medium, and
to evaluate the bioavailability of colloids immobilized in HSG for both microorganisms. The biotests
were conducted in the culture medium (i) containing dissolved P (inorganic phosphates), (ii) exempt
dissolved P, (iii) exempt dissolved P but containing HSG, (iv) containing dissolved P and HSG. One
test was conducted abiotically in the culture medium exempt of dissolved P and containing HSG.

I1. Biotest for algal uptake of colloidal P

11.1 Preparation of colloidal suspension for embedding in silica gel

Colloids were extracted from the sediment collected at site 4 on May 2018 using successive filtrations
(at 2.7 um and 1 pm, WVR glass fiber) of a 24-h agitated sediment suspension (wet S/L of 1/10). The
extracted colloid suspension was concentrated by evaporation in ventilated oven at 40°C at a 2.4
concentration factor to reach P concentrations of 190 + 5 pug P/L (10.2 £ 0.2 pg P/gow-sed) Tor large
colloidal P and 650 + 20 pg P/L (35.4 + 1.0 pg P/gow-sed) for dissolved P. The concentration of large
colloidal P was determined as the differences between total P and dissolved P in fraction below than 1

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020 219
Licence CC BY-NC-ND 3.0



pm. The concentrations of total P and dissolved P was measured using kit HACH LANGE LCK 349
with and without hydrolysis, respectively.

11.2. Hybrid silica gel (HSG)

The concentrated colloidal suspension (2.4 mgow-colioid/gow-seq) Was embedded within the silica gel,
using a sol-gel technique and tetraethylorthosilicate (TEOS 99,99%, ACRQOS Organics) as precursor.
The silica sol was prepared by sonication under acidic condition to complete TEOS hydrolysis. Before
colloids incorporation, the pH of silica sol was increased to about 4 using NaOH (0.1 N) to avoid colloids
dissolution, and then to about 5 to accelerate self-condensation and sol-gel transition. Hybrid silica sol
was distributed in 2 ml sterile microplate (Thermo Fisher) and left 1 h at room temperature for gelation.
The capsules of hybrid silica gels were then sterilized at 121°C by 10-min autoclaving in UPW, rinced
twice and stored at 4°C in sterilized UPW until experimentation. This procedure produces finely grained,
homogenous hybrid silica gel (Grybos et al., 2010; Grybos et al., 2011).

The concentration of colloidal P in one capsule of HSG is approximately 30 pug P/L per unit of HSG.

11.3. Microorganismes, culture medium and incubation

The green algae Chlorella vulgaris CCAP 211/11B and cyanobacteria Microcystis aeruginosa PMC
728-11 strains were selected for this study for their rapid growth in synthetic culture medium and their
presence in natural aquatic environment. Both strains were supplied by the National Museum of Natural
History and Culture collection of algae and protozoa and were non-axenic. Prior to the incubations both
strains were cultured separately in modified Z8 medium (Kotai, 1972) at 23°C and light intensity of 20
umol.photon.m2.s? for day/night cycle of 15h/9h (SANYO Versatile environmental test chamber). Z8
medium is widely used for cultivation of algae in freshwater and assure rapid growth (Kotai, 1972;
Sivonen, 1990; Kaebernick et al., 2000; Salvador et al., 2016). However, to control dissolved P
concentration in the culture medium as well as to remove EDTA from Z8 medium (EDTA can chelate
metals such as Fe and thus impact P-colloids stability), we elaborate modified Z8 medium (M-Z8),
presented in Table 27.

The algal and cyanobacterial growth were tested in four conditions including (Fig. 58):
Test 1: P-rich M-Z8 medium — this test serve as a reference in the comparison with tests 2 and 3,

Test 2: P-free M-Z8 medium — to check of microorganismes are able to use their internal P stock for
assurig its growth,

Test 3: P-free M-Z8 medium packed with HSG - to test if the colloidal P embeded in silica gel is
bioavailable,

Test 4: P-rich M-Z8 medium packed with HSG to evaluate the toxicity of HSG — the TEOS -based sol-
gel procedure for preparing silica gel produce alcohol as a by product which should be evaluated
by autoclaving teatement. Since the HSG has never been used for supporting the growth of algae
and cyanobacteria, this test aimed to evaluate any adverse effect could be induced by HSG on
the growth of two strains.

The last test 5 was conducted abiotically in the M-Z8 medium exempt of dissolved P but complemented
by HSG to evaluate spontanous release of P from colloids.
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Table 27. Composition of M-Z8 medium

lons Salt Molar concentration
(mmol/L)
Na* NaNOs, Na,COs;, EDTA-Na,, NaOH, Na;WO4.2H,0 5.8640322
Ca? Ca(NO3)2.4H:0 0.2448444
Mg? MgSQ4.7H,0 0.0401623
Fe3* FeCl;.6H,0 0.0102553
We* Na;W04.2H.0 0.0000099
Mo®* (NH4)6M07024.4H20 0.0000493
zn? ZnS04.7H20 0.0000993
Cd?* Cd(NO3)..4H20 0.0000492
Co? Co(NOs3),.6H,0 0.0000497
Cu?* CuS0.4.5H,0 0.0000496
Ni?* NiSO4(NH4)2S04.6H20 0.0000491
Cr¥ Cr(NOs)3.9H,0 0.0000102
\Vasl VOSO;, 0.0000048
K* K2HPO4, KBr, KI, KAI(SO4)2.12H,0 0.0002495
AlF* KAI(S04),.12H,0 0.0000996
B3+ HsBOs 0.0049887
Mn?* MnSQO4.2H,0 0.0008469
NH.* (NH4)6M07024.4H,0, NiSO4(NH4)2504.6H,0, 0.0001406
NOg NaNQsz, Cd(NOs),2.4H,0, Co(NOs3)..6H.0, Cr(NOs)3.9H,0 5.9284540

S04z MgSQ4.7H,0, ZnS04.7H,0, CuS0O4.5H,0, VOSOy4,

KAI(S04)2.12H,0, MnS04.2H,0 0.0415455
PO4* K:HPO, 0.1762031
COsZ' Na,CO3 0.1981341
Cr FeCls.6H,0, HCI 0.0407658
Br KBr 0.0001003
I- Kl 0.0000495

Ngoc Diep NGUYEN | Thése de doctorat | Université de Limoges | 17 décembre 2020
Licence CC BY-NC-ND 3.0

221



Culture medium M-Z8 M-Z8 M-Z8 M-Z8 M-Z8

Source of P Culture medium Only Culture medium Only
Colloids and colloids Colloids
Total concentration of ~ 5.51 mg/L (MA) 0.053 mg/L (MA) 0.173 mg/L (MA) 5.63 mg/L (MA) 0.120 mg/L (MA)
DIP 5.46 mg/L (CV) 0.002 mg/L (CV) 0.122 mg/L (CV) 5.58 mg/L (CV) 0.120 mg/L (CV)
Microorganismes Yes Yes Yes Yes Non
Test target Growth of the Growth of the Growth of the Growth of the Evaluation of the
microorganismes  microorganismes microorganismes microorganismes in spontanous
in the dissolved without dissolved without dissolved P the dissolved P- release of P from
P-deped medium P but in the presnce of deped medium HSG
HSG and in the presence
(« internal P « Bioavailability » of of HSG
stock ») colloids « Toxicity » of HSG
Reference for Reference for test
test 2 and 4 3

Figure 58. Testing conditions for algal and cyanobacterial growth responding to colloidal P (test 3), in
comparison with nutrient-rich medium (test 1) and nutrient-freee medium (test 2). MA is annotated for
Microcystis aeruginosa. CV is annotated for Chlorella vulgaris.

The colloids used for bioassay test contained 190 + 5 pg P/L after being extracted from sediment and
concentrated by evaporation. The size of colloids ranged from 60 to 1000 nm, with two main size classes
of 60-100 nm (42 + 10 %) and 220-450 nm (31 + 18 %). The elemental concentrations of Fe, Al, Ca,
OC has not been determined yet (due to Covid-19 pandemic restriction).

The inoculants contained 1.62 x107 and 3.22 x10” cells/mL for C. vulgaris and M. aeruginosa,
respectively. The inoculant of C.vulgaris contained 25 + 1 ug P/L and of M. aeruginosa contained 710
+ 10 pg P/L. Even if extracted fraction (< 1 um) contained DIP, after washing of HSG in UPW, DIP
presented in HSG was under detection limit (< 20 pg P/L). The addition of inoculant marked the start
of uptake experiment. A 4-mL of inoculant was added to a 25-mL of M-Z8 medium for each test
condition. The cells in inoculant were neither previously washed nor starved. As shown in Fig. 58, The
concentrations of phosphates in culture media were about 5.5 mg P/L for tests 1 and 4 (using P-
containing M-Z8 medium), and about 150 pg P/L for tests 2 and 3 (using P-free M-Z8 medium and
HSG).

Both inoculants were characterized for P content and the number of cells before incubation. During the
biotest, optical density (OD) at 750 nm and concentration of dissolved phosphate were monitored
regularly to follow the growth of microorganismes and P uptake rate (Table 28). At the beginning and
at the end of biotest, the cell number was counted in addition to OD 750 nm along with measurement of
Chl-a.
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All preparation and sampling were performed in antiseptic condition under the laminar flow hood (BH-
EN 2004, FASTER). All materiels used were made by glass and were sterilized using autoclave at 121°C
and at 1 bar of pression during 20 min.

Table 28. Sampling planification and the analysis for each sampling day during biotest for colloidal P
bioavailability in two species Microcystis aeruginosa and Chlorella vulgaris

OD 750 OD 750 OD 750 OD 750 OD 750 OD 750
) DIP DIP DIP DIP DIP DIP
Analysis Cell number Cell number
Chl-a
Sampling volume (mL) 2 mL 2mL 2 mL 2 mL 2mL 17 mL
Remained volume (mL) 25 mL 23 mL 21 mL 19 mL 17 mL 0mL

I11. Growth evolution of Chlorella vulgaris and Microcystis aeruginosa in response to colloidal P

Figure 59 presents the growth curves of green algae C. vulgaris and cyanobacteria M. aeruginosa to
different source of P (inorganic orthophosphates versus natural P-bearing colloids) in comparison with
P-free condition.

Comparison between tests will bring information concerning:

- 1 versus 2: capacity of microorganism to use internal P stocks.
- 1versus 4: potential toxicity of HSG
- 2 versus 3: bioavailability of colloidal P

Microcystis aeruginosa

Microcystis aeruginosa
0,5 - 0,6
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Figure 59. Comparison of green algal growth curve (Chlorella vulgaris) and cyanobacteria (Microcystis
aeruginosa) in different conditions: Test 1: M-Z8 culture medium, Test 2: P-free M-Z8 culture
medium, Test 3: P-free M-Z8 containing HSG ; Test 4. M-Z8 culture medium containing HSG.
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The growth rate of C. vulgaris was comparable between culture mediums using othorphosphate and
HSG, with value of 0.21 (Table 29). These growth rates of C. vulgaris was significantly higher than in
P-free culture medium (growth rate of 0.14, Table 29). It should be noted that P-free culture medium
contained a small concentration of orthorphosphate origined from inoculant of C. vulgaris (2 pug P/L)
despite no orthophosphate was added. The continuing growth of C. vulgaris under low phosphate
concentration in P-free condition could be both due to the consumption of solution phosphate and the
use of intracellular P stock. The C. vulgaris is one of microorganism species accumulate polyphosphate
granules inside the cells that serves as phosphate supply under stress condition (Chu et al., 2015). This
polyphosphate reserve within the cell of C. vulgaris support their growth but in far lower rates than in
phosphate ample conditions.

For M. aeruginosa, they have shorter adaption time to the culture medium containing HSG (2 days, test
3, Fig. 1) and higher growth rate (growth rate of 0.19, Table 29) than in othorphosphate culture medium
(5 days, test 1, Fig. 59 and growth rate of 0.06, Table 29). This could be due to the bioavailability of
other elements in colloids that helped to reduce the lag time of M. aeruginosa growth. Comparing with
growth evolution of M. aeruginosa observed in P-free culture, there was no significant growth
enhancement upon present of either orthophosphate or HSG. This suggests the M. aeruginosa store P in
guantities which may maintain their growth when P are deficient or that the need for P are very low and
the remaining P remaining in initial inoculant coverted their needs or low quality/health of inoculated
cells.

For both species, the increase in OD7so between day 9 and day 26 were not significant and implying the
stop multiplication of cells. Therefore, a stationary phase can be considered to start from day 9 to day
26. Moreover, the growth of C. vulgaris (ODso up to 0.8 and growth rate reach 0.21 on day 9) is more
announced than M. aeruginosa (OD7s up to 0.3 and growth rate reach 0.19 on day 9). This indicated
that C. vulgaris was in healthier state than M. aeruginosa used in this biotest, therefore, from here, the
main interpretation will be made according to growth reponse of C. vulgaris.

Comparing between othorphosphate and HSG (test 2 versus test 3), C. vulgaris perfomed not only
similar growth rate but also similar in growing phases. There was no difference in lag phase between
these two conditions, indicating the quick adaptation of green alga to P bound to natural colloids at the
same degree of response to free phosphates. This observation is noticebaly novel and highly supportive
to the bioavailability of colloidal P in HSG. A remark is that the medium culture were not axenic and
we supposed that there was the presence of bacteria (Fig. 60), but this could not be verified because of
COVID-19 restriction and suspended laboratory work. If the bacteria were present together with C.
vulgaris the release of P from colloids could be assured by bacterial metabolic activity. At this stage of
work we can say that the increase in green color of culture medium throughout the inoculation confirmed
a powerful growth of C. vulgaris despite presence of bacteria. However, we are not able to state that C.
vulgaris to uptake P directly from colloids. Furthermore, the co-existence of bacteria can support algal
uptake of P because some bacterial species release enzymes, for example enzyme 5’-nucleotidase,
sequester carbon-nitrogen complex served for metabolism activity, these enzyme can hydrolyze
phosphate from other phosphorus compounds (Bjérkman and Karl, 2003). The release of phosphates
from bacterial hydrolysis could therefore be available for algal uptake. In general, the growth of C.
vulgaris in response to P-bearing colloids provides evidence that natural colloidal P are bioavailable for
green alga, directly or indirecly, as much as orthophospate does.
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Figure 60. Photography of M. aeruginosa (left) and C. vulgaris (right) in different test mediums on day 9.

By comparison of the tests 1 (M-Z8 culture medium) and 4 (M-Z8 culture medium and HSG) we
constate a higher cell growth in the presence of HSG and for both organisms tested. It suggests that
colloids embedded in silica gel facilitate microorganism” growth. It could be related to the presence of
P and other elements such as Fe, Ca...

Table 29. Growth rate of C. vulgaris and M. aeruginosa in different test mediums.

Species Tes'Fe'd Growth | Exponential
condition rate phase (day)
Test 1 0.105 2-9
MA Test 2 0.061 2-7
Test 3 0.193 2-7
Test 1 0.144 2-9
cv Test 2 0.213 2-9
Test 3 0.213 2-9

IV. Algal uptake rate of phosphorus

As shown in Fig. 58, the initial DIP contained in Test 1 culture medium was used up on day 5 in the
case of C. vulgaris and day 25 in the case of M. aeruginosa. This indicated that the uptake rate of
inorganic phosphates by C. vulgaris was more rapid than M. aeruginosa. The initial concentions of DIP
in solution of Test 2 and Test 3, which were coming from inoculant, was consumed completely after the
first 2 days. After 9 days of incubation, all tested culture medium showed the release of DIP back to
solution, except Test 1 for M. aeruginosa. However, the higher releases of DIP were observed for C.
vulgaris cultures, especially in Test 1. The release of DIP in solution between day 9 and day 26, in
accordance to stationary stage of both algal species observed in this time (Fig. 61), demonstrated that
there was probably P release from algal death and cell lysis.
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Figure 61. Comparison of residual dissolved inorganic phosphate (DIP) in culture medium of (A) Chlorella
vulgaris and (B) Microcystis aeruginosa in different growing conditions: Test 1: M-Z8 culture medium, Test 2:
P-free M-Z8 culture medium, Test 3: P-free M-Z8 containing HSG.

V. Conclusion and perspective

From this preliminary bioassay experimentation, the positive growth response of the two species were
not clearly pointed out because all tests were conducted on non-axenic culture medium. The growth
results indicated the response of both species and maybe co-developing bacteria. However, the results
provide an initial evaluation of bioavailability of colloidal P to a community of green algae and bacteria
that was at the same degree with inorganic phosphates. The bioavailability of colloidal P was not
observed significantly on community of cyanobacteria and bacteria.

The additional experimentation on axenic cultures were not able to be done due to Covid-19. For further
accurate evaluation, the bioassay test should be carried out with pure and healthy algal cells and more
frequent monitoring of growth to better define growing phase. Moreover, cells should be washed and
starved to remove internal nutrient stock as well as remaining phosphate in culture medium before
testing.

Thus, the using of HSG can provide an original way to simulate colloids-microorganism interactions in
nutrient controlled environment and to study colloids bioavailability. Moreover, HSG is impurity free
and tune able inorganic materials and can be used to screen microbial strains able to use nutrient present
in colloids to sustain their growth.
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Résumé

Le relargage de phosphore sédimentaire constitue une source interne de nutriments dans les eaux conduisant a
I’eutrophisation des milieux aquatiques, en particulier des retenues. Les connaissances actuelles concernant le relargage
du P sédimentaire ne tiennent pas compte de la fraction colloidale, qui est pourtant considérée comme une importante
phase porteuse de P, trés mobile et potentiellement biodisponible. Cette these souligne le réle majeur des colloides
sédimentaires vis-a-vis de leur teneur en phosphore ainsi que leur fort potentiel a étre mobilisé dans 1’eau. Il a été
démontré que les colloides sont une composante intrinseque essentielle des sédiments au sein du barrage de
Champsanglard (Creuse, France) et qu’ils peuvent étre remobilisés a hauteur de 2.3 % de la masse totale du sédiment
lors de la resuspension de ce dernier. Le phosphore colloidal représentait jusqu’a 6 % du phosphore sédimentaire total
et 80 % du phosphore total mobilisable. L’étude des différents protocoles d'extraction, de séparation et de conservation
des sédiments a permis de proposer une méthodologie opérationnelle permettant la sélection du protocole le plus
approprié. 1l est ainsi recommandé de réaliser les extractions de colloides sur sédiment humides, par une méthode douce
(agitation) et de réaliser la séparation des colloides extraits par filtration avec une étape de pré-séparation. Les
centrifugations successives sont déconseillées car elles conduisent a une estimation biaisée de la quantité et de la qualité
des colloides extraits. Au travers de 1’étude de la retenue de Champsanglard, il a été mis en évidence une forte
hétérogénéité de la répartition spatiale de la quantité et de la qualité des colloides sédimentaires et du P associé. La
granulométrie des sédiments, I'hydrodynamique des écoulements, la présence d'affluents et le marnage apparaissent
comme des facteurs clés. La plus importante quantité de colloides mobilisables et en particulier les colloides de plus
grande taille (0.2 — 1 um) concerne les sédiments lacustres des zones profondes, en amont de la confluence avec les
tributaires. Les sédiments de berge régulierement impactés par le marnage de 1’eau relarguent du phosphore sous une
forme biodisponible (forme dissoute et nano/petits colloides). En condition anoxique, les sédiments ont la capacité de
libérer du phosphore colloidal, dans des proportions largement supérieures au phosphore dissous. Jusqu’a 40 % du
phosphore sédimentaire total a ainsi été remobilisé sous forme colloidale. Lorsque les conditions redeviennent oxiques,
une majeure partie du phosphore mobilisé persiste en solution et notamment sous la forme de colloides de tailles petites
et intermédiaires (300 KDa - 0.45 pm). En conditions d’oxydo-réduction variables, les processus biogéochimiques
impliquant le fer et la matiere organique seraient les parametres clés contrélant la mobilité du P colloidale. Ce travail
met en évidence la nécessité de considérer la contribution des colloides pour 1’évaluation de la mobilité et de la
biodisponibilité du P, en particulier en contexte de retenue de barrage.

Mots-clés : Retenue de barrage, sédiment, colloide, phosphore, mobilité, biodisponibilité, variabilité spatiale, marnage,
anoxie, cycle séchage/humidification, oxydo-réduction, fer, matiére organique

Abstract

The mobilization of phosphorus (P) from sediment is a persistent internal nutrient source sustaining eutrophication,
especially in reservoir. Current knowledge about sedimentary P release does not consider colloidal form, although it is
well-known for its efficiency as P-carrier, its high mobility and potentially bioavailability. This thesis provides new
constraints to place sedimentary colloids and sedimentary colloidal P into light concerning their important stock and
release potential in the reservoir. Colloids are shown to be an intrinsic component of reservoir sediment, and their
recovery under sediment resuspension indicated the contribution of water mobilizable colloids up to 2.3 % of the
sediment mass in Champsanglard dam reservoir (Creuse, France). The amount of P associated with colloids was up to 6
% of total sedimentary P and 80 % of water-mobilizable P. After the application of different protocols for colloid
extraction, separation and for sediment storage, a framework for selecting appropriated method for colloid recovering
from a sediment is proposed. The recommendation for colloid recovery is to work with wet sediment, avoid using high-
power extraction protocol (i.e. sonication), using filtration with pre-separation step instead of successive centrifugation
to avoid under or overestimation in quantity and quality of recovered colloids. The quantity and quality of sedimentary
colloids and associated P varied spatially in the reservoir according to sediment size grain distribution and the influence
of flow hydrodynamics, the presence of tributaries and fluctuations in the water-level. The highest content of water
mobilizable colloids and especially large colloids (0.2 - 1 pum) were found in lacustrine bottom sediments, downstream
of the tributary confluence. Bank sediments impacted by water-level fluctuations released P in bioavailable forms
(dissolved P and small/nano P-colloids). Under anoxic condition, the potential of sediment to mobilize colloidal P was
significantly higher than truly dissolved P and represented up to 40 % of total sedimentary P. When condition became
oxic subsequently, major portion of released P remained in suspension under small/intermediate size (300 kDa - 0.45
pm). In redox changing conditions, the closely linked biogeochemical cycles of iron and organic matter could be the key
parameters involved in mobility of colloidal P. This thesis highlights the need to consider colloids and their contribution
in the P mobility at the boundary of sediment-water and associated bioavailability to aquatic plankton, particularly in
dam reservoir context.

Keywords : Dam reservoir, sediment, colloid, phosphorus, mobility, bioavailability, spatial variability, water-level
fluctuation, anoxia, drying/rewetting, redox, iron, organic matter.



