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ABSTRACT

Trace metals (TMs) in rivers experience a complex chemistry that affects their partitioning between the
dissolved and particulate fractions. Predictive modelling of this partitioning is challenging, particularly
under variable hydrodynamic conditions in rivers. This paper presents a coupled hydrodynamic
—geochemical model for trace metal dynamics in rivers, to highlight key parameters and set a basis for
developing simplified models. A coupled model based on the hydrodynamic model MOHID and the
chemical speciation model WHAM was applied to the middle part of the Garonne River (SW-France). The

predictions of the coupled model are compared to those of a fixed Kd partitioning model.

wa(y,,quﬁgds' The model accurately simulates trace metal behaviour under varying hydrological conditions. The
WHAM importance of the riverbed geomorphology and the diurnal variations in pH on TM concentrations in the
Trace metal water column are underlined. The sensitivity analysis ranked all physico-chemical parameters according
Partitioning coefficient to their influence on TM behaviour.

Hydromorphology

Garonne river

1. Introduction

Rivers are a preferential pathway for solid and dissolved mate-
rial export from continents to oceans. Therefore, they are suscep-
tible to high input fluxes of pollutants from the watershed. One
class of such pollutants comprises the trace metal elements (TMs)
which, in contrast to many other classes of pollutants, are highly
persistent in sediments since they cannot be degraded and they
provide a delayed source of contamination to the river by leaching
and erosion. TMs are also a potential risk for human and ecosystem
health (Oliver, 1997). In order to assess their toxicity, it is important
to consider not only the dissolved concentration in the water
(Caruso et al., 2008; Di Toro et al.,, 2001), but also the chemical
speciation of the TMs. Furthermore, even if a significant fraction of
complexed TMs is not readily bioavailable, these complexes can
also react rapidly to changes in physicochemical conditions and act
as a buffer on the free metal concentration (Di Toro et al., 2001).
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Transport of TMs in river follows different pathways depending
on physicochemical form. Dissolved and colloidal TMs are trans-
ported with the bulk water flow with a contribution of diffusion.
The presence of transient storage zones, such as dead arms or the
hyporheic zone, can induce more complex patterns of dispersion in
the water column (Bencala and Walters, 1983; Bottacin-Busolin
et al., 2011; Runkel et al., 1999). TMs bound to suspended particu-
late matter (SPM) are transported with the flow, but may also de-
posit to the riverbed. Deposited material may itself be subsequently
eroded. The association of TMs and SPM varies a number of factors,
including the chemical composition of the water and SPM.
Detaching instream biofilm can generate particulate organic matter
(Boulétreau et al., 2006; Graba et al., 2012) while many sources of
material, organic or mineral, can contribute to SPM loads via runoff
erosion (Ludwig et al., 2005) or in-stream erosion (Allen et al.,
1999). Overall, however, the organic matter content is often
related to the SPM concentration of a river (Meybeck, 1982; Semhi,
1996; Veyssy et al., 1996) which, in turn, depends on the river hy-
drology (Oeurng et al., 2010; Probst and Bazerbachi, 1986; Semhi,
1996). Furthermore, complex river geometry may influence SPM
dynamics. Successions of riffles and pools can, under specific hy-
drological conditions, lead to successive erosion and deposition



zones (Garneau et al., 2015) while larger hydraulic obstacles such as
dams and weirs, create high deposition zones.

The overall partitioning of TMs between the SPM and the water
column, expressed as the partition coefficient (Kd), results from the
chemical processes affecting TM speciation. The Kd has been
extensively documented for most elements (Allison and Allison,
2005) and is, indeed, far from a constant: it varies depending on
the chemical composition of the water and the SPM (Cao et al.,
2006; Christensen and Christensen, 2000; Dai and Martin, 1995).
The variation of the Kd should not be seen as resulting from a single
geochemical process, but from a combination of simultaneous
binding processes to ligands in the water and on the SPM. Weak
binding includes electrostatic sorption (Drever, 1997), for example
to fixed-charge clays. Specific binding to stronger adsorbents (e.g.
carbonates, organic matter, iron or manganese oxides) can further
reduce the mobility of TMs. This gradation of chemical strength
between TMs and SPM can be identified by sequential extractions
(Leleyter and Probst, 1999; Tessier et al., 1979).

Many different model frameworks can compute the chemical
speciation of TMs such as PHREEQC (Parkhurst and Appelo, 1999),
MINTEQA2 (Allison et al., 1991), CHESS (Santore and Driscoll, 1995)
or WHAM (Tipping et al., 2011a) and thus in principle compute Kds
as a function of the water chemistry. At the opposite scale, models
working at the river or watershed scale often use very simple
partitioning models. The WASP model (Ambrose et al., 1993), for
example, implements a fixed Kd while the SWAT model (Neitsch
et al.,, 2009) considers TMs as inert tracers and simulates them by
applying mass-balance relationships in the rivers.

Modelling the state of TMs (dissolved or particulate) in natural
waters has been the objective of many studies. Complex chemical
models have been applied to a wide range of situations, from
groundwater quality assessment (Stigter et al., 1998; van Breukelen
et al., 2003) to surface water geochemistry (Thorstenson and
Parkhurst, 2002), acid mine drainage (Chapman et al., 1983) or to
waters characterized by high concentrations of organic matter
(Lofts and Tipping, 2000; Weng et al., 2002). These models are
usually applied to laboratory experiments since they require a
detailed description of the physico-chemistry of the water and of
the SPM. One exception is the TICKET model (Farley et al., 2011,
2008) which uses the MINTEQA2 and WHAM V models in a
spatial framework with slow dynamics to model chemical gradi-
ents (i.e. groundwater, sediment or lake models). Large scale ap-
plications have also been performed on samples from rivers (Ji
et al,, 2002; Lindenschmidt et al., 2006; Lofts and Tipping, 2000;
Runkel et al., 1999), lakes (Cao et al., 2006; Farley et al., 2008)
and at the soil — water interface (Almads et al., 2007; Shi et al., 2007)
or the sediment — water interface (Caruso, 2004; Perianez, 2004).
The models used ranged from very simple fixed Kd to a complex
representation of the variability of the Kd using speciation
modelling.

Very few studies have attempted to study the detailed
geochemistry of large rivers over long time scales (e.g. a year) to
integrate varying hydrological conditions and to dynamically pre-
dict in-situ partitioning and fate of TMs. To our knowledge, even
where regular and relevant measurements exist (Aubert et al.,
under revision; Davide et al., 2003; Sanchez-Pérez et al., 2006),
no study has coupled complex geochemistry with physical pro-
cesses such as hydrology and hydrodynamics. By coupling specia-
tion and hydrodynamic models, it is possible in principle to
dynamically describe TM geochemistry.

Considering the extensive experimental knowledge about the
behaviour of TM in rivers and the limited modelling options to
simulate TM sorption-desorption under varying hydrological con-
ditions, the objective of this study was to simulate metal transport
by coupling a chemical speciation model with a hydrodynamic

model integrating heterogeneous morphology. The WHAM chem-
ical model (Tipping et al., 2011a) and the MOHID hydrodynamic
model (Trancoso et al., 2009) were chosen for their physical and
conceptual bases. This MOHID — WHAM coupled model was
compared with MOHID coupled to a fixed Kd sorption — desorption
model. These two approaches were then used to a) evaluate the
ability of the coupled model to simulate TM behaviour along a large
river exhibiting variable hydrology and morphology, b) evaluate the
influence of a variable Kd model on the predicted partitioning be-
tween dissolved and particulate phases and its influence on the
transport of TMs and c) apply sensitivity analysis to the coupled
model to highlight the key parameters and processes controlling
the transfer and fate of TMs in a large river.

With the knowledge obtained by the complex coupled MOHID —
WHAM model, it will then be possible to propose simpler con-
ceptual models based around the parameters that exert the most
influence in describing TM fate in rivers. The considered study site
was the Garonne River in its middle course (South-West of France).

2. Material and methods

The coupling of a hydrodynamic model and a chemical model
was done in two steps. The first step was to setup the hydrody-
namic model. Once the hydraulics, the transport of dissolved ele-
ments and the transport, erosion and sedimentation of SPM were
calibrated, the chemical model of sorption — desorption was added
to describe the behaviour of the TMs. Finally, a series of assump-
tions were made to provide input to the chemistry model. These
assumptions are listed and justified for the case of the Garonne
River.

2.1. The MOHID hydrodynamic environment

The hydrodynamic model was generated with the MOHID
(http://www.mohid.com/) modelling framework written in
FORTRAN 95. The River Network module (Trancoso et al., 2009) was
used to simulate water flow and TM transport in the river. MOHID
implements the full St-Venant equations in one dimension. A
modelled river is thus discretized into nodes and reaches, allowing
both temporal and spatial modelling. When available, the use of
numerous river profiles allows for a fine description of the
morphology of the river by describing the river profile and eleva-
tion at each node (Sauvage et al., 2003). Calculations are performed
using a finite-volume approach and require the calibration of a
single parameter, the Manning roughness coefficient, an empirical
coefficient which depends on a number of factors such as the sur-
face roughness or vegetation affecting the flow.

Two modules of MOHID were activated to transport TMs,
namely the transport of suspended elements through advection —
dispersion, and the erosion and deposition of SPM. Following
Garneau et al. (2015), the transient storage model One-dimensional
Transport and Input Storage (OTIS) was added to the River Network
model (Bencala and Walters, 1983). OTIS is a conceptual model
which considers a storage zone under the river. Exchanges between
the river and the storage zone are strictly vertical and depend on
two parameters, namely the exchange rate a (s !) and the cross
section of the storage zone As (m?). The variation of concentration
in the river and the storage zone is driven by equations (1) and (2).

r=aG -0 (1)



%:a%(C—Cs) (2)
where C and Cs (in mg-1~") are the concentrations of the dissolved
element respectively in the river and in the storage zone, A and Ag
(in m?) are the cross section of the river and the storage zone
respectively and « (s—!) is the exchange rate between the river and
the storage zone.

The modelling of SPM concentrations is a critical issue for
simulation of TMs. Furthermore, the SPM chemical composition
and the physical characteristics during high flow could differ
greatly from those during low flow (Bianchi et al., 2007; Hatten
et al,, 2012; Hedges et al., 1986; Veyssy et al., 1996). Therefore,
SPM was modelled through four processes: transport by advection
and dispersion, erosion and sedimentation. Two distinct classes of
particles were used to simulate the heterogeneity of SPM with
respect to erosion and sedimentation. The first class comprises
“fine” SPM that was prone to sedimentation, and was input to the
river system during high flow conditions. The second class com-
prises a “very fine” SPM fraction that exhibits very low settling
velocity either because of its size or its density. This second class
was included to provide the minimum SPM concentrations under
low flow conditions. The two classes were modelled by equations
derived from the Partheniades (1965) model with class—specific
parameters (critical shear stress for deposition and erosion, settling
velocity, erosion constant; see Trancoso et al., 2009).

The dynamics of the particulate—associated component of the
TMs was assumed to be the same as that of the SPM fraction to
which it was bound. Therefore, particulate TMs were also consid-
ered in two classes that possessed exactly the same erosion and
sedimentation parameters as the SPM, with the exception of the
erosion constant. Eroded sediment was assumed to have a constant
concentration of TMs (g.g~!) throughout the river network.
Therefore, the erosion constant of the TMs was defined as the
erosion constant of the associated SPM class multiplied by the
concentration of the TMs in the sediment:

erMs = espm X Crus in river bed sediment 3)

where ey is the erosion rate of the TM in kg-m™2-s~7, espy is the
erosion rate of the SPM in kg.m2-s™! and Cys in river bed sediment 1S
the concentration of the TMs in the river bed sediment in g-g~ .

Finally, MOHID allows computation of SPM and particulate TM
accumulation on the riverbed by computing the difference between
the initial and final mass of SPM or TM in a given reach on each
timestep. Therefore, two outputs were obtained: the accumulated
mass per meter of river and the total accumulated mass within the
full river sector.

2.2. The fixed Kd implementation

A fixed Kd partitioning model was used as a benchmark to
quantify the importance of the dynamic physico-chemical model. It
was coupled to the MOHID model and is referenced as the MOHID
— Fixed Kd model. The fixed Kd model required one parameter per
TM (the Kd), and computed the equilibrium between dissolved and
particulate phases directly, without the underlying complex
chemistry. Therefore, equation (4) was used and the Kd was taken
as a fixed parameter instead of a variable one:

TMspm,,,

Kd = ———"~
TMdiss

(4)

Where Kd is the partition coefficient (1-kg™1), TMspy,,,, is the

particulate concentration of TM per kilogram of SPM (ug-kg~!) and
TMyiss is the dissolved concentration of TM ( pg-171h).

2.3. The WHAM implementation

The Windermere Humic Aqueous Model (WHAM) is a model for
the prediction of equilibrium speciation in natural environments.
WHAM has a particular emphasis on the ion-binding reactions of
natural organic matter and mineral oxide surfaces. It takes as inputs
the sum of the dissolved and the labile particulate concentration of
TMs, the concentration of the adsorbent and the physico-chemistry
of the water, and returns predicted concentrations of dissolved and
labile TMs. The reader must refer to the supplementary material
and to Tipping (1994), Lofts and Tipping (1998), Tipping et al.
(2011b) for a comprehensive mathematical formulation of the
model.

The labile particulate concentration of metal refers to the par-
ticle—associated metal that is chemically reactive and which is
assumed to be capable of exchanging with the dissolved metal on
short timescales. It may be estimated by a partial extraction of
metal from SPM, for example by acidification (Neal et al., 1997).

WHAM includes submodels for ion binding to humic sub-
stances, to mineral oxide surfaces and to a fixed-charge cation
exchanger. The model also requires concentrations of major ions
(Na, Ca, Fe, Al, Mg, K, Cl, NO3), the main physico-chemical param-
eters of the water (pH, CO, partial pressure, temperature) and the
concentration of the TMs (sum of dissolved and labile particulate
concentrations) to be modelled.

2.4. Coupling of the chemical model to the hydrodynamic model

The coupling between WHAM and MOHID was done by a direct
implementation of WHAM in the MOHID code. Since the MOHID
model is written in ANSI FORTRAN 95, the WHAM model was
recoded to ANSI FORTRAN 95 as well. In the scope of MOHID, the
sorption-desorption process was added as a source-sink process
between the dissolved and the particulate phase of a metal. MOHID
is thus a 1D river model and WHAM is a OD model which is applied
to every cell of the discretized river.

MOHID simulates a TMs transport under two fractions: dis-
solved and total particulate. The WHAM model computes the par-
titioning of the labile metal (comprising dissolved and labile
particulate). Computation of Kd for total metal from the Kd
computed by WHAM (Kd,4pi1e) Was done by considering the fraction
of total particulate that is not labile (the residual fraction):

TMg )
Kdygpite = 71-1\,1;2/,"”"" (5)
iss
™ ™ +TM. ) T™. )
Kd = . 1\5/;) Mpart _ SPMIabe;~ 1_\; : SPMresiauar __ Kdjgpite - i\I;IMTesmua’
diss diss diss

(6)

where TMspy, .. and TMspy,,.,., are the concentrations of TM in the
particulate labile and residual forms. The proportions of labile and
residual particulate metal were expressed as a proportion of the

total:
TMesiduat = fres < TMpart (7)

TMgpite = (1 — fres) x TMpart (8)

where fis is the fraction of residual TM in the particulate fraction. In
terms of Kds:
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The output of WHAM is the Kd,4pi. on which are updated the
concentration of dissolved and labile TM. The updated dissolved
concentration of TM is provided as is to the MOHID model and the
full particulate fraction of TM is reconstructed by adding the re-
sidual concentration to the new labile concentration of TM.

The computation of the new equilibrium can quickly become
the most computationally intensive part of the simulation. There-
fore, a criterion was defined to decide whether or not the Kd should
be updated. Since the two most influential inputs to the model
were the concentration of SPM and the pH, it was decided to
recompute Kd only if the SPM concentration or the pH in a cell of
the model varied by more than a predefined threshold. Otherwise,
the Kd computed for the cell on the previous timestep was reused.
This solution provided a very detailed evolution of the Kd under
changing hydrological conditions and under the diurnal variation of
the pH, but prevented excessive computations when the chemical
conditions were stable. In the scope of these works, the threshold
was defined as a variation of the SPM by more than 8% from the last
calculation or a variation of more than 2% of the pH. These
thresholds allowed reduced computational time with limited in-
fluence on the simulation results.

Kd

2.5. Study site description

The Garonne River (South-West of France) is the third largest
river of France and is eighth order at its mouth. It exhibits a nivo-
pluvial regime with the influence of the winter snow precipita-
tion in the Pyrenean Mountains at its inlet (Pardé, 1935). Fig. 1 — (a)
shows the extent of the Garonne River from the southern part of
France to its outlet, in the West. The study site is the middle course
of the Garonne along an 87 km reach that passes the city of Tou-
louse (800 000 inhabitants) (Fig. 1 — (b)). The downstream limit of

the study site is above the Malause dam. The daily flow of the
Garonne River is well monitored at the Verdun gauging station, in
the middle part of the study site (G5 on Fig. 1 — (b)). At this point,
the Garonne has a watershed of 13 730 km? and an annual average
flow of 193 m> s~!. The monthly average flow ranges from 75 m>s~!
in August to 341 m?s~! in May. The 10 day low flow average with a
return period of two years is 42 m> s~ while the daily average flow
of the two years return high flow reaches 1400 m> s~ (Banque
Hydro, http://www.hydro.eaufrance.fr/). In this context, the year
2005, used for the simulations, was dry, with an annual flow of
158 m? s~ Furthermore, the largest daily flow recorded reached
800 m? s~ !, far from the two years return high flow of 1400 m3 s~

The Garonne River at Toulouse is impacted by three dams and
eight bridges before the sampling point G1, providing a complex
hydraulic behaviour (S.M.E.P.A.G, 1989). Then, downstream of
Toulouse, the river exhibits successions of riffles and pools (Steiger
and Gurnell, 2003). This morphological characteristic means that
successive erosion and sedimentation zones can be observed in the
87 km reach of the study. In addition, an important gravel bed can
be observed which is known to generate important interactions
between the river and the groundwater for phosphorus and nitrate
(Bonvallet Garay et al., 2001; Garay et al., 2001; Teissier et al., 2008).

2.6. Available datasets

2.6.1. Hydrodynamic and morphologic data

Three different datasets were used to calibrate each sub-model
independently (hydraulics, transport, erosion and sedimentation),
thus preventing compensation among the different processes. The
morphology of the river was assessed by more than 200 cross-
sectional profiles along the reach gathered at various public in-
stitutions such as the Direction Départementale de I'Equipement
(DDE — Departmental Office of Infrastructures) or the Direction
Régionale de I'’Environnement (DIREN — Regional Department for
the Environment). These profiles, separated by a distance ranging

Malause reservoir

Tarn
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Fig. 1. The Garonne River study site in the South-West of France. The model was applied over the Garonne river section between Portet (upstream Toulouse city) and station G8
(upstream the Malause reservoir before the confluence with the Tarn river) for a total reach of 87 km. The sampling sites in Garonne main channel are indicated by “Gx” symbols
and the tributaries sampled by “Tx” symbols. The hydrology of the sampling campaigns is also represented and was observed at the sampling point G5.



from 30 m around bridges to a maximum of 2.4 km, allowed a fine
scale description of the river slope and cross-section to be provided
to the model. A trapezoidal approximation of the true profiles was
used.

Water velocity requires high frequency flow to be properly
described. However, limited hourly flow time series were available,
including a gap during the period of sampling the TMs (see below).
Therefore, it was decided to use two datasets: one for the calibra-
tion — validation of the hydrodynamics and a second one for the TM
simulations.

The dataset for calibration — validation consisted of hourly flow
data at the Portet gauging station (upstream of Toulouse) and at the
Verdun gauging station (sampling point G5, Fig. 1). The water level
was measured and converted to discharge by the Direction
Régionale de I'’Environnement, de '’Aménagement et du Logement
— Midi-Pyrénées (DREAL, http://www.midi-pyrenees.
developpement-durable.gouv.fr/). Calibration of the Manning co-
efficient was performed with hourly data from 07/02/2002 to 19/
02/2002 and validation was done with the observations for the
period 29/03/2002 to 08/03/2002. This calibration was performed
by Garneau et al. (2015) and aimed to maximize the Nash-Sutcliff
efficiency index (equation (10)).

NS=1_ Z(QObS_QSim)ZZ (10)
5> (Qobs — Qobs )

Where Q,y; is the observed flow, Qg is the average observed flow
and Qg is the simulated flow.

The dataset for simulation of the TMs consisted of daily average
flows. These daily data were used to provide the input flow at the
Portet station (Fig. 1). The downstream boundary condition was
provided by the dam at the outlet of the Malause reservoir (Fig. 1)
which operates at a fixed water level.

The transport equations (advection — dispersion and transient
storage) were calibrated as reported in Garneau et al. (2015). Three
parameters (diffusivity, the exchange rate « and the cross section of
the transient storage zone As) were calibrated by minimizing the
root mean square error between the simulation and the
observations.

2.6.2. Temperature, pH and turbidity observations

The Conseil Général de la Haute-Garonne (General Council of
Haute-Garonne, http://labo-eau.haute-garonne.fr/) monitors the
temperature, the pH and the turbidity (in Nephelometric Turbid
Units (NTU)) of the Garonne River in real-time (average time step of
24 min) at Portet station (Fig. 1). During the year 2005, the water
temperature ranged from 2.6 to 25.8 °C with an average tempera-
ture of 15.4 °C. The pH ranged from 7.2 to 9.2 with an average of 8.1
and the turbidity ranged from 2 to 302 NTU with an average
turbidity of 10.2 NTU. The relationship between turbidity and SPM
measured in the Garonne River have been modelled empirically by
Probst ].L., Probst A. and Aubert D. (personal communication) on
the basis of turbidity — SPM measurements performed in numerous
studies (Etchanchu, 1988; Probst, 1983; Probst and Bazerbachi,
1986; Semhi, 1996) corresponding to variable hydrological condi-
tions. These SPM calculated using the turbidity measures were used
as the input variable to the model (equation (11), n = 336, R? = 0.95,
p < 0.001).

SPM = 13027 x (e1'3525*4” - 1) (11)

where the SPM are in mg.l~! and T is the turbidity (NTU).

2.6.3. Suspended particulate matter and trace metal data

Four sampling campaigns were performed in 2005 to measure
the total SPM and TM on the Garonne River and its tributaries
(Sanchez-Pérez et al., 2006). The sampling points of the Garonne
(G;) and its tributaries (T;) are shown on Fig. 1 and were sampled
from the first sampling point (upstream) to the last (downstream)
at the velocity of the river flow according to the method of Teissier
et al. (2008). Furthermore, the “Systeme d’Information sur I'Eau du
Bassin Adour-Garonne” (SIE, translated as “Water Information
Network of the Adour-Garonne watershed”, http://adour-garonne.
eaufrance.fr/) collected monthly SPM data at three sampling
points (G1, G5 and G8).

In the scope of this work, we chose two metals, copper (Cu) and
lead (Pb), which are characterized by contrasted sorption/desorp-
tion behaviour. The first one (Cu) exhibits a significant dissolved
fraction whereas Pb is transported mainly in particulate form
(Aubert et al., under revision; Brunel et al., 2003; Sanchez-Pérez
et al., 2006; Tipping et al., 2003).

The first campaign took place on 14 February 2005, during a
snow melt event with a flow of 187 m> s~'. The second was on 16
March 2005, after one month without a significant hydrological
event, with a flow of 218 m? s~ The third was on the 17 May 2005
and 18 May 2005 during high flow (up to 800 m> s~1). Finally, the
fourth campaign took place on the 10 October 2005 after three
weeks of low flow conditions (80 m® s~, see Fig. 1). In total, 43
samples were taken from the Garonne River. The partition co-
efficients between the dissolved and particulate phases of Cu and
Pb are shown in Table 1. The calculated Kd showed a large vari-
ability within the range, as shown by the standard deviation of the
log-transformed Kd.

A distinct sampling campaign was performed during 2002, up-
stream of Toulouse city, with the same sampling protocol. A total of
44 weekly samples over the full year were taken in the Garonne
River and its main affluent, the Ariege River (see Fig. 1). Dissolved
and particulate TMs were analysed along with physico-chemical
parameters (Aubert et al., under revision).

Sixteen SPM observations made during the campaigns of May
and October 2005 were used to calibrate the erosion — sedimen-
tation model according to the calibration procedure used by
Garneau et al. (2015). This procedure allowed for a spatially well
resolved description of the SPM with respect to the morphology of
the river. The parameter set obtained was validated at three sam-
pling sites (G1, G5 and G8) using the data of the two remaining
sampling campaigns as well as the data collected by the SIE, for a
total of 14 observations per sampling site. This validation procedure
assesses the performance of the erosion — sedimentation model in
space, as the sampling sites are close to the inlet, in the middle and
close to the outlet of the modelled river. It also assesses its per-
formance under various hydrological conditions as time series at
each sites are generated. The Mean Absolute Error (equation (12))
and the correlation coefficient (equation (13)) were used to assess
the validity of the parameters.

Table 1

Statistics on the separation coefficient (particulate/dissolved) Kd calculated from the
43 samples taken during the four sampling campaigns. The logyo (Kd) was used for
easier reading. An important variability in the values of Kd was observed, as sug-
gested by the standard deviation of the log-transformed Kd.

Logip (Kd min)  Logjo (Kd max)  Logjo (Kd average) o(Log1o Kd)
Cu 44 5.0 4.7 0.13
Pb 54 6.7 6.3 0.33




Table 2

Hypothesis on the dissolved and particulate concentrations of Cu and Pb at the upstream of the river, the Cu and Pb concentration in the sediment and on the residual fraction

of Cu and Pb in the SPM (Aubert et al. (under revision) and unpublished data).

Dissolved (ug-171)

Particulate (ug-g ")

Residual fraction Sediment (ug-g~ ')

0.80 7.0
0.50 7.0

Pb 0.0014 x QU4635 131.17 x SPMO-7997
Cu 0.547 40.0
Obs; — Sim;
MAE = M (12)
n
o‘ .
= Obs, Sim (13)
00bsTsim

2.7. Physico-chemical inputs

The WHAM model requires a large number of chemical variables
to compute the Kd. Since the majority of these variables are not
routinely measured, a number of assumptions needed to be made.
The exceptions were pH and water temperature, for which suitable
time series data were available.

2.7.1. Trace metal inputs (dissolved and particulate)

In absence of TM time series, empirical relationships were built
based on the dataset of Aubert et al. (under revision) to estimate the
concentrations of Cu and Pb at the upstream boundary of the
modelled sector (Table 2). Dissolved Pb was correlated to flow
(r =049, n = 37, p = 0.002) and particulate Pb was correlated to
SPM (r = —0.66, n = 12, p = 0.019). Dissolved and particulate Cu, in
the other hand, were not significantly correlated to flow or SPM. It
was therefore decided to fix their values to the average concen-
trations observed at Portet during the 2005 campaign. Finally, the
riverbed acts as a secondary source and sink of TM through sedi-
mentation and erosion (Audry et al., 2004; Brunel et al., 2003). The
total TM concentrations in riverbed sediments were estimated
based on previous works on the Garonne River (Garneau et al.,
2015), expert knowledge (Probst, A., Aubert D. and Probst J.L,
personal communication) and data collected by the DREAL. The
residual fraction was estimated based on sequential extraction
experiments performed on SPM and sediments of similar compo-
sitions (Probst et al., 2003; Roussiez et al., 2013).

2.7.2. SPM characterization (OM, metal oxides, clays)

The SPM content estimated from the NTU observations was
separated into two classes, “very fine” and “fine”. The very fine size
fraction was assumed to comprise all the SPM during low flow
conditions. The “fine” SPM represented coarser sediment eroded
from the watershed under elevated flow conditions. Probst and
Bazerbachi (1986) demonstrated that the average SPM concentra-
tion in the Garonne during low flow is 5.3 mg 1~ Therefore, the
upstream concentration of “very fine” SPM was fixed to 5.3 mg 17!
and the remaining upstream SPM (calculated from equation (11))
was assigned to be “fine” SPM.

WHAM allows the chemically reactive portion of the SPM to be
composed of organic matter (humic and/or fulvic acid), oxides of
iron, manganese, aluminium and silicon, and a fixed charge clay.
Here we partly followed the schema of Lofts and Tipping (2000),
who represented SPM using humic and fulvic acids and iron and
manganese oxides, and also estimated SPM clay content. The con-
centrations of humic and fulvic acids were each assumed to be 50%
of the particulate organic carbon (POC). The concentration of par-
ticulate organic carbon (POC) has been related to the total

concentration of SPM in various studies (Boithias et al., 2014;
Ludwig et al., 1996; Meybeck, 1982; Veyssy et al., 1996). Accord-
ing to Veyssy et al. (1996), the POC never exceeded 24% of the SPM
concentration in the Garonne River. Probst (1992) and Boithias et al.
(2014) expressed the fraction of POC to the total SPM concentration
through equation (14).

froc = % +fPOCM,-n (14)
Where fpoc,,, is the minimum fraction of POC in the SPM. Its value
tends to the average POC content in the watershed soil (mg-mg™1),
SPMyin sets the asymptotic limit of the relationship between fpoc
and the SPM concentration (mg-1~"). Equation (14) is thus valid
only when SPM > SPMy;,. The numerator NUM is catchment spe-
cific and describes the change of origin of POC from autochthonous
production to watershed export as the SPM concentration raises
(mg-1"1).

The fpoc,,, value was fixed to 0.021 based on literature on the
Garonne River watershed (Probst, 1983; Veyssy et al., 1996) while
the values of NUM and SPM,;;;, were set to 0.60 and 1.0 based on the
POC and SPM observations of the sampling campaigns of 2005. The
full equation is reported in Table 3.

Iron content measured in the SPM during the sampling cam-
paigns indicated that iron composed between 1% and 7% of the total
SPM with an average of 3%. This value of 3% was used as a constant
ratio of iron oxide in the SPM. The concentration of the manganese
oxide was determined in the same way and was fixed to 0.1% of the
SPM. Finally, the clay content was fixed at 50% of the remaining
SPM, based on the work of Semhi (1996) on the Garonne River. The
different hypotheses are summarised in Table 3.

2.7.3. Physico-chemistry and major ion concentrations

Major ion and dissolved organic carbon (DOC) concentrations
are required by the WHAM model to compute the activity of the
various chemical complexes. These elements all exhibit specific
travel paths and are under the influence of different processes
which can be simple, such as dilution, or very complex such as
those linked to the biogeochemistry of nitrogen. Therefore, the
concentrations of the major ions were fixed to the average con-
centrations observed during the 2005 sampling campaign over the
eight sampling sites. The concentration of DOC was estimated

Table 3

Fractionation of the SPM in its different constituents. The percentage of POC varies
with the inverse of the SPM concentration while the percentages of iron and
manganese oxides are fixed. The clays comprise 50% of the remaining SPM. The
humic and fulvic acid concentrations are fixed at 50% of the POC. The concentration
of each phase is then provided to WHAM to compute the Kd,gpe of each TM.

Fractions observed

Particulate organic carbon

froc = min (Spgﬂ-éq_o 10021, oAz4)

Humic acid fua = 0.5 x fpoc

Fulvic acid fra = 0.5 x fpoc

Iron oxide freox = 0.03

Manganese oxide fuvmox = 0.001

Clays fetay = 0.50 x (1 — fpoc — freox — fumox)




Table 4

Average concentrations of major ions and physico-chemical parameters
measured during the 2005 campaign in the Garonne River at the eight
stations (PCO2 from Semhi (1996) and Semhi et al. (2000a)). These data
were used as constant inputs for the WHAM Model.

lon concentration (pg.~")

K* 2700
NO3 12000
Na* 1243
Ca*? 46800
Mg*? 6290
S052 24163
cl 16010
Al 9.3

Fe '3 118

Physico-chemical parameters

Dissolved organic carbon (mg.1~") 1.87
pCO; (ppm) 1680

Table 5

Values of Kd used for the fixed Kd scenarios. The Kd values were calculated during
the sampling campaign of 2005 (Aubert et al. under revision). Only the minimal and
maximal values were used in the simulations of the fixed Kd scenario.

Minimum log10 (Kd) Maximum log10 (Kd)

Pb 54 6.7
Cu 4.4 5.0

similarly. For modelling, the DOC concentration was converted to a
fulvic acid concentration by multiplying it by 1.3 (Bryan et al., 2002)
The concentration of carbonate was modelled by specifying the
partial pressure of CO,, based on the work of Semhi et al. (2000a)
and fixed to 1680 ppm (Table 4). This partial pressure is equiva-
lent to an alkalinity of 3.3 mmol 1!, which is in the range of the
observed alkalinity on the Garonne River (from 1 mmol 1-! to
5.3 mmol 1)

2.74. Fixed Kd hypothesis

The simulation results of the dynamic Kd were compared to
those observed with a fixed Kd. For each TM, two different values of
fixed Kd were tested to explore the range of possible strength of
particle binding: the minimal and maximal observed Kd during the
sampling campaigns of 2005. This choice generated maximal
variation in the TM partitioning.

2.8. Sensitivity analysis

A sensitivity analysis was performed on the MOHID — WHAM
coupled model to identify the influence of the various parameters
on the average Kd simulated and on its dispersion over time. The
Latin Hypercube — One-at-a-Time (LH-OAT) method developed by
van Griensven et al. (2006) was applied to the model.

The LH-OAT method screens the global parameter space with a
Latin hypercube sampling. For each parameter set, the sensitivity of
the model to each factor was estimated by the elementary effect
calculated by eq. (15).

_9F

EEgx =4/ (15)

Where EE,, is the elementary effect of the parameter x for the
parameter set ¢ and % is the partial derivative of the score with
respect to the transformed factor x evaluated by finite differences.

A total of 100 parameter sets were sampled by the LH sampling

procedure and, to assess the spatial variation of the river, the

elementary effects were computed at each sampling points (from
G1 to G8, Fig. 1). The simulation ranged from 1st of May until 1st of
August to include high and low flows. The sensitivity analysis was
performed with a constant pH. This hypothesis was made necessary
by the large computer time required by the sensitivity analysis.
Table 6 lists the 34 factors that were perturbed during the sensi-
tivity analysis. The sampling of the parameter set was performed
with a uniform distribution between the indicated minimum and
maximum values. When a parameter was allowed to vary over
many orders of magnitude, the logarithm of the parameter was
sampled in a uniform distribution. The column “log” indicates
whether (1) or not (0) the logarithm of the parameter was taken.
Finally, to eliminate the influence of the units on the elementary
effect, all parameters were standardized by removing their average
and dividing by their standard deviation. Parameter ranges were
estimated based on the published literature for the Garonne river
(Probst, 1983; Probst and Bazerbachi, 1986; Semhi, 1996) and on the
publications relative to various models (Garneau, 2014).

Two scores were computed to assess the sensitivity of the pa-
rameters: the average hourly Kd and the dispersion of the hourly
Kd calculated by its standard deviation over the whole simulation.
The influence of a parameter on the model was assessed by the
average of the absolute value of the elementary effects.

« 1
W= D [EEg] (16)
f=1:n

According to the method of van Griensven et al. (2006), the
parameters were sorted from the most to the least influent at all
sampling points (see Fig. 1). The global score of a parameter was
taken as the highest rank it achieved. Parameters of rank 1 were
considered very influent. Parameters of rank 2 to 4 were considered
influent and parameters of rank 5 to 34 were considered not
influent.

3. Results

The simulation of a full year took 5 h 24 min on an Intel Xeon
CPU running at 2.66 Ghz for the MOHID — WHAM model.

3.1. Simulations of water flow and SPM content using the MOHID
model

The calibrated parameters for the hydraulic, hydrodynamic and
SPM model are shown in Table 7.

The flow simulated by the hydrodynamic model was compared
to the observations at Verdun gauging station (sampling site G5 of
the Garonne, see Fig. 1). The SPM model was validated at three
sampling stations, namely the point G1, G5 and G8 (Fig. 2).

The Nash-Sutcliff and the r relative to the hydrodynamics were
calculated in Garneau et al. (2015) and were close to one: NS = 0.82,
r = 0.98 for calibration and NS = 0.96 and r = 0.97 for the validation
period based on hourly observations. The scores related to the daily
data presented in Fig. 2 were also very close to one (NS = 0.97,
r = 0.99). These high values could be explained by the use of the
mean daily discharge rather than hourly observations.

The MAE of the SPM simulations during the validation were of
6.6 mg 1-! at sampling point G1,8.1 mg 1~ ! at G5 and 12.5 mg 1~ at
G8. The corresponding scores were r = 0.72 at G1 (n = 14,
p = 0.004), 0.60 at G5 (n = 12, p = 0.04) and 0.46 at G8 (n = 14,
p = 0.09), respectively. Both the MAE and the r scores were
decreasing as the sampling point got farther from the inlet. How-
ever, since the correlation between measured and observed data
was good along the full sector, the parameter set obtained was
deemed acceptable for the simulation purpose.



Table 6

List of parameters with their minimum and maximum value used in the sensitivity analysis. A “0” in the log column means that the sampling was performed between the Min
and Max values of the factor while “1” means that the sampling was performed between log (Min) and log (Max) to effectively cover the large magnitude involved.

No. Factor Units Min Max log Parameter description
Hydrodynamic and transport 1 Manning s-m '3 0.01 0.04 0 Manning coefficient representing the roughness of the channel.
2 Diffusivity m?.s~! 1.0E-7 3.0E+1 1 Dispersion parameter
3 a (adim) 1.0E-6 1.0E-3 1 Exchange rate between the river and the transient storage zone
4 As m? 10 130 0 Cross-section of the transient storage zone
Erosion and sedimentation 5 TMediment gg! 1.0E-8 3.0E-3 1 TM concentration in the sediment
6 Tero 1 Pa 8 15 0 Erosion critical shear stress for SPM - Class 1
7 Eq g-m? 1.0E-6 1.0E-4 1 Erosion constant for SPM — Class 1
8 Weq m-s! 1.0E-5 1.0E-3 1 Settling velocity for SPM — Class 1
9 Tsed 1 Pa 0.1 8 0 Sedimentation critical shear stress for SPM — Class 1
10 Tero 2 Pa 20 60 0 Erosion critical shear stress for SPM — Class 2
11 E, g-m? 1.0E-6 1.0E-3 1 Erosion constant for SPM — Class 2
12 Weo m-s~! 1.0E-6 1.0E-3 1 Settling velocity for SPM — Class 2
13 Tsed 2 Pa 10 20 0 Sedimentation critical shear stress for SPM — Class 2
SPM separation 14 fua (adim) 0.1 0.9 0 Humic acid fraction in organic carbon
15 freon % 0.01 0.1 0 Iron oxide fraction in SPM
16 NUM (adim) 8 200 0 Numerator for the calculation of POC in SPM
17 SPMsin (adim) 0.5 5 0 Parameter for the calculation of POC in SPM
18 frocum % 0.2 5 0 Minimum fraction of POC in SPM
19 felay % 0.1 1 0 Clay fraction in SPM
20 SrinHx % 1.0E-4 1.0E-2 1 Manganese oxide fraction in SPM
Water chemistry 21 [DOC] mg-1-! 0.5 5.0 0 DOC concentration in water
22 Fres (adim) 0.2 0.8 0 TM residual fraction in SPM
23 [Na] mg.l! 3 66 0 Sodium concentration in water
24 [Mg] mg-1-! 1.0E-3 8 0 Magnesium concentration in water
25 [Al] mg-1-! 1.3E-4 3.8E-2 0 Aluminium concentration in water
26 [K] mg-1-! 0.6 3.6 0 Potassium concentration in water
27 [Ca] mg-1-! 10 73.5 0 Calcium concentration in water
28 [Fe] mg-1-! 0.05 0.415 0 Iron concentration in water
29 [C1] mg-1-! 3 65 0 Chloride concentration in water
30 [NOs] mg-1-! 1 60 0 Nitrate concentration in water
31 [SO4] mg.l~! 6 75 0 Sulfate concentration in water
32 pH (adim) 6 9 0 Water pH
33 pCoO2 ppm 600 1600 0 CO, pressure in water
34 AT Kelvin -2 2 0 Temperature variation
Table 7 the dissolved and particulate fractions were of the same magni-
;‘}’dmdy“am‘c and SPM parameters for the study case of the Garonne tude. Exchanges between the particulate and dissolved fractions of
fver up to 30% of Cu was predicted along the diurnal cycle. For the rest of
Hydrodynamic parameters Value the year, the dissolved Cu correlated with discharge while the
Manning coefficient (s-m~ /%) 0.02 particulate Cu correlated with the SPM concentration.
Diffusivity (m?-s~') 0.039 Overall, the simulated data are always in the range of the ob-
a(s™) 1.2e-4 servations (Fig. 3). Nevertheless, the high flow of May under-
As (m”) 340 estimated the concentration in the particulate phase at G5 and G8
SPM model parameters Class 1 Class 2 while the dissolved phase was overestimated at the three sites.
Teed (Pa) 48 16.8 The concentrations of dissolved and particulate Pb differed by
Tero (Pa) 124 454 up to two orders of magnitude, the particulate fraction being
Settling velocity (m-s~") 4.2e-5 8.0e-4 dominant, especially during high flows. The high flows of January
Erosion constant (kg.m 2-s~1) 4.4e-6 6.0e-5

3.2. Simulations Cu and Pb by the MOHID — WHAM coupled model

The simulation predicted a strong influence of the hydrology on
Cu concentrations (Fig. 3). The two largest hydrological events (in
January and May) generated high concentrations of particulate Cu.
The model suggests that the high particulate concentration of Cu
entering the system in January was mostly lost by sediment
settling, while the May event contributed significantly to particu-
late Cu export from the river. In general, the concentration of par-
ticulate Cu followed a very similar trend to the SPM (shown in
Fig. 2).

Diurnal variations were predicted during two main periods: the
winter low flow period (beginning of March) and the high flow
recession in June. During these two periods, the concentrations of

and May suggest important sedimentation rates since the simu-
lated peak of concentrations drops from 9 ug 1~ ! to 4 ug 1~ from the
sampling point G1 to the sampling point G8.

The two periods showing a diurnal pattern presented the same
behaviour for Pb and Cu. During these periods, the daily pH vari-
ation induced an important variation in the partitioning of the TMs.

Fig. 5 shows the longitudinal profile of the TMs during the two
most contrasting conditions: the high flow of 18 May 2005 and the
low flow period of 10 October 2005. The predicted profile of Cu
under high flow conditions followed the trend of the observations.
The dissolved fraction was slightly overestimated by the model, but
it was of the same order of magnitude as the observations. The
profile of Pb, in turn, suggested that most of the total concentration
was transported by the particulate phase. In both cases, an obvious
decrease in the concentration of the particulate fraction with dis-
tance from the upstream boundary was simulated.

The low flow profiles exhibited more spatial dynamics. Copper is
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Fig. 2. The simulated trends of SPM and discharge are shown for sampling point G1 (A), G5 (B) and G8 (C) (see Fig. 1)) for the year 2005. The observed SPM refer to the sampling
campaigns while the observed SPM DREAL are relative to data collected by the water agency DREAL (see section 2.6.3). The observed flows are presented at G5 (dotted) with the
simulated flow to validate the hydrodynamic model. There are 27 km from the inlet of the model to point G1, 54 km to the sampling point G5 and 83 km to the sampling point G8.

carried mainly in the dissolved phase, leading to very little pre-
dicted variation in dissolved concentrations in the last 50 km of the
sector. Although they did not follow exactly the trend of the ob-
servations, the simulated concentrations were coherent with the
observed concentrations. Part of the excess observed Cu comes
from the tributaries. However, these tributaries did not contribute
more than 10% of the total observed Cu flux. The profile of partic-
ulate Pb during low flow exhibits an important decrease in the first
kilometers followed by smoother dynamics. The dissolved Pb
concentration is once again much lower than the particulate frac-
tion, but is not negligible.

Fig. 6 shows the variation of the simulated Kd under varying
hydrological conditions for the two TMs. In both cases, the large
diurnal variation in pH led to an important variation of the Kd
particularly obvious in March and May 2005, whereas during the
summer low flows, this diurnal variation led to limited Kd variation.
For both Pb and Cu, the diurnal variations of pH and Kd presented
an opposite relationship. Finally, high flow influenced the global
physico-chemistry of the water by reducing the diel variation of the
pH, and thus of the Kds. Under the considered hypothesis, the
simulated Kd of Pb varied between 5.55 and 6.55 and the simulated
Kd of Cu varied between 4.34 and 5.03.

3.3. Compared simulations of metal concentration in dissolved and
particulate phases (Cu and Pb) using a fixed Kd model coupled to
MOHID

The MOHID model was run with a fixed Kd (minimum and
maximum values) to simulate the fate of Cu and Pb concentrations
in the dissolved and particulate fractions for a given river station
(G5, Fig. 7).

A variation of 0.58 units Kd of Cu led to major differences in
predicted concentrations in both the dissolved and particulate
fractions. For Pb, the pattern was different since a Kd variation of
1.25 units meant an increase of over 1000% in the dissolved fraction,
while having limited impact on the particulate fraction. The dis-
solved TMs simulated by the MOHID — WHAM model are always
between those predicted by the two fixed Kd scenarios, while the
predicted particulate TMs oscillate above and below the fixed Kds.

3.4. Simulations of the accumulation of metal along the river
continuum

The accumulated mass of TM per meter of river is presented in
Fig. 8 while the total accumulated mass of TM is presented in
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Fig. 3. Annual Variation of simulated Cu concentration in the dissolved (left) and particulate (right) phases at three sampling points G1, G5 and G8 (top right corner, see Fig. 1)
during the year 2005. The observations (Aubert et al., unpublished data) collected during the four sampling campaigns are identified by crosses. The simulated flow at the first

sampling point (G1) is shown to provide the hydrological context of the data.

Table 8.

The accumulated mass per meter of river allowed dividing the
river in two sections: the passing of Toulouse city from the inlet of
the river down to kilometer 14, and the alluvial plain from kilo-
meter 14 down to the outlet of the modelled river sector (km 87).
With its numerous bridges and three dams, the city of Toulouse
showed high accumulation zones compared to the rest of the
studied sector. The alluvial plain could be divided into three addi-
tional sectors. Sector 1 corresponded to kilometers 14 to 45, where
high deposition rates occurred. Sector 2 was from kilometers 43 to
70, where the erosion processes and sedimentation were in bal-
ance, and sector 3 was from kilometer 70 to the outlet of the alluvial
plain (km 87) and the start of the influence of the Malause reser-
voir. The accumulation of Cu followed the same pattern as the
accumulation of Pb, but the absolute fluxes were much lower in the
passing of Toulouse city.

Table 8

Annual fluxes of SPM, Cu and Pb entering the river upstream of Toulouse and annual
accumulated mass of each TM according to the three scenarios (MOHID — WHAM
scenario, fixed Kd to the minimum observed value and to the maximum observed
value). The SPM model was the same one for the three scenarios. The ratio of the
accumulated mass divided by the annual flux is given within parentheses.

Total accumulated (kg-yr—') (% of the annual
flux)

MOHID — WHAM  Kd Min

Annual flux (kg-yr~!)

Kd Max

SPM  1.61E+8
Cu 9230
Pb 9779

1.10E+8 (68%)
4563 (49%)
7633 (78%)

3819 (41%)
6998 (71%)

5635 (61%)
7679 (79%)

Similar annual fluxes of Pb and Cu were provided as input to the
model. However, the mass of TM that accumulated on the riverbed
depended on the scenario. The scenario of the MOHID — WHAM
model suggested that 49% of Cu and 78% of Pb that enters the river
would deposit within the river sector. In the case of Cu, the accu-
mulation corresponded roughly to the average of the two others
scenarios (fixed Kd to a minimum and a maximum value), while the
case of Pb suggested that the total accumulated fluxes were similar
for the three scenarios.

3.5. Sensitivity analysis

The result of the sensitivity analysis is presented for the two TM
and the two scores in Table 9.

The MOHID — WHAM coupled model is very sensitive to the pH.
This parameter is very influential for both TMs and under the two
scores considered. The pH was the only very influential parameter
for the average Kd. The dispersion of the Kd, i.e. its variation under
contrasted hydrodynamic and physico-chemical conditions, was
also very sensitive to the Manning coefficient and the four erosion
— sedimentation parameters related to the class 1 SPM (coarser
SPM than the class 2). The average Kd was sensitive to six param-
eters, among which one was related to hydrodynamics (the
Manning coefficient), one to erosion — sedimentation (E,) and four
to the chemistry (freon, fres, POCnum, PCO5). The dispersion of Kd
was sensitive to two additional parameters linked to erosion —
sedimentation rates (We 1, Tgeq 1)-



Table 9

Results of sensitivity analysis. Each parameter is ranked from 1 (most influential) to 34 (least influential) for the average Kd and the dispersion of the Kd. The rank indicated is
the highest rank achieved by the parameter over the whole study site, which explains that some ranks are missing. The very influential parameters (dark grey) and the

influential parameters (light grey) are highlighted.

Average Kd

Kd dispersion

Factor No.
pH 32
Manning 1
TET‘O 2 10
E, 11
We, 12
Tsed 2 13
We 4 8
freon 15
ﬁ”es 22
POCyym 16
Tsed 1 9
PCO, 33
TMsed 5
[Fe] 28
Ey
Diffusivity
Tero 1
[Al] 25
[DOC] 21
[Mg] 24
SPMyn 17
[SO,4] 31
[Ca] 27
Fya 14
[cn 29
[Na] 23
[NOs] 30
a 3
fclay 19
[K] 26
Ag 4
frocun 18
funon 20
AT 34

4. Discussion

4.1. Hydrodynamic model

17

14

14
22
15
21
10
20
17
23
15
22
26
24
27
30
28

28
30
31
29
30

The use of 1D hydraulic equations means that the water is fully
homogenous within a finite volume element, has no lateral velocity

10 2 3 2

7 9 2
3 19 13 2
22 6 16 3
13 11 4 4
4 18 16 4
7 13 5 5
5 15 14 5
15 10 7 7
24 8 12 8
17 8 8 8
9 20 19 9
13 23 22 10
10 19 18 10
26 13 20 13
14 24 23 14
16 16 15 15
24 17 21 17
20 26 25 20
21 25 27 21
25 27 27 25
29 29 26 26
29 27 29 27
28 29 30 28
29 29 29 29
29 33 30 29
29 29 33 29
29 33 33 29

and thus cannot represent the influence of the meanders.
Furthermore, there is no coupling between the river and the
groundwater apart from the conceptual transient storage zone of
the OTIS equations. Nevertheless, the use of St-Venant equations
allows computation of variable flow velocity and thus, variable
shear stress with respect to the local slope of the river. In turn, this
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Fig. 4. Annual Variation of simulated Pb concentration in the dissolved (left) and particulate (right) phase at the three sampling points G1, G5 and G8 (top right corner, see Fig. 1)
during the year 2005. The observations (Aubert et al., unpublished data) collected during the four sampling campaigns are identified by crosses. The simulated flow at the first

sampling point (G1) is shown to provide the hydrological context of the data.

shear stress, computed with the help of hydraulic variables, drives
the full erosion — sedimentation equations, which account for the
SPM concentration along the river. Therefore, the most important
process affecting the transport of TMs is definitely the hydraulic
description of the river.

The transient storage model OTIS allows differentiation of the
flow velocity and the transport velocity of suspended elements, the
latter being slower (Bencala and Walters, 1983). It was also suc-
cessfully applied to tracer experiments simulating pollutant spill
(Bencala and Walters, 1983; Garneau et al., 2015; Runkel et al.,
1999), but in absence of major disturbances (such as a tracer test
or spill) or in long term simulation (larger than the residence time
of the water in the river), its influence was found to be negligible
with respect to the other processes.

The erosion — sedimentation model based on the Partheniades
(1965) equations allows the fine morphology of the river to be
taken into account. The SWAT model also proposes erosion —
sedimentation equations and suggests separating the sediment into
four size classes (gravel, sand, silt and clay). But the alluvial plain of
the Garonne River is known to transport fine sediments related to
fine sand, silt and clays (Garneau et al., 2015; Steiger and Gurnell,
2003), thus allowing to neglect the transport of coarse sand and
gravel. Furthermore, as the SPM characteristics depend on the hy-
drology, it was necessary to describe their behaviour with more
than one class. Using two classes is common (El Ganaoui et al.,
2004; Ziervogel and Bohling, 2003) and provided acceptable re-
sults for modelling the transport of particulate TMs. Indeed, erosion
— sedimentation processes could be better modelled by using grain
size distribution of the sediment. But only approximated and
measured data were available from Steiger and Gurnell (2003) and
Steiger et al. (2001b) during specific floods, respectively. It was thus
considered that before integrating fine grain size distribution to the

model, additional measures would be required under various hy-
drological conditions.

4.2. Assessment of the modelling hypotheses

The coupled model MOHID — WHAM is driven by strong hy-
potheses. The most important in the scope of TM modelling is the
actual TM concentration provided as input. In a complex watershed
such as the Garonne one, the sources of TMs depend on the source
of the water. Semhi (1996) and Sembhi et al. (2000a, 2000b), for
example, demonstrated that the chemical properties of the water
coming from the different tributaries of the Garonne varied ac-
cording to the geological composition of the sub-watersheds. The
flow path of the water from rainfall to river also alters its chemical
composition, as shown from stable isotopic studies (Siegel, 1983).
Mixing between groundwater and runoff contributions to the river
can be achieved by distributed hydrological modelling but was
beyond the scope of this work. Therefore, estimating the initial
water composition at the inlet of the study case is far from trivial.
The hypotheses used were driven by field data and allowed good
estimation of the TM concentrations under most hydrological
conditions. The concentrations of major ions were fixed to constant
values throughout the year. Such an assumption has previously
been used by Farley et al. (2011) for similar modelling of trace
metals in lakes. The carbonates, which are the main buffer in the
Garonne River, show important concentrations (from 1 to
5 mmol 1~ 1) (Probst and Bazerbachi, 1986; Semhi, 1996), but since
their temporal variability is unknown, a fixed concentration was
used. Similar considerations apply to the DOC concentration, which
is likely to be important in controlling Kds for both TMs, but
particularly Cu.

The variation in pH was recorded at the upstream boundary of



the study sector. Its variation between 7.2 and 9.2 is characteristic
of a well buffered river, as already identified in many studies
(Etchanchu and Probst, 1988; Probst, 1983; Probst and Bazerbachi,
1986; Semhi et al.,, 2000a, 2000b). A diel variation over more
than one unit is characteristic of biological photosynthesis and
respiration (Nimick et al., 2011; Wright and Mills, 1967) and ac-
cording to Nimick et al. (2011), diel variations at pH between 8.0
and 9.0 exhibit the largest pH amplitude between day and night,
most likely due to a CaCO3(5) — COx(g) buffering. During high flows,
this diel variation is reduced by increased turbidity and the
detachment of biofilm, which reduces photosynthesis (Boulétreau
et al.,, 2006; Uehlinger et al., 1996).

The POC concentration estimation was an important parameter
to consider because many TMs are known to bind preferentially
with organic material, and because the organic content is known to
vary greatly with the hydrological conditions. The relationship
between the fraction of POC and the SPM concentration is well
known and has been observed in many rivers around the world
(Ludwig et al., 1996; Meybeck, 1982). Therefore, the equation pro-
vided in Table 3 can be applied to most rivers, although the pa-
rameters should be recalibrated with respect to the river's
watershed and dynamics (Boithias et al., 2014). The separation of
the POC into humic and fulvic acids can be done with many
different approaches. The approximation of a 50%—50% separation
of the POC in humic and fulvic acids is suggested as the POC
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composition is usually unknown, although some studies did cali-
brate the concentration of “active” humic substances to optimise
model performance (Dwane and Tipping, 1998; Tipping et al.,
2003). In this work, though, the scarcity of data prevented the
use of a calibration — validation procedure. Therefore, the default
50%—50% separation was used.

At the operating pH, the manganese oxide and the clays were
predicted by WHAM to play marginal roles in the transport of TMs.
Therefore, their fractions could be fixed to their average concen-
tration without significant impact on the global transport. The iron
oxides, on the other hand, have been shown to be highly correlated
to particulate Pb (Bur et al., 2009; Lofts and Tipping, 2000). It was
deemed reasonable to fix the iron oxide at the average concentra-
tion of iron, but providing a finer description of these oxides
certainly would improve the fit between observations and simu-
lation. Such finer description could include the colloidal iron oxides
in the dissolved phase, as suggested by Lofts and Tipping (2000).

4.3. Application of the coupled model to the study case

Although some modelling studies have simulated TM transport
for a specific hydrological event or over a few days (Ji et al., 2002;
Lindenschmidt et al., 2006), these simulations represent the first
attempt to simulate the fate of TMs under contrasting hydrology
and morphology, based on physical and chemical models, in a large
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Fig. 5. Profile of the TMs concentration along the river. The top figures refer to Cu while the bottom figures refer to Pb. The profiles at the left are the simulations and observations
made during the high flow (800 m?® s~') of 18 May 2005. The profiles at the right are the simulations (this study) and observations (Aubert et al., unpublished data) made during the
low flow (80 m> s ') of 10 October 2005. The observations were made at Portet (at the inlet) and at the eight sampling stations (G1 to G8).
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river.

The hydraulic model was constructed with the help of a
simplified description of the morphology by including more than
200 profiles of the riverbed over the 87 km of the sector. However,
the spacing between every profile ranged from 40 m to 2.3 km. The
scarce profile density in sector 3 can be seen on Fig. 8. Therefore,
some meanders and riffle — pool successions could not be accu-
rately described in this section (Steiger et al., 2001a). Since these
hydraulic units are known to be an important sink for some nu-
trients (Bonvallet Garay et al., 2001) or to generate important water
exchanges between the river and the groundwater (Peyrard et al.,
2008), important attention should be given to a fine description
of the riverbed through its cross-section profiles.

The OTIS model proved to add negligible information on the
Garonne River. This effect is explained by the relatively short time
influence of the transient storage with respect to the simulation
time. It is likely that in some contexts, simulation of transient
storage will allow for robust modelling at finer temporal and spatial
scales. But in the actual context, it was not possible to detect its
effect on the transport of TMs.

The SPM model is critical for a proper description of the TMs
bound to the particulate phase. The parameterization of the SPM
model provided optimal parameter sets similar to those presented
in Garneau et al. (2015). The use of turbidity measurements to es-
timate the SPM concentration as input provided a consistent
detailed input to the model. However, the contribution from the
tributaries was neglected since they account for less than 2% of the
flow and no SPM concentration data was available. However these
contributions can, in the case of localised high flows, be important
(Oeurng et al., 2010). The detachment of epilithic biofilm is another

known source of SPM which was not taken into account
(Boulétreau et al., 2006). These two processes are a possible
explanation for the difference between the modelled and observed
SPM. Nevertheless, the SPM model provided a consistent repre-
sentation of the SPM observations in various points of the river and
was deemed sufficient for the TM modelling.

The simulation of Cu and Pb and their dissolved and particulate
fractions in the Garonne River shows that the input assumptions
and the model are capable of representing the magnitude of the
observations. Two main processes affect the concentrations and the
different fractions of Pb and Cu: the hydrological conditions and the
diurnal variation in the pH. The hydrological conditions were
responsible for the highest concentrations of Cu (dissolved and
particulate) and for particulate Pb. The dissolved Pb was much
more affected by the pH variation, with concentrations varying by
up to 1000%. Because of its higher concentrations, the particulate
fraction of Pb varied by less than 30% during the diurnal cycles.
According to WHAM, carbonate complex formation with Pb and Cu
is predicted to reduce Kds when the pH goes up to 9.0. This effect is
in opposition to diurnal cycles usually observed (Nimick et al.,
2011) and TMs and additional observations should be sought on
the study case to confirm this simulation result. However, contrary
of the works of Nimick et al. (2011), the Garonne River does not
experience important metal contamination.

The variation of the Kd through the year is explained by two
processes: the variation of POC concentrations with respect to the
SPM concentrations, and the daily variation of the pH. The first
process is highlighted in the case of Cu during the high flow period
of May 2005, where the SPM concentrations are high and the daily
variation of the pH is low, and during the summer low flows



(August to October) where the SPM concentrations are minimal.
These low SPM concentrations lead to a maximal POC fraction of
24% (see Table 3) and the Kd was controlled by the ratio
(%POC in SPM)/DOC since Cu binds mostly on the organic carbon
(Dwane and Tipping, 1998). The model WHAM predicts, however,
that Pb binds mostly to iron and manganese oxides. Therefore, the
POC influence was not visible on the Kd of Pb. Winter low flow
conditions differ from the summer ones. The river flow and biomass
production are higher (Boulétreau et al., 2006). Under these con-
ditions, the proposed model suggests a much larger diurnal varia-
tion in Kd due to the diel variation of the pH and larger SPM
concentrations. These results suggest an important variation in the
sub-daily concentration of the dissolved and particulate phases
that have been observed in some studies (Brick and Moore, 1996;
Kimball and Runkel, 2009; Nimick et al., 2011, 2003; Tercier-
Waeber et al., 2009). Brick and Moore (1996) reported increases
in dissolved TMs concentrations (two to three times higher than
daytime concentrations) at night in waters with similar pH and
major ion concentrations, showing high concentrations of TMs.
However, the modelling assumptions must be borne in mind,
because the CO; partial pressure, the concentrations of major ions
and DOC, and the concentrations of metal oxides per unit mass of
SPM were kept constant throughout the simulation. These as-
sumptions led the WHAM model to predict desorption of both Cu
and Pb as pH increased, as the formation of carbonate complexes
increased. This effect is opposite to that seen by Brick and Moore
(1996), however Tercier-Waeber et al. (2009) emphasized the
importance of the complex chemistry of natural waters for
explaining irregular diurnal cycles of dissolved trace metal con-
centration (Pb, Cu and Cd). Nevertheless, since the sub-daily
behaviour of metals and trace metals was not characterized in
the Garonne River, the simulation remains the best approximation
available.

The “particle concentration effect”, described in numerous
studies (Di Toro et al., 1986; Guéguen and Dominik, 2003;
Honeyman and Santschi, 1988), is the reduced capacity of SPM to
bind to TMs as the concentration of SPM rises. The coupled model
used represents this particle effect by the separation of the SPM
into different fractions with different POC contents. It is also
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possible to adjust the colloidal concentrations of DOC, metal oxides
and major ions, as proposed by Tipping et al. (1998). The pertur-
bation of the Kd by the SPM characterization can be observed in the
case of Cu during the high flow. Since Cu binds mostly to organic
matter, an increase in SPM results in a decrease of the POC fraction
in the SPM and a decrease in the Kd. The simulated Pb does not
exhibit a particle effect, but once again, this can be related to the
modelling hypotheses. Since Pb mostly binds on iron and manga-
nese oxides and since their concentrations and the concentrations
of competing major ions are kept constant, the equilibrium of
dissolved and particulate Pb is not affected through the simulation.

4.4, Comparison between the dynamic Kd and the fixed Kd
simulation

The comparison of the fixed Kd simulation to the dynamic Kd
(see Fig. 7) allows assessment of the importance of the chemical
model. The dynamic Kd predicts a very dynamic behaviour of the
dissolved phase for both TMs while the particulate phase is much
more stable. The dynamic Kd scenario also allows the importance of
the hydrology to be highlighted. In the case of Cu, the fixed Kd
scenarios suggested that the concentration in the dissolved phase
remained more or less constant, with a noticeable dilution during
the high flow. The dynamic Kd scenario rather suggested that the
dissolved Cu would progressively move from the maximal Kd
scenario to the minimal Kd scenario over a two months' period.
Since that period includes the highest fluxes of Cu (important flows
and SPM concentrations), the dynamics of the Kd plays an impor-
tant role in the predicted total mass balance of TMs.

The main advantage of a fixed Kd model is its simplicity but this
simplicity forces the modeller to stick to very stable conditions or
very short (with respect to hydrology) time windows. Ji et al. (2002)
modelled the behaviour of TMs over high flow using a fixed Kd.
However, as shown on Fig. 7, the fixed Kd model is not robust, as it
cannot reliably be used to forecast TMs in conditions different from
those used for its calibration.

The definition of the ratio of the particulate — dissolved fraction
is also of prime importance. For example, Johansson et al. (2001)
suggest using the particulate fraction (PF), i.e. the ratio of the
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Fig. 7. Comparison of dissolved (left) and particulate concentrations (right) for Cu (up) and Pb (down) at the sampling point G5 simulated by the dynamic MOHID — WHAM model
with the constant Kd model of sorption. Two Kd have been used: the maximum and the minimum Kd observed during the sampling campaign (see Table 5). The figure does not
show the maximal concentration of January and May high flows as all three scenarios presented a mismatch of less than 5% during these two events.



particulate to the total concentration of TM with all concentrations
in kg.1-! instead of the Kd. If this choice can be justified in lakes
where the SPM concentrations are low and do not vary signifi-
cantly, SPM concentrations in rivers can increase by several orders
of magnitude according to the hydrological conditions. The PF in
these conditions would simulate a dissolved concentration of TM
linearly dependent on the particulate concentration which, ac-
cording to Figs. 3 and 4, is definitely not the case.

The choice of a fixed or variable Kd can therefore determine
which control parameters will be highlighted. If the objective of a
study is to assess the mass-balance of a TM over a river, a careful
choice of fixed Kd will return a good approximation of reality,
especially for highly particulate TMs such as Pb. In the other hand, if
a finer description of TM dynamics is desired, processes such as
diurnal pH variation proved to be of great importance in some
hydrological conditions and the variation of the Kd significantly
altered the concentration of both the dissolved and particulate
fractions of TMs.

Furthermore, many studies required to know the colloidal
fraction of TMs (Guéguen and Dominik, 2003; Kimball and Runkel,
2009; Nimick et al., 2003). Although this separation does not affect
the path of TMs since they are considered to stay in the water
column, the WHAM model computes these fractions natively by
calculating the full speciation of the TMs and by explicitly consid-
ering the colloidal concentrations of organic matter and metal ox-
ides. This information has been used in various water quality and
ecotoxicology studies with success (Balistrieri and Mebane, 2014,
Farley et al., 2011; Gandois et al., 2010).

4.5. Spatial accumulation of TM and influence of the
hydromorphology

Modelling the spatial accumulation of TM allows quantification
of the importance of different zones along the river. Fig. 8 suggests
that the segment of the river passing through the city of Toulouse
acts as the most important sink for TMs. These sedimentation zones
are due to multiple weir which generates deep water (S.M.E.P.A.G,
1989). Predicted sediment accumulation compares favourably with
previous estimates of accumulation (Steiger et al., 2001a; Steiger
and Gurnell, 2003) that reached up to 160 kg m~? of sediment in
the alluvial plain of the Garonne River during the flood of October
1992 (Qumax 0f 2620 m> s~1). Considering an average riverbed width
of 75 m between Portet and Toulouse (the region which exhibits the
largest sedimentation rates), such a flood would lead to an accu-
mulation of sediment up to 12 ton. m~ This figure is higher than
the modelled accumulation (up to 5 ton. m~'), but the floods
studied by Steiger and Gurnell (2003) were significantly larger than
the highest flow simulated in these works (Qmax of 800 m® s~ ! in
May 2005).

After the high sedimentation zone at the passage of Toulouse
city, the spatial accumulation profile of TMs depends on the fine
and very fine SPM present. The fine SPM is mostly imported from
upstream since it requires high shear stress to be eroded and the
tributaries of the sector are neglected in the model. Therefore, a
deposition of fine SPM and associated TMs is observed in sector 1
(Fig. 8). Furthermore, the second sector of the alluvial plain exhibits
higher flow velocity, thus inhibiting loss of the remaining fine SPM
without generating sufficient shear stress to erode new material.
The remaining fine SPM finally settles in the third sector, where the
influence of the Malause reservoir begins. The very fine SPM settles
only in the deepest pools and is the main source of eroded material
along the sector. The influence of the riffle and pools (sector 1) after
Toulouse is thus clearly visible, with its fast succession of erosion
and sedimentation zones. The second sector is a net source of very
fine SPM, with an average shear stress generating erosion along the

whole sector. The riffle and pool succession could not be identified
from the riverbed profile due to a limited number of available
profiles. Finally, the third sector meets the conditions for a high
sedimentation of the very fine SPM and associated TMs. The model
is therefore capable of predicting both the accumulation and the
erosion of TMs in the sediment.

4.6. Most influential parameters in the sensitivity analysis

The influence of pH on Kd is well known (Drever, 1997). It was
therefore predictable that the sensitivity analysis would identify pH
as a very influential parameter for both TMs and both scores. The
sensitivity analysis also highlighted the influence of the erosion —
sedimentation process on the dispersion of the Kd. This influence is
due to the SPM composition which changes with its concentration
in water, according to the modelling hypotheses used and to pre-
vious measurements (Probst, 1992; Probst and Bazerbachi, 1986). It
also shows that a proper modelling of the SPM composition is
fundamental to simulate the Kd under contrasting hydrodynamic
conditions. Finally, it must be noted that the average Kd of the two
TMs used was sensitive to different factors. The average Kd of Cu
was sensitive to the organic carbon, which is related to the
parameter POCyyy, while the average Kd of Pb was sensitive to the
carbonates chemistry, related to the PCO;, parameter. These results
are consistent with previous sensitivity analysis performed on
WHAM. For example, Cory et al. (2007) showed that aluminium
speciation was very sensitive to pH and DOC, along with other
major ions (Fe, Ca and Mg). Cloutier-Hurteau et al. (2007) further
suggested that Cu was most sensitive to DOC and that its calibration
was necessary to provide good speciation results of Cu. In the
present study, the organic carbon was also an influential parameter,
with the presence of the POCyy) parameter among the influential
parameters.

The Morris sensitivity analysis cannot quantify non-linear ef-
fects or correlation between parameters and has many detractors
(Saltelli and Annoni, 2010). However, its efficiency as a cheap
exploratory sensitivity analysis has been demonstrated in a large
number of applications (Campolongo and Saltelli, 1997). Therefore,
a robust initial ranking of the parameters can be achieved.

5. Conclusion and outcomes

The coupled model MOHID — WHAM has been developed as a
mechanistic model capable of simulating the hydrodynamics of a
large river, and the behaviour of SPM and TMs associated with the
transport of the inner material in the river channel, according to the
water chemical composition.

The model showed its ability to be applied to a large, morpho-
logically complex river under contrasting hydrological conditions,
improving the understanding of TM dynamics and highlighting key
controlling parameters. The dynamic of a TM such as Cu, which
undergoes complex sorption — desorption, was highly influenced
by the dynamic variation of the partition coefficient between par-
ticulate and dissolved fractions. The dynamic of Pb, in turn, was
much more influenced by the particulate fraction. But the dissolved
fraction showed large variations when diurnal cycles of the pH
were stronger, highlighting the most probable importance of sub-
daily processes in altering significantly the state of the TMs in the
rivers. The model could thus suggest new sampling strategies based
on the diurnal cycles particularly to assess the implication of TMs
contamination in ecotoxicology.

The MOHID — fixed Kd scenario also suggested that between 41
and 61% of Cu and 71—79% of Pb entering the river would sediment
in the riverbed before reaching the outlet of the modelled sector.
The MOHID — WHAM model refined these estimates to 49% for Cu
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Fig. 8. Accumulated (positive) or eroded (negative) mass of SPM (A), Cu (B) and Pb (C) along the river profile over the year 2005, according to the MOHID — WHAM model. The
sampling points (from G1 to G8) are indicated. The river exits the city of Toulouse after 14 km where high sedimentation rates are simulated. Therefore, the scale is different before
and after the city (left diagrams). The alluvial plain is further decomposed in three sectors exhibiting different behaviors (sectors 1 to 3).

and 78% for Pb.

The description of the complex hydromorphology allowed
identification of zones of significant sedimentation vs erosion, thus
allowing assessment of the potential contamination of the sedi-
ment. The case of lead showed that the large diurnal variation did
not generate large variation in total fluxes to the sediment. For
copper, it was shown that using a dynamic Kd led to a very different
accumulation pattern compared to the fixed Kd alternatives,
highlighting the importance of a proper description of the water
chemistry. Furthermore, the dynamic Kd model can provide addi-
tional information such as the possibility to predict the free metal
ion concentration, which is of importance for modelling metal
bioavailability and toxicity.

Being a physically and chemically mechanistic model, the
coupled MOHID — WHAM model requires extensive databases and
a large number of parameters. But by focusing on the influential
variables, such as pH, SPM, POC and pCO;, new conceptual models
to estimate the Kd of TMs could be developed. The model presented
here and applied to Cu and Pb cannot be generalized to other TMs
without performing additional computations. Nevertheless, the

path for fast, versatile and precise Kd computation is open. In its
current form, the MOHID — WHAM coupled model offers numerous
potential applications, from mass-balance of TMs to pollution
transfer scenarios.
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