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Abstract

Lakes have a particular influence on the water cycle in urban catchments. Thermal stratification
and a longer residence time of the water within the lakéoast the pytoplankton production. Most
metals are naturally found the environment in trace amounts due to erosion and physicochemical
or biological alteration processes. Trace metals are essential to growth and reproduction of organism:
However, sme are also well known for their toxic effects on animals and humans. Total metal
concentration only reflects the quantity of metals in the medium. Their ecotoxicity depends on metal
properties and their speciation (particulate, dissolved: labile or bialblsand inert fractions). Trace
metals can be adsorbed to various components in aquatic systems including inorganic and organ
ligands. The ability of metal binding to dissolved organic matter (DOM), in particular humic
substances, has been largelydsd. In urban lakes, various factors can @ckahe phytoplankton
developmentwhich can produce autochthonous DOM, non humic substances, that cathéave
ability of metal binding as well. Buhere are few studies abdutice medl speciationn lake water
columnuntil now.

The main objectives of this thesis are (1) to obtain a consistent database of trace meta
concentrations in the water column of representative urban lakes; (2) to access their bioavailability
through an adapted speciation teicjue; (3) to analyze the seasonal and spatial evolution of the
metals and their speciation; (4) to study the potential impact of environmental variables, particularly
of autochthonous dissolved organic matter related to phytoplankton production on metal
bioavailability in these lakes and (5) to link the metal concentrations to the land use in the lake
watershed.

Our methodology is based on a densédfmurvey of the water bodies in additiongpecific
laboratory analysis. The research has been cordioctéhree study sites: Lake CrZteil in France,
Lake Pampulha in Brazil and a panel of 49 ppeban lakes in the lle de France region. Lake CrZteil
is an urban lake relatively less impacted by anthropogenic pollution. It benefits of a large number of
monitoring equipment, which allowed us to collect a part of the data set. In Lake Pampulha catchment
the anthropogenic pressure is higher. Lake Pampulha has to face with many pollution point and non
point sources. The climate and limnological characterisfitee lakes are also very different. The
panel of 49 lakes of lle de France was sampled once during three successive summea1@011
they provided us with a synoptic, representative data set of the regional metal contamination in
densely anthroped region.

In order to explain the role of the environmental variables on the metal concentratiapp|ie
the Random Forest model tme Lake Pampulha dataset andthe 49urban lake dataset with two
specific objectives: (1) in Lake Pampulha, undarding the role of environmental variables on the
trace metal labile concentration, which is considered as potentially bioavailable and (2) in the 49
lakes, understanding the relationship of the environmental variables, more particularly the watershe«
variables, on the dissolved metal concentrations. The analysis of the relationships between the trac
metal speciation and the environmental variables provtueébllowingkey results of this thesis.

In Lake Pampulhaaround 80% of the variance of the labdebalt is explained byhe some
limnological variablesChlorophyll a, oxygen concentration, pH, and total phosphorus. Fothée
metals, the Rifnodel did not succeed in explaining more than 50% of the relationships between the
metals and the limnologal variables.

In the 49 urban lakes in Ile de France regibe,RF model gave a good result for Co (66% of
explained variance) and very satisfying result for Ni (86% of explained variance). For Ni, the best
explanatory variables are landuse variableh sasCactivitie) facilities for water, sanitation and
energy, logistical warehouses, pepofficeE) and OlandfillOrhis result fits with Lake Creteil veine
dissolved Ni concentratiois particularly high and where the OactivitiesO and Olandfill&dandu
categories are the highest in the buffer zone.

Keywords Urban lakes; trace metapeciationbioavailability, land use, Random Forest model
5
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General introduction

Urban lakes present specific characteristics: they are generally highly artificial, small and shallow
water bodies and they constitute sfleelements of storm water drainage networks. These water
bodies, such as ponds and graits lakes, are common anurban and petiirban landscape. Urban
lakes play a key role in recreation and storing rainwater (Stephen Birch, 1999). Accordingitadow
et al. (2006), 99.2% of water bodies in the world have an area of 10ha or less. These aquati
ecosystems are highly impacted by urbanizaitiotiheir watershed and by urban activities such as
industry, traffic and drainage systems (Friese et al.,)2040reover, they are also very sensitive to
a large variety of planetary environmental changes (PECs) such as inc€asedcreasedair
temperature and atmospheric pollution. Despite the abundance and the usefulness of these wat
bodies for the society, thereadack of research on these urban lakes in comparison with large and
deep lakes (Jeppesen 1998, Moss 2010, Davies et al. 2008).

Because urban lakes are often small and shallow, they should respond rapidly and strongly tc
climatic fluctuations (Whitehead et al. 200Regarding their thermal regimerban lakesare
frequently polymictic and their water qualityay be particularlympacted bychanges in the water
temperature and the mixing patterns caused by climatic ext@#sgmer & Adrian 2009). Climate
change could increase wet period duration and intedsitng rainy seasonand increase drought
duration and intensitguring dry seasonConsequently, water residence time would be modified
(Bates et al. 2008). During egtme climatic eventshigh runoff volume leads to a decline of
bacteriological and chemicalater quality and thus impadtse sanitary state and the functioning of
aquatic ecosystems (Characklis et al. 2005, Patz et al. 2005, Allan & Castilla 200 Watt=atents
can enhance phytoplankton production rates (N>ges 2009, Moijj et al. 2009)esd environmental
and anthropogenidisturbances can modify both hydrodynamic and physicaimical conditions of
urban lakes, which can favor phytoplankton depeient or even reinforce eutrophication due to
higher nutrment internal cycling and more interlgght climate (N>ges 2009, Bertolo et al. 1999).

Regarding tracenetals, two types of sources exist in aquatic environment: natural sources and
anthropogenicsources. Trace metals are naturally present in the environment due to erosion and
physicatchemical or biological alteration processes. Trace metals also enter urban water bodies vie
several pathways such as atmospheric deposition, industrial and doweestiovater discharge,
agricultural activities or storm water runoff (ThZvenot et al, 2009).

Trace metals are essent@mponents for living organisms (Buffle, 1988; Tessier et Turner,
1995). Alack of metals can be a limitifgctor forthe development othe organisns, for example,
a lack of iron carlimit phytoplankton growth(Martin et Fitzwater, 1988; Martin et al., 1991).
However, a high concentration of metals can be extremely toxic. Indeed, trace metal toxicity for
aguatic organisms onsidered as a serious threat for human and animal health (Bryan and Langston,
1992).

Trace metals havaeen largely studied in marine (estuarine and coastal) and fresl{ur and
lake) systemsWith an increasing economic development, which entadlsdrial activities in large
scale andapid urbanization, trace metal pollution capsuising public concerns even though it is
considered as a OtraditionalO environmental problem. With the aim of understanding and quantifyin
trace metal in e®ystens, many investigations have beearried out on different topics:
bioaccumulation of metals by terrestrial and aquatic organisms (Goodyear et al., 1999, Heikens et al
2001), metal biogeochemistry in marine, estuarine and lacustrine systems (Demin2@1 3l
Luengen et al., 2007, Emmenegger et al., 2001), metal quantification and speciation (Audry et al.
2004, Friese et al., 2010) etc. Fewer studies facaserace metal in lake systems. Moreover, the
trace metals itakes are largely studied in dements thaareconsidered as their ultimate destiny. As
a result, we have an uncomplete image of behaviors of trace metals and their fate in the water columi
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Ecotoxicity and bioavailability of trace metals are not directly related to total metal txatices
but depend on the form and the nature of chemical species (Florence, 1986, Scoullos and Pavlidot
1997, Lores and Pennock, 1998). In aquatic systems, trace metals can exist in many different chemic
forms, which determine bioavailability and toiy to aquatic organisms (Hirose, 2006, Morel et al.,
2003). Trace metals can be particulate or dissolved (free or complexed to organic and inorganic
ligands). Unér differentphysicalchemical conditions (pH, salinity, hardness of water, organic
carbon ontentE), trace metal forms can change (Forstner and Wittmann 1979). In the dissolved
metal fraction, metals can be labile (free or weakly linked to organic or inorganic ligand) or inert (no
interaction with surrounding environment). Labile metal is deffiag free metal or weakly linked to
mineral ions (hydroxyl, carbonate) or to organic molecules (Thevenot et al. 2002). Labile metal is
also defined as Oeasily modifiable, exchangeable by easy and rapittionierith surrounding watér
(TusseatMuillemin 2005). In other words, labile metal is constituted of cationic free form or weakly
associated to mineral ions (Thevenot et al. 2002). Because ofibigility in aquatic systemshis
fraction is directly related to bioavailability of metals. The labiletal fraction, which can be easily
linked to aquatic organisms, is a good indicator of toxicity. Therefore,ntpsrtant to study this
fractionof trace metal in aquatic systems.

The speciation of trace metals in the aquatic systems depends on eewitainvariables, pH,
oxygen, suspended solids, dissolved organic matissolyed organienatter (DOM) plays a key
role in thetrace metal speciation in aquatic systems.

DOM can be divided into two categories: the humic substances and teimon subsinces.
According to Thurman (1985), humic substances predomimataturban aregsip to 70% of DOM
in comparison with n@-humic substances (25%). Humic and fulvic acids are the most studied
because they play a key role on complexing free metal ions in most of the aquatic systems. Howeve
in urban areas, the ndrumic, mainly hydrophilic DOM, can constitute a significant fraction as a
result of teated or untreated wastewater discharge (R€oedlrier et al., 2011). The binding ability
of wastewater organic matter has been highlighted during an acute toxicity test of copper with
Daphnia magngPernetCoudrier et al., 2008).

In lentic water bodigsnonhumic DOM can also be produced by biological activity, mainly
phytoplankton and bacteria. The complexing ability of tiaegak of this natural aquagenic DOM,
called extracellular polymeric substan¢&$S)is still unclear.One type of EP$ consttuted by
Transparent Exopolymer Particles (T)ERvhich are defined as particles formed from acid
polysaccharides. During phytoplankton blooms in freshwater and marine systems, phytoplankton anc
bacteria abundantly exude TEPs. Diatoms are especially kfmwproducing TEPsluring their
growth (Passow, 2002). TEPs can play a role inrtlee metal speciation because of the large affinity
of trace metals to surfa@etive exopolymers (Tye et al., 1996). Betweerd@% of trace elements
can be adsorbed bydhTEPs in thenarine system (Passo2002). However, until now, the TEPs
have been more widely studied in marine systems than in freshwaters. Moreover, very few result:
exist about the TEP characteristics in urban lakes. Most ofcthatific studies abduTEP were
conducted by experiment in the laboratory with simulated environmental conditions.

In this context, e keyobjectivesof thisthesis ares follows:

(1) to analyze the seasonal and spatial evolution otrHeemetal concentrationand their

speciationin the water column of representative urleles

(2)! to study the potential impact of environmental variables, particularly of autochthonous

dissolved organic matter related to phytoplankton production on mesaiiability in these
lakes;

(3)! to link the metal concentrations to the land use in the lake watershed.

To achieve these uppermost objectives, two prior tasks had to be performed:

(1) toobtain reliable measurements of trace metal concentratitimswater column of thiakes
(2! to accessheir bioavailability through a adapted speciation technique.
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As study sitestwo urban lakes were selected, one in France, [Ciideeil, ad the other one in
Brazil, Lake PampulhaA panel of 49 urban and peasrban lakes in the Hde-France region was also
studied Two main reasons guided the selection oséhtakes: (1) they are study sitEsmajor
research projects in France and in Brazil andl{@y are very different regarding theirban and
climate contextsThis Ph.Dresearch iembedded withimesearch projectsf LEESU-ENPC (France)
andEHR-UFMG (Brazil), PULSE (PerUrban Lakes, Society and Environment) supported by ANR
(National Research Agency) fdrake CrZteil and the research project MAPLU, funded by the
Brazilian Agency for Funding Studyd Project®FINEP) for Lake Pampulha

_ This reportis divided in two parts. The first part includes two chapters, OState of the artO and
OMaterials and MethodsO. Istisictured as follows:

Il ThechapterOState of the art©dedicated tthe presentatio of the main trace metals

which will be considered, their natural and anthropogenic sources, their different
pathways entering the aquatic systems. Then trace metal speciation and the impact o
environmental conditions are introduced. We focus on theof@enonrhumic DOM,

the extracellular polymeric substances (EPS), especially the transparent exopolymeric
substances (TEP) on the trace metals speciation. The regulatory context on trace meta
environmental standards will be briefly presented. Thisdhapter will be concluded

by the presentation of the general and specific objectives of the thesis

The chapterOMaterials and Method&Qdedicated to the description of the materials
and methods we used. The monthly monitoring in Lake CrZteil (France)aked
Pampulha (Brazil) are presentasl well as the annual survel/49 lakes of the lle de
France region. A complementary field study, Savigny redariond, is described in
Annex 8.3, All the analytical methods are describethdfly, the statistical methods

are presented.

_The second part includes theesentation and discussion of the redoitd ake Pampulha, Lake
Crzteil and the llgle-France lakes

For each study site, are preserttezlresults of the environmental monitayiprogram

which has ben conductednonthly campaigns, monitoring of the tributaries, raining
campaigns and other specific campaigns. The monitoring results ofdrZkeil and

Lake Pampulhahow the seasonal evolution of trace metal concentrations\vatee
column, the impact of raining events on the metal speciation. The results on trace
metals in 49 lkes in region lle de Frandeghlight at a regional scale, the impact of
land use in the watershed on trace metals irypban lakes.

The final chapter igledicated to conclusion and perspectives.
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1.!State of the art

Heavy metals are defined as elements with a density greater than®5lylost ofthe transition
metals have a density in this range. In environmestiahce, the term Otrace n@téend to replace
the one Oheavy metalsO. The notion of OtraceO refers to an extremely low concentratoim@sthe e
crust which is inferior t®.1% by weight.

Trace metal contamination represents a significant risk t@nlkgonment and public health,
because of their toxicity, nemodegradability and accumulation in the biosphere. In aquatic systems,
the range of trace metal concentratigeserallyvaries from ng/L td g/L. They are considered as
conservative pollutastthat are not biodegradable or other degradation processes and are permaner
additions to the environment systems-REdy et al., 1996). Trace metals are classified as essential
or nonessential They can be essential for a normal metabolic functionimy an optimal
concentration such as Cobalt, Copper, Iron, Manganese, Molybdenum, Nickel, Vanadium and Zinc.
Others are nowessential and are toxic for organisms even at very domcentrationssuch as
Cadmium, Mercury and Lead (Campbell et al., 2006;IRa8kowronska and Skowronskand et
al., 1995; Geffard, 20017ccording toMasonet Jenkins (1995)e candistinguish:

¥ Metals found in high quantities in organisms (superior to 1mmol/kg of wet weight) such as
Na, K, Ca and Mg.

¥ Metals found in traceoncentrations (between 0.001 and 1 mmol/kg) su&ga€d, Cr, Co,
Cu, Fe, Hg, Mn, Mo, Ni, Pb, Se, Si, Sn, V et Zn.

In aquatic systemstrace metals can come from both natural sources such as geochemical
badkground, volcanoes and anthropogesucirces such as industrial activity, road network, traffic,
housing, energy plants and waste. Transport and transformation of trace metals are driven by man
factors including biogeochemistry of these elements, the influence of environmental factors and
fluvial inputs. In natural waters, the distribution of trace metals depends on water chemistry such as
redox conditions, hardness, pH, alkalinity, specific ion concentrations, complexing agents and
dissolved organic matter (DOM) (Templeton et al. 200Qc&metals can be found in many different
forms such as hydrated ions, complexes with inorganic or organic ligands, adsorbed onto colloids
particles or microorganisms. In order to estienthe impact of trace metatsthe environment, it is
essential tdknow ther quantity and especially threspeciation It is generally assumeithat total
concentréon is not a good predictor ofietal bioavailability and ecotoxicity (Buffle, 1988; Tessier
and Turner, 1995).

1.1!Sources of trace metals in aquatic systems

Trae metals come from both natural and anthropogenic sounctss researchye will most
particularly focus on 7 trace metals specific of urban at@dsCo, Cr, Cu, Ni, Pb, Zn.

1.1.1.1! Natural sources

Trace metals are naturally found in the EarthOs crust #iesrean be weathered (dissolved)
and eroded (particulate). They are mainly concentrated in rocks and generally included in crystalline
structure of mineral in soil (oxides, carbonates, silicates, sulfurs). The natural concentration of trace
metabk in sols depends on the soil typ&oil geochemical background defined as natural
concentration of a substance in soil resulting from geological and pedological evolution, excluding
any anthropogac contributions (Baize, 1997The natural emissions six metals Pb, Zn, Cd, Cr,
Cu and Ni, are respectively 12,000 tons per year (Pb); 45,000 (Zn); 1,400 (Cd); 43,000 (Cr); 28,00C
(Cu); and 29,000 (Ni) (Nriagu 1990uDpther source of trace metal emission is injection into the
EarthOs atmosphere by volcanic #gtiThese two sources account for 80% of all the natural sources.
Forest fires and biogenic sources;@mt for 20% (Callender, 20Q3)
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1.1.1.2! Anthropogenic sources and pathways

Because of their physical and chemical properties such as ductility, malledlgiityelectrical
and thermal conductivity and high density, metals are materials most widely used in industrial and
domestic work. Metals enter intbe environment throughumerous anthropogenic emissioibe
major source of these metak from mining @ad smelting. Mining releases metals into aquatic
systems directly or indirectly as discharge and runoff and into atmosphere agmietsd dust.
Smelting releases metals into atmosphere as result of high tsgomperefining processes. These
metals will enter into aquatic systems by atmospheric deposition. During the 1970s and 1980s, mete
production remained relatively constant for Pb, Zn, Cd, Cu and Ni whereas Cr production was
doubled between the two decades due to technological advadiatx#sl). Other sources of metal to
the environment are listed as fossil fuel combustion, alloy industry, wood industry, waste incineration
fabrication of fertilizer(Phosphate), road traffic etc (Bisson et al., 2003, 2005a,b,c, 2006, 2011).
Important sources of metals to the aquatic environment include sewage sludge, use of commercic
fertilizer and pesticide, animal waste and waste water discharge (Nriagu and P2&§nha

Table 1 Global production and emissions of six metals during the 1970s and the 1980s.

Metal Metal production Emissions to air  Emissions to soil Emissions to water
1970s 1980s 1970s  1980s 1980s 1980s

Pb 3,400 3,100 449 332 796 138
Zn 5,500 5,200 314 132 1,372 226
Cd 17 15 7.3 7.6 22 9.4
Cr 6,000 11,250 24 30 896 142
Cu 6,000 7,700 56 35 954 112
Ni 630 700 47 56 325 113

Source: Nriagu (1980a), Pacyna (1986), and Nriagu and Pacyna (1988).
All values are thousand metric tons per year.

Titanium (Ti) is a very conservative lement that is associated witbrystal rock.
Normalization with Ti allows us to see more clearly metal enrichment dughioopogenic emissions.
Table2 shows average piedustrial and recent concentration of sece metals in aquatic systems.

The nean concentration of trace metals between-ipaustrial baseline and recent lacustrine
sediment point out that there is a progressive anthropogenic metal enrichment. It is true for all metal:
presented in the table, except Ni that is not especially enriched.

Table 2 Average concentration of six trace metals in aquatic systems
Pb Zn Cd Cr Cu Ni Ti

Material Reference
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (Wt. %)

Pre-industrial, baseline,

lacustrine, sediment 22(69) 97(303) 0.3(0.55) 48(150) 34(106) 40(125) 0.32 1)

Recent lacustrine

sediment 102(316) 207(640) 2.2(6.8) 63(195) 60(186) 39(121) 0.32 )

River particulate matter 68(120) 250(446) 1.2(2.1) 100(178) 100(178) 90(161) 0.56 3)

Estuarine sediment 54(108) 136(272) 1.2(2.4) 94(188) 52(104) 35(70) 0.5 4)

Values in bracketare Tinormalized.

(1)! Shafer and Armstrong (1991); Forstner (1981); Heit gt1&84); Mudroch et al. (1988); Eisenreich (1980); Kemp gt18I76, 1978); Wren et al.
(1983); Wahlen and Thompson (1980)

(2)! Above references plus: Dominik et al. (1984); Rowell (1996); Mecray et al. (2001)
(3)! Martin and Windom (1991); Martin and Whitfield (1981)
(4)! Alexander et al. (1993); Coakley and Poulton (1993); Arikigt al. (1994); Hanson (1997)
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1.1.2!Atmospheric deposition

The release of metals into the atmosphere by human activities has dramatically increased sinc
the industrialization. Natural sources such as volcanic eruption, sea sprays and forest fires do nc
domimate over anthropogenic sources. Atmospheric depositiclndes dry deposition that is
dominant when close to sources, wet deposition that is prevailing in rural locations and gas exchang
across the aiwater interface. (Mason et al., 2018)durel).

¥ Dry deposition is defined as the process by which aerosol paréicteasnulateon solid
surfaces. The rate of deposition depends on many factors including wind speed, atmospheric
turbulene or theparticle diameter. It is showthat anthropogenic sources emit finer particles
than natural sources (Poster and Lindberg 1997). Dry deposcludes also the uptake of
gaseous species by vegetation, for example the Hg uptake process of vegetation (Berg an
Steinnes 2005).

¥ Wet deposition refers to the removal of species from the atmosphere in precipitation including
rainfall, snowfall, f@ and other intermediate forms. Wet deposition is an important source of
trace metal. It is the result of the scavenging of gaseous or particles materials from the
atmosphere by raindrops and other physical processes and chemical reactions occurrint
beforeor during the cloud formation. Chemical reaction can have an impact on the solubility
of trace metal, thus on their bioavailability and their fatenugeposition. For instanceon
can be soluble as @k and insoluble as K#l); both C{l) and Cll) oxidation state can
exist in the atmosphere and mercury can be soluble 8$)Hgd dissolved gas as HgO.
Sources of metal in wet deposition can come from industrial emissions, domestic emissions
and traffic emissions (Pacyna and Graedel, 1995). AcaptdiMason et al. (2013) collection
of wet deposition in Chesapeake Bay, USA showed a metal enrichment in urban areas
comparing to rural areas. Similar relationship has been found for other locations.

Since the growth of environmental awareness and témffical advances in pollution control,
metal emissions have been significantly reduced by 5 to 10 fold from 1990 to now. The case of leac
can illustrate this evolution. Lead has been uséldaproduction of gasoline, ceramic, paints, metal
alloys. In the1990s, automotive sources were the main contributor of lead emissions to the
atmosphere. Due to the removal of lead from fuel, lead emissianaffay almostdisapeared or at
least reduced by 5fld between the 1990s and 2010. Now the main sourlsadfisthe industry.

A similar evolution is observed for zinc with a reduction factor until 12 fold in 20 years. Other metals
emissions are stable since 1990 except copper due to rail transport (catenary wesa(l gadls
wear) (CITEPA, 2011).

For aquéc systems, atmospheric deposition can be a direct source of tradeanai indirect
source of trace metals (accumulation on surface and transpedter by wash off). Depending on
location, this source can be dominant or secondary.
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Figure 1 Atmospheric deposition processes (Mason et al., 2013)

1.1.3!Incineration plants

Incineration is the most widely used in waste treatment methods. It is defined as a fast
oxidation reaction between waste and aalagh temperature iarder to reduce the volume of waste
to 90% (Youcai et al., 2002). Besides the composition of combustible, the waste also contains trac:
metals. Many studies have indicated that the major metals in waste are Zn, Cr, Cu, Pb, Ni, Hg ant
Cd (Min-Hao et al., 214).

Moreover, waste incineration has implied some major secondary pollutants such as acids (HC
HF, HS, Hbr), nitrogen oxides (NONO) and other persistent organic pollutants (dioxin, volatile
organic compomnds). Pacyna et al., (2001) estimated metaissions due to incineration plants
(domestic waste and sludge waste from sewage treatment) in Europe.

Table 3 Annual flow at European scale of metal emissions by incineration plants (domestic waste and sludge waste from
sewagereatment) (ton.yr™®) (Pacyna et al., 2001)

Cd Cr Cu Mn Ni Pb Se Sn V Zn
Domestic  ton.yr* 10 18 182 47 18 250 5 26 - 520
Sludge ton.yr* 1 26 5 26 5 1 1 3 2 26

Copper,lead and zinc are mainly releadenoim domestic waste incineration, around 10% in
comparison to annual emissions from energy producliahlé3).

1.1.4!Industrial processes

Pacyna et al., (2001) evaluated the annual flow of metals emitted by different industrial

proceses Table 4), which are classified into thredasses: industry of nonferrous metals, steel
industry and cement industry.

Table 4 Annual flow at European scale of metal emissions by industrial processes (tori’yPacyna et al., 2001)

Cd Cr Cu Mn Ni Pb Se Sn \% Zn
Nonferrous 208 - 572 2 281 3341 48 19 - 3622
Steel 26 1037 52 389 13 2255 3 - 26 778
Cement 3 273 - - 27 55 1 - - 547

Copper, lead and zinc are dominated from industry of nonferrous metals. Steel industry
produces chromium and lead. In comparison to the two industrial processes above, the contributiol
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of cement industry, in term of metal ema@si is inferior.However,identification and distinction of
sources aréruly challengingto realize in urban zones due to the density of industry (Pacyna et al.,
2001)

1.1.5!Energy production

Trace metals are also emitted from fuel coal combustion. Metiglsions depend on the grade
and the composition of fuel, physical chemical properties of the metal itself;, combustion temperature
and fuel feed mechanism. Pacyna et al., (2001) regroups the estimation of annual flow of meta
emissions into atmosphere doeenergy production in Europe and emission rate of 11 metals by coal
and fuel combustioril@bleb).

Table 5 Annual flow at European scale 6metal emissions by energy production (ton.yt) and emission rate (g.toft) by
combustible type (Pacyna et al., 2001)

Cd Cr Cu Mn Mo Ni Pb Se Sn V Zn
Energy ton.yr* 109 2000 1300 2000 500 2000 3000 780 815 57000 1900
Coal N 01 17 14 15 04 2 1 08 01 1 15
Fuel g.ton 0.05 1 05 1 03 20 2 03 08 60 1

Table5 shows that energy production isiarportant source of cadmium, chromium, copper,
manganese, molybdenum, nickel, plomb, selenium, vanadium and zinc in atmosphere at Europea
scale. The emitted quantity of these elements varieshitordreds ofons per year (Cd, Mo, Se, Sn)
to thousands (CiCu, Ni, Pb, Zn) or 10olds more (V). It is also showthat coas combustion emits
more trace elements in case of Cd, Cr, Cu, Mn, Se, Zn; fuel combustion produces more trace elemen
in case of Ni, Pb, V.

1.1.6!Urban stormwater runoff

Urban stormwater runofé recognized as a major source of pollutamisuding trace metals
in the aquatic systems, especially to urban receiving waters. As mentioned above, dry and wel
depositions constitute an important source of trace metals in urban stormwater runof$oOtbes
come from building siding and roofs; automobile and road infrastructures such as pavement wear
abrasion or erosion of brakes, tires and oil leakage (Davis et al., 2001). Urban stommedteran
be classified into thregypes: rooftop runoffroad runoff and runoff from course, square or other
urban open space.

Pollution of road stormwater runoff is chronic as the result of vehicleuskh@avement and
tire wear. Nevertheles#,can also be temporary (due to road works) or accidental thatlease a
number of hazardous chemicals. During winter, the use-wimig products such as sodium chloride
can enhance the corrosion of metal surfaces and promote their mobility. Metals found in urban
stormwater runoff are diverse and come from roathsas by brake and tire wear (Pb, Cu, Zn), by
vehicle exhaust (€ Ni, Cd), by building sidingelease (Pb, Cu, Zn, Cd), by atmospheric deposition
(main source of Cd, Cu, Pb), by corrosion of vehicle bodies (Fe, Cr, Mn, Ni) and by utilization of
paints andanti-corrosive coating (Davis et al., 2001, Gunawardena et al., 2014, Abbott et al., 1995)

Rooftop runoff can have a direct impact on pollution stormwater urban due to its contribution,
which can represent up to half of the runoff volume in urban zonest@fs 1996). Metal
concentrations and types depend on materiel of rooftop. Four metallic elements, which are ofter
found in literature, are Cd, Cu, Pb, Zn (Gromaire et al., 1999). Two processes, which imply metals
concentration in rooftop runoff, are:cirease of pH during runoff, which favors metal adsorption on
rooftop and atmospheric corrosion, which favors metal leaching (Quek et al., 1993). In case of Paris
more specifically the Marais watershed, (Gromaire et al., 1998) showed the contributimetais}

(Cd, Cu, Pb, Zn) from different runoff types: Rooftop runoff-@% for Cd, Cu, Pb and Zn), road
runoff (59% for Cd, Pb and Zn and 32% for Cu), Course runef%2for Cd, Cu, Pb and Zn).
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1.2Trace metal characteristics

In this section, we will present the main characteristics of the selected metals, Cd, Co, Cr, Cu,
Ni, Pb, Zn. It is essentiallypased odnNERISdocuments

1.2.11Chromium

Chromium enters into the air, water, and soil mostly in the chromium(lil) and chromium(VI)
forms. In water, chromium (VI) is highly soluble while chromium (lll) has a low solubility. In air,
chromium is present mostly as fine dust particles and can settle over land and water. In soil, chromiun
(V1) is widely transformed to Cr (Ill) under actiaf low pH and anaerobic condition in saihd
sedimentThereforechromium can strongly attach to sediment and soil. A small amount is expected
to dissolve in water and leach though the soil to groundwaker.concentration of chromium in
different envionmental compartments is indicatedliable6

Table 6 Concentration of chromium in different environmental compartments

Environment Concentration
Air < 10ng/ndy
Water 1-10! g/L(l)(Z)
-fresh water (rivers, lakes, groundwater)

Soil 50 mg/Kgs)
Sediment < 100 mg/kg

Y2 B:/Y#FFFZ
Y#Z SWQ/ANBQ/Y!DDCZ
Y3Z R',60@-0+/5L+,5;+V/-1/P,51.4/.'"1.+1%,5%-'1/L5,-+(/?+%@ @+1/3/510/'FF&;UH;/Y[9(%+V/'DD2Z

Bioaccumulation factor (BCF) is defined as the ratio of the concentration of a chemical in an
organism to the concentration of the chemical in the surrounding environment. For example,
Chromium (V1) does not accumulate in fish (BCF =1), repdotetd.S. ERA (1980).Chromium (lIl)
appears to accumulataore in fish: BCF = 26800 measured on various species of fislGisy
J.J.P. and Wiener J.G. (197If).invertebrates, BCF varies from 125 to 200 for the Chromium (VI)
and the same ratio for Chromium J{IIBCF can be up to 9100 ftMytilus edulischromium (VI) and
up to 2 800 for chromium (l11). BCF varies from 190 to 560 four species of phytoplankton for
Chrome (VI) and from 12000 to 130000 for Chrome ((Wang et al., 1997) BCF, measured on
natual population of algae, varies from 2300 to 29000 for Chromd¥dunschweiler et al., 1996)
while BCF estimated for the algae collected in the Rhin river is between 20 and 215.

1.2.2!Cobalt

Cobalt is relatively rarandrepresents only 0.002% of tEarthOsrast Cobalt is naturally
found in soilvolcanic eruption, sea spray and forest fifaghropogenic sources include combustion
of fossil fuels, metal smelting, sewage sludge, engine exhaust and processing of cobdliugltys.
its high affinity for oher metals such as nickel, silver, lead and copper, colqaimsrily used in
production of super alloys with chromiutmolybdenum and tungstemhich can enhanchigh
temperaturestrength Cobalt is widely used in production of permanent magnets, pigmeaint
dryer and catalysts in petroleum industry. Nitrate of cobalt is also used in pharmaceutical productior
of vitamin B12. In the atmosphere, cobalt is predominantly foumparticulaé form.

In surfacewater,such as rivers, lakes or estuary mamvater, igenerallysettles to the bottom
and is mainly adsorbed by sediment, in particular by carbonate and hydrDegdending on
environmental conditions especially pH, cobalt can also be linked with humic substance. The further
the environment is alkaline, the further cobalt is complexed by carbonate and other ligands. Wher
pH is below 7, cobalt is more likely free (as and Kinsela, 2010)Cobalt does not appear to
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significanty be linked to aquatic food chain (Gad et al., 2014). In soil, cobalt is expected to have a
high affinity with soil components thus its migration ability in soil is mostly insignificant.

In term of hoaccumulation and metaboliswobalt seems not to have a bioaccumulation in
aquatic organismg\ccording to scientific researclBCF varies between 5 and 10 fsteria rubens
and 15 foMytilus edulisWarnau et al,. 199®%olan and Dahlgaard991). In many species of fish
in marine water, BCF i®werin comparison with phytoplanktoty@mada et Takayanagi (1995)

Cobalt is an essentialitrient at low levels (40 mg/day).
The concentration of Co in different environmental compartmentsisated inTable7

Table 7 Concentration of cobaltin different environmental compartments

Environment Concentration
Air 0.4D2 ng/nty,
Water (fresh water) 0.1-5! g/Ly2
Soil 1- 40 mg/kgy
Sediment Unavailable

Y!Z $IQKT/YH#FFIZ
YH#E \QKI/IY#FF#Z

1.2.3!Copper

Copperis widely distributed in naturdNatural sources of copper include volcanic eruption,
vegetal decomposition, forest fires and ocgaray. Anthropogenic sours@re mainly explaed by
its extensively use imdustry because of its electric and thermic conductsuigh as metal industry,
wood industry, but also explained by other sources such as waste incineration, coal and fue
combustion, fabrication of fertilizer (phosphat€opperis used in alloy metallurgy, in fabrication of
electric material (dynamo, wires, transformer), in paint, in textile, as fungicisecticide, and
catalyst and in industry.

Copperis one oftheessental trace elemestrequired fowvarious biologic functions
The concentration of Cu in different environmental compartments is indicaiediea8

Table 8 Concentration of copperin different environmental compartments

Environment Concentration
Air ~ 10ng/my
Water (fresh water) 1- 10! g/Ly
Soil 10- 40 mg/kgs
Sediment ~ 50mg/kgy

Y!Z $IQKT/Y!DDFZ

Y#Z $JQKT//Y!DDFZ/510/[9¢A#156"V/Y'!DD2Z
Y 3Z [9(%+/+%/56"V/Y!DD2Z/A' /A 41.*/(-6
Y8Z $JQKT/Y!DDFZ/510NQK]/Y#FE#Z

Copperhas two valence Cu(l) and Cu(ll) Copper takes part ithe important process of
oxidationreduction reactions asca-factor (WHO, FAO, IAEA, 1996) lon Cu(), reduced state, is
notstablein environmentnless it$ linkedwith stabilizer ligands such as sulfur, cyanide or fluoride.
lon Cu(ll), oxidized state, foms various stable comples with mineral ligand, chloride or
ammonium and organic ligand8TSDR, 2002) In aquatic environment, many processes influence
the behavior of copper: complexation with organic or mineral ligands (especially withibliy
-SH orBOH), adsorption on metallic oxide, clay, or organic particulate, bioaccumulationEMajority
of copper released into water is particulate, ingdndorecipitate and setddo sediment. &ticulate
Cu represents 490% oftotal Cu (INERIS, 2005) After release of copper into aquatic environment,
the equilibrium is generally reached under 24h.
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In tems of bioacumulation and metabolism, BCF is only determined for fish which fluctuates
strongly between 20 to 950 with an arithmetic mean 184 (Wepener et al., (2000), Xiarong et al. (1997
Copperis anessential element but it can be even more toxic si@hnonessentiaklements as
nickel and cadmium.

1.2.4!Zinc

Zinc is an essential trace elemarttich is considered as nutritional supplemen©ver 100
enzymes are zindependent

Zinc occurs naturally in environment. Natural sources of zinc inalalt&nic eruption, vegetal
decomposition, forest fires and ocean spfaythropogenic sources of zinc can be dividdd three
groups of activity:

¥ Mining and industrial sourcesnineral processing, refining, galvanizing iron, roof
construction, manufacting gutters, batteries, pigments, plastics, ruleber

¥ Agriculture

¥ Other activitiesRoad traffic, erosion of roots, tire wear, waste incineration.

Zinc is widely used in galvanized ironévarious alloy. It is also used in different industries
such adoundry,welding dectric industry and electronic industry: drgll battery, electrical fuses,
fungicide, dyes and inkKThe concentration of Zn in different environmental compartments is
indicated inTable9

Table 9 Concentration of zincin different environmental compartments

Environment Concentration
Air 0.01D0.2! g/m’y,
Rivers 10 g/Ly

Lakes 20! g/Ly

Rain 10 g/Ley
Sediment 70- 140mg/kgy

Y!Z  $K:W:Y!DD2ZV/B:/Y!'DDDZVINQK]Y#FFFZ/510V/4>BI4K/Y#FFFZ

Zinc is preent in aquatic system in differefarms: hydrated ion, complexed form with organic
ligands (humic and fulvic acid), adsorbed on solid matter, aite Thespecation of znc depends
on diversdactors and environment conditions such as pH, quantity of organic matter dissolved, and
reduction potentiaZnCl, and ZnSQ are highly soluble in water but can be hydrolyzed and formed
precipitate Zn(OH) under reductive condition. A weak pH is necessary to maintain Zn free in the
solution.Jansen et al. 1998 estimated in various rivers in Europe that 30% of Zn is free and the othe
70% is complexed.

As an oligo element for the lifef various aquatic organisms¢camulation of zinc can be
regulated by many processes in many species: mollusks, crustaceans, fish and mammals. Mar
research showed a decreasing BCF when we go up to the food chain. It means that there is ¢
increasing reglation in the superior organisms.

In term of toxicity,LD50 values are in the rangefBD0 mg/ kg body weigHbr animals

1.2.5INickel

Nickel represents aroun.8-0.9% of the EarthOs cr§Sable 10). Anthropogenic sources
include al or fuel combustignwvaste incineration, waste sludge and alloy industigkel and its
compounds are widely used in plated coatings, rittieelmium batteries, certain pigments, ceramic
glazes, and as industrial and laboratory catalysts
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Table 10 Concentration of nickel in different environmental compartments

Environment Concentration
Air < 3 rg/m’y
Fresh water <10 g/l @m)
Marine water <0.8 g/Lp
Rain <1 glLy
Sediment < 20mg/kgy

(1)! oms IPCS (1991)
(2)! HsSDB(2000)
(3)! ATSDR (1997)

In aquatic environment, nickel is present under ion hexahydrategvidrich is weakly absorbed
by mostly organisms. Nickel is highly linked to solid matter. Nickel is weakly coraglby natural
anions such as OHsulfate and chloride. Ni(OHK)s dominant apH 9.5.

In terms of bioaccumulation and metabolismickel shows aweak bioaccumulain within
aguatic organism$\everthelesan others scientific researcBCF in fresh wateis important(Table
11):

Table 11 BCF of nickel of aquatic organisms

Specie BCF Reference
Algal Eugelna gracilis 2000  Cowgill, 1976
Scenedesmus obliqut 30-300 Wastras et al., 198!
Vegetal Elodea densa 200 Mortimer, 1985
Ipomea aquatic 40 Low et Lee, 1981
Shelfish Daphilnia putex 4050  Cowgill, 1976
Daphinia magna 2020  Cowgill, 1976

1.2.6!Lead

Lead is present in the EarthOs crust and all compartment of biosphere. Atmospheric pollutior
of lead comes from industry, lead fusion, road traffic and consummation of lead fuel. Since
prohibition of lead in fuel, atmospheric pollution of lead decreasgifigiantly. In aquatic systems,
the most important water discharge source is steel industeyrdgion subjected to acid rains or
water is naturally acid, there will be more risk of corrosion of lead pipe.

Lead and its compounds are widely usesbughout industry. They are fod in lead acid
storage battegs, paints, sheet metal, bearings, solder, piping, and ammunition. Lead arsenate is use
in insecticides and herbicides. Lead chromate is used as a yellow pigment in paints, rubber, plastic:
and ceramic coatings. House paints must have less than 0f06%a The concentration of Pb in
different environmental compartments is indicatedable12

Table 12 Concentration of lead in different environmental compartments

Environment Concentration
Air 0.1 ng/m,
Fresh water 1-10 g/L(),3)
Marine water <50ng/Lz
Rain <1 glLp
Sediment -

(1)! ASTDR (1993) and HSDB (2000
(2)! ASTDR(1993), HSDB (2000) and IUCLID (1996)
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In aquatic systems, lead intend to migrate into the sediment by adsorbing on organic matter ol
clay mineral, ceprecipitate with carbonate, sulfate saflfur or react with hydroxide or MnOx, but
the concentration of Pb is influenced by pH.

1.2.7!Comparison oftrace metalbioaccumulation

As mentioned abovéhe bio-concentratiorfactor (BCF) is defined ake ratio of a chemical
concentrationin an organism to theoncentration in the surrounding environmertis ratio is
usually determined by laboratorgxperiences and results from exposure to waterborne chemical
(Gobas and Morrison, 2000)e compare here the BCF of each trace metal mentioned abexe.
after is a summargf BCF values in literature§ éble13)

Table 13 Bio-concentration factor of trace metals

Metal BCF
In Reference In animal Reference
phytoplankbn
Chromium 9100 Wang et al., 1997 1 (Cr(VI) EPA (1980)
23002900 Braunschweiler et al., 1996 260-800(Cr Giesy J.J.P. and Wiener J.C
(1 (1977)
Cobalt 5-15 Warnau et al,. 1999, Nolan and < Yamada et Takayanagi
Dahlgaard (1991) phytoplankton (1995)
Copper - - 20- 950 Wepener et al., (2000),
Xiarong et al(1997)
Zinc BCF significantly weak due to regulatory procedsich is especially efficient for organisms at the t
of the food chainlferis 2005)
Nickel 2000 Cowgill, 1976 4050 Cowgill, 1976
30-300 Wastras et al., 1985 2020 Cowgill, 1976
Lead 13.431.7 Watling (1983) 30.579.5 Nussey et al. (2000)
300 IAEA (1994)

Table13 shows thaBCF of zinc is particularly weak due to thegulatory processes of the
organismsThis regulation is especially more efficient for superior organisms of the food chain (Ineris
(2005)) According to OECD, chemical hazard of a component is based on the persistence,
bioaccumulation and toxicity profiler (PBTrorexample the toxicity of a metal is more important
if it is qualified both as persistent and bioaccumulative (Defateat., 2007) The criteria of PBT
profiler which allows to determine the bioaccumulation power of a chemical component is defined
by United State&nvironmentaProtection Agency (EPA) under the Toxic Substances Control Act
(TSCA). According to PersistenBioaccumulative Toxic (PBT) Chemic&isby EPA (1999), a trace
metal is considered as bioaccumulative if BCF is superioredual to 1000 and as very
bioaccumulativef BCF is superior oequalto 5000. Based ottis criterion cobalt and leadrenot
bioaccumulative due to their small value of BGIound 515 for cobalt and 13:31.7 for leagl
Copper might be bioaccumulative in fish depending on stu@bsomium and nickel arboth
bioaccumulativegeven veryioaccumulativein phytoplankton and aquatanimals incertain cases.

1.3!Biogeochemistry of trace metal in aquaticystems

In this subsection, we will focus on some biogeochemical processes involving the studied trace
metals in aquatic ecosystems.

Manganese:Manganese cahe present in watein the form of ion MA* or MnOx (Mr?* and
Mn*"). Metals and nutriestmay sorb taor coprecipitate with manganese oxides (MnOx). The

oxidation of Mn(ll) by Q to Mn(lll) or Mn(lV) is thermodynamicallyavoredunder pH and p©
conditions present in surface waters but this process is kinetically slow. Another mechanism of
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oxidationor reduction of Manganese can be enhanced by light or in the presence of organic matter
or biological processes. The dominant reductive and oxidagaaionsare the following

¥ Reductive dissolution (enhancleylight): MnOx can be reduced to Mn(ll) by humic or fulvic
acids

¥ Indirect photoreduction : Under light.6; is photoproduced, which can reduce MnOx.

¥ Oxydation of Mn(ll) : Mn(ll) can be oxided to MnOx in the water column. This process can
be enhanced by sorption of Mn(ll) and biological processes.

Dissolved Mn concentrations decrease in the presence of light and an active photosynthesizing
algal community. This can be explained by the faeit in the presence of high algal activity,
biological processes and light can decrese Mn(ll) concentrations by oxidation. MnOx transformed
will precipitate or ceprecipitatewith nutrients or other metalblico et al., 2002SCOTT et al., 2002

Iron: In aquatic systems, iron is an essential micronutrient for living organisms. It can be
necessary for nitrate reclion and for the assimilatiorf aitrogen by algae. Irors foundin water
under 2forms: Fe(ll) and Fe(lll). Most photosynthetic organisms cacetup iron only in dissolved
and weakly complexed forms. Fe(ll) has a high solubdityl isnot stable in the water bodies
containing oxygen andeutralpH. Emmenegger et a11998 foundthatthe haltlife of Fe(l) in the
epilimnion of Greifesee in ssmmer is between 7 and 60 seconds. Fe(ll) is rapidly oxidized in the
presence of @and HO,. Fe(ll) is produced in lighinduced processes. Fe(ll) concentrations increase
during daytime, and decrease during nityme.

Fe(lll) is stable but hashaextremey low solubility. Reduction of dissolved Fe(llljyhich isin
competition with precipitation can occ(Emmenegger et al., 20Dhy:

¥ photolysis of organic and inorganic Fe(lll) complexes

¥ reduction of dissolved, inorganic Fe(lll) by superoxide

¥ reduction offFe(lll) at cell surfaces due biological photosynthesis

¥ thermal, abiotic reduction of Fe(lll) by organic reductants (humicspacid

Zinc: Phytoplankton blooms have the potential to deplete first Zn and then Co for enzyme
cailbonic anhydrase which isvolvedin the Calvin Cycle.These outcomeare confirmed in situ and
in mesocosnexperimentsRepartition of Zn between solid and dissolved fornggiige rapid about
2 weeks whereas ¢an be until onenonth for Ni. However, Gee and Bruland (2002) sadwhat Zn
desorbed more quickly than itsatbed. This can imply an increase of Zn concentration about 20%
in a day because of desorption. Remineralization of phytoplankton and reductive dissolution of Fe
and Mn oxides can also release dissolvedNaite that Zn is strongly bountb hydroxides (Fe or
Mn) anda positive correlation between DOC afwlis often observed.

Morris et al., 2005 showed thdiirnalZn cycling, which means maximum concentration at dawn
and minimum concentration in late afternosnprimarily due to Zn sorption and desorption during
photosynthesis activity.

Copper: Researcheis San Francisco Baf.uengen, 20073howed that strong Gromplexation
limits Cu uptake byphytoplankton. Between 8D 99% of dissolved Cu is complexed tayanic
ligands: ligands produced by cyanobacteria, natural humic and fulvic substandesynthetic
chelating agents in surface or wastewater inputgas reportedhat duringsome spring bloosj in
presence othelating agestfrom anthropogeniactivities, Cu was not depleted during algal bloom.

Nickel: In San Francisco Bay, durid®94 spring bloondissolved Ni was depleted until 75% of
total concentrationbut no similar resultvas found in labratory experimentsAbout 25% of Ni
surface runofand75% of Ni in wastewater runoéfrestrongly complexed by EDTANi can also be
reduced under UV degradatificuengen, 2007)

Lead: Pb is highlyreactivewith particles This is also demonstrated in laboratory experiments.
Pb was highly sorbed to phytoplankt¢cell surfaces). 95% of Pb is organically complexed in San
Francisco Bay which confirmed th@b was not internally up taken (Luengen, 2007).
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Cobalt : Co and Mn have the same pathway of microbial oxidation, therefore their cycling would
be linked.Similarly, to Zinc,Cobalt can be depleted by phytoplankton bloom because Zn and Co are
used for enzyme carbonic anhydraséhmCalvin Cycle Pokrovsky et al., 2010

Cadmium: Cadmium is considered aspotentially harmful metal in frésvaters Cadmium
adsorption ipH dependent. Pokrovsky et €010 showedthatthe adorption of Cd by biofilms
pH dependentpH <2, no adsgtion; pH from 2.5 to 6.5, adsorption observed and alpd{&, 100%
adsaption. In this study, 2 biofiimsvere used, e grown in contaminated site (3@D0A g/g
biofilm dry weight) andhe other imon-contaminated s (1-10' g/g biofilm dry weigh} (Lot river,
France). For aigh concentration of Cd (0.1 to 10mg/L), no adsorptidference otthe biofilms was
observedFor alow concentration of C¢{D.5-100g/L),thenoncontaminatediofilm sorbed 10 times
more than the ecgaminated one. The magmoups responsible for Cd binding a¢ thiofilm surface
are probably thearboxylate®f the external cell envelopeBdkrowsky et al., 2010; Luengen et al.,
2007.

1.3.1!Trace metal speciation

Total concentratiof tracemetalsonly reflectstheir quantity in the environment, but their
environmetal impacts and toxicity depera$pecially on the nate of the metal specieSpeciaton
refers to distribution of different chemical forms of metal in the environment, which is fundamental
to estimate their impact on the biota. Trace metal speciation in the soils and sediments and in th
aguatic systems will be exphed in the followingsection.

1.3.1.1! Trace metal speciation in soil and sediment

In soil and sediment, trace metals can migrate from solid phase into soil solution and can be
available for the plants and microorganisms. Their speciation in soil and sediment can be definec
accordingo functionalor operational criteria.

Operational speciation refers to procedures, reagents and extractants used to quantify an
qualify different fractions to which metals are linked (organic matter, iron oxide, manganese oxide,
aluminium, carbonate, $urE) (Ur e et al., 1993). Tessier et @1979) proposed a complete scheme
of operationametal speciatiomhich are classified into 5 fractions:

¥ Exchangeable metals: Metals adsorbed on the surface of sediments or their major
constituents (clays, hydratexides of iron and manganese, humic acids). Sorption
desorption processes of metals are influenced by changes in water ionic composition

¥ Metals bound to carbonates: Trace metals are associated with sediment carbonates
They can be released as result ofgegdrease.

¥ Metals bound to iron and manganese oxides: Iron and manganese oxides are excellen
scavengers for trace metals. They are thermodynamically unstable with potential redox
changes and under anoxic conditions.

¥ Metals bound to organic matter: Orgam@tter includes living organisms, detritus,
coating on mineral particles etc. Oxidizing conditions in natural waters can release
soluble metals as a result of organic matter degradation.

¥ Residual metals: Thifraction includes metals embeddedhe crystlline structure
of minerals. These metals are notested to be releaseshder normal conditions of
natural waters.

Functional speciation gives information concerning mobile forms, available forms for aquatic
organisms (Muntau et al., 1992). In this spBon, a unique extractant including diluted acids,
organic complexant or saline solutions is used in order to simulate phgfsezalcal conditions of
soil. An example of functional speciation is bioavailability determination of trace metals for
biological or microbiological cultures (Varrault, 2012).
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1.3.1.2! Trace metal speciation inwater bodies

Trace metals haveeen largely studied in marine (estuarine and coastal) and fresijmaztr
and lake) systems$-ewer studies focudeon trace metal in lake systenMoreover,trace metals in
lakes are largely studied isediments thatre considered as their ultimate destiny. As a result, we
have an uncomplete image of behaviors of trace metals and their fate in the water column.

In aquatic systems, trace metals aliwided between different compartments: water,
suspended solids, sediment and biota. Distribution and repartition of metals are mainly influenced by
different processes such as dilution, advection, dispersion, sedimentation, adsorption/desorption an
bio-uptake. Indeed, they can exist as different chemical f¢Figgire2) free, bound to hydroxides,
oxides, sulphates, silicates, adsorbed to clay or dissolved orgamér (Batffle 1998). Depending
on the nature of the complexants, trace metals can be free, weakignmlystoound, which can
changetheir reactivity in aquatic systems towards biota. The qualification and quantification of
metals, especially free ion metateessential to predict their ecotoxicity and consequences in aquatic
environment (Campbell et al., 2006). In aquatic systems, free ion metal concentration depend:
strongly on water composition, physical chemical conditions and biological factorsxdple,
metals are complexed by in@mgc ligands (chloride, bromigdeyanide, carbonate and hydroxide),
dissolved organic matter, biotic ligand. The changes in physical chemical parameters such as ioni
strength, pH, potential redox, anoxic conditions wendlify trace metal speciation (Buffle 1988; Lead
and Wilkinson 2006; Wilkinson and Buffle 2004). Beside dissolved organic matter that could
influence significantly trace metal speciation, aquatic microorganisms could have this influence by
surface reactio, biouptake, synthesisf intracellular chelators and production of extracellular
polymeric substances with complexing properties (Worms et al. 2006)

Figure 2 Schematic representation of trace metal in aquatic systems (Buffl©38)

1.3.2!Dissolved organic matter

Dissolved organic matter (DOM) consists of an incredibly complex mixture of compounds,
ranging from simple low molecular weight organic acids (LMWOAS) or sugar to high molecular
weight humic acids and the humin fractigbsidal and Gerard 2004). DOM is operationally defined
as the fraction of organic substances that passes thg@iH& m) and the fraction that remains on
the filter is called particulate organic matter (POM) (Mosdfalg 2013).DOM can be natural or
anthropogenic and origina&om 2 sources. The allochthonous sources include terrestrial sources
that organic matter (vegetation, soil, maade or industrial activity) leaches from watershed area
into rivers and lakes. The autochthounous sources inddi that is produced in lakes by
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phytoplankton and other living organisms. Autochthonous DOM comprised detritus, materials
produced or secreted by phytoplankton (EPS) or by heterotrophic organisms such as bacteria ¢
zooplankton. In freshwars, DOM is dstributedin two categories: the humic substances that
represent up to 70% of DOM and the #aumic substances including extracellular polymeric
substances that represent up to 25% (Thurman 1985, Wilkinson et al., TB&7Jatio can be
different in urba or periurban lakesVarious scientific studies have been carried for humic
substances, especially humic and fulvic acids, while thehmomc substances are less studied.

In aquatic systems, DOM iavolved inthe global carbon cycle, food webs, theailability
of trace metaland other nutrients to the biota (Williamson et al., 199®talbinding complexarst
can modify trace metal speciationwater. In the next sectipwe will describe more in details the
two categories of DOM: the humic substas and the nenumic substances.

1.3.2.1! Humic substances

Humic substances are major components of the natural organic matter in soil and surface
watess. Generally, humic substances are divided in 3 categories: humic acids, fulvic acids and humin.
Humic substaces are a complex mixture of highly heterogeneous organic matter that contains
various functional groups including nitrogen groups (primary amine, imine etc.), oxygenated
aliphatic groups (acids, aldehydes, ketones etc.), oxygenated aromatic groups (pheooé, etc.)
(Maccarthy and Malcolm, 1989kigure3). Due to its complex nature, the biodegradability of humic
substances is low to extremely lowherefore, thg remainin the water column before being
mineralized. Their distribution and concentration in soil and aquatic systems depend strongly on
physical chemical parameters and environmental conditions. For example, pH can modify humic
substances forms. Fulvstibstances are soluble at every pH while humic substances precipitate when
pH is below 2.

As mentioned above, humic substances are kriovbe excellent scavengers of trace metals
and can influence their speciation. Their ability to bind free metalaame from two majors sites:
carboxylic and phenolic. Indeed, the negative charge of humic substances results from the
deprotonation of carboxylic groups (pKa around 4) ahdnolic groups (pKa around 10j)his
negative charge has an ability to bind metald t;mbe adsorbed to the surface of hydroxides and
clays thatcontain positive charges (Duval et al. 2005). The metalifgnability is influenced by
different factors including salt concentration and pH. For example, it will decrease with an increasing
sdt concentration and decreasing pH (Benedetti et al., 1996a)

Figure 3 Example of typical humic substances (Buffle 1998)
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1.3.2.2! Extracellular polymeric substances

Extracellular polymeric substances (EPS) are generally produceditiporganisms
including algae and loteria during their growthMany factors can influence the release of
extracellular polymeric substances sashpH change, nutrient limitatiptoxic substances and cell
density of micreorganisms (De Philippis el. 2003). Indeed, due to EP3nding ability, the
efficiency of nutrient uptake is increased in oligotrophic systemstdheity of free metal ionss
reduced by EP8y adsorbing these metals (Gonzalez et al. 1998y studies found eorrelation
betweerEPS concentratiorend high concentration of Pb, Cu, Cd in the water (Lombardi and Vieira
1998, Gonzalebavila et al. 2000, Vasconcelos and Leal 2001b)

EPS are eamplex high molecular weight mixtures of polymeamntaining proteins, lipids,
polysaccharide peptides, aminacids (Fogg 1983). Carbohydrates and proteins are usually found
as major components of EPS. Various factors such as culture, growth phase, process parametse
bioreactor type, extraction method, and analytical tool used, influence thgosition of the
extracted EPS (Nielsen and Jahn, 1999). Myklestad (1995) showed that 80% of EPS released by tt
diatom Chaetoceros affiniss polysaccharides. Corradi et al. (1998) mademilar observation of
EPS of green microalga8cenedesmus actwss reported to contain 25 times more polysaccharides
than proteins.

EPS can contain many sites for the adsomptif metalge.g. carboxylic, phosphoric, amino,
and hydroxylic groups). Indeed, the presenceeaddlfunctional groups makE® Sto have the aibty
of binding metals (Flemming and Leis, 2002, Guibaud et al., 2003 and Guibaud et al. V23@8).
et al,. (1999) showed that the libktween EPS and divalent cations, such as Ca(ll) and Mg(ll) is one
of the main interactions in maintaining the miuied aggregate structure. Croot et al,. (2000) showed
that a decrease of the free Cu(ll) concentratiamotetoxic values is due to the release of ligands by
bacterium Synechococcus. Canlgdrates and proteins foundthe exudates d?seudokirchneriella
subcapitataeduce toxicity of Cd, Cu, Pb and Zn to this algae (Koukal eD8aI7 2

EPS is anonnegligible part of DOM and could play a key role in metal bingd The next
paragraph presentsore details about transparent exopolymeric substances whialgaoup of EPS
and also play a key role in metal binding.

1.3.2.3! Transparent Exopolymeric particles

Carbohydrates (also referred to as glycan) are macromolecules consisting only of carbon,
hydrogen and oxygen. Carbohydsatan be divideth 4 groups:

Monosaccharide simple sugars, with multiple hydroxyl groups (triose, tetrose, pentoseE);
Disaccharides two monosaccharides covalently linked;

Oligosaccharidesa few monosaccharides covalently linked;

Polysaccharidespolymers consisting of chains wfonosaccharide or disaccharide units; Or
polymers onsisting of many sugars bounith N-osidique link.

The transparent exopolymer particles (TEP) are at first carbohydrates, and then polysaccharide:
more precisely acidic polysaccharides. Acigiolysaccharides are defined as polysaccharides
containing carboxyl, phosphate and sulfuric ester groups.

According to Passow (2002), theahsparent Exopolymer Particles (TEP) are polysaccharides
In marine ecosystem, polysaccharide is one major parbibé faaction of dissolved organic carbon.
TEP, which is part of exopolymeric substances family (EPS), are operationally defined as transparen
particles that are formed from acid polysaccharides, retained on polycarbonate filters and are stainabl
with alcian blue (Alldredge et al.,, 1993). TEP differs from other EPS in a way that they have capacity
of interaggregation to form bigger aggregates that are retained on filtengagother forms of EPS
are dissolved
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TEPs werediscovered and described 4Gygago (Gorden 1970, Wiebe et Pomeroy 1972, Emery
et al. 1984). Smetacek et Pollehne (1986) investigated its poterg@itance in aquatic systerst
no adequate analytical techniguesre availablat that time. When Alldredge et al. (1993) developed
their investigation method, TEBained again a scientific interest. T&Pe individuals particles and
they receivd a particular scientific attention because a lot of marine organisms, included
phytoplankton and cyanobacteria product a large amountraicelular polysaccharides (Hoagland,
Rosowski, Gretz, & Roemaer, 1993; Costerton, 1995; Myklestad, 1995). In particular, diatoms are
well known for their capacity of production of these particles (Watt, 1969; Allan, Lewin, & Johnson,
1972; Hellebust, 19% Hama & Handa, 1983; Sundh, 1989; Williams, 1990).

Somestudies have been carried out to investigate the role of TEP in marine and lacustrine
ecosysters(Tablel14). Their abundance varies from?06 10 particles ! and their sizearies from
2 to 100! m. TEPs areften positively correlated to phytoplankton biomass and to chlorophyll a
concentration.

Table 14 Abundance of TEP in natural lakes

Study site Sampling depth (m) Abu.ndancle Reference
(particles L)

Lake Constance 2-25 0510 P 1510 Grossaret al. (1997)
Lake Constance 6-100 7.110 2.610 Brachvogett al. (2001)
Lake Kinneret 15-35 1.010 D7.010 Grossaret al. (1998)
Lake Kinneret 1-38 4410 P2510 Berman et Viner-Mozzini (2001

e Alldredgeet al. (1993
South California Bay 10 2510 D 6.3 10 Passovs et AIId(redge) (1994)
Lake Pavin 05D 58 1.9- 13.410  Arnouset al. (2010)
Arabian sea 0-1500 2.010 P3.510 Long et Azam (1996)
Mediterranean sea 0-40 1.01d 2219 Mariet al. (2001)

Studies have shown that the binding of metals to DOM secreted by algae is more significant
than the binding of metals on the surface cells and could decrease metal bioavailabibicatyd
in aquatic system@GonzalezDavila et al., 1995; Mulleand Kester, 1991; Xue and Sigg, 1990,
SantanaCasiano et al. (1995), Choueri et al. (2009), Lorenzo et al. (2007), Nogueira et al. (2005).
Mechanism of metal binding by DOMaereted by phytoplankton startedbe studied recently. Most
of these studies consist of laboratory experiments with a specific type of phytoplankton: (1)
Carbohydrates fraction dominates over other DOM produced by a toxic planktonic Cyanobacteria
Cylindrospermopsis raciborskiiThis fraction showed a high correlation with ligand concentration
and conditional stability constant with Cu, Cd, Zn and Rinietto et al., 2013)2) Copper toxicity
is lower in batch cultures oAnabaena spiroidesvith the presence of cyanobacteria exudates
(Choueri et al ., 2009]3) In batch culturefAnabaena spiroidesxudates showed the ability to bind
Mn(ll) and these algal surfaces have affinity to Cu(ll), Pb(ll), Hg(ll) and Mnthgi¢eNordi et al.,
2005) Recently, Pokrovsky and Shirokova (2013) showed that the concentration of Mn decreased
during the day due to adsorption onto cyanobacterial cells in the Lake Svgdtoeeal lake during
summer bloom. Similar patterns were observed for Ba and Fe.

Most of scientific studies about TEP abased on laboratorgxperimeng with simulated
environmental conditions.

1.3.2.4! TEPs and the cycle of trace metals

Two processesareinvolved in TEP production from colloidal precursors: lm@nd abiotic
processes. TEPs apontaneously formed from dissolved precursors. This abiotic formation depends
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on environmental conditions (turbulence, ionic composition, mineral colloidal concentration) and
also depends ametype of precursor.

Precursors of TE$are fibrils of 1-3 nm diameter and 100nm length. During the state of
exponential growth of phytoplankton, surface cells exudate these precursors. These free precurso
can be able to form aggregates from submicron siza)1o bigger aggregates or TEP

Formation of submicromarticles is favored and stabilized by cations, in particuldf Ba
cationic bridge formation that allows the particles to aggregate more easily. That is the reason why
TEP dissociates under presence of strong complexing agents such a$v@idiAis a chelating
agent of C& and Md*. TERs can also be formed from mucus detached from surface afells
phytoplankton. Thisccurs duringgrowth state of phytoplankton or during colonies disintegration in
senescent state. The peak of TEP production is ofteociased to phytoplankton bloom
(dinoflagellates, cyanobacter@ryptomonasy, in particular during diatom bloom period. Laboratory
assays confirm that phytoplankton is a major source ofsTHEPP production varies in relation to
light, CO, concentration, nutriments, trace metals and growth state.

1.4)0bjectives of the thesis

Trace metals havaeen largely studied in marine (estuarine and coastal) and fresl{ur and
lake) systemsWith an increasing economic development, which entailsdndl activities in large
scale andapid urbanization, trace metal pollution capture rising public concerns even though it is
considered as a OtraditionalO environmental proBlefew studies focusgon trace metals lake
systems. Moreover, the ta metals ifakes are largely studied in sediments thag¢ considered as
their ultimatefate As a result, we have an uncomplete image of behaviors of trace metals and their
fate in the water column.

In aquatic systems, trace metals can exist in margrdift chemical forms, which determine
bioavailability and toxicity to aquatic organisms (Hirose, 2006, Morel et al., 2003). The labile metal
fraction, which can be easily linked to aquatic organisms, is a good indicator of toxicity. Therefore,
it is important to study this fractioof trace metal in aquatic systems.

Ourmethodology idased on a dense field sunafthe aquatic systems in addition to common
and specific laboratory analysis. Tresearch has been conducted on tktedy sites: Lake CrZie
in France, Lake Pampulha in Brazil and a panel of 49ysban lakes in the lle de France region.

Lake CrZteilis an urban lake relatively less impacted athropogenic pollutionhan Lake
Pampulhalt benefits of a large number of monitoriaguipmet, which allowed us to collect a part
of the data set

In Lake Pampulhaatchmentthe anthropogenic pressure is higher. LR&epulha has to face
with many pollution point and nepoint sourcesTheclimate andimnological characteristics of the
lakes are also very different.

The panel of 49 lakes of lle de France was sampled once during three successive summers (201
2013); they provided us with a synoptic, representative data set of the regional metal contaminatior
in a densely anthropized region.

! EDTA EthyleneDiamineTetraacetic Aid
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The keyobjectivesof thethesiscan be summarized as follows:

(1 to analyze the seasonal and spatial evolution of the-tn@tal concentrations and their
speciation in the water column of the studied lakes;

@ to study the potential impact of environmentaliables, particularly of autochthonous
dissolved organic matter related to phytoplankton production on metal bioavailability in
these lakes;

@) to link the metal concentrations to the land use in the lake watershed.

In this resech, we will try to achievéhese objectiveasing a completen situ environmental
monitoring database.
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2.!Material and Methods
2.1Presentation ofthe study sites

2.1.1!Lake CrZteil

Lake CrZteil is located southeast of the confluence of the rivers Marne and Seine (48%246037(
2v42604700ENe alluvial plain limited by these two rivers and the tertiary outcrops of tné M
Mesly hill (NE) and the Bois de la Grange Plateau (SE) (Chesterikoff et al., 1981). The lake is situatec
in asuburlanzone of Parisin theVal-de-Marnecounty, nearbya highdensity traffic aredighway
(A86), roads D60, N18§, high speed trainknes etc.). Lake CrZteil was createdh former gravel
pit. Its bathymetry is shapdxy two simultaneous activities: alluvial gravel extraction until the base
of superficialwater table and filling with diverse backfill (earthwork materials, ruble, household
waste etc.). The definitive form of the lake was defined at the end of the exploitation of gravel pit in
1976. The lake is oriented following a negbuth axis. Betweeh976 and now, Lake CrZteil became
a landscape element aadecreation area of city CrZteil with a recreational center that organizes
outdooractivities including picnic, bicycling, nauticaportsetc. Its area is 0.42 Kmthe length is
1.5km, the mean wth is 0.2km with a maximal width of 0.4km. The depth varies from 4 to 4.5m for
the major part of the lake with a maximal depth of @mble15). The volume of théake is 1.5 10
m? (Testard, 1983).

Table 15 Characteristics of Lake CrZteil

Altitude 34.4m
Mean depth 4m
Maximal depth 6m
Surface 0.42km?
Volume 1.5x 1 m°

2.1.1.1! Geology

Lake CrZteil is essentially constituted by modahavium (silt, clay, clayey sands) in the first
depths from 1.5m to 4.5m and by older alluvium (sand, gravel) in the deeper layer. After extraction
of these alluviums, they were replaced by heterogeneous backfill of landfill materials rich in organic
mater. The deepest layer consists of marl and limestone of-Gaen and Beauchamps sand
(QualitZ du lac de CrZteil, 2006).

2.1.1.2! Hydrological characteristics

Lake CrZteil is totally isolated frothe surfacehydrologic networklt is essentially fed by an
alluvial surface water table flowing from the Marne to the Seine RiMae.deep aquifer in coarse
limestone of Champigny is completely isolated from the surface water table. The fluctuations of the
water table level and of the lake are strongly linked. The ibaset the water table is regulated by
the Marne and the Seine rivers. For the small floods, there is no significant consequence on variatio
of water level and volume of the lake. Thus, stormwater coming from the catchment of Mont Mesly
and rainfall inpug (around 680mm per year) are the main drivers of the variation of water level. The
lake has a unique outlet going into the stormwater network. .According to Chesterikoff et al. (1981),
the residence time of water is 6 months to 1 year depending ondifédaycal conditions. Theange
of level fluctuationis inferior to 50cm with a maximal water level in Mat&bril and minimal in
OctoberNovember.

2.1.1.3! Major elements concentration, conductivity and pH

In Lake CrZteil water, high concentrations of sulphaitgiem, chloride and sodium (sorted
by order) are measured. The salinity of the lake varies from 1.3 to 1.6 g/L while the surface water in
France contains generally calcium and bicarbonate and has salinity around 0.5g/L. Consequently, du
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to a high mineratation, the lake presents a high conductivity 1250 puS/cm in 2002, 1490 pS/cm in
2004 and 1510 in 2013). The lake is slightly alkaline with pH from 6.8 to 8.8 between 2011 and 2013
(our data)

Figure 4 Lake CrZteil and monitoring points

2.1.1.41 Monthly monitoring in the Lake CrZteil

The monitoring of Lake CrZteil was conducted by LEESU (Ecole des Ponts Paris Tech) in
partnership with laboratory BEEMCO with logistic support of the outdoor aquatic center of Lake
CrZteil. The moitoring started in 2011 and finished in December 2013 in the framework of the
research project PULSEPeriUrban Lakes Society and Environnement funded by ANR

2 ANR (Agence Nationale de la RechercRegnchnationalagency for esearchunding
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2.1.1.5! Meteorological data

Since May 2012, a weather station has been installed in the point Géritete CrZteil
(Figure 5). This station measures continuously various parameters including meteorological
parameters (air temperature, wind direction, wind velocity, barometric pressure, relative humidity,
precipitaion), physical and biological parameters at 5 different depths (water temperature,
chlrophylla concentration, photosynthetically active radiation).

2.1.1.6! The field campaigns

The field campaigns, conducted on Lake CrZteil, stamté€ktober 2011. The frequenéy
monthly. The monitoring campaigns include three sampling points located on an horizontal transect
from the storm water outlet to the lake outlet : the C S E point is close to the storm water outlet, the
R E point is located next to a reedbed arehthe central point C C E, is located between S and R
(Figureb). For each sampling point, three depths are defined: surface (0.5 meters), middle (1.5 meter:
and botbm (3.5 meters). For each campaign, a Olake average sampleO, named OMO is made by mi:
9 samples collected at three depths at the three points (S1, S2, S3, C1, C2, C3, R1, R2, R3). Wat
samples are collected using a NISKIN bottle.

For each campaign,gamples are collected for trace metal and TEP analysis: S2 (middle of the
water column at point S), C1, C2, C3 (3 depths at central point), R2 (middle of the water column at
point R) and M (lake average point).

2.1.1.7! Probe measurements

Vertical profiles of phygal (salinity, temperature, oxygen, conductivity, photosynthetically
active radiation (PAR), water transparency) and biological (chlorophyll a) parameters are also
monitoredin situusing probes: CTD Seabird43,-CIOR193 (underwater PAR sensor), Fluordygo
BBE.

I"#$%
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Figure 5 Monitoring physical and biological parameters of the meteorological statioffrom Soulignac et al. 2014)
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Table 16 Monthly monitoring of Lake CrZteil from 2011 to 2013

2011 2012 2013

112 |3 |4 |5 |6 |7 |8 |9 (10]11]12|1 (2 |3 |4 |5 |6 |7 |8 |9 |10|11|12(1 |2 |3 |4 |5 (6 |7 |8 |9 [10f11]12

Monitoring points

S.C.R L]

Vertical profiles

Laboratory analysis

Chlorophylta
spectrophotometry

Nutrient

Suspension Matter

Trace metals

TEP

[ ]
Phytoplankton 4 families
(BBE fluoro)
Light PAR (Licor)
Conductivity, pH, Oxyger
dissolved
Temperature
Weather Station
H

Secchi
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2.1.1.81 Monitoring of raining events in the Lake CrZteil

Lake CrZteil receives the rainfall input from the urbanized catchmentMiesiy. Between
June and December 2013, 5 rainfall events were monit&acdh rain campaign consistsdparts:
collecting therunoff water into the lake by using an automatic sampgi@mpling at 3 points P, C, R
in the lake the day after the raining event.

Table 17 Characteristics of raining eventsin the Lake CrZteil

Eventl Event2 Event3 Event4 Eventb5 Event 6

03 and
Date 19/06/13 28/07/13 14/10/13 16/10/13 20/10/13 04/11/2013
Raining events
Max intensity (mm/h) 88.2 34.4 31.4 4.6 52.3 16.7
Cumulative rainfall (mm) 22.7 5.0 4.5 0.4 4.2 4.2
Duration (h) 9.9 0.6 0.6 1.1 0.3 4.7
Return period 5 ans 6 mois 6 mois 15 jours 6 mois 3 mois
Max flow rate (I/s) 435.2 413.9 761.5 279.8 694.7 248.3
Previous days
Cumulative rainfall j - (mm) 6.6 0.0 0.0 0.0 0.3 0.8
Cumulative volume j -1 (m?3) 1121.7 37.2 97.0 168.8 84.1 624.2
Cumulative rainfallj -/ (mm) 19.9 24.2 2.0 6.5 5.4 9.9
Cumulative volume j 7 (m?3) 3940.8 3452.0 1317.7 2743.8 3319.4 7957.0
Concentrations
[Pt] (' gP/L) 1389.06 1000.5 2720.22 562.25 2834.42 439.87
[PO4] (! gP/L) 50.67 194.8 102.44 89.88 118.66 75.48
[NO3] (mgN/L) 0.33 0.37 0.33 0.34 0.19 0.17
[DOC] (mg/L) 4.18 11.57 9.26 6.56 9.09 3.94
[SM] (mg/L) 275.96 134.4 544.8 85.1 380.1 43.2
[POC] (mgC/L) 44.19 25.3 97.82 17.32 58.95 9.3
[POC] (gC/gMES) 16.01 18.83 17.95 20.36 15.51 21.52
Table 18 Laboratory analysis for raining event monitoring and punctual tributaries campaign
Analysis Method
TSS Gravimetry (ALPHA, 1998)
Turbidity Turbidimeter (TB1000P, TECNOPON)
Amonical nitrogen macro Mineralization and titration (ALPHA, 1998)
Nitrogen Kjeldahl macro Mineralization, distillation and titratior
(ALPHA, 1998)
Amonical nitrogen semimicro Distillation and colorimetry (ALPHA, 1998)
Nitrogen Kjeldahl semi-micro Mineralization, distillatim and titration
(ALPHA, 1998)
TOC, TC, IC and nitrogen total TOC B VCPN, SHIMADZU and TNM1,
SHIMADZU
Anions (fluoride, nitrate, nitrite, phosphate, Inonic chromatography (IG$000, DIONEX)
sulphate, chloride)
Total phosphorus Mineralization andcolorimetry (ALPHA, 1998)
Trace metal Conservation and analyzed in 1GFS
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2.1.2'Lake Pampulha

Lake Pampulha is located in the city of Belo Horizonte southeast of Brazil, capital of the state
of Minas Gerais. The population of Belo Horizonte reaches 2.4 mitllmatbitants. The city, which
is located in a mountainous region, has an altitude of 750 to 1,300 meters. Lake Pampulha i
considered one of the most important components of the urban development of the region. The
reservoir has an area of approximatey int and a volume of at about 10 millior? nits maximum
depth is 16m and the average depth is 5 m. The climate is tropical highland, with a high yearly rainfall
of 1600mm of which 90% occurs mainly during the raining season from October to March. Typical
rainfall intensities are relatively high: 200 mm/h{i€ar return period event with 5 minutes duration)
and 70mm/h (5§ear retun period and 1h duration event)able19)

The Lake Pampulha was constructed in 1938 and firstly conceived to supply drinking water
for the north part of the city. After the dam failure due to a major rainfall event in 1954, thealsake
reconstructed in 1958 with the following muttbjectives: water supply, flood control, recreation
activities. From the 1970s, rapid urbanization occurred when population increased significantly and
industry has developed. Lack of sanitation netwafkastructure has led to the degradation of the
water quality of Lake Pampulha. Until 1980, the lake water was treated and distributed as drinking
water for different regions of the city. Indeed, from 1980 up to now, the water quality of the Lake
Pampulhahas been heavily impacted due to many factors: the intense and disorganized urbanizatiot
of the region which resulted in a population increase of 300,000 inhabitants in a 30 year period (Silve
2014); lack of adequate sanitation and solid waste manageomeatytrolled illicit domestic and
industrial sewage discharge into the lake. One of the main consequences of the degradation of wat
quality in Lake Pampulha is eutrophication due to the excessive discharge of nutrients (phosphoru
and nitrogen), which mailts in a permanent state of algal blooms. The Pampulha Reservoir has also
to struggle against the loss of water surface area within the reservoir due to silting problem, estimate
to vary between 200,0@400,000 i of sediment deposition annually. Morer, scientific studies
showed high heavy metals pollution in the main streams (Ressaca and Sarandi) and in the lake (wat
column and sediment) (Friese et al., 2010, Rietzlet et al., 2001).

Since the 1980s, due to degradation of water quality by eutatpin, many limnological
studies have been conducted to improve the knowledge about: (1) seasonal cycle of nitrogen an
phosphorus (Pinto Coelho and Giani, 1992), (2) mesozooplankton community (Pinto Coelho, 1998),
(3) carbon production and consumptionptdnktonic community (Aracejo and Pi@oelho 1998),

(4) phytoplanktonic community (Giani et al., 1999, Figueredo and Giani, 2001), (5) Biochemical
composition and nutrient (Bo‘chat and Giani , 2000; Torres et al., 2007), (6) Heavy(Rietaler
et al., 2001; Sabino et al., 2004, Friese et al., 2@ZpBathymetry (Resck et al., 2007).

Table 19 Physical chaacteristics of Lake Pampulha and Pampulha watershed

Altitude 801 m
Mean depth 51m
Maximal depth 16.2 m
Surface 1.97 x 16 m?
Volume 9.9x16m®
Pampulha Watershed**

Population (inhabitants) 424 000
Total surface 98 knt
Sub-catchment Ressaca 20 km?
Sub-catchment Sarandi 49 knf
Mean flow dry season Ressaca + Sarandi 0.65 ni/s
Mean flow raining season Ressaca + Sarandi 1.63 ni/s

* Resck et al. (2007) ** Silva (2014)
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The Pampulha catchment has an area of 98 &#nknf of which is located in the territory of
Belo Horizonte municipality while the other 56 kim located in Contagem municipality. The outlet
of the reservoir is Pampulha stream, a tributary to the river Onea, which after rejoins the river Velhas.
The Lake RBmpulha is fed by &treams:Olhos dOcgua, AABB, Baracena, ¢gua Funda, Tijuco,
Mergulh<o, Sarrandi et Resseca. Ressaca and Sarandi streams are the two principal tributaries to tl
lake, contributing with at about 70% of the volume inflow to the lake. Aaogrth Friese et al.,
(2010), Ressaca and Sarandi are responsible for trace metal contamination in the lake originatin
from steel industry (Fe, Cr, Ni, Co), solvent and paint industry (Ni, Cr, Pb) and landfill dump (Cu,
Fe, Mn, Ni, Cd, Pb, Zn) of the a$ of Belo Horizonte and Contagem. In 1930, the Pampulha
catchement was still a rural area while it is highly urbanized nowadays. Based on aereal photograph:
CPRM estimated in 42% the urban area in the Pampulha catchment for the perid@3998PRM,
2001). In 2013, only urbanized zones of subcatchment Ressaca and Sarandi correpond itselfs up
50% of total surface (Silva , 2014). Currently, the urbanized part of the watershed contains a
residential, with shopping centers on main roads and an indestni@r south of the subatershed
Sarandi.
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Legend
Lake Pampulha
Rivers
Sub-catchments

Limit of Belo Horizonte cities an€ontagem

Figure 6 Localisation of Lake Pampuhlha. Tributaries: (1) Olhos dO%gua ; (2) AABB ; (3) Brtunas ; (4) ¢gua Funda ;
(5) Sarandi ; (6) Ressaca; (7) Tijuco et (8) Mergulh<o (Silva l., 2014)
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Punctualcampaign® sampling sites

Legend
Fluviometric stations
Rainfall stations
Climatic stations
Monitoring points
Raining survey

Pampulha Lake
River

Sub-catchments

Figure 7 Sampling points of Lake Pampulha, measure stations of PBH, localization of automatic sampler. Adaptation
from Silva, 2014
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2.1.2.1! Environmental monitoring of Lake Pampulha

The monitoring of Lake Pampulha has beenducted in partnership with the laboratory of
Phycology of the Instituto de Ciencias Biol—gicas (ICB) of UFMG and the municipality of Belo
Horizonte. The monitoring began in 2011 in the framework of Talita SilvaOs thesis (Silva, 2014). The
present thesi®llowed and continued the framework already established for common parameters and
introduced protocols for the parameters: tracsals and TEP.

2.1.2.1.1. Meteorological data

Meteorological data is provided by the Instituto Nacional de Meteorologia do BRAIET).
The nearest weather station is located inside UFMG Campus, about 3 km from Lake Pampulha. Thi:
station registers hourly the minimum, maximum and instantaneous temperature, air moisture, winc
direction, cumulative solar radiation and precipitaboer 1 hour. The data is updated every hour on
the website of INMET Www.inmet.gov.by and is freely used up to 3 months after its online
publication. After this period, it is necessary to contact INMET to obtaidate(Silva, 2014).

2.1.2.1.2. The field campaigns

The field campaigns, conducted on Lake Pampulha, have started in October 2011 under the
framework of the research project MAPLU (Storm water management project, funded by the
Brazilian Agency for Funding Study amuojectsDFINEP). Three sampling points were selected in
the lake, located as follows: the point OP10 close to the Igrejinha da Pariflehas1,3990S;
43v,58,7510W), the point OP20 close to Casa do Baile (19¥251,1970S; 43v458,5480W) and the pc
close to the lake diet (19¥450,6980S; 43v458,07 {(Elguiye6).

From December 2011 to June 2013, the field campaigns were conducted with a frequency oi
twice per week. Water samplings were collected at a depth of 50cm at three points P1, P2 and P
using the Van Dorn bottl&rom January 2013 up dmne 2014only the pint P2 has been monitored
because we decided to investigate the distribution of physical chemical and biological parameters ¢
different depths. Water samplings were collected at 4 depths: 0.50m, 1.50m, 3.50m and 7.0m
Concerning trace metal speciatione tsamplings were collected at 3 depths and defined as surface
(0.50m), middle (3.50m) and bottom (7.0m).

2.1.2.1.3. Probe measurements

Vertical profiles of water temperature, conductivity, pH, dissolved oxygen and redox potential
(ORP) are conductead-situ using tke multiparameter probe YSI 556 (YSI, EUA). From June 2012
to January 2013, we couldn't measure these vertical profiles because the probe was out of service.

Chlorophyll a concentration was also monitored in situ using Fluoroprobe BBE for 2 periods:
from September to November 2011 and from August to November 2012 and Fluoroprobe AlgeaTorch
from January to June 2013 with monthly frequency.

Water transparency was determined by using Secchi disk. Water sampling is performed by
using Van Dorn bottle. Sampleseaconserved in polyethylene bottle 2L at 4¥4C in a cooler, protected
from light until analysis. Laboratory analyses include (TSSsENONGEN, NH4EN, SO;-S, Ntotal,

P-total, PQ* and DOC), main anions (FCI, Br) and trace metal (Fe, Mn, Si, As, @b, Cr, Cu,

Pb, Sb, Sn, Zn). Analyses for physical chemical parameters are conducted according to the Standa
Methods for the Examination of Water and Wastewater (Greenberg et al. 1992). Trace metal
speciation and TEP concentration determination areibesén next sections.
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Chlorophyll a analysis is performed by photospectrometer according to Nusch, 1980.
Phytoplankton identification and counting are prepared following Utermshl, 1958 and conducted
following the method developed by laboratory of phygglof ICB since the 1980s.

2.1.2.2! Horizontal transect

With the purpose of assessing the influence of the water flow on thpdraogpollutants in
the lake2 horizontal transects were conducted in September 2012 and January 2013. In these transe
campaignswater was collected under the surface (0.5m) and above (0.5m) the bottom of 6 points
from the outlet (point A) to the inlet of the lake (point Figlre8). We expead that an increasing
concentration gradient goes in this direction.

The first campaign in 5 September 2012 occurred during the dry season. The most recen
raining event at tributaries Ressaca and Sarandi was registered 114 days before with 34 mm rainfal
The second campaign in 22 January 2013 occurred during the rain season: there were 3 raining ever
registered from 6 mm to 52 mm, 2 days before the second campéigrfirst campaign in 5
September 2012 is representative of the dry period and the semopdign in 22 January 2013 is
representative of the raining periodaple20).

We remind that the localization of the rainfall statitions are indicat€ture7

Figure 8 Localization of the sampling points of the horizontal transect (Google Earth ©)

Table 20 Hydrological of characteristics of the campaigns
Rainfall stations Res17F and Sarl8 F are localized irigure 7

September 2012 Rainfall station (ReslL7F) Rainfall station (Sar 18F
Rain during the day of campaign No rain No rain
Preceding raining eventénm daily 14/05/201234mm 14/05/2012 38mm
rainfall) Period without rain: Period without rain :
114 days 114 days
January 2013 Rainfall station (ReslL7F) Rainfall station (Sar 18P
Rain during the day of campaign No rain No rain
Preceding raining events (mmaity 20/01/2013: 5.2 mm 20/01/2013: 5.6 mm
rainfall) 17/01/2013: 22mm 17/01/2013: 21.5 mm
11/01/2013: 51.6 mm 11/01/2013: 54mm
Period without rain: Period without rain:
2 days 2 days
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2.1.2.3! Continuous hydrological monitoring

Due to the importance of sstdatchments Ressaca and Sarandi in term of volume contribution
to the Lake Pampulha, continuous hydrological monitoring has been conducted at the confluence o
tributaries Ressaca and Saranthe sensors (Global Water, EUA) measured continuously with
frequency of 5 minutesemperature, turbidity, electrical conductivity and water level at the
confluence of Ressaca and Sarandi (ETAlpstream of Lake Pampulh@he localization of the
station corresponds to the point E.A Figure 7 . In order to monitor hydrological parameters
downstream of Lake Pampulha, the similar sysis installed at the outlet of the lake (TULIPA).
The localization of this station corresponds to the points CP7, CH&gure 7. Hydrological
monitoring at ETAF and TULIPA has been conducted betweenRelmtuary and midune 2013.
From March 2014, hydrological monitoring has been conducted bywanmenitoring system
(Campbell) Table21)

The municipality of Belo Horizonte (PBH) made available their own hydrological monitoring
system which includes: (1) four automatic stations which register water level of the tributaries and
precipitation, (2) three stations whieneasure precipitation in the saatchments, (3) one weather
station upstream of sub catchment Sarandi which measure different meteorological parameter
(precipitation, atmospheric pressure, wind direction and speed, temperature and humidity) (Silva,
2014). The monitoring frequency of these stations is of 10 mins. The monigystgm startedt the
end of 2011. All data are refaiine accessible from website of PEFHgure7)

Table 21 Hydrological monitoring system (MAPLU)

Station System Period Measure
ETAF Global Mid-Feb to MidJune Water level, conductivity, turbidity
Water 2013
TULIPA Global Mid-Feb to MidJune Water level, conductivity, turbidity
Water 2013 dissolved oxygen*
ETAF Campbell March to August 2014 Water level, conductivity, turbidity
TULIPA Campbell March to August 2014 Water level, conductivity, turbidity

dissolved oxygen*
* Dissolved oxygen concentratiovas not measured at ETAF due to permanent wastewater discharge at ETAF
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Table 22 Monthly monitoring of Lake Pampulha from 2011 to 2012

Measure

2011 2012
Oct* Dec |Jan ‘Feb ‘Mar ‘Apr ‘May ‘Jun ‘Jul ‘Aug ‘Set ‘Oct ‘Nov ‘Dec

Set* Nov*

Monitoring points

P1, P2 e P3depth 50 cm

P2bdepth: 0.5;1.5;3.5e 7.0 m

Vertical profiles

Phytoplankton 4 families (bbe fluoro)

Phytoplankton Chla totale + Cyano (AlgaeT)

Light PAR (Licor)

Conductivity, pH, Oxygen dissolved, ORP

__ o

Temperature

Buoy SMATCH

Laboratory analysis

Chlorophylta spectrophotometry

Nutrient

Phytoplankton counting et identification

Suspension Matter

Trace metals

TEP

Secchi

* weekly frequency
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Table 23 Monthly monitoring of Lake Pampulha from 2013 to June 2014

2013

2014

Jan ‘ Feb‘ Mar ‘ Apr ‘ May‘ Jun | JuI|Aug| Sepl Oct | Nov | Dec

Jan | Feb | Mar | Apr | May| Jun

Monitoring points

P1, P2, P3 depth v

P2 depths: 0.5; 1.5; 3.57.0 m

Vertical profiles

Phytoplankton 4 families (bbe fluoro)

Phytoplankton total Chla + Cyano

(AlgaeT)

Light PAR (Licor)

Conductivity, pH, Oxygen dissolve

ORP

Temperature

Buoy SMATCH

Laboratory analysis

Chlorophylta spectrophotometry

Nutrient

Suspension Matter

Trace metals

TEP

Secchi
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2.1.2.41 Monitoring of rain events in the Lake Pampulha
Rain events monitoring

Water sampling during rainfatlinoff events has been conducted using an automatic sampler
ISCO 3700 (Teledyne ISCO, EUA) in conjunction with 1640 Liquid Level Sampler Activator. The
sampling routine ifriggeredwhen the water in the stream reaches a previously establishedlewel
determinedriggered water level corresponds to a weak and medium rain event.

The sampling program aims at sampling stream water during rainfeff events. Taking
into account th existing time series of rainfall and water levels monitored in the Ressaca and Sarandi
tributaries, the water sampler located at the mouth of these tributaries in the lake was programmed t
sample wateduring 4 hours with a sampling frequency of 10 nasu A typical flood hydrograph
having a base time of 4 hours. This sampling duration is chosen to be able to follow the intergrity of
rain event.

The water sampler contains 24 higénsity polyethylene bottlesgith 1L capacity. During 4
hours, 800mL of wier is sampled each 10 minutes. At the end of the sampling, the 24 bottles are put
in a cooler and transported to laboratory for the analysis

In the laboratory, we undertake measures of electrical conductivity, turbidity and pH of each
sample. Based on tbe parameters and on the characteristics of the corresponding flood hydrograph
(base time, time to peak, recession time, peak flow), the number of samples can be reduced to 1
bottles by regrouping two or more raw samples having similar conductivitydityrbind pH. After
regrouping the samples, water quality analysis can be condieteld24).

Table 24 Laboratory analysis for raining eventmonitoring and punctual tributaries campaign (Silva 2014)

Analysis Method

TSS Gravimetry (ALPHA, 1998)

Turbidity Turbidimeter (TB1000P, TECNOPON)

Amonical nitrogen macro Mineralization and titration (ALPHA, 1998)

Nitrogen Kjeldahl macro Mineralization, distillation and titratior
(ALPHA, 1998)

Amonical nitrogen semimicro Distillation and colorimetry (ALPHA, 1998)

Nitrogen Kjeldahl semi-micro Mineralization, distillation and titratior
(ALPHA, 1998)

TOC, TC, IC and nitrogen total TOC B VCPN, SHIMADZU and TNM1,
SHIMADZU

Anions (fluoride, nitrate, nitrite, phosphate, Inonic chromatography (IG$000, DIONEX)

sulphate, chloride)
Total phosphorus Mineralization and colorimetry (ALPHA, 1998
Trace metal Conservation and analyzed in 1GFS

Lake Pampulha tributaries campaigns

From October 2011, Pampulha tributaries monitoring aims at surveying water quality of the
Pampulha Lake tributaries during dry and wet weather conditions. Up to now, the sampling frequency
has been bmonthly. Fourtributaries are monitored: Merguilly Ressaca and Sarandi; ¢gua Funda
and downstream the lake, the Rid@rPampulha. The contributing area of the monitored tributaries
to the lake represents more than 90% of the total Pampulha Lake catchtment. Was samgp
analyzed in the laboratory to determine nutrient (total phosphorus, phosphate, nitrate, nitrite,
ammonium, total nitrogen) as well as physical chemical parameters (TSS, DOCTBiN&24).
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In order to quantify the trace metal input during the dry season, we have conducted 2
campaigns of tributaries monitoring during the dry period (June 2013). The first campaign consisted
in collecting punctually water at Sfrent tributaries: Agua Funda, Mergulh<o, Riber<«o, Ressaca,
Sarandi and the confluence of Ressaca and Sarandi tributary. The second campaign consists
collecting water at the confluence of Ressaca and Sarandi by using an automatic storm sampler ISC
with 1h frequency during 24h. Temperature, conductivity and water level were also monitored
continouslyin situwith measurement time step of 5 minutes using GlobalWater instruments

2.1.3!Urban lakes in lle-de-France region

49 urban lakes in llde-France region of the PULSE project were selected according to
(Catherine, 2009). The objective of the sampling strategy is to select a number of urban lakes whc
can represent the urban lakes population of thdelErance regionAccording to Catherine et al
2008, the RNDE (RZseau National des DonnZes sur IOEau, France) defined 990 surface water ur
(lakes, reservoirs and ponds) in thedkeFrance region. Among these surfaces, the 49 urban lakes
are the results of a multi crite selection.

At first, only water bodies more than 5 ha were retained by using the Carthage 3.00© GIS databas:
(IGN, Paris, France) and their hydrographical zones entirely comprised within the IDF region. Based
on this population of water bodies, the gamty and hierarchical analysis were performed on the
land use, urban impervious, nagricultural pervious, relative size of the hydrological zones,
drainage index and altitude index to define the different stratas (cluster). Finally, the 49 urban lakes
were selected by using the stratified simple random sampling design.

2.1.3.1! Annual monitoring of 49lakes in lle-de-France

The field campans, conducted on 49 urban lakes of IDF regh@ve startedh July 2011
under the framework of the research projeetiUrban Lakes Society and Environment (PULSE)
funded by théAgence National de Recherche. During 3 years (B2(13), the sampling campaigns
were conducted at 49 lakes during 2 weeks every year from the last week of July to the first week o
August(Figure9). For each lake, three sampled stations are selected and located with a maximal
distance between stations according to Catherine et al 2008. Water samplingsli@etedcat 3
depths of each station using a NISKIN bottom: 0.5m below the surface, middle of the water column
and 0.5m above at the bottom. The water samplings at 3 depths of 3 stations were mixed to an avera
sample which is representative of the la&encerning metalsasnples are conserved in polyethylene
bottle 2L at 4¥4C in a cooler, f@aied from light until the acidification in laboratory.

The water samples are analyzed in laboratory to determine a various set of parameters
biological parameters(Chlorophylta, Cyanobacteria biomass, Escherichia coli densities,
Zooplankton, Haptophytes, Heterotrophic prokaryotes, Heteldtr@gnd phototrophic eukaryotes)
and micro pollutant concentrations (Polycyclic Aromatic Hydrocarbons (13 congeners) Iaetisso
and particulate fractions, and the trace metals (9 elements) intotal, dissolved, labile fractions.

Vertical profiles of physical (salinity, temperature, oxygen, conductivity, photosynthetically
active radiation (PAR), water transparency) and biokdg{chlorophyll a) parameters are also
monitoredin situusing probes: CTD Seabird43,-CIOR193 (underwater PAR sensor), Fluoroprobe
BBE. Water transparency waetermined by using Secchi disk.

The general characteristics of 49 lakes irdéeFrance regin are shown ifTable25
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Figure 9 Sampling periods of 49 lakes in IDF region




Table 25 General characteristics of 49 lakes in llede-France region

1"#3%&' "$ %+ -."/-*0% 1223$4-"/-*0_4$%5637"+$%895359$<%5637"+$%89"1,/-/6<$%8): |-0#$<%
1"#$ %8&'(")*'+,-." +"/0+"12/3/456++++++++20#71443"859  %&" 2"3;; 2832 2"34 2
1 <&=(>+7=.=,-)&@+A-(> +'/0+#1273;"56++++++++20",1143#$59  B=.= 22231, 173; 2"3! ;
1777 B*+<=?'@*+A-(> +"/0+214/3//56+++++++++40+41"138459 <=?'@ 2;38; 737 4"3/ )
;8 CDE+:?)F+,-.' +"/0+;1243/456+++++++20#/1"237/59 CDE: 2#344 "13% 2/38 2
" <&-**'+AG'&&'+A-(> +"$0!/1"#38"56+++++++20!$1!3%;59 <HG'& "834; ##37 2/3" ;
8282 ) @+>)+J3-(>'+H-(> +"$0!$14438"56++++++20"/1"23!859 I>)E 4738; #$41#38 2/3# ;
828" 9(KLG'(+B=M" +"$01$1283"/56+++++++402711/32"59  9(KLG'( ##3$; N N 2
8488 <=)?'+C,LO&-G*+A-(> +"$0!71#732256+++++++40+#173"859 C,L'& 13#; /3! 2/3/ ;
847" P&G'?+A-(> +"$01712$31256++++++40+;14#37!59 P&G'? #'344 7$34 2/3% )
8!/ Q=F?G(NC(@+B=M' +'$0!"1"#3$856+++++++40"#14238859  Q=F?G( 7732; 8#34 #/3! ;
88#2 R*?*N?*+SG??'(-T+A-(>  +"$0!"14"34856+++++++40!;14"3"#59 R*?'* "238; "3/ "3; ;
8/;2 B=M'+R(U'&G")& +"$0!121"738/56+++++++402!1#738#59 R(U'& /3; 2"81"73; "38 2
8/48 B*+AV@G*+A-(> +"$0121"/3$;56++++++40#11123$259 A'QG@A 13%; 2"8;32 #/38 ;
8/4/ P-&,T+B=M' +"$01211837456+++++++40#/1273"259 P-&T 41314 N N 2
8/#! W:AC+!'(@&'+A-(> +"$0121"$3/856+++++++40#71423##59 W:AC 143;; 2:#3; #/3% ;
8/7" WP9+B-).",G'((* +"$01214237/56++++++++40+812832%$59 WP9IB- 731 #34 2883% X
8/%4 B-T+A-(> +"$01212"3;;56+++++++40";1"73!/59 B-TA 83/; 444$37 13" 2
8/$8 D=G(@N:),)U=+A-(> +"$0121283$!56+++++++40+/1"/3/"59 ))U 13" 8238 22"38 ;
7;%; B=M'+EG(GJ™* +"$01;1/38456++++++++++404714/3!859 EG(GJ 13%; 27#3" 143" 2
T#41 DXG**+A-(> +'$0"711#3"156++++++++40+81173;459  DXG** 2"3" 134 22/3" )
THSH D=G(@+Y)'(@G(+A-(>  +"$0"712!3;"56++++++++40+;11437"59  Y)'(@G( 24;32; 13" 2173" 2
72/ &'@'G?+B=M' +"$0"81#;3!"56++++++40471#38/59 :&0@'G? "3$; A1$3# #'3" ;
™$ E=)&H=*+&*'&.-G& +"$0"81#"31#56++++++++20111483#859 E=)&' 738; "#:,34 N 2
7%/ L-G*T+A-(> +"$0"11"/3##56+++++++40411"43%$;59 L-G*T 4238; 2143 #"37 X
718 A?=K'++1?")'+A-(> +"$0"112$38;56+++++++40471143";59 AF?)' 13#; 813# #'3" ;
m/ 6-"*+A-(> +"$0"112#31#56++++++++20!71"83##59 6-* 4737; #"'4132 28134 X
784% D=,2=T+A-(> +'$0""14/3"#56+++++++402;12737759  D=,?=T #:34; #4,234 24434# )
718% B="T*G'&'+A-(> +"$0"214838/56+++++++404#11#3!459 B="T 4732; "N3/ #"3! ;
$:2! S=)ZN>'N:'&(=T+A-(> +"$0"21$3"456+++++%20!11!143#/59 S=)z 83!; "47,;3! 24;3! 2
$4;2 6-)*+>"+*'G(+A-(> +"$0#/11731856++++++++404#14#31459  6-)* T#34; 44723" #'3" 2
$'/$ <=['&=(+A-(> +'$0#$1;3$$56++++++++20"11#"38/59  <=['&=( $324 "413/ 2#"3# 2
$84; -)&,-)&((*+A-(> +'$0#7183"#56+++++++404!113!"59 -)&,- 83!, 1"$38 7/3" ;
$847 9HG(-,L'+A-(> +'$0#7123$$56++++++40271#37/59 9HG(- 137; 1#$783" "34 ;
$$$/ A-&@ND)>+A-(> +'S0H#"1443H##56++++++40221443;;59  A-&@D 83!; 4;$723! "3 2
[#2 S'&@+?"+H'@G@+A-(> +"$0##12"3/$56++++++40441#;3#759 S'&@A 23"$ 2;32 "I3# X
I#4 D'G('+A-&@+A-(> +'$0#411/38456++++++40#211"37759  D'G(A 13/; $73¢# #/34 ;
Y %7?)&G+A-(> +"$0#414$32256+++++++404412$38#59 %?')&G+ $3/8 2$"28%3" "I3# 2
/;$8 SG??'U'&J-T+A-(> +"$0#412/3"/56++++++40111"43"459 SG??'U' 4237; 48/;3% 2;;38 2
14;! D=G(@NI?=G*+A-(> +"$0#21438/56+++++++++404211137$59  1?2=G*' 134, 2;1$2"3% 13" ;
1#12 I-GN?'N\-G+A-(> +"$04/1;38256++++++++40"#14;37!59 I-G\-G $3#; #238 "3 ;
1748 D=J-&'=)+A-(> +'$0411"38256+++++++++40""11$3$759 D=J-& 2;34; 2832 ™37 ;
17 1?2-J[+A-(> +"$04"1#838456++++++++#0+811131159  ]'?-J 837; #38 n3; ;
112; B',?'&,+A-(> +'$04#1#$3$$56+++++++#0+11413/'59  B',?'&, 13" "3% 1238 ;
2;,,48 <&=(>'NA=&-G**'+A-(> +"'$04414#31$56+++++++401#1"737459 A=&-G**' 1437; 873! 1,3; ;
2;##$ ?7=&'@@'+A-(> +'$02$1!"34456+++++++40"414234259 ?=&'@A 2#3/, 423! 1"38 ;
2;,/1$7 D-)HH™*"B-G(K+A-(> +"$02;1#3;256+++++++40""1#731159 B-G(K 4232; 4,3/ 883; 2
"11$4 <&=(>+E=&=G*+A-(> +"$0441243!856++++++40!81!$34859 E=&=G* 283!; 8/3% "13$ )
"82#8 %-(@'(=T"SG,+A-(> +"$0##12#3;856++++++404#12/3//59 %-(@' 2#3%" 2$114$37 "[3# 2
"88;; R?-(+,-." +"/0+21123/$56+++++++20#71!$38759 R?-( 7,328 2;,;3; 2834 2

58



2.2ITrace metal sampling and analysis

2.2.1'Trace metal speciation method

Trace metal samples are divided for analyzing total metal, particulate, dissolved labile and
dissolved inert metal. Total metebrresponds to unfiltered sample. Particulate and total dissolved
metal fractions are separated using cellulose acetate membrane filter witm(péfosity. We
differentiate total dissolved metal into dissolved inert and dissolved labile using cheleting
EMPORE constituted of polystyrene divinylbenzene with presence of chelating resirdianetic
(Figurell). The chelating disk retains dissolved labile medalsng filtration. Their concentrations
are calculated as the difference between total dissolved and dissolved inert concentrations (Bracmor
2010, Varrault et al, 2012). Dissolved inert metals are considered as metal species that are strong
linked to delating substances and dissolved labile metals as species that are weakly linked tc
inorganic or organic complexes (Zhang and Davison, 2000)

2.2.1.1! Total, dissolved and particulate metal determination

Trace metals are determined using inductively coupled plasass spectrometry (ICKS)
with detection limit until 10ng/L for Cd, Co, Pb and 100ng/L for Cr, Ni, Cu and Zn. Analyses are
validated with the standard reference material NIST 164&8@:f/www.nist.gov/srm)l All the
material used for the sampler were-plkeaned in 5% (v/v) detergent Extran, rinsed many times with
ultrapure water and preeaned again in 10% (v/v) nitric acid (Vetec 65% metal ultrapure) to avoid
metal contamination.

For total metal concentration®recespond to 50mL of unfiltered water were acidified with
ultrapure HNQ 65% VETEC (pH<) and conserved at 4¥4C temperature. Total metal was mineralized
with HNO3 65% and HCI 30% using a graphite digestion block (DigiPrep of SCP SCIENCE)
programmed to reach 95¥C and maintain during 150 minutes. After digestion, samples were refille
with Mill i-Q ultrapure water to 50mL and then filtered through 'O eflon filter. A blank with
Milli -Q ultrapure water is systematically done for each mineralization cycle to estimate eventual
contamination. Mineralized samples were analyzed usingMGP

Total dissolved concentrations correspond to 20mL of filtered water acidified withL500
ultrapure HNQ65% (pH<2) and conserved at 4%C temperature to be analyzedMisSICP

Particulate metal concentrations are calculated as the difference betwateantbtdisslved
concentrations

2.2.1.2! Dissolved labile and dissolved inert metal determination

Filtering total dissolved through chelating disk EMPORE separates dissolved labile and inert
metals. Labile metals are retained by chelating disk while inert metals aFégure(0). Inert metals
are acidified with 500L ultrapure HNQ 65% (pH<2) and conserved at 4%C temperature and
determined in ICAMS. Labile metal concentrations areatdhted as the difference between total
dissolved and inert concentrations.
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Figure 10 Separation inert metal from total dissolved

2.2.1.3! Presentation of chelatant disk

The chelatant disk is constituted of a polymer support (pobséyrdivinylbenzene)
functionalized by chelating groups imhgliacetate (IDAYFigurell). The iminodiacetate chelating
group has an affinity for multivalent (primariB# and 3+) transition elements. The IDA groups are
also used in the Chelex 100 resin which are-ediwn in metal speciation (Florence, 198Phe
chelatant disk was used by Chaminda et al., 2008 and Chaminda et al., 2010 to study the complexatic
of Zn and Cu in waste water treatment plant effluent and comparison of metal (Zn and Cu)
complexation characteristics of DOM in urban runoff, domestic, waste water and secondary effluent.
Varrault et al., 2012 optimized the method of determination of labilel rnetecentrations. The
innovation of the method of Varrault et al., 2012 is the extraction of labile metals by using the
chelatant groups as a simple filtration disk. This method suggested a practical operational method fo
punctual measures.

Figure 11 Complexation of metal with imino-diacetic group

2.2.1.41 Protocol of materials preparation
Bracmort, 2010 suggested a laboratory protocol for using the chelatant disk.

2.2.1.4.1. Material cleaning

Analysis of trace metal presents a high risk of contamination. Every procedure must be
conducted with specific protocols to avoid any metal contamination from exterior. Before and after
every field campaign, the material needs to be specifically clearmathimize the contamination.

An ideal washing is conducted in a clean room that has a low level of pollutants such as dust, airborn
microbes, aerosol particles, and chemical vapors. Level of contamination is specified by the numbe
of particles per cubimeter at a specified particle size.
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The washing cycle lasts 48h. The material is firstly soaked in a detergent solution Extran
(diluted with osmosed water) at 15 % during 24h. Then the material is cleaned at least 3 times witF
ultra pure water beforeeing soaked in a HNO3 solution 5% diluted with ultra pure water during 24h.
After washing with acid, the material is washed with ultra pure water many times and dried under the
hood of the cleanroom. The material is finally put in a clean sac and kiep¢dso

2.2.2!Preparation of chelating disk

The metal bind site of chelating disk is totally active only after a treatment in the cleanroom.
This treatment consists of different steps:

¥ Inject 20 mL suprapur nitric acid though chelating disk. We need to assureules of
contact between membrane and acid

Empty remaining acid by sending a vacuum into the syringe through the disk

Inject 50 mL of ultrapure water

Empty the disk

Inject 100 mL of ammonium acetate buffer at pH = 5.3

Rinse with ultrapure water severahes. Put under the hood to dry

2.2.2.1! Acidification

After separating different fractions, we conserve sample with nitric acid. We add 5t@ic
acid OPTIMAL for 50mL of total metal and 60Q nitric acid for 20mL total dissolved and inert
metal. Samples amnserved at 4v4C until their analysis inM3

2.3ITEP sampling and analysis

2.3.11Determination of TEP

TEP is operationally defined as particles, which are retained on a polycarbonate filter and
colorable by using blue alcian (cationic colorant that adheredysguocharides negatively charged).
At the moment, there are 2 methods allowing quantifying TEP. These 2 methods use blue alcian tc
color: (1) microscopy method allowing counting and determining size distribution, (2) spectrometry
method allowing quantifyig colored particles retained on filter.

Microscopic counting

The sample is filtered by using a polycarbonate filter of 0.4 of th2The humid filter is
colored with blue alcian. The counting and size distributions are carried by using microscopy in a
manual or semi automatic way using an image analysis system. TEP determination is better if total
surface and volume are both well estimated. Total surface is estimated basing on hypothesis the
colored particles retained on filter are only spherical. Teddlme can be estimated by using a
empiric relation with fractal dimension equal 2.55 (Passow,. 2002). The size distribution can be
estimated by a power law.

Spectrometry

TEP is colored by using blue alcian58mL of sample is filtered under low pressaamstant
(<100mmHg) using polycarbonate filters of ‘0. The humid filter is colored with 50Q of blue
alcian 0.02% (m/v) prepared in acetic acid (pH 2.5). After being stained, filter is rinsed once with
distilled water to remove excess dye. Filtersthem transferred into 2&l beakers. Six milliliters of
80% HSOy, are added and filters soaked for 2 h. The beakers should be gently aghatiete3
over this period. The absorption maximum of the solution lies at 787 nm and absorption is measurec
in a kcm cuvette against distilled water as a reference.
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This method is semi quantitative because quantity of blue alcian adsorbed depends directly or
weight of specific polysaccharide. In order to normalize the weight of polysaccharide, gum xanthan
is usedas reference. Quantity of TEP is expressédjigum xanthan equivalent per liter.

2.3.1.1! Trace metal incertitude

Each sample is analyzed 3 times in {B. Mean value is retained and validated if value of
relative standard deviation is inferior to 5%. As tracetah analysis is extremely sensitive to
contamination during preparation, filtration and analysis, we consider incertitude of preparation and
filtration around 10%. Total incertitude is maximal at 15% of mean value.

2.41Data processingand statistical methods

2.4.11Database validation

The trace metals concentrations were analyzed withMSP The validation of the results is
meticulous and time consuming. The raw data given byMSPhas been treated through different
steps as follows.

2.4.1.1! Verification of calibration curve

The calibration solutions were prepared from 1ppt to 20ppb or 100ppb depending on metals.
After analyzing, we need to refine the calibration curve of each trace metal element by excluding
some calibration points in order to obtain the best coeffi&@nof this curveThe example in the
FigureIJ:%ZShowed the calibration curve of Cobalt. By excluding the point at 100ppb, we obtained a
better R.

Additionally, this sép also gave the information about the quantification limit of the experiment
by considering the intensity signal for each calibration solutions. The intensity signal is expressed by
the average count per second (mean CPS). In this example, there feremcf in term of count per
second between the HNMlank andPcallppt The intensity signal is significant from 10ppt to 20
ppb for the Cobalt. The quantification limit does not change drastically from one experiment to the
other. However, it can tifferent between the Lake CrZteil samples and the Lake Pampulha samples.
This primary step is essential to obtain reliable results.
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Figure 12 calibration curve for Cobalt

2.4.1.2! Comparison to standard values

To validate the quantifation of trace metals, we used the standard reference material (SRM)
1640a for the trace elements in natural water certificated by the National Institute of Standards anc
Technology (NIST). If the measure was corrédog, measured value of Nist should beikar to the
certified value of Nist. If the measure was not correct, the analytical mode in the calibration data
should be done. In IGMS, there are 2 analyticahodels Pulse counting and analog. The pulse
counting mode provides a high sensitivity @éten for the elements at low concentrations. The
analog mode provides an adequate signal for the elements at high concentrations. It is not possible
have both pulse counting and analog mod for the same calibration curve. The point in analog modt
shouldbe excluded.

2.4.1.3! Pulse counting and analog

If for one element, the values in analog mode are excluded from the calibration curve. All the
measures in analog of the samples will be considered as incorrect consequently. In order to deal wit
this problem, theample is diluted.
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2.4.1.41 Validation of the obtained measures
In order to validate the obtained measures, all the cases as follows should be checked:

1.! Detection and quantification limits: For the concentrations which are not comprised within
the calibration curve range, the high concentration is diluted and the low concentration is
considered as the same level of blank sample

2. Interferences: For one element, the measure is done for a multiple isotope {fGueand
®>Cu). When there is an interence in the measure, the values of the isotopes are not the
same. In the case of the Lake CrZteil, we encountered a strong interference effect due to th
composition of the water. In order to limit the interference effect, the analysis can be
conductedn Collision Cell Technology (CCT) with the mix of gasahd He. Another option
is to dilute the samples to avoid the interference

3.I Matrix effect: The internal standards rectify the matrix effect. However, the percentage of the
internal standards can decsear increase in comparison to the percentage observed in the
blank (HNQ; 0.5N). To avoid this fluctuation, the samples need to be diluted or analyzed with
CCT.

4. Derivation of device: During the analysis, incident can happen such as the cone is clogged
dueto the matrix of the samples. This incident can be observed through the percentage of
internal standard of the blank or the Nist sample which are periodically analyzed during the
experiment. The theoretical percentage is around 100%. In case of deyivai@onbe 120%
or 70%. Even though we observe the derivation, but we can continue the analysis until the
value of the Nist standard is correct. Otherwise, another calibration curve should be repeated
By analogy, if a same sample at the end of the exjgerti does not give the same results as
at the beginning of the experiment, this sample should be analyzed in the next experiment in
order to compare.

5. Comparison of the same sample: In addition, we did 2 tests of validation for a same sample:
dilution and epeat analysis in different experiments. For the same sample randomly selected,
the value before, after the dilution with correction, at the beginning, at the end of the
experiment, in the next day of the experiment, CCT or nomal should remain unchanged.

6.! Blank: For each campaign, we collected 2 blanks : at the beginning of the sampling and at the
end of the sampling.

7.! Relative standard deviation: Each measure inrM3°was repeated 3 times. The relative
standard deviation for a sample should not exceed 5%.

2.4.1.5! Scientific validation

After validating the analytical valugwe performed different tests to validate scientifically the
values.

1.! Boxplot: The total concentration of metal is always superior to the dissolved concentration
who is always superior to the lébdiconcemation. If this is not verified some further
verifications should be checked.

2.! Emperical Distribution Curve: the empirical distribution curve gives a better visualization if
some aberrant values are obsenfadyre13)

3.! Ratio verification: The third verification is to calculate the ration of Dissolved/ Total and
Labile/Dissolved. If the ratio is greater than 1, the exceedance of the ratio must be comprised
in the interval ofevaluateduncertainty Figure14)
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Figure 13 Emperical distribution of lead
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Figure 14 Ratio verification for the lake 7628

2.4.21Statistical methods

2.4.2.1!1 Regression and classification
Regression and classifii@n are twoapproacksin statistics but have the same objective

which is investigating the relationship between twoaldes. Regression airtspredict a continuous
response variable for a new value of predictor variable such as predicting chlorophyll a concentratior
based on temperature, light conditions and nutrient availability. Various regression methods are use:
in statistics such as liae and nonlinear regressgmon-parametriaegressioa (kernel smoothing,

spline methods, Tree (1984)), or machine learning regression (boosting, bagging, random forests)
Classification is used to predict a categorical response variable for a givestqoredriable. For
example, predict a persorfgearsurvival based on their age, height, weight etc. (Adele (2013).
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Different classification methods are listed as linear discriminant, logistic regressigparametric
methods (nearest neighbor clagss, trees) and machine learning methods (bagging, random forest,
support vectors machines)

As we could notice, random forests are figured as a machine learning methods in both
regression and classification approach. Over the past two decades, maaiming leas enjoyed
growing attention in computer science. Machine learning consists in exploring data, constructing
algorithms that can learn from and make predictions of déthavi and Provost(1998)).
Applications of machine learning are various thatfigpm web page ranking, face recognition to
scientific purposes (Smola aMishwanathar(2008)). In regression and classification of ensemble
machine learning, besides boosing and bagging methods, random forest is developed and gainir
gradually attentiof researchers as an efficient approach of machine learning.

2.4.2.2! Introduction to the Random Forest model

Ensemble learning is another definition of methods that generate many classifiers and
aggregate their results (Polik2a®12. Two weltkknown methods arkoosting Shapire et al.1998)
and bagging Brieman (1996) of classification trees. In boosting, the output is calculated taking an
average weight given by successive trees into account. Bagging (stands for Boostrap Aggregation
means that successive trege independent and each tree is generated using a bootstrap sample of
the data set. The output is based on the majority of(Laies and Wiener2002).

Random forests were introduced by Leo Brieman who was inspired by earlier work by Amit
and Geman. Radom forests are a continuity of BriemanOs Inaggiea and were developed as an
alternativeto boosting. Random forests are both classification and sgnesiethods, which mean
that theycan be applied on continuous response variable as well as oaraatlegariable.

Random Forests draw attention from a computational standpoint because they can handle bot
regression and classification, are relatively fast to train and to predict, can be used directly for big
data problem, can be robust again ovinfit Statistically, Random Forests are interesting because
they can measure variance importance, work with no distributional assumption, can handle missing
value imputation (Brieman 2001, Cutler et al., 2011).

2.4.2.31 Random Forests algorithm

This paragraph hewdter is a synthesis of 3 main documents: Brieman 2001, Cutler et al.,2001
and Liaw and Weiner (2002).

Before mentioning the Random Forests algorithm, it is important to understand firstly
classification and regression trees in Random Forests. The tegtsnuRandom Forests are the
binary recursive trees. As its name suggest, the predictor space is separated into binary partition ¢
individual variables. The root of node of the trees or the node at the top of the tree represents th
entire predictor spac@ node splits into two descendant nodes which are qualified left node and right
node. This separation is based on the value of one of the predictor variables. We remind that ir
Random Forest, a number of predictor variables is chosen at each nodelifihg ppedictor
variable can be categorical or continuous. For example, it could be a categorical variable such as se
(male or female), survival (yes or no). In case of continuous predictor variable, th@osplils a
precise value for which all theredictors, which are smaller than the spbint, are at the left and
the others at the right. The node at the end of each division is called terminal node.

The algorithm 1 here after can resume the binary recursive partitioning procedures:
¥ Let D = {(Xq,Yy),---.n,yN)} denote the training data, with= (Xi,1,... Xip ).

1.! Start with all observations{,y;),...,n,yn) in a single node.
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2.! Repeat the following steps recursively for each unsplit node until the stopping
criterion is met:a. Find the best binary split among all binary splits orpall
predictors. b. Split the node into two descendant nodes using the best split (step

2a).
3.! For predictionat x,passx down the tree until it landsin a terminal rode.Let k
denote the terminal e and let,, , . . . ,yy, denote the response values of the

training data in nodk. Predicted values of the response variable are given by:
of (") # $5# 2% o8y +,--/0-/112,3
ol I'(") =argmax Y. o 458, # .$8 for classification, wherly,
=y) = 1ify,=yand 0 otherwise.

Random Forests is a trpased ensemble with each tree is totally randomly selected from the
dataset. For p-dimensional random vector X = X(KX IO)T representing input variables or predictor
variables, we want to predict a random variable Y representing output variable or response variable
We assume an unknown joint distribution of X and Y. The objective is to predict Y value from a
function of X. Ths prediction function is determined by a loss function L(Y, f(X)). Many choices to
minimize error of expected value. One of themmgaared error lossvhich isL(Y,f(X)) = (Y! f(X
))? for regression and zewne loss for classification :

o::<(®) # & > <(=) # {?cg:énggC

Construction of an ensemble functibrbased on a collection of smlled Obase learnersO
h;(x),...hs(X), which are combined to give the Oensemble prediL{@Qn regressionf () is the
average of all thease learners while in classificatib(x) is the most frequent OvoteO of ensemble
trees.

Random Forests algorithm for both classification and regression follow:

1.! Take a bootstrap of.gfrom original data set

2.! Bootstrap samples are used as traimiatp. For each bootstrap samples, grow an
unpruned classification or regression tree using binary recursive partitioning. At
each node, we randomly samplg f the predictors and find the best binary split
among those.

3.I Split the node into descenddevel and repeat all over from this node.

4.! Predict new data by aggregating the prediction,ef tnees (most frequent vote
for classification and average for regression)
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2.4.2.41 Out-of-bag predictions

In order to avoid the overfitting problem if the model &ried on all the data, the evaluation of
the random forest is based on the-ofibag predictions. At each iteration, the bootstrap process
generate a bootstrap sample which does not contain the totality of the data. The rest of data, whic
are not into te bootstrap sample, is called -mitbag sample. The owif-bag prediction is defined
as the prediction of the variable response using the model trained with the bootstrap sample and tr
observation of the otdf-bag samples.

For the regression with squdrerror loss, the generalization error is estimated by thefendag
mean square error (MSE). For the classification, the generalization error is estimated byothe out
bag error rate which correspond to the misclassification of each class throught-tifebag
confusion matrix.

2.4.2.5! Variable importance

One of the feature of Random Forest is the possibility to rank the variable importance. This
feature is very helpful for variabkelection andhe interpretation of the results. The measure of the
variable inportance in Random Forest is performed at each tree. The algorithm of this measure is
called permutation variable importance. First, after on iteration, the model computed ttfidoagt
prediction. Next, the values of the variable k is randomly permutéuki outof-bag data while the
other predictor variables remain unchanged. The model generated thus a-oéWwagusample with
the changed variable k. The model computed again thefdagg prediction. For each iteration, the
model generated 2 setsait-of-bag predictions: one from the real data, the other from the variable
k permuted data. The average difference ofadtiiag error rate or MSE of these two sets correspond
to the variable importance

2.4.2.6! What to retain from Random Forest?

Random Forest ia supervised machine learning or ensemble learning method. It can treat both
regression and classification problem. The term OrandomO refers to 2 random processes of the moc
¥ tree bagging: generate randomly with replacement the bootstrap sampledrdatah
¥ feature sampling: select randomly k predictors variables at each node of the tree.
The term OForestO indicates the model generate randomly many decision trees independent. Ez

treerepresenta part of vision of the data. The result of the moded tato account the forest of trees.
The predictiorcorrespond$o an average value in regression or a major vote in classification
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PART 2
Results and Discussion

In this part, the principal results will be presented in thest chapterfor Lake Pampulhan the
following chapterfor Lake CrZteilin the third fo49 lakes of Ile de France regiand the lasthapter
is devoted to discussion of these results and conclusion
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3.!Results on Lake Pampulha

Based on the data of Lake Pamputmanitoring conducted from August 2012 to June 2Q3&8
section3.2.1), we will first focus on the limnologic functioning of the lake, then we will describe the
time evolution of trace metal speciation in the water column. The thirdesttton will be devoted
to the tributaries monitoring, principally to the the presentawbnthe evolution of metal
concentration during dry and raining periods. Finally, we will try to assess the impact of the influence
of environmental variables on trace metal bioavailability through a statistical analysis.

3.1!Seasonal lake functioning

In lake ecosystems, the environmental conditions can play an essential role on biological
processesg( g.phytoplankton development or cyanobacteria bloom due to an excess of nutriments,
a favorable temperature and light conditions), on chemical procesgemg@dification of metal
speciation under oxygen conditions) or on phygaicatessese(g.modification of stratification and
mixing patterns ). Before analyzing the evolution of trace metal concentrations, understaeding
limnologic functioning will helpus to explain the behavior of these metals in the water column

3.1.1!Water temperature evolution

The evolution of the water temperature at 3 depths, between August 2012 and June 2013, i
shown inFigure15. The water column is thermalstratified between August 2012 and March 2013
and mixedfrom the end of March to the beginning of Aug@¢&{13 This correspous to the air
temperature evolutiorThe water temperature varigdm 20 to 28 ¥C @tsm depth and from 21 to
24Y,@t 7 m. The difference of water temperature between surface and middle of the water column
can be up to 2.5 ¥4C.

Figure 15 Evolution of temperature at 0.5m, 3.5m and 7m depth

The typicalwater temperature profilest the point Pare shown iRigure16. The lake water
columnstartedto be stratified in August and the overturn occurs in JOnue.sampling campaigns
were performed during this period of almost 1 year, which correspondsatmual cycle of
stratification and overturn.
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Figure 16 Water temperature profiles

3.1.2!Chlorophyll -a concentration

The concentration of chlorophyl in the Figure 17 and Figure 18 corresponds to the
measureentsin-situ performed witlthe probe AlgaeTorclccording to theAlgaeTorchalgorithm
cyanobaatria contribute to 680% of total chlorophylh concentration This result is within the
same range of the measurements of chloroghyly spectrophotometry (Silvd014 Silva et al.,
2016. The evolution ofthlorophylta concentration at 0.5 m and 7d®pthis shown inFigure17.
Total concentration of chloropHy& varied from 37 to 220 pg/at the surface and from 5 and 63
pg/L at the bottomThe temperature andyanobacteria development are highly correlated. The
difference of chlorophyla concentration between the surface and the badremelated with the
stratification and mixing patterrDuring the stratification period, the highest concentration of
chloroplyll-a (220ug/L) was measured. Chloropkgltdecreases at the surface and increase at the

bottom (63pdL at 7m) during mixing period.
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Figure 17 Evolution of chlorophyll-a concentration at 0.5m and 7m depth

Two typical profiles of chlorophyHa concentration on 14/03/2013 and 12/04/2013 are shown in
Figure18. This figure confirmed that the chlorophiconcentration profile is in concanace with
the vertical temperature distribution.

According to trophic state index for lakes (Carlson et al., 1996), total phosphorus (maximum
value 700" g/L) and chlorophyla (maximum value 220g/L) confirm that Lake Pampulha is
hypereutrophic

Figure 18 Chlorophyll a (! g/L) and temperature (“Cprofiles of the point P2

3.1.3!0ther physical chemical parameters

The evolution of conductivity, oxygen dissolved, pH and suspended matter at three depths of the
point P2 is shown ifigurel19

The conductivity varies between 217 and 33cm. We observe more variation of conductivity
at the surface and the bottom of the water column.

Our data showhat te lake is anoxic below.3m depthfrom February to June 2013. Before
February 2013, we do not have oxygen measurements but according to Friese et al (2010), the lak
is permanently anoxic below 3nin the surfacdayer, the dissolved oxygen comneation can be
oversaturated when photosynthesis activity is high. On the other hand, the surface water can be
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anoxic during mixing period. Due to an oxygkeee hypolimnion below 3m, the redox potential (Eh)
is strongly negative-p0mV to -150mV). Disstved oxygen profile separates the lake into an
oxidizing zone (surface layer) and reducing zone (below 3m).

The pH is comprised in the usual range ofipthkeecosystems between 6.8 to 8.85. It is higher
at the surface and decreases at the bottom. ddsg& pH corresponds to a high chloropiayll
concentration at the surface (pH = 8.85 for [Chla] ='2g4.). the pH is lowefor low chlorophylt
a concentration at the bottom (pH = 6.8 for [Chla] =%4.).

Suspended matter (SM) concentrationvaries fscdm55 mg/L. A high value of SM at the surface
corresponds to highiomass ophytoplankton ([SM] = 32.5 mg/L for [Chla] = 22h/L). A high
value of SM at the surface can also be due to other particles or to resuspension process.
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Figure 19 Evolution of conductivity, oxygen, pH and SM at 3 depths of point P2

3.2ITrace metal speciation in the Lake Pampulha

As mentioned before, in the next paragraphswiie only consider 7 tracenetalswhich are
more associated with human adies:chromium(Cr), cobalt(Co), copper(Cu), cadmium(Cd), lead
(Pb), nickel (Ni) and zinc(Zn). These metalsome from various anthropogenic sources such as
metallurgy, dyeing industry, production of paint, coloring agents, catalyst, wood conservation,
petroleum industry etc. They present an ecotoxicity hazard and are progressively controlled by
regulation. Lake Pampulha has been increasingly affected by pollution from urban and industrial
sources (Friese et al., 2010).

The evolution of the principalibutary RessacaOs flow, the precipitation during all monitoring
period and the dates of all the campaigns are presentedune20.
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Figure 20 RessacaCuily flow (lower panel, black),daily precipitation(upper panel, blue) and the campaign dates
(colored points)

The principal two tributaries Ressaca and Sanrandi contribute up to 70% diotetadto the
lake. The entering flow and @¢hrain are measured at the station Res17F and S#&fig@ke 20)
upstream of the sampling point for the river monitoring campaigns. Figliee20, we only present
the RessacaOs flow andrhiefall at the station Res17F.

From August to November 2012, almost no rainfall is registered and the flow is low and constant.
From November 2012 to February 2013, thiemraining period with river flow higher than 106fs
for certain events. From February to June 2013, the raiteisnittent, but strong for certain events.
Based on the precipitation and flow data, we define the monthly campaigns as OdryO after
period without raining or OrainO campaigns during the raining periods.

3.2.11Trace metal concentrations in Lake Pampulha and n the tributary
Ressaca/Sarandi

The total metatoncentrations in the principal tributary during the dry period are presented on
the boxplots in Figure 21.The concemations correspond to 24-hour sampling during the dry
campaigns. For Lake Pampulha, dry and raining campaigns are presented together.
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Figure 21 Box plot of total metals concentration in the tributary Ressaca/Sarandi and in thevater column of Lake
Pampulha

In general, we observe more variation of the metal concentrations in the river than in Lake
Pampulha. For CNi, Cu, Zn, Cd and Pb, the total concentrations are higher in the river, particularly
for the Zn and Cu. For Co, the variation of total concentrasidyigherin the lake. For Cd, we have
only onevalue in the river, because during analysis with-M®, we diluted systematically all the
sampling from tributary. This dilutioallowed us to quantify correctly the concentration of other
metals but make us to lose information for. @ cannot conclude that Cd in theer ishigher than
in the lake, but therdy value of Cd is around 10 times stronger than the concentration in the lake.

As all themetals,do not have a normal distribution, we performed the Wilcoxon Mann Whitney
test for the average comparison between the river and théTlaklke26).

Table 26 Mean comparison of total concentrations between river and lake according to Wilcoxon Mann Whitney test
(threshold 5%)

Significant difference

p value
Cr 4.110°
Co 0.3
Ni 4.410°
Cu 1.7 10°
Zn 1.8 10°
Pb 1.110°

River > Lake
No difference
River > Lake
River >>Lake
River >> Lake
River > Lake

3.2.2!Total, dissolved and labile concentrations of trace metals in Lake Pampulha

In this paragraph, weill present the variation of metal concentrations of 3 fractions (total,
dissolved, labile) in the water column of Lake Pampulha during the dry and raining pErgds (

22)
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Figure 22 Boxplots of Co, Cu, Ni, Pb and Zn in total, dissolved and labile fraction in Lake Pampulha during dry and
raining periods

In general, we observe a higher variation for all fractions in the raining period for all metals.
During the raining period, the total concentration is higher, except for Ni. In fact, for the total
concentration, the concentration of Cr, Zn and Pb isfsgntly higher during the raining period.

For the dissolved concentrations, Cr and Pb are significantly higher during the raining period.
Contrary to Cr and Pb, Ni is significantly lower during the raining period. No signifittietence
of the labile faction appearedTéble27).

The impact of raining period is observed for the total and dissolved concentrations. We do not
observe an increasing labile concentratituring the raining period. For Ni, the boxplot showed a
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stable concentration of the total and labile fractions and a lower concentration in the raining period
may be due to the dilution effect.

Table 27 Mean comparison of concetrations (total, dissolved, labile) between dry and raining period
using Wilcoxon Mann Whitney test (threshold 5%)

Total Dissolved Labile
p Difference p Difference p Difference
value value value

Cr 710° rain > dry 0.01 rain > dry - -
Co 0.17 nodifference | 0.96 no difference | 0.61 no difference
Ni 0.23  no difference | 410° rain < dry 0.26 no difference
Cu 0.06 no difference | 0.49 no difference | 0.92 no difference
Zn 0.05 rain>dry 0.39 no difference | 0.22 no difference
Pb 110° rain > dry 0.04 rain > dry 0.13 no difference

¥ Trace metal standardsin freshwaters

Water standards garding trace metals in freshters in Brazil (resolution CONAMA 357,
17/03/2005) and in Europe (Water Framework Directive 2008/1Q5KLBNVFD) are presented
respectively infable28andTable29. There are two main ddrences between CONAMA resolution
and the European Union Water Framework Directiestly, CONAMA states a classification
framework to water bodies according to their intentional use. The decision on which water quality
classis assigmedto a particulawater body is influenced by a participatory process organized by the
concerned river basin committee where stakeholders (representatives of water users, the civil sociel
and the government) have séldte EuropeahVater Framework Directive asratthe gad chemical
and ecological status at Community level and national level depending on each substance.

Secondly, CONAMA resolution sets the thresholds basedhetal total fraction(in mg/L),
except for Cuwhile in the WFD the limit$or good chemical statwse based on the metal dissolved
fraction(in " g/L). WFD also considers a maximum acceptable concentration (MAC) and an annual
average (AA). Depending dahe legislative contextracemetal concentratigin Lake Pampulha
could exeed the limit of these water standards. ConsideringCO®AMA resolution, high
cyanobacteria biomass and low dissolved oxygen concentration in Lake Panvpuldaead to
classifying it in class 3 for freshwatersneaning that this water can be useddiamking water after
advanced water treatment, for irrigation of trees, but not of greenery. No primary neither secondary
contact with water is allowed in this clagsccording to CONAMAresolution all trace metavalues
measured in Lake Pampulha afsounder thdimits for class 3vaterbodies Considering European
WEFD, only dissolved copper exceeded the maximum acceptable value in one sample among the 2I
collected sampleand no dissolved metal exceeded the annual average concentration.
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Table 28 Maximum concentrations according to CONAMA resolution 357 for freshwater class 3
Cototal Cu dissolved Cd total Nitotal Pb total Zn total

Maximum concentration (mbg) 0.2 0.013 0.01 0.025 0.033 5

Table 29 Water standards for surface water in Europe (MAC:Maximum concentration, AA:Annual average)

Cr Co Cu Cd Ni Pb Zn
dissolved dissolved dissolved dissolved dissolved dissolved dissolved
MAC - 1.4 1.5 34 14 -
("g/L)
AA ("gl/L) - 1.4 0.25 4 1.2 7.8

¥ Trace metal concentration measured iake Pampulha in 2001

In this paragraphye presenthe total metal concentrations at the surface, middle and bottom of
the water column at point P2, measured in May 2011 (Friese et al.2010) and May 2013 (our data) ir
theTable30.

Table 30 Total metal concentrations at three depths of point P2 in May 2001 (Friese et al.2010) and May 2013 (our
data)

Cr("glL) Co ("g/L) Ni (" g/L) Cu ("g/L) Zn (" gl/L) Cd ("g/L) Pb (' g/L)

Depth | 2011 2013|2011 2013|2011 2013|2011 2013|2011 2013 [ 2011 2013|2011 2013

Surface| 0.94 1.07 [ 0.73 0.54 | - 143 (124 44 |18.1 15.03|0.17 0.12]0.94 0.20
Middle | <0.03 1.05 [ 0.58 0.54 | - 138 (061 13252 631 |007 NA (041 0.14
Bottom | 0.07 1.14 (0.85 0.6 |- 134 (171 145|144 7.73 |0.07 NA 096 0.12

In general, we find the same range of concentration in Lake Pampulha 12 years later except fo
Cu, Zn and Pb. Cooncentration at the surfaced13 is higher but it is lower at the bottom. For Zn,
we have the same range of concentration for the surface and middle of the water column. The
concentration is lower at the bottom in 2013. Only Pb showed a lowegmination for all the depths.
The lower Pb concentration in thake probably result from therohibition of Pb in gasoline iBrazil.

¥ Comparison with other urban water bodies

For comparison with other urban water bodies, we present'theattile, median and“quartile
of thetotal metal concentrations in Lake Pampulha, in 49 lakes-ddlerance region during 2011
2013 (PULSE projectsee chaptes ) and the miimum and maximum of Marnewer. The range of
metal concentrations is shown in fhigure23
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Figure 23 Range oftotal metal concentrations (£ D3 quartile) in Lake Pampulha, 49 lakes in IdF and Marne river

For Cq Cu, Zn, the concentrations are higl®rcomparison to 49 lakes and Marne river,
especially for Zn. Cr and Rlalues in Lake Pampulha are lower. Concerning Cd, we cannot really
compare because most of analyses of Cd are under the quantification limits.

3.2.3!Trace metal speciation inthe water column

In this section, we will focus on the distribution of total, dissolved and labile metal concentrations
in the water column of Lake Pampulhe remind that in most samples, Cd concentrations were
under quantification limits, they will not be presentede. In this analysis, we only consider 2 depths:
surface (0.5m) and bottom (7m) of the water colum