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Abstract

The objective of this paper is to present a model simulating and predicting the exchange kinetics
of lead (Pb) between contaminated sediments and water during resuspension events potentially
occurring in reservoirs. We developed an innovative model that combines thermodynamic
speciation of particulate surfaces (oxides and POC), thermodynamic Pb speciation in water, and
kinetic modelling of exchanges between free Pb and particulate sites (i.e. dissolution of a
carbonate carrier phase, adsorption/coprecipitation and desorption/dissolution to/from oxides and
adsorption and desorption/degradation to/from particulate organic particles). We used results
from laboratory resuspension experiments performed on sediments from three contaminated dam

reservoirs to calibrate a new chemical speciation model.

Uptake and release processes to/from sediments were found to be controlled by at least two

successive reactions that can be associated to two particulate pools (here oxides and POC).
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Kinetic adsorption and desorption rates were calibrated for seven experimental conditions.
Variability in kinetic rates allowed to evaluate the effect of solid-to-liquid ratio and sediment
origin on exchange kinetics at the water-particles interface. It was shown that the kinetic release
of dissolved Pb by desorption or dissolution from the oxides is reproduced almost identically
between the experiments, regardless of the solid-to-liquid ratio and sediment origin.
Readsorption on the long term on POC sites is more variable, even if ranges of variation in the
adsorption and desorption kinetic rates related to POC remain limited considering that tested

sediments are quite contrasted.

Keywords
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Capsule

A kinetic model simulating the dynamics of lead (Pb) during sediment resuspension was

developed and calibrated on laboratory experiments performed on three contaminated sediments.

1 Introduction

A large part of the trace metal(loid)s (TM) introduced by anthropogenic inputs in aquatic
environments are finally stored in the sediments, where they can be found in two main solid
forms: (co)precipitated in mineral forms like sulphides or carbonates, or adsorbed onto the
surface of reactive phases like oxyhydroxydes, organic matter or clay. This distribution
influences their bioavailability and toxicity, and the extent to which they can be remobilised in

the water in case of a change in physicochemical conditions. Indeed, when sediments are
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resuspended due to natural events or anthropic activities, the particles undergo a sudden and
major change in the pH, redox, solid-to-liquid ratio and other chemical conditions. Resuspension
may promote the remobilization of TM from the solid to the dissolved phase (Kalnejais et al.,
2010; Superville et al., 2014), and therefore poses a risk of water quality degradation.
Remobilization of TM depends both on the characteristics of the sediments, on the TM
distribution, and on the physico-chemical conditions prevailing during the resuspension
(Cantwell et al., 2002; SedNet, 2014). Besides, TM concentrations that are measured in water
during laboratory experiments (e.g. Simpson et al., 2000; Cantwell et al., 2002; Ye et al., 2013;
Kalnejais et al., 2010; Hwang et al., 2011) or in-situ resuspension events (Caetano et al., 2003;
Superville et al., 2014) result from several kinetic release (desorption/dissolution) and uptake

(adsorption/(co)precipitation) processes from/to the suspended particles.

In the case of dams associated with hydroelectric power plants, the reservoirs sometimes need to
be fully drawn down for the safety inspections and maintenance tasks (Poupart and Royet, 2010).
These draining operations could be a problem in the case of contaminated reservoirs because
they lead to sediment resuspension. An increase of dissolved metal concentrations above water
quality standards due to remobilization is one of the risks. Being able to estimate it is an
important stake in order to improve the management of reservoirs.

Laboratory resuspension experiments are helpful to mimic and predict the remobilization of TM
occurring during in situ sediment resuspension and to test the influence of particles
concentrations or kinetics of chemical reactions. Results of resuspension experiments in
numerous works show kinetic evolutions of TM concentrations in the dissolved phase, and
competition phenomenon for the adsorption of TM on the solid suspended particles (Saulnier and
Mucci, 2000; Caille et al., 2003; Camino Martin-Torre et al., 2017, Monnin et al., 2018). The
evolution of TM concentrations in water are thus controlled by both rapid and slow release and

uptake processes. Evaluating and predicting the remobilization of TM over time appear thus
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important to assess the risk of water quality degradation. These assessments and predictions can
be conducted using chemical modelling. Computer codes like Visual Minteq, Phreeqc or
WHAM allow to calculate speciation of dissolved TM in waters and the sorption of TM onto
solid phases. Most of them cannot however predict the temporal evolution of such distribution,
because all the thermodynamic processes included in the codes are assumed to be at equilibrium
and the reaction kinetics are not taken into account. Only PHREEQC has the capacity for kinetic
modelling using the ‘kinetic’ and ‘rates’ keywords, the Geochemist's Workbench
(www.gwb.com) also has kinetic capabilities for metal(loid) speciation reactions, but they need

to be defined in the software by the modeler.

Taking into account this background, we first developed a new chemical speciation model
combining thermodynamic and kinetic processes; this model simulates exchange reactions
between free dissolved TMs and solid surfaces and is theoretically applicable to all TMs. We
then used results from laboratory ‘long-term’ resuspension experiments performed on sediments
from three contaminated dam reservoirs to calibrate this model for a specific TM as an example,
i.e. lead (Pb). On a modelling point of view, Pb speciation, adsorption/precipitation and
desorption/dissolution is used here as a proxy for trace metals in a very general way. However, it
can obviously not be used as a proxy in a quantitative way. Moreover, it cannot be used as a
proxy for metalloids such as As and Se, as their behavior is very different from the divalent trace
metal cations. It should be noted here that the notions of ‘short-* vs ‘medium-* vs ‘long term’
experiments are quite relative and must be put in perspective with the purpose of the study. In
our case, the purpose of the study was to investigate fate of TMs during management operations
on dams that occur during some hours. So, the ‘long-term’ terminology is consistent with the
duration of our experiments (i.e. 160 hours). Our objective was then to combine a
thermodynamic model with a kinetic model simulating exchange reactions between free

dissolved metal and solid surfaces. This model, coded under the Ecolego® platform (Nia et al.,
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2011; Ciffroy et al., 2011, 2016), is based on processes similar to those included in e.g. Visual
Minteq, but it allows the user to describe sorption/desorption reactions by their kinetic rates,
instead than by their equilibrium affinity constants. Ecolego® was selected as the coding
platform because it is a systems oriented software program instead of geochemical modelling
software like PHREEQC. Moreover, it is designed for uncertainty and sensitivity analysis and
such capabilities can be of concern for future applications (Ciffroy and Benedetti, 2018). This
paper presents the fundamental of this model and focus on the behavior of one major TM as an

example, i.e. lead (Pb).

2 Material and methods

This section describes the experimental design used for collecting site-specific data and the
model approach developed for describing kinetics in the exchange of TM between water and

particles.

2.1 Study site, sampling and sediment characterization

Sediments were sampled from three French reservoirs, operated for hydroelectricity: Les

Mesches, Queuille and Rochebut, denoted hereafter A, B and C (Figure 1).

Reservoir A has a surface of 9.5 ha and is located in the south of the French Alps. High levels of
As, Cd, Pb and Zn were found in the sediments due to the presence of two ancient Pb-Zn mines
in the watershed. The zinc and lead sulphides ores were exploited from 1750 to 1927. The origin
of these TM is unambiguous regarding the small size of the watershed and the fact that it was not

occupied by humans except for the mine extraction.

Reservoir B is located in the French Massif Central, 30 km northwest of the city of Clermont-

Ferrand. Reservoir B has a surface of 36 ha and a maximal depth of about 30 m. A number of
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former mining sites of Pb, As and F exist in the watershed, and in particular several deposits of

Ag and Pb were exploited in this mining zone.

Reservoir C is located in the French Massif Central. Gold was intensively mined in the area in
the twentieth century and the exploitation generated 300 000 m® of tailings disposed on a 5
hectare site (rehabilitated in 2010-2011), in close proximity of the river about 12 km upstream

from the reservoir.

Water and sediment were collected in June 2015 in the reservoir A and in April 2016 in the
reservoirs B and C. Water was pumped out from the shore and passed through a ceramic filter of
0.4 um. Sediment samples (0-10 cm surface layer) were collected with an interface UWITEC®™
corer. The sediment was directly extracted to measure Eh and pH (by planting the electrodes in
the wet sediment), and placed into sealed glass jars to maintain their reduced state. It was
manually homogenized in the laboratory in a Nj filled glove-bag, and divided into several sub-
samples that were stored in individual glass jars at 4°C in darkness. A new jar was opened for
each resuspension experiment, and Eh and pH were measured to check the good conservation of
the sediments. They were compared with those measured during the sampling to check the good

conservation of the sediments.

All the methods that were undertaken for characterizing the sediment were described in detail in

Monnin et al (2018).

2.2 Lead (Pb) distribution in sediment

For running the model described hereafter it is necessary to define initial conditions, i.e. the
concentrations of Pb in each of the particulate phases (oxides, Particulate Organic Carbon
(POC), precipitated carbonates) at the initial time of the resuspension experiments. These initial

conditions were determined experimentally with ascorbate and sequential extractions. The
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ascorbate extractions were carried out to quantify more specifically the trace metals bound to
amorphous and easily reducible Fe and Mn oxides and hydroxydes. Ferrihydrite and iron
monosulfide (FeS) are considered soluble in the ascorbate solution, in contrary to pyrite,
hematite or goethite (Ferdelman, 1988; Kostka et Luther, 1994; Anschutz et al., 1998). The
standardized BCR 3-step extraction scheme (Rauret, 1998; Quevauviller, 2007) was slightly
modified in order to adapt the one of Tessier et al. (1979) to the first fraction and to separate the
"exchangeable" and "carbonate" fractions. The sequential extraction provides then four fractions:
exchangeable (Fla); carbonates-bound metals (F1b); reducible fraction (F2 from BCR) and the
oxidizable fraction (F3 from BCR). The detailed procedure is described in Monnin et al (2018).
Finally, the residual fraction is assumed to be equal to the total metal content minus the sum of
the previous four fractions. The Pb fraction that could be extracted simultaneously with Acid
Volatile Sulphides (AVS) was not evaluated because the redox potentials in the sediments (+245
mV for reservoir A and +270-290 mV for reservoir B and C) do not favour the occurrence of

AVS phases (De Jonge et al, 2012).

Procedures followed for conducting the chemical extractions are described in detail in Monnin et

al.(2018).

2.3 Laboratory resuspension experiments

Aliquots of sediments were resuspended using an Applikon® bioreactor, a 3L glass reactor in
which the sediment is stirred by both a propellers assembly and a magnetic stirrer. pH, Eh,
dissolved oxygen and temperature were measured continuously with four probes passed through

the head plate on the top of the reactor (Monnin et al., 2018).

Each resuspension experiment was performed on a new sample from a sealed jar. A mass of wet
sediment was inserted into the 3L reactor filled with filtered water collected from the respective
sampling site. Ambient air was continuously bubbled into the reactor to mimic the real

environmental situation of a draining operation. A total of seven experiments were conducted,
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with sediment mass corresponding respectively (on a dry sediment to water ratios basis) to 2.7,
5.0 and 9.4 g L™ for reservoir A, to 1.6 and 5.3 g.L™! for reservoir B and to 2.1 and 4.9 g.L"! for
reservoir C. This range of solid-to-liquid ratios was chosen to mimic Suspended Particulate
Matter (SPM) concentrations potentially found during draining operations. Such values are
realistic when considering experience gained on management of reservoirs. Since hydraulic
conditions and shear stress at the vicinity of sediments vary over time during draining operations,

SPM concentrations is indeed not constant and may vary at least over one order of magnitude.

The experiments were run for 120 to 160 h. During the experiment, the water was sampled
through a syringe inserted into the reactor. 30 mL of water samples were collected successively
at the start time (t0) (prior to sediment addition), and again after sediment addition at 2, (5), 10,
20,30 minand 1, 1.5, 2, 5, 15, 24, 48, 72, 96, 120, (160) h. The total volume collected represents
a maximum of 18% of the initial water volume in the reactor. Corrections were applied for
taking this loss into account. Each sample was separated into three aliquots: a) 10 mL were
filtered through 0.7 um glass microfiber and stored frozen in glass vials until DOC analysis
(Shimadzu TOC-Vc¢sy ; PROTEE laboratory); b) 12 mL were filtered through 0.22 pm syringe
filters for alkalinity and major ions (Metrohm microtitrator and capillary electrophoresis
respectively); ¢) 8 mL were filtered through 0.22 um syringe filters and acidified with ultrapur
nitric acid for major and trace elements analysis (ICP-MS). A specific resuspension experiment
carried out previously to determine the quantity of elements that could be adsorbed onto the glass

wall of the reactor showed that this bias is negligible (Monnin et al., 2018).

2.4 Conceptual model framework

The model developed here is theoretically applicable for all TMs, but the calibration work
presented in this paper was dedicated to a specific TM chosen as an example, i.e. lead (Pb). This

model is similar to those developed and tested in Ciffroy et al. (2001), Ciffroy et al. (2003) and

8
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Garnier et al. (2006), who studied adsorption and desorption kinetics of TM to/from natural
particles collected in the Loire river. For some TM (e.g. Co, Mn, Cs in some conditions), they
observed similar kinetic trends as those observed here for Pb (see Results section), i.e. a
desorption phase followed by a readsorption phase. They interpreted such experimental results as
follows: the TM that desorbed just after mixing corresponds to the TM associated with the weak
and fast sites; excess TM in solution are then readsorbed on less accessible and/or more specific
sites. From these observations, the authors proposed a ‘two-successive reversible’ kinetic model
that was able to fit the experimental data. This model was adapted here for the purpose of our
experimental procedure and results. All the processes, assumptions and parameters involved in

the model are summarized in Table 1. Its main principles are described below.

Three particulate phases are here assumed to contribute to TM exchanges between water
(dissolved phase) and particles, i.e. oxides, POC and carbonates. The total concentrations of
oxides and POC are assumed to be constant over the duration of the experiment. However,
physico-chemical conditions like pH or ionic strength showed significant evolution during the
experiment (see Results section). As a consequence, speciation of oxides and the POC surface

may change over time and such modifications were taken into account in the model.

First, speciation of oxide surfaces (noted hereafter SOH, e.g. FeOH, AIOH and/or MnOH) were
modeled. Oxides exhibit an amphoteric behaviour, i.e. they may react with protons (H') present
in solution to form a net positively charged surface (SOH,") at low pH, or a net negatively
charged surface (SO") at high pH. Only anionic forms (SO") are assumed to interact with cationic
free TM in solution. The SO™ fraction was then calculated by a thermodynamic speciation model
integrated in our modeling system. For this purpose, we coded the HFO model developed by

Dzombak and Morel (1990), which calculates the distribution between SOH, SO” and SOH; "

Secondly, speciation of the POC surface (noted hereafter HHS for protonated Humic Substances)

was modeled. Indeed, humic substances may be present as the protonated and deprotonated
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species HHS and HS °, and cationic TM are assumed to interact with anionic forms (HS). The
HS fraction among the POC surface sites was then calculated by a thermodynamic speciation
model integrated in our modeling system. For this purpose, we coded the Stockholm Humic
Substances (SHM) model (Gustafsson et al., 2001; Gustafsson et al., 2006), which is similar to
WHAM (Tipping, 1998) which calculates the distribution of sites among protonated and

deprotonated species.

Finally, considering the total dissolved concentration (M) would create a bias in the model.
Actually, TM species that interact with oxides and POC are not the whole ‘dissolved metal’ Ay,
but only its free cationic species A . As physico-chemical conditions like pH change over time,
the fraction of free species M may show variations too. Two kinds of complexation reactions
occurring in the dissolved phase were therefore incorporated in our model. On one hand,
complexation of TM with inorganic ligands (hydroxides, nitrates, sulfates, chlorine and
carbonates) was described by affinity constants at equilibrium K,;. Data are taken from the
Visual Minteq database (https://vminteq.lwr.kth.se/). On the other hand, complexation of TM
with Dissolved Organic Carbon (DOC), i.e. dissolved humic acids and fulvic acids was
described according to the SHM model previously mentioned. It accounts for chemical
interactions between DOC and TM, as well as electrostatic interactions at the vicinity of the

humic surface.

In conclusion, the thermodynamic models integrated in our tool allowed to calculate the fraction
of interacting sites on oxides, (SO’), and on POC, (HS ), as well as the fraction of free species
(ff<e), for the duration of our experiments. These models are described in detail in Ciffroy and

Benedetti (2018).
Exchanges are then described by three chemical reactions:

k,

ads,ox

M

ox
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k des,ox
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JeeMgist fus.. POC =" Mpoc
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X prec,carb
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where M5, M.y, Mpoc and M., represent TM in water, or associated with oxides, POC and
precipitated carbonates respectively (gL7'); Ox and POC represent oxides and POC
concentrations (g.L'l); Kods.ox and k. .. are the adsorption and desorption kinetic rates (in L.goy
'h! and h' respectively) to and from oxides; k,qproc and kg poc are the adsorption and
desorption kinetic rates (in L.gpoc'l.h'1 and h'! respectively) to and from POC; kg cqrr and

kas,carv are the precipitation and dissolution kinetic rates (in h'l) to and from carbonates; fj.. 1s the

. . . . MEr . . C e .
fraction of free TM in the dissolved phase (i.e. M—); fso. 1s the fraction of anionic sites on oxides
dis

S0~

. . L . HS™
Ty 2+), Jus. 1s the fraction of anionic sites on POC (i.e. —————). Actually, transfer

(Le HHS+HS™
of TM from oxides to water can be due to both chemical desorption and solid dissolution.
Similarly, transfer of TM from POC to water can be due to both chemical desorption and
(a)biotic degradation of the POC. No information is available to distinguish these processes and
then the k4.0 and k. roc parameters implicitly incorporate both desorption and dissolution for
oxides, and desorption and degradation for the POC. It will be hereafter called ‘desorption’. The

same assumption is made for ‘adsorption’ to oxides and POC that incorporate potential solid

formation.

2.5 Initial conditions

For calibrating the model from experimental results, it is necessary to define the initial
conditions of the simulation, i.e. the concentration of Pb in each of the solid phases (i.e. oxides,
POC and carbonates) at the start time. Major and trace element concentrations in waters used for

11
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the resuspension experiments were measured and were used as initial contents in water. Methods
are presented in detail in Monnin et al. (2018) Chemical extractions provide information on
element distribution between different solid phases in the sediment before resuspension. The
proportion of metals extracted in the fraction F1b with acetic acid C;H40,, and the fraction F3
with H,O,, in the sequential extraction scheme (Monnin et al., 2018), were respectively used to
quantify the metals bound to carbonates and to particulate organic matter. The amount of TM

bound to oxides were assumed to be extracted with the ascorbate reagent.

The total amount of oxides in the sediment was derived from the proportions of Fe, Mn and Al in
the ascorbate extraction. The proportions of Fe, which is the main component of the oxides, are
similar in the ascorbate fraction and in the reducible fraction F2 of the sequential extraction. The

Fe-, Mn- and Al- oxides were included in the calculation of the solid oxide phase (Table 2).

2.6 Calibration of dissolution kinetic rate of carbonates

For each model, the third reaction describes the dissolution of carbonates, leading to a
remobilization of associated Pb, and inversely the precipitation of carbonates, leading to a
potential co-precipitation of Pb, assuming Pb is in the carbonate fraction. X-ray diffraction
showed that calcite (CaCQO3) and dolomite (CaMg(COs),) are the major mineral phases the
sediments from reservoir A, but magnesian calcite may be also present (Monnin et al., 2018).
The proportions of these three phases and their respective contents in TM cannot be calculated.
In contrast, calcite was not evidenced in the sediments of reservoir B nor C. For sake of
simplicity, calcite was used as a proxy to represent all carbonates . The quantity of calcite in

sediment is estimated through the calculation of the Saturation index (S7), expressed as:

(1)  SI=log (““’)

Ks

12
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where IAP is the Ton (Ca®" and CO3%) Activity Product; K, is the solubility product of calcite
(log1o(Ky) = -8.48). When the system is undersaturated (i.e. when SI<0), calcite may dissolve
and the concentrations of calcium and carbonates may increase. The reaction describing such a

dissolution/precipitation process is the following:

kpre(, carb

Ca®* + CO ——= CaCO;
kdincm‘b Y

As the carbonate concentration (COs>) is also driven by acid/base reactions with HCO3™ and
H>COs, these reactions were also implemented in our model using the pK, of each reaction and
assuming equilibrium.

In the experiments on reservoir A, a significant increase in both Ca*" and CO3™ concentrations
was observed and 87 is negative, interpreted as a continuous dissolution of calcite. Even if
precipitation and dissolution can simultaneously occur, we considered here due to the negative

SI that the reaction is predominantly directed as:

Ca?* + CO# CaCO;

k Cdis, carb T %

For calibrating the dissolution kinetic rate ks .c.s, we used experimental data related to Ca®" and
COs%, and subsequent JAP. Besides, we experimentally observed that SI follows an exponential
trend, so we added an exponential correction factor @ ;s cqrp (unitless) describing the fact that

dissolution decreases if SI is close to 0. Kinetic evolution of Ca*" and COs” is then given by:
d(ca®) _ d(co§?) _

(2) If SI <0, - adr kdis,carb' e %discarb-SI

We then optimized parameter values to minimize the distance between calculated and measured

values according to the procedure described in section 2.8.

Pb associated to calcite can be remobilized simultaneously and it is then assumed that the kinetic

dissolution rate of calcite-associated Pb is the same as for calcite itself.

13
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2.7 Calibration of sorption and desorption Kinetic rates to/from oxides/POC

Kinetic trends observed for Pb in all our experiments showed two stages, i.e. a first desorption
stage followed by a readsorption stage (see Results section). As discussed in Ciffroy et al.
(2001), Ciffroy et al. (2003) and Garnier et al. (2006), TM desorbed just after mixing should
correspond to TM associated to weak and fast sites, and excess TM in solution are then
readsorbed on less accessible and/or more specific sites. From a theoretical point of view, we
could then assume that oxides correspond to weak and fast sites, while POC corresponds to
strong and slow sites; or vice-versa. When observing adsorption/desorption reactions on oxides
and POC, we can observe that oxides and POC play symmetric roles from a mathematical point
of view, and that it is mathematically impossible to decide which kind of sites are the weakest

and fastest, and which ones are the strongest and slowest.

Two scenarios could then be considered from a theoretical point of view. The first one assumes
that Pb is weakly associated to oxides and strongly associated to POC. In this scenario, the initial
increase of Pb in the solution is predominantly attributed to desorption from oxides and kg ox >
kges poc. This scenario may be supported by a qualitative interpretation of experimental results.
Fe and Mn concentrations in water showed indeed a significant increase during the first
minutes/hours of the resuspension experiment, suggesting fast processes occurring at the surface
of oxides. Besides, Saturation indexes (SI) calculated with Visual MINTEQ indicate
undersaturation of several Fe oxides and (oxy)hydroxides (e.g. ferrihydrite, goethite, gibbsite,
pyrolusite and manganite) at the beginning of the resuspension experiment, suggesting possible
dissolution of oxides (we remind that dissolution and desorption of TM associated to oxides are
implicitly confounded in our model). The second scenario assumes that Pb is weakly associated
to POC and strongly associated to oxides. In this scenario, the initial increase of Pb in the

solution is predominantly attributed to desorption from POC and Kges poc™ Kges ox- Note also

14
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that potential (a)biotic degradation of POC may occur but is implicitly confounded with

desorption in our model.

The choice between these two scenarios was based on the qualitative arguments given above; the
first scenario seems reasonable in our study and it was then selected. We then calibrated the
kinetic parameters under the constraint Kgeg ox > Kges poc. However, we must keep in mind that

this is a prior assumption and not a demonstration.

2.8 Fitting process

The two parameters describing dissolution of carbonates Auiscar» and Quiscqrs Were first fitted.
Then, the four parameters describing exchanges with oxides and POC (i.e. kggsox> Kdes ox
kaaspoc and Kges poc) were fitted from the experimental results. We conducted a probabilistic
approach to define the most probable combinations of parameters, similarly to the process
described in Ciffroy et al, 2011 (as illustrated in Figure 2). Instead of determining a single value
for each of the parameters, the objective was to define Probability Density Functions (PDF),
describing the range of most probable values for each parameter, as well as correlations between
parameters. The steps followed for deriving PDFs for each of the model parameters are the

following (see fig 1 in Ciffroy et al; 2011):

Step 1: each of the parameters to be fitted is described by a PDF characterizing the range of
potential values. As no previous knowledge related to the kinetic rates is available, large log-
uniform PDFs (over several orders of magnitude) were first selected. Log-uniform distributions
were chosen because they are the less informative ones, allowing to uniformly covering a range

of potential values over several orders of magnitude.
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Step 2: 10000 values of each parameter were randomly sampled through a Monte Carlo
procedure, allowing to obtain 10000 combinations of parameters. The model was run for each of

the 10000 combinations of parameters, providing 10000 M ;,=f{?) curves.

Step 3: In the experiments described above, variables (i.e. Ca*", COs* and My;, concentrations)
were measured at different deployment times (from 2 minutes to 120 or 160 h, see 2.4). For
fitting the parameters related to calcite dissolution, we only used the experimental S7 values as
described above. For fitting the parameters related to TM exchanges with solids, we used the
My values. Let’s write Y the output of interest (i.e. SI or My;). For each of the 10000

simulations previously generated, error was calculated as follows:

2
(3) Sp = Zi (Ymeasured (ti) - Yp,calculated (ti))

where Yieqsured (ti) and Yy caicuiateq(t:) refers to the measured and calculated output at time t;;

the index p refers to the p™ combination of parameters (with p=1 to 10000).

Step 4: the 10000 simulations were then ranked according to the error g,. The lowest errors &,
correspond to the ‘best’ combinations of parameters, i.e. those minimizing the distance between
measured and calculated values. To estimate the robustness of the parameterization, it is
necessary to estimate the range of parameter values that may give equivalent results. Typically, a
non-sensitive parameter will give equivalent errors over a wide range of values, while a sensitive
parameter will give equivalent errors over a narrow range of values. To evaluate the set of
parameter values that may equivalently give good results, a statistical Wilcoxon test was
undertaken on the ranked combinations. Probability Density Functions (PDFs) were thus built

for each parameter.

Step S: once PDFs are fitted for all the parameters, the model is run again replacing the non-
informative PDFs used at step 1 (i.e. log-uniform PDFs) by informative PDFs obtained at step 4

(e.g. normal PDFs). Besides, correlations identified between parameters at step 4 are also
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introduced in the investigated model. When correlation(s) is(are) defined, the Iman-Conover
technique (Iman and Conover, 1982) was processed to generate parameter samples respecting

these correlations.

Step 8: calculated curves obtained from the informative PDFs were compared to experimental
data. For facilitating the interpretation, this plot is synthesized by three curves, i.e. the curve
obtained with the best combination of parameters, and the 5™ percentile and 95™ percentile

curves respectively.

The fitting process described above was performed for each of the seven experimental
conditions. We thus obtained parameter PDFs for each of these seven experiments and the
consistency of these PDFs among sites and solid-to-liquid ratios was discussed (see section 3.5).
Another approach to calibration was also tested to discuss the model’s capabilities: parameter
PDFs were calibrated by considering all the experiments performed for site A together (site A
was chosen for this calibration exercise because three experimental conditions were available
while only two were available for sites B and C). The final objective is indeed to apply the
chemical model described here within larger hydrology/sedimentation model, and a single

parameter set for a given site is likely to be more useful in this perspective.

3 Results and discussion

3.1 Experimental kinetics of Pb concentrations in water

The evolution of Pb concentrations in the dissolved phase during the resuspension experiments is
shown in Figure 3. It showed two stages, whatever the sediment used and the amount of
suspended sediments: a first desorption stage, followed by a readsorption stage. The dissolved
concentrations increased during the first 5 hours of the experiments for sediment A, 24 h to 48 h
for site B, and 5 h to 15 h for site C, followed by a continuous decrease. The maximum

concentrations of Pb measured during the experiments were between 2.30 10° g L™ (site <C- 2.1
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gLy and 1.37 10° gL (site ‘B- 5.3 g.L™""). The concentrations of dissolved Pb represent a

release of 0.4 to 1.8 % of the total Pb associated to the suspended solid particles.

3.2 Physico-chemical parameters in water

The concentrations of dissolved organic carbon (DOC, not shown — see Monnin et al, 2018 and
Monnin 2018) in water during the resuspension experiments ranged between 1 and 5.6 mg.L™
for site A, 2.1 and 7.7 mg.L™" for site B, and 5.5 and 7.9 mg.L™ for site C, depending on the
experiments. These variation ranges are wide, however the DOC do not show any clear trend

over the duration of the experiments.

The redox potential (Eh) of the stirred and aerated water decreases immediately when sediments
are resuspended (results not shown — see Monnin et al, 201 and Monnin 2018). Eh then rises
sharply for a short period (up to one hour for site A; Monnin et al. 2018) and then slowly
increases up to the end of the experiments. The redox variations do not affect the dissolved

speciation of Pb, which is the trace element we chose to model.

The pH follows a similar pattern with an instantaneous decrease after the sediment addition
followed by an increase from 10 minutes of resuspension (Figure 4). A larger decline of pH is
measured during the resuspension of sediments B and C compared to the sediment A. The XRD
analysis of the sediments show that, unlike the sediments B and C, the sediment from site A
contains carbonate minerals (calcite and dolomite), of which dissolution have partially buffered

the pH decrease.

3.3 Evolution of fso. fus. and ff.. during the sediment resuspension

3.3.1 Speciation of the POC and oxides surfaces
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The total concentrations of oxides and POC in the suspended particles, respectively obtained
from the ascorbate extraction and the total organic carbon analysis, are given in Table 2. The
sediments from sites B and C contain more POC than those from site A (4.8 to 7.9 % versus 1.6-
1.8 %). Higher amounts of Fe, Mn and Al are also extracted in the ascorbate fraction for the

sediments B and C, so the concentrations of oxides are higher than for sediment A.

The total concentrations of POC and oxides are assumed to remain constant over the duration of
the resuspension experiments. However, the evolution of the physico-chemical conditions during
the experiments (ex. pH, ionic strength) may alter the speciation of oxides and POC surfaces and
change the concentrations of adsorption sites over time. Cappuyns et al (2014) and Camino
Martin-Torre et al (2017) for example shown that the variation of pH associated to changes in
oxidation processes during resuspension experiments may had an influence on TM releases. The
partition between protonated and deprotonated sites on the POC and Oxides surfaces were
calculated according to the models described in 2.4 and the evolution of the fraction of anionic

sites (fso. and fys ) are shown in Figure 5.

Both fso. and fys5. follow the same evolution as the pH during the resuspension experiments: a
decrease during the first 10 minutes, then an increase. The highest and lowest fractions fso. and
fius. tespectively correspond to the resuspension experiments of sediment ‘A 5 gL’ and
sediment ‘B 5.3 gL', during which the highest and lowest pH values are measured. Given the
protonation/deprotonation of the surface sites that are considered, the fractions of anionic sites
fso. and fys. are highly dependent of the pH variations. Indeed, a shift in pH influences the
direction of the reactions SOH = SO~ + H* and SHH = HS™ + H*. According to Le
Chatelier's principle, a decrease of pH (increase of [H']) promotes the formation of SOH and

SHH and the decrease of the fractions of reactive sorption sites SO and HS'.
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Decrease (respectively increase) in pH will then decrease (respectively increase) reactive
(negatively charged) sites of the oxides and POC. Thus, decrease in pH will decrease the

variables fso. and fys. involved in the reactions

k,

ads,ox
fﬁ'ee' Ma’ierf:?O-' Ox - Mox

des,ox

and

kad.s,POC

fﬁ‘%‘ Mdis Jrfz’:)’S—- POC

MPOC

des, POC

If we consider the Le Chatelier’s principle, then each reaction will be directed to counteract the

decrease in fso-.Ox and fys POC. Each reaction will then be directed in the reverse way.

3.3.2 Speciation of dissolved Pb

The results of speciation calculations show that the vast majority of dissolved Pb is complexed
with the dissolved organic matter (data not shown). The free ionic species Pb> represent only a
small fraction of the total amount of dissolved Pb (Figure 5). Minimum f.. (7.0 107-3.8 10)
are obtained with the input data of resuspension ‘A-2.7 g L ™. The highest calculated Siee (8.6 107
6-8.4 10™) correspond to the resuspension ‘B-5.3 g L. Over the duration of resuspension, the
Jree ratios increase up to their highest values during the first 10 minutes and then decrease until

the end of the experiments.

During the sediment resuspension, the dissolved Pb remains mainly complexed with the
dissolved organic substances but the pH decrease at the beginning of the experiments promotes

the increase of the fraction Pb*" (Figures 3 and 5).

The significant kinetic changes in reactive adsorption sites and free metal concentrations during

the resuspension experiments, as shown in Figure 5, highlight the importance of taking into
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account the speciation of Oxides and POC surfaces and the speciation of dissolved TM in the

model.

3.4 Carbonate dissolution parameters

As described in the Material and Method section, the kinetic rate describing carbonate
dissolution ku;..» and the correction factor @y .., were calibrated using kinetic evolution of
Ca®" and COs?, integrated in the Saturation Index of calcite SI. Parameter values obtained for the

three resuspension experiments with sediments from site A are reported in Table 3.

For the resuspension of the sediments from sites B and C (that do not contain carbonate minerals
detected by the XRD analysis), the evolution of alkalinity over time is optimally reproduced by
taking into account the pH variation over time only (data not shown). For these resuspension
experiments, considering carbonate dissolution did not improve the model results and no kinetic

rates of carbonate dissolution were therefore calibrated.

The comparison between experimental and calculated SI for the resuspension of sediment A are
reported in Figure 4. The dashed blue line represents the SI computed without calcite dissolution,
taking into account only pH variations that influence the concentration of COs”. For this site, the
pH evolution allows to explain in part the evolution of SI during the experiments, especially
during the first hour of resuspension. However, pH variations are not enough to explain the
increase of the calcite SI at the end of the three experiments (Figure 4). Adding the process of
calcite dissolution, thanks to the calibrated constants ks c.» and Qs cars, allows the calculated SI
to be well adjusted to the measured one. The TM bound to the carbonate fraction in the sediment
A before resuspension (deduced from sequential extraction) are then released in the dissolved

phase with the same kinetic rate that the calcite dissolution.

3.5 Adsorption/desorption parameters on/from oxides and POC
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As described in the Material and Method section, the kinetic rates describing adsorption on
oxides and POC (kgqs0x and Kggspoc) and desorption from oxides and POC (Kges 0 and
k4es poc) were calibrated from experimental data. Parameter values obtained for each of the

resuspension experiments are reported in Table 3.

The comparison between measured Pb concentrations (experimental) and calculated
concentrations is reported in Figure 3. The goodness-of-fit is in part quantified by the
determination coefficient R* that is reported in Table 3 for each condition. All the R* values are
high, characterizing accurate calibration. The calibration of the kinetic rates of adsorption and
desorption of Pb at the surface of POC and Oxides, and of the calcite dissolution for site A,
allows to faithfully reproduce the kinetic evolution of dissolved Pb during the resuspension of
the sediments from the three sites. Besides, uncertainty margins derived from the application of
Probability Density Functions for each parameter are narrow, showing the robustness of the
modeling approach (Table . The concentrations of Pb increase during the first part of the
experiments and then decrease until the end. They reach their maximum values after 5 h with the
sediments from site A, 24 to 48 h for site B, and 5 h a 15 h for site C. The release and uptake of

Pb over time and the maximum concentration values are well reproduced with the model.

The Pb evolution is successfully reproduced considering its release from one type of solid phase
(the oxides pool), added to the release from carbonates in the case of site A, followed by its
uptake by another type of solid particles (the organic particulate pool). The values of the
calibrated kinetic constants of Pb desorption from oxides ( Kges 0x) are very similar between the
experiments for the three sites. The mean values (of the normal distributions indicated in Table
3) of Kges,0x ranged from 1.4.10 b for site ‘C-4.9 g.L'l’ to 4.5 10 h for site ‘B-1.6 g.L'l’.
The kinetic constant of adsorption to the oxides kgq4s 0, 1S not a sensitive parameter for the
modelling of the Pb partition between solid and liquid phase. This is the reason why no PDF was

determined for the kg0, parameter, but only an extremum value (Table 3). This may be
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explained by the assumptions chosen for the model: Pb is indeed assumed to be first released
from weak and fast sites present on oxides, and then to be potentially uptaken to slower and
stronger POC sites. Readsorption is then dominated by the adsorption kinetic on POC sites and
adsorption kinetics on oxides) is then poorly sensitive on modeling results. The kinetic release of
dissolved Pb by desorption or dissolution from the oxides is therefore reproduced almost
identically between the experiments, while the reverse process of uptake by adsorption or co-

precipitation on the oxides is negligible.

The readsorption of dissolved Pb from the solution on the long term is reproduced through the
adsorption on the second type of solid phase: the organic particles (POC). The adsorption kinetic
rate (Kqqs poc) showed a greater variability between the three sites, and also between the
experiments with the various mass of suspended sediment from a single site (variation by one
order of magnitude). For the site A, the adsorption rate of Pb on the POC is similar for the 2.7
and 5.0 gL experiments (respectively 3.9 107 and 2.3 10" L.g™".h™") and slightly decreases for
the 9.4 g.L'1 experiment (7.9 10° L.g'l.h'l). For the sites B and C, the values of k45 poc are
higher for the experiments with 5.3 and 4.9 g.”" of suspended sediments than with 1.6 and 2.3
gL, showing a potential effect of the solid-to-liquid ratio on adsorption kinetics on strong and
slow sites present on POC. Instead, desorption kinetic rates from POC (kg5 poc) remain quite
similar for a given site (range from 2.7.10™ to 4.7.10° h™" for site A; from 9.4.10™ t0 5.9.10° h™!
for site B; from 8.3.107 to 1.5.107% h™' for site C), with an inter-site variability over about one
order of magnitude. The kinetic readsorption of dissolved lead by uptake to POC sites showed
then a slight effect of the solid-to-liquid ratio and a slight inter-site variability. Ranges of
variation of the adsorption and desorption kinetic rates related to POC remain however relatively
limited (they do not exceed one order of magnitude), considering the fact that sediments

originated from quite contrasted reservoirs.
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As indicated in section 2.8, a single set of parameter PDFs was also calibrated by considering the
three experimental conditions tested for site A together. Parameter PDFs thus obtained are
presented in Table 3, as well as the determination coefficient R* (indicator of the goodness-of-
fit). The model goodness-of-fit thus obtained is unavoidably poorer than those obtained by
separate calibration (0.78 for the ‘all-together’ calibration versus 0.97, 0.94 and 0.94 for the
‘single’ calibrations), but it remains quite acceptable, showing that a global calibration is of good

value for a further incorporation within a larger hydrology/sedimentation model.

4 Conclusion

This study evidenced the interest of ‘long-term’ experiments for a better characterisation of the
interactions of Pb between water and sediments in the context of resuspension events. Such
experiments showed that exchanges of Pb between sediments and water can efficiently be
represented by multi-compartmental kinetic model. This model is innovative since it combines
thermodynamic speciation of particulate surfaces (oxides and POC), thermodynamic TM

speciation in water, and kinetic modelling of exchanges between free TMs and particulate sites.

Uptake and release processes were found to be controlled by at least two successive (fast and
slow) reactions that can be associated to two particulate pools (here oxides and POC). The
relative contribution of fast and slow reactions respectively on the partitioning at the water-
particles interface was quantified for different contexts (three sites and different sediment
concentrations) through the calibration of kinetic adsorption and desorption rates. Variability in
kinetic rates allowed to evaluate the effect of solid-to-liquid ratio and sediment origin on
exchange kinetics at the water-particles interface. It was shown that the kinetic release of
dissolved Pb by desorption or dissolution from the oxides is reproduced almost identically

between the experiments, regardless solid-to-liquid ratio and sediment origin. Readsorption on
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the long term on POC sites is more variable, even if ranges of variation in the adsorption and
desorption kinetic rates related to POC remain limited considering that tested sediments are quite

contrasted.

When simulating the behaviour of a TM like Pb in a reservoir submitted to resuspension events,
it is therefore necessary to take into account several exchange processes and the residence time
of the particulate phase downstream to the resuspension point. The model described in this paper
is able to simulate transient processes and modification in the speciation of particulate TMs. It
would be interesting to compare chemical time constants determined in this paper with the
residence time of water and particles downstream to reservoirs. Consequently, to know whether
chemical kinetics play a major role on the behavior of TMs during their downstream transit, it
would be useful to combine the chemical model developed in this paper with hydraulic and

sedimentological models.
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Figure 2 - Steps followed for fitting model parameters
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Simulated process

Aim of the sub-model

Equilibrium(l) vs Kinetic®

assumption

Parameters involved in the model

Source and Reference

Speciation of oxide surfaces

Calculating the distribution of
deprotonated (SO"), neutral (SOH)
and protonated species (SOH,") on
oxide surface

Equilibrium assumption

Physico-chemical characteristics of hydrous ferric oxides:

¢ Specific Surface Area of oxide, SSAson

¢  Density of monodentate binding sites, Site _densitys;

¢ Density of multidentate binding sites, Site_densitys,
Equilibrium constant of protonation/deprotonation reactions

¢ Equilibrium constant of reaction SIOH < S10°, logKs;o.

e Equilibrium constant of reaction SIOH <> S1O0H,", logKs;0m2+

¢ Equilibrium constant of reaction S20H < S207, logKsxom+

e Equilibrium constant of reaction S20H <> S20H,", logK 0.

‘HFO’ model from Dzombak
and Morel (1990)

Parameter values are taken
from Dzombak and Morel
(1990) and are synthetized in
Ciftroy and Benedetti (2018)

Speciation of the POC
surface

Calculating the distribution of
deprotonated (HS") and neutral
(HHS) species on the POC surface
(Humic substances)

Equilibrium assumption

Physico-chemical characteristics of the Humic Substances (HS):
¢ Site density of functional groups on HS, Ny
¢ Percentage of active DOM that is Fulvic Acids (FA), Ratio FA/DOM
¢ Percentage of active Particulate Organic Carbon (POC) that is FA,
Ratio FA/POC
*  Group density on FA (quantity of binding sites per unit mass of FA),
Group _densityr,
*  Group density on Humic Acids (HA) (quantity of binding sites per unit
mass of HA), Group densityg,
Equilibrium constant of protonation/deprotonation reactions
¢ Intrinsic proton dissociation constants for carboxylic (type A) and phenolic
(type B) sites on FA and HA, logKp, 4 logKpy p; logKgy 4 logKyy g (four
parameters) B B B B
e Distribution terms modifying for types A and B of FA and HA, ApKp, 4
ApKpy g ApKpy 47 ApKpy p (four parameters)
*  Gel fraction parameter for dissolved FA and HA, gfris gfraa
¢ Stern layer capacitance, C

Stockholm Humic
Substances Model (SHM)

from Gustafsson (2001)

Parameter values are taken
from Gustafsson (2001)and
are synthetized in Ciffroy and
Benedetti (2018)

Complexation of TM with
inorganic ligands

Calculating the concentration of
TM complexed with hydroxyls,
nitrates, sulfates, chlorine and
carbonates ions, , and then
calculating the distribution
among free TM (M) and
complexed species (ML) in
solution

Equilibrium assumption

Affinity constants at equilibrium of the reactions between free TM (M”") and
ligand (OH or NO3” or S04% or CI or COe,Z') to give complexed species (ML)

Parameter values are taken
from Visual Minteq

Complexation of TM with
Dissolved Organic Matter
(DOM)

Calculating the concentration of
TM complexed with DOM, and
then calculating the distribution

z+

among free TM (M”") and

Equilibrium assumption

Equilibrium constant of the reaction leading to the formation of monodentate humic
substance-TM complex, logKygsis mono

Equilibrium constant of the reaction leading to the formation of bidentate humic

Stockholm Humic
Substances Model (SHM)
from Gustafsson (2001)




complexed species (M-DOM) in
solution

substance-TM complex, logKpygs 5
Distribution term modifying equilibrium constants for humic substances, ALK gq,

Parameter values are taken
from Gustafsson (2001) and
Tipping et al (2011), and are
synthetized in Ciffroy and
Benedetti (2018)

Speciation of carbonates
in solution

Calculating the distribution among
CO;¥, HCO; and H,CO;

Equilibrium assumption

Equilibrium constants of the Acid/Base reactions of the HCO;/CO;” and H,CO4/
HCO;5™ couples

Parameter values are taken
from Visual Minteq

Dissolution/Precipitation of
carbonates +
Dissolution/Coprecipitation
of TM from/to carbonates

Calculating the kinetics in the
dissolution of calcite to carbonates
in solution

Kinetic assumption

Dissolution kinetic rate, kg carp
Solubility product of calcite, K,
Exponential correction factor, @ g;s carp

This model
Callibrated for each
experimental condition

Complexation of TM with
hydrous oxides

Calculating the kinetic
adsorption/desorption of TM
to/from oxides

Kinetic assumption

Desorption/dissolution rate constant from oxides, ks ox
Adsoption rate constant to oxides, Ky ox

This model
Callibrated for each
experimental condition

Complexation of TM with
POC

Calculating the kinetic
adsorption/desorption of TM
to/from POC

Kinetic assumption

Desorption/degradation rate constant from POC, &4, poc
Adsoption rate constant to POC, k,4 poc

This model
Callibrated for each
experimental condition

Table 1 — Processes, assumptions and parameters involved in the model

(1) “Equilibrium” assumption means that all the reactions involved for simulating the targeted process are described by equilibrium constants
(2) “Kinetic’ assumption means that all the reactions involved for simulating the targeted process are described by forward and reverse kinetic rate constants




Sediment conc. Oxides concentration POC Kyiscarn Agiscarb Koas.ox Kyes.ox koaspoc kgespoc R’
Site
gL’ (gL™h gLh ' unitless Lg'h? ' Lg'h? '
g g
2.7 8.3110° 432107 N(1.85.107; 1.6.10™) N(5.94; 1.1) <10° N(3.6.107;1.3.107) N(3.9.107; 1.5.10) N(2.8.10%;1.4.10%) 0.97
5.0 1.54 107 8.80 107 N(Q2.2.10"; 1.3.10%) N(4.25; 0.61) <10° N(2.7.107;1.5.10%) N(2.3.107; 8.6.10%) N(2.7.10%;1.3.10%) 0.94
A
9.4 2.89 107 1.6510" N(1.1.107; 8.5.10°) N(5.46; 0.98) <10° N(1.8.107;7.9.10%) N(7.9.10°; 3.9.10% N(4.7.107 ;2.6.10%) 0.94
All conditions 5 5 s B 3 . P 3 3
together N(8.3.107; 5.1.10%) N(5.22;0.9) <10 N(2.45.107; 8.10%) N(2.1.107; 9.10%) N(1.8.10%;1.6.107) 0.78
1.6 8.50 107 1.02 10" 0 - <10’ N(4.5.107;2.1.10%) N(1.5.10°; 6.7.10%) N(9.4.10™; 4.1.10™) 0.96
B
53 2.82 10" 4.16 10" 0 - <10’ N(2.3.107;7.4.10%) N(3.3.10°; 1.3.10%) N(5.9.10%;2.3.10%) 0.98
2.1 8.10 107 1.01 10" 0 - <10’ N@3.7.107;1.2.10%) N(4.10°; 1.5.10% N(1.5.107;5.6.10%) 0.94
C
49 1.89 10 238 10" 0 - <10’ N(1.4.107; 4.7.10%) N(5.6.10° ; 2.4.10%) N(8.3.10%;3.5.10%) 0.99

Table 1 — Probability Density Functions (PDFs) of the parameters fitted. PDFs provided in the table are normal PDFs N (mean; SD).




	Manuscript STOTEN revised jmg+OR.pdf
	Figure stoten ciffroy 2019.pdf
	Tables STOTEN revised.pdf

