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Titre : Effet de l'urbanisation sur la qualité de l'eau de sub-surface en ville. Reconstitutions par l'étude de 
molécules organiques des carbonates secondaires des souterrains parisiens 

Mots clés : Géochimie organique, fluorescence UV, spéléothème, HAP, impact anthropique 

Résumé : La préservation de la ressource en eau 
constitue une préoccupation environnementale 
majeure dans le contexte actuel d’intense pression 
anthropique. Cette thèse vise à étudier l’impact de 
l’urbanisation sur la qualité de l’eau de proche surface 
à Paris, avec un focus sur l’étude des hydrocarbures 
aromatiques polycycliques (HAP), polluant 
principalement émis par les activités anthropiques. Les 
HAP, mais aussi le carbone organique et les matières 
organiques (MO) sont étudiés dans des dépôts de 
carbonates secondaires, formés dans des aqueducs et 
carrières souterraines. Pour y parvenir, une approche à 
la fois temporelle et spatiale a été adoptée afin de 
déterminer l’origine, les facteurs et les tendances (au 
cours des dernières décennies voir derniers siècles) des 
transferts de polluants organiques depuis les zones en 
surface vers le sous-sol à travers les sols anthropisés. 
Des échantillons (dépôts carbonatés et sols), prélevés 
sur trois sites parisiens présentant un gradient 
d’urbanisation, ont été étudiés. L’analyse des molécules 
organiques a été réalisée à l’aide de méthodes de   

chimie analytique (HPLC-Fluo, COT-mètre) couplées 
à des méthodes de spectroscopie UV (LIF, TRES) 
nécessitant une part importante de développement. 
Ces données ont également été croisées avec les 
signaux en éléments traces inorganiques (ICP-QMS). 
Les résultats obtenus ont mis en lumière des 
variations en HAP, tant en quantité qu’en qualité, et 
en MO dans les eaux d’infiltration lors des 
différentes phases d’urbanisation au cours des trois 
derniers siècles pour le site étudié au Nord de Paris. 
Ainsi, un changement de source de HAP a également 
été observé à partir du milieu du XXème siècle avec 
un enrichissement en HAP de hauts poids 
moléculaires, connus comme étant les plus toxiques. 
Les propriétés de sorption des HAP sur la MO sont 
le principal moteur de leurs transferts. Néanmoins, 
ces travaux ont également souligné le rôle crucial du 
sol, car son imperméabilisation entrave la rétention 
des HAP, facilitant ainsi leur mobilité avec les eaux 
de ruissellement.   

 

 

Title: Impact of urbanization on sub-surface water quality. Study of the organic molecules of secondary 
carbonate deposits from Parisian undergrounds 

Keywords: Organic geochemistry, UV spectroscopy, speleothem, PAH, human impact  

Abstract: Water resource preservation is a major en-
vironmental concern in the current context of intense 
anthropic pressure.  The aim of this thesis is to inves-
tigate the impact of urbanization on sub-surface water 
quality in Paris through the study of polycyclic aro-
matic hydrocarbons (PAHs), contaminants mainly pro-
duced by human activities. PAHs but also organic car-
bon and organic matter (OM) were studied in second-
ary carbonate, deposited in aqueducts and under-
ground quarries.  
A temporal and spatial study was carried out to 
determine the origin, factors, and trends (over the last 
few decades or centuries) in the transfer of organic 
contaminants from surface areas. Natural samples 
(carbonate deposits and soils) from three Parisian sites 
with an urbanization gradient were studied. Organic 
molecules were analyzed using analytical chemistry 

methods (HPLC-Fluo, COT-meter) coupled with UV 
spectroscopy methods (LIF, TRES) requiring a 
significant amount of development, and cross-
referenced with inorganic trace element signals (ICP-
QMS). Variations in both the quantity and quality of 
PAHs and OM in seepage water were recorded during 
the different phases of urbanization over the last 
three centuries for the site studied in Northern Paris. 
A change in source has also been observed since the 
second half of the XXth century, with an increase in 
high-molecular-weight PAHs, known to be the most 
toxic. The sorption properties of PAHs onto OM are 
the main driver of their transfer. However, this work 
has also shown the important role played by organic 
soil, as its sealing hinders the retention and storage 
of PAHs, and thus facilitates their mobility with runoff 
water. 
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USCD – Dépôt Urbain de Carbonate Secondaire 
HAP – Hydrocarbures Aromatiques Polycycliques 
MO – Matière Organique 
MOS – Matière Organique du Sol 
MOS – Matière Organique du Sol 
MON – Matière Organique Naturelle 
CO – Carbone Organique  
COD – Carbone Organique Dissous 
COT – Carbone Organique Total 
NPOC – Carbone organique non-purgeable 
US-EPA – Agence de protection de l’Environnement des Etats-Unis 
LOD – Limite de Détection 
LOQ – Limite de Quantification 
LOB – Limite de Blanc 
HCl – Acide Chlorhydrique 
DCM – Dichlorométhane  
MeOH – Méthanol 
DMSO – Diméthylsulfoxyde 
UHQ – Ultra Haute Qualité 
HPLC – Chromatographie Liquide à Haute Performance 
GCMS – Chromatographie Gazeuse à Spectromètre de Masse 
ICP-QMS – Spectromètre de Masse Quadripolaire à Plasma à Couplage Inductif 
UV – Ultra-Violet 
SPF – Fluorescence en phase solide 
LPF – Fluorescence en phase liquide 
TRES – Fluorescence résolue en temps 
NIRR – Proche Infra-Rouge 
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Contexte général 

L'urbanisation de la planète est le phénomène le plus concret de l'évolution des modes 
d'occupation humaine à l'échelle globale. De nombreuses régions du monde connaissent 
une urbanisation rapide (Zhang, 2016). Le 15 novembre 2022, l’Organisation des Nations 
Unis (ONU) a estimé le nombre d’êtres humains vivant sur Terre à 8 milliards. Jusqu’en 
2009, le nombre de personnes vivant en milieu rural était supérieur au nombre de per-
sonnes vivant en zone urbaine.  Aujourd’hui cependant, plus de la moitié de la population 
mondiale vit en ville, et le taux d’urbanisation devrait atteindre les 70 % en 2050 (United 
Nations and Population Division, 2019). 
En France, bien qu’un léger ralentissement de la croissance démographique soit observé 
depuis quelques années, l’accroissement reste positif avec une moyenne de 0,3 % par an 
soit environ 203 000 nouveaux habitants par an (Figure 0-1). De plus, entre 2015 et 2021, 
la croissance démographique dans l’espace urbain était deux fois plus élevée (+ 0,4 %) 
que dans l’espace rural (+ 0,2 %) (INSEE, 2023). D’autres moteurs socio-économiques 
tels que l’âge, la taille des ménages, l'aspiration à des logements individuels, les revenus 
par habitant ou les moyens de transport ainsi que les politiques publiques (subventions à 
la consommation foncière et au transport automobile) influencent également l’étalement 
urbain (Colsaet et al., 2018). Tous ces facteurs contribuent ainsi à un développement 
toujours plus important des zones urbaines et péri-urbaines.  

Or, l’urbanisation s’accompagne de nombreux impacts tant sur le plan sociétal qu’envi-
ronnemental. Pollution et mauvaise qualité de l’air (Mage et al., 1996), problèmes d'éli-
mination des déchets (Voukkali et al., 2023), forte consommation d'énergie (Sheng et al., 
2017), perte de biodiversité (Pauchard et al., 2006) sont autant de problèmes causés par 
le développement urbain. Les diverses activités anthropiques (domestiques, industrielles 
ou agricoles), sont à l’origine d’émission de nombreuses substances pouvant s’avérer dan-
gereuses tant pour la santé humaine que pour l’environnement. En milieu urbain, en raison 
de la forte proportion de ces activités dans un périmètre restreint, ces émissions sont 
d’autant plus concentrées qu’en milieu rural. Il y a encore peu, en l’absence de prise de 
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Figure 0-1. Courbe de la démographie française depuis le XVIIIème siècle (INEE et Dupâquier, 1988) 
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humaines soulèvent de nombreuses questions quant à la qualité de ces ressources alterna-
tives potentielles. De manière générale, les eaux souterraines sont menacées par la pollu-
tion transportée depuis la surface par l'infiltration des eaux de pluie (e.g. produits chi-
miques agricoles, polluants organiques ou chimiques provenant des zones résidentielles ou 
industrielles, dépôts atmosphériques), et la menace est d’autant plus grande pour les eaux 
souterraines en milieu urbain (Burri et al., 2019). Mieux comprendre ces ressources, no-
tamment en termes de qualité, et l’impact de l’urbanisation sur celles-ci est donc un enjeu 
central.  

Objectifs de la thèse 

Cette thèse vise ainsi à étudier l’impact de l’urbanisation sur la qualité de l’eau de proche 
surface à travers l’étude de molécules organiques contenues dans des archives naturelles, 
des dépôts de carbonates secondaires, en milieu urbain. En effet, le calcium dissout dans 
les eaux peut précipiter sous forme de concrétion calcaire, de manière similaire aux spé-
léothèmes des grottes. Les impuretés contenues dans l'eau peuvent être incorporées avec 
les carbonates, enregistrant ainsi la composition des eaux qui ont permis leur dépôt. L’ob-
jectif de cette thèse vise à comprendre dans quelle mesure l’urbanisation affecte la qualité 
des eaux de proche surface. Plus précisément, elle tente de répondre aux questions sui-
vantes :  

- Est-il possible de retracer la pollution de l'eau de proche surface par les matières 
organiques au cours du temps et de remonter aux sources ? 

- Plus particulièrement, les dépôts de carbonates secondaires sont-ils capables d’en-
registrer les variations en molécules organiques et est-il possible d’en extraire leur
contenu ? 

- Quels sont les principaux facteurs qui affectent le transfert des contaminants orga-
niques depuis la surface vers les eaux de proche surface en milieu urbain ? 

- En particulier, l’évolution des sols en surface, en lien avec l’urbanisation, a-t-elle
des répercussions sur la qualité de l’eau de proche-surface ? 

- Quelle est la nature des matières organiques présentes en milieu urbain ?

Pour y parvenir, une étude à la fois spatiale et temporelle a été réalisée afin de déterminer 
l’origine, les facteurs et les tendances (au cours des dernières décennies voir derniers 
siècles) des transferts de polluants organiques depuis les zones en surface vers les eaux 
d'infiltration en profondeur. Pour cela, des échantillons naturels (sols, dépôts carbonatés) 
issus de plusieurs sites parisiens présentant des stades d’urbanisation différents ont été 
étudiés. L’analyse des molécules organiques a été réalisée à l’aide de méthodes de chimie 
analytique couplées à des méthodes de spectroscopie nécessitant une part importante de 
développement. 
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1. Les archives naturelles 

Les archives renferment des informations de différente nature et permettent de garder une 
trace afin de témoigner des événements du passé. A ce titre, la glace, les sédiments marins 
ou lacustres, les cernes d’arbres, les sols et les spéléothèmes des grottes sont considérés 
comme des archives naturelles. En effet, au cours de leur formation, de leur dépôt ou de 
leur croissance, ces objets naturels enregistrent une quantité d’informations à la fois cli-
matiques (température, précipitation), environnementales (végétation, érosion, biodiver-
sité, géodynamique externe) mais également liées aux activités anthropiques (pollution, 
traces de passage, d’occupations). L’étude de ces archives, datables par différentes mé-
thodes, permet ainsi de remonter le temps et d’observer les traces que l’homme ou le 
climat laisse dans l’environnement. 
Depuis de nombreuses années, les archives naturelles ont été abondamment étudiées afin 
de comprendre l’évolution du climat et se sont révélées être des outils puissants pour 
reconstituer les variations environnementales (Masson-Delmotte et al., 2013). En effet, 
l’ensemble des études paléoclimatiques entreprises, ont permis de mettre en évidence l’im-
pact de l’homme sur le changement climatique (IPCC, 2021). D’autres impacts liés aux 
activités humaines, tels que la pollution ou des modifications de l’environnement (e.g. 
déforestation), ont également pu être révélés par l’étude des archives naturelles (e.g. Allan 
et al., 2015; Beal et al., 2015; Beaudon et al., 2017; Du and Jing, 2018; Guillevic et al., 
2023). 

2. Les spéléothèmes

Spéléothème, du grec « spelaion » (caverne) et « thema » (objet), est un terme général 
désignant les minéraux secondaires déposés dans les grottes naturelles (Moore, 1952). Ces 
dépôts présentent une très grande diversité de formes qui dépend de leur formation et 
dont les plus connues sont les stalagmites, les stalactites, les fistuleuses, ou encore les 
planchers stalagmitiques (Hill and Forti, 1997). Ils sont essentiellement constitués de car-
bonate de calcium et le plus souvent de calcite. 

2.1. Formation 

Les spéléothèmes se retrouvent généralement dans des régions dites karstiques. C’est à 
dire, des régions essentiellement constituées de roches carbonatées (calcaires, dolomies, 
etc.) et marquées par des processus de dissolution de la roche (Ford and Williams, 1989; 
Frisia and Borsato, 2010). 
Les spéléothèmes se forment dans des cavités naturelles par précipitation de carbonate de 
calcium due au dégazage de gaz carbonique (dioxyde de carbone - CO2) de l’eau d’infil-
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tration (Figure 1-1). Plus précisément, dans l’atmosphère l’eau de pluie s’acidifie, essen-
tiellement en raison de la solvatation du dioxyde de carbone atmosphérique. Lors de son 
infiltration dans les sols, l’eau se charge de nouveau en CO2 formé par la respiration des 
racines et des micro-organismes et par la décomposition de la matière organique. La pré-
sence de CO2 dans l’eau forme alors de l'acide carbonique H2CO3 selon la réaction sui-
vante : 

CO!	(aq) +	H!O	(excès) ⇌	0!12"		 + H!O	(l) 	⇌	0"2
$ + 	012"

% 

La présence d’acide carbonique rend l’eau plus agressive vis-à-vis du calcaire. Ces eaux 
acides percolent ensuite jusqu’au substratum. Lors de sa traversée, l’eau dissous le calcaire 
(constitué de carbonate de calcium - CaCO3) jusqu’à atteindre un état d’équilibre :  

0"2
$ + 	CaCO"(s) 	⇌ 14!$ + 	2012"

% 

Eq. Bilan : CaCO"(s) + 	CO!	(aq) +	H!O	(l) ⇌	14!$ + 	2012"% 

Lorsque l’eau d’infiltration arrive dans une cavité, la différence de pression partielle en 
CO2 entre l’eau et celle de l’atmosphère de la cavité qui est généralement plus faible que 
celle de l’eau, entraine un dégazage du CO2. L’eau devient ainsi sursaturée en carbonates. 
Un rééquilibrage s’ensuit et se traduit par la précipitation de calcite (Couchoud, 2008). 
L’accumulation de ces dépôts de calcite est à l’origine de la formation des spéléothèmes. 

Figure 1-1. Illustration du processus de formation des spéléothèmes. 
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Leur taux de croissance est très variable (en général de 0,01 à 1mm/an) et dépend no-
tamment de facteurs tels que la température, la concentration en calcium des eaux de 
percolation, le rapport entre la pression partielle en CO2 de l’eau de percolation et celle 
de l’atmosphère de la cavité, et la vitesse d’alimentation en eau (Dreybrodt, 1999, 1981, 
1980). Par exemple, plus l’alimentation en eau est importante, plus la croissance est ra-
pide. Toutefois, une alimentation en eau trop rapide ou continue empêche le dégazage et 
ralentit la croissance. 

2.2. Datation 

Comme la plupart des archives naturelles, les spéléothèmes présentent l’avantage de pou-
voir être datés. Pour cela, plusieurs méthodes existent et il est possible de les scinder en 
deux grandes catégories : 

- Les méthodes de datation relatives
- Les méthodes de datation absolues

2.2.1. Datation relative 

Les spéléothèmes se forment généralement par accumulation de fines couches minérales 
appelées « lamines ». Comme pour les varves de sédiments ou les cernes d’arbres, il est 
possible de compter ces lamines à l’aide d’une loupe binoculaire, d’un microscope ou encore 
par des techniques de luminescence. Généralement, des lamines sombres et compactes 
alternent avec des lamines plus claires et poreuses et un couplet de lamine claire et sombre 
peut correspondre à une année (Genty and Quinif, 1996). Toutefois, l’annualité des la-
mines n’est pas systématique et le croisement avec d’autres méthodes de datation est 
recommandé (Baker et al., 2008; Domínguez-Villar et al., 2012; Pons-Branchu et al., 
2014). 

2.2.2. Datation absolue 

Les méthodes de datation dites absolues se basent sur le principe de la radiochronologie. 
Elles utilisent la décroissance radioactive d’isotopes de certains éléments chimiques. Parmi 
ces méthodes, la datation 230Th/234U est une des plus efficace et des plus couramment 
utilisées pour la datation des spéléothèmes (e.g. Dorale et al., 2004; Li et al., 1989; 
Schwarcz, 1978; Spötl and Boch, 2019; Thompson et al., 1975). Elle se base sur le principe 
de désintégration de l’uranium 234, soluble dans l’eau, en thorium 230, insoluble. Sa me-
sure dépend de la quantité d’uranium contenu dans l’échantillon, du rapport 234U/238U et 
des conditions de croissance. En effet, dans le cas d’un système clos, seuls les isotopes de 
l’uranium sont incorporés dans le minéral et il n'y a pas de flux de radionucléides après 
la formation du minéral. La quantité de thorium mesuré provient donc de la désintégration 
de l’uranium 234 en thorium 230. L’ouverture du système géochimique par des épisodes 
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/2bgBbQiQT2bgbi�#H2bgU2X;Xg"�`@J�ii?2rbg2ig�HX-gkyyycg"m`Mbg2ig�HX-gkyyRcg.2MMBbiQMg2ig�HX-g
RNNNcgJ+.2`KQii-gkyy9cgqQM;g�M/g"`22+F2`-gkyR8VXgG2bgbTûHûQi?ĕK2bgT2mp2Migû;�H2K2Mig
iûKQB;M2`g/2bg/vM�KB[m2bg/mgbQHg2ig/2gH�gpû;ûi�iBQMgT�`gHǶûim/2g/mδRj*gU.Q`�H2g2ig�HX-g
RNNkcg:2Mivg2ig�HX-gkyyjV-g/2gH�gK�iBĕ`2gQ`;�MB[m2gUaBQ#?�Mg6XgJ+:�``vg�M/g"�F2`-gkyyyV-g
/2bgTQHH2MbgUJ+:�``vg�M/g*�b2H/BM2-gkyy9VgQmg/Ƕ�mi`2bg#BQK�`[m2m`bgU"Hvi?g2ig�HX-gkyy3VXg
.2gMQK#`2mb2bg�mi`2bg�TTHB+�iBQMbgQMigû;�H2K2MigûiûgTQbbB#H2bgpB�gHǶmiBHBb�iBQMg/2bgbTûHûQ@
i?ĕK2bgU2X;XgT�HûQbBbKB[m2-g�`+?ûQHQ;B[m2b-g�+iBpBiûgpQH+�MB[m2VXg_û+2KK2Mi-gBHbgQMigû;�@
H2K2MigT2`KBbg/2gK2ii`2g2MgûpB/2M+2gHǶBKT�+ig/2bg�+iBpBiûbg?mK�BM2bgU�HH�Mg2ig�HX-gkyR8cg
>�`iK�MMg2ig�HX-gkyRjcg_2;�iiB2`Bg2ig�HX-gkyRNcgaBFHQbvg2ig�HX-gkyRRVXg
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j8g

jX� G2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bgm`#�BMbgg
g
G2bg2772ibg/2bg�+iBpBiûbg?mK�BM2bgbQMigi`ĕbg+QM+2Mi`ûbg2MgKBHB2mgm`#�BMXghQmi27QBb-gBHg2big
/B77B+BH2g/2gi`Qmp2`g/2bg�`+?Bp2bgM�im`2HH2bg/�Mbg+2bgxQM2bgQɍgHǶ2MpB`QMM2K2Mig2big7Q`i2K2Mig
`2K�MBûXgG2bgbû/BK2Mibg/2bg+Qm`bg/Ƕ2�mg¨gT`QtBKBiûg/2bgxQM2bgm`#�BM2bgQMig/ûD¨gT2`KBbg/2g
`2+QMbiBim2`g HǶûpQHmiBQMg/2g H�gTQHHmiBQMgMQi�KK2Mig¨g HǶû+?2HH2g/ǶmMg#�bbBMgp2`b�MigU2X;Xg
�v`�mHig2ig�HX-gkykRcgGQ`;2Qmtg2ig�HX-gkyReVXghQmi27QBb-gH^ûim/2g/2bgbû/BK2Mibg/2g`BpBĕ`2gb2g
?2m`i2g�mtg/B77B+mHiûbg/^Q#i2MB`g/2bgbû[m2M+2bg/�iû2bg�m@/2H¨g/2gH�gTû`BQ/2g+Qmp2`i2gT�`gH�g
/�i�iBQMgkRyS#tbgUmM2g+2Mi�BM2g/^�MMû2bVXg.2bg�++mKmH�iBQMbg/2g+�`#QM�i2bg¨gH�gKQ`T?QHQ@
;B2gT`Q+?2g/2bgbTûHûQi?ĕK2b-g�TT2Hû2bg+�Hi?2KBi2b-gT2mp2Migb2g7Q`K2`gT�`gHǶ�Hiû`�iBQMg/2g
+2`i�BM2bg bi`m+im`2bg¨g#�b2g/2g+BK2Mig2ig/2g#ûiQMgUaKBi?-gkyReVXgJ�Bbg H2m`g+`QBbb�M+2-g
T�`7QBbg+2Mig7QBbgTHmbg̀ �TB/2g[m2g+2HH2g/2bgbTûHûQi?ĕK2b-gBKTHB[m2g/2bgKBMû`�HQ;B2bg2igbi`m+@
im`2bgBMi2`M2bgi`ĕbg/B77û`2Mi2b-g�p2+gMQi�KK2MigmM2g7Q`i2gTQ`QbBiûgU9ygĜgeygWVgU"`Qm;?iQM-g
kykycgaKBi?-gkyR3VXgg
g
"B2Mg[m2gH2g"�bbBMgT�`BbB2MgM2gbQBigT�bgmM2g`û;BQMgF�`biB[m2gT`QT`2K2Mig/Bi2-g BHg2big2Mg
T�`iB2g+QMbiBimûg/2g`Q+?2bgbû/BK2Mi�B`2bg+�H+�B`2bg2igK�`MQ@+�H+�B`2b-g7Q`K�Mig/2bgTH�BM2b-g
#mii2bg2igTH�i2�mtXgG�gpBHH2g/2gS�`BbgT`ûb2Mi2gû;�H2K2MigH�gT�`iB+mH�`Biûg/Ƕāi`2g+QMbi`mBi2g
bm`g/2gMQK#`2mtg`ûb2�mtgbQmi2``�BMbXg.�Mbg+2`i�BM2bg/2g+2bgbi`m+im`2bgbQmi2``�BM2bgi2Hbg
[m2g H2bg�[m2/m+bgQmg H2bg +�``Bĕ`2b-g/2bg/ûTƬibg/2g+�`#QM�i2bg b2+QM/�B`2b-g bBKBH�B`2bg�mtg
bTûHûQi?ĕK2bg /2bg ;`Qii2bg M�im`2HH2b-g QMig Tmg āi`2g 7Q`KûgT�`g H2bg 2�mtg/ǶBM7BHi`�iBQMXg*2bg
/ûTƬib-g�mgKāK2giBi`2g[m2gH2bgbTûHûQi?ĕK2b-gT2mp2Migāi`2g+QMbB/û`ûbg+QKK2g/2bg�`+?Bp2bg
2MpB`QMM2K2Mi�H2bgUSQMb@"`�M+?mg2ig�HX-gkyRd-gkyR8-gkyR9VXgg
G2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bgm`#�BMbgUla*.gTQm`gH^�+`QMvK2gmiBHBbûg2Mg�M;H�Bbg
l`#�Mga2+QM/�`vg*�`#QM�i2g.2TQbBibVgQMigTQm`gBMiû`āig/2gb2gi`Qmp2`g/B`2+i2K2MigbQmbgH�g
pBHH2Xg AHbg bQMig/QM+g HǶQmiBHg B/û�HgTQm`g 2M`2;Bbi`2`g HǶ�+iBpBiûg?mK�BM2g 2ig b2bg BKT�+ibXgG2bg
la*.gMǶQMig iQmi27QBbg +QKK2M+ûg ¨g āi`2g ûim/Bûbg [m2g i`ĕbg `û+2KK2MiXg.2bg i`�p�mtg QMig
MQi�KK2Mig/ûD¨gT2`KBbg/2gK2ii`2g2MgûpB/2M+2g/2bg+QMi�KBM�iBQMbg2MgûHûK2MibgKûi�HHB[m2bg
/�MbgH2bg2�mtg/ǶBM7BHi`�iBQMbgT`Qp2M�Mig/2gHǶûT�M/�;2g/2bgi2``2bg�;`B+QH2bgTmBbg/2gHǶm`#�MB@
b�iBQMgUSQMb@"`�M+?mg2ig�HX-gkyR8VXgG2g`2KQ/2H�;2g/2bgbm`7�+2bg¨gT�`iB`g/2g`2K#H�Bbg`B+?2bg
2Mg;vTb2gHQ`bg/2gHǶm`#�MBb�iBQMg�gû;�H2K2MigTmgāi`2g`ûpûHûgT�`gHǶ�M�Hvb2g/mgbQm77`2g+QMi2Mmg
/�Mbg+2bg/ûTƬibgUSQMb@"`�M+?mg2ig�HX-gkyRdVXg
hQmi27QBb-g/mg7�Big/2gH2m`g2MpB`QMM2K2Mig/2g7Q`K�iBQM-g+2bg+QM+`ûiBQMbgT`ûb2Mi2Mig[m2H[m2bg
HBKBi2bXg*QKT�`ûbg�mtg bTûHûQi?ĕK2b-g H2bgla*.gQMig ûiûg 7Q`Kûbg `û+2KK2Mig 2i-g/�Mbg/2g
MQK#`2mtg+�b-gH2m`g7�B#H2gi2M2m`g2Mgm`�MBmKg2igH2m`g7Q`i2gi2M2m`g2Mgi?Q`BmKg/ûi`BiB[m2g
2KTā+?2gH2m`g/�i�iBQMgT�`gH2bgKûi?Q/2bg+H�bbB[m2bgi2HH2g[m2g+2HH2g/2gHǶl@h?XghQmi27QBb-gH2g
+QKTi�;2g/2gH�KBM2bgbǶ2bigKQMi`ûg`2H�iBp2K2Mig277B+�+2gTQm`g/�i2`g+2bg/ûTƬibg[mBgT`ûb2M@
i2Mig/2bgH�KBM2bg#B@�MMm2HH2bgUSQMb@"`�M+?mg2ig�HX-gkyR3-gkyR9VXg
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GǶ2Mb2K#H2g /2bg bBi2bg ûim/Bûbg /�Mbg +2ii2g i?ĕb2g b2g bBim2Mig /�Mbg S�`Bbg 2ig b�g Tû`BT?û`B2g
U6B;m`2g k@RVXg AHbg QMig ûiûg bûH2+iBQMMûbg b2HQMg mMg ;`�/B2Mig /Ƕm`#�MBb�iBQMg �7BMg /2g KB2mtg
+QKT`2M/`2g H2bg T`BM+BT�mtg 7�+i2m`bg +QM/mBb�Mig ¨g H�g `ûi2MiBQMg Qmg �mg i`�MbTQ`ig /2bg
+QMi�KBM�Mibgp2`bg H2bg 2�mtg/2gT`Q+?2g bm`7�+2g 2MgKBHB2mgm`#�BMbXg�mg iQi�H-g [m�i`2g bBi2bg
QMigûiûg`2i2Mmbg ,g/2mtg+�``Bĕ`2bg2ig/2mtg�[m2/m+bg cg�p2+g/2bgQ++mT�iBQMbg/B77û`2Mi2bg2Mg
bm`7�+2g2Mi`2g+?�+mMg/2bgbBi2bgUiBbbmgm`#�BMg+QMiBMm-gxQM2gBM/mbi`B�HBbû2-g2bT�+2gpû;ûi�HBbû-g
�;`B+QH2Vg2ig/2bgT`Q7QM@/2m`bg�HH�Mig/2gH�gbm`7�+2g¨gmM2g[mBMx�BM2g/2gKĕi`2bXg*?�+mMg/2bg
bBi2bg2ig/2bgû+?�MiBHHQMbg+QHH2+iûbgb2`QMigT`ûb2MiûbgT�`gH�gbmBi2X

Figure 2-1. Vue d’ensemble des différents sites étudiés sur Paris agglomération (zone grise délimitée par une ligne en 
pointillé) et sa périphérie. 
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j3g1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

RX �[m2/m+g/2g"2HH2pBHH2

G2g:`�M/g�[m2/m+g/2g"2HH2pBHH2g U"1GVg2bigmM2g;�H2`B2g bQmi2``�BM2g/2gRy8ygKg/2g HQM;g
bBimû2g�mgLQ`/@1big/2gS�`BbgU6B;m`2gk@kVXgAHg7�BigT�`iB2g/^mMg`ûb2�mg?BbiQ`B[m2gTHmbgp�bi2-g
+QMMmgbQmbgH2gMQKg/2gĿgaQm`+2bg/mgLQ`/gŀXg*2g`ûb2�mg�gûiûgmiBHBbûgTQm`gH^�HBK2Mi�iBQMg2Mg
2�mgTQi�#H2g/2bg7QMi�BM2bgTm#HB[m2bg2Mi`2gH2gsAAĕK2g2igH2gsAsĕK2gbBĕ+H2gU*HûK2Mig�M/gh?Q@
K�b-gkyRe)XgG^2�mg+�H+�B`2g�g 7�pQ`Bbûg H2g/ûTƬig/2g+�`#QM�i2bgb2+QM/�B`2bg/�Mbg+2`i�BM2bg
T�`iB2bg/2gH^�[m2/m+Xg1M+Q`2g�HBK2Miû2bgT�`gTHmbB2m`bg/`�BMb-g+2bg2�mtgM2gbQMigTHmbgmiBHBbû2bg
2ig�#QmiBbb2Mig/�MbgH2gbvbiĕK2g/2g`û+mTû`�iBQMg/2bg2�mtg/2gTHmB2Xgg

Figure 2-2. Localisation du Grand Aqueduc de Belleville et de la zone de prélèvement. 

• *QMi2ti2g;ûQHQ;B[m2g2ig?v/`Q;ûQHQ;B[m2

G2g`ûb2�mg/2bgaQm`+2bg/mgLQ`/g/`�BM2gH2bg2�mtg/mgTH�i2�mg/2gJ�H�bbBbXgAHgi`�p2`b2g[m�i`2g
+Qm+?2bg;ûQHQ;B[m2bgU6B;m`2gk@jVg/2gHǶPHB;Q+ĕM2Xg�gH�g#�b2-gb2gi`Qmp2Mig/2bg�`;BH2bgp2`i2bg
bm`KQMiû2bg /ǶmM2g +Qm+?2gT2`Kû�#H2g /2g +�H+�B`2g /2g"`B2g TmBb-g �m@/2bbmb-g /2bgK�`M2bg ¨g
?mŗi`2bg2ig/2bgb�#H2bg/2g6QMi�BM2#H2�mXggg
G2g`ûb2�mgT2`K2ig/2g/`�BM2`gH2bg2�mtg/2g/2mtgM�TT2bgT?`û�iB[m2bgBM/ûT2M/�Mi2b-g H^mM2g
/�MbgH2bgb�#H2bg#B2Mgi`Bûbg/2g6QMi�BM2#H2�mg2igH^�mi`2g/�MbgH2g+�H+�B`2g/2g"`B2XgG2gi2KTbg
/^BM7BHi`�iBQMg/2gH^2�mg/�MbgH2g#�bbBMgp2`b�Mig�gûiûg2biBKûg̈ gj@9gKQBbgUSXg"`�M+?mgU*2`2K�V-g
T2`bXg+QK-gMX/XVXgG�gxQM2g/2gHǶ�[m2/m+gû+?�MiBHHQMMû2gb2gbBim2g¨gH�g#�b2g/2bg+�H+�B`2bg/2g
"`B2Xg�mDQm`/^?mB-gH^2�mg[mBgb^BM7BHi`2g/2TmBbgH�gbm`7�+2gi`�p2`b2gmM2g+Qm+?2g/2g`2K#H�Bbg
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jNg

i`ĕbg`B+?2g2Mg;vTb2g/2gRg¨g8gKg/^ûT�Bbb2m`g[mBg`2+Qmp`2gH2g+�H+�B`2g/2g"`B2gU62`M�M/2x-g
kyR3cgSQMb@"`�M+?mg2ig�HX-gkyRdVXggg

Figure 2-3. Coupe géologique transversale et localisation du réseau et des nappes phréatiques. 

•� P++mT�iBQMg/2bgbQHbgbmb@D�+2Mig

1Mi`2gH2gsoAĕK2g2igH2gsoAAĕK2gbBĕ+H2-g"2HH2pBHH2g2bigmMgpBHH�;2g`m`�Hg2MiQm`ûgMQi�KK2Mig/2g
+mHim`2bgUp2`;2`bV-g/2gpB;M2b-g/2g+�``Bĕ`2bg/2g;vTb2g2ig/2g[m2H[m2bg+?�i2�mtXg1Mgbm`7�+2-g
�mgMBp2�mg/mgi`QMÏQMg/2g;�H2`B2gû+?�MiBHHQMMû-gQMgi`Qmp2g/2bgD�`/BMbg�TT�`i2M�Mig�mg+Qm@
p2Mig/2bgKQBM2bg/2gSB+#mbg2ig/2bgpB;M2bgU>m�`/-gkyRNVXg*2g+Qmp2Mig2big/ûKQHBg2Mi`2gRdNkg
2igR3y3gU>BHH�B`2i-gRNdNVXgg
G2bg �MMû2bg R3kygK�`[m2Mig mM2g +`QBbb�M+2g /ûKQ;`�T?B[m2g 2ig û+QMQKB[m2g bQm/�BM2g [mBg
2Mi`�BM2gmMg+?�M;2K2MigBKTQ`i�Mig/2gHǶQ++mT�iBQMg/2bgbQHbg2Mgbm`7�+2g�p2+gmM2gm`#�MBb�@
iBQMgBMi2Mb2XgG�g/ûKQ;`�T?B2gT�bb2g/2gNdyyg?�#Bi�Mibg2MgR3jRg¨g8dgeNNg?�#Bi�Mibg2MgR38eg
�p�MigHǶBMiû;`�iBQMg¨gS�`BbgU?iiT,ff+�bbBMBX2?2bbX7`g2ig?iiTb,ffrrrXBMb22X7`VXgG2bgi2``�BMbg
[mBgûi�B2MigDmb[mǶ�HQ`bgT`BM+BT�H2K2Mig+mHiBpûbg2MgpB;MQ#H2bgbQMigmiBHBbûbgTQm`gH�g+QMbi`m+@
iBQMgK�bbBp2g/2gK�BbQMbgTQm`gQmp`B2`bXgGǶ2KT`Bb2gBM/mbi`B2HH2g`2bi2gT2mgBKTQ`i�Mi2-gb2mH2bg
/2bg +�``Bĕ`2bg/2g;vTb2bg 2ig/2bg BM/mbi`B2bg BMb�Hm#`2bg U2tXg û[m�``Bbb�;2g/2g +?2p�mtVg bQMig
K2MiBQMMû2bXg�gT�`iB`g/2gR3ey-g[m2H[m2bgi`�p�mtg7�Bb�MigT�`iB2g/2bg;`�M/bgS`QD2ibg/Ƕ>�mbb@
K�MMgQMigûiûg2Mi`2T`Bb-gT`BM+BT�H2K2MigH�g+`û�iBQMg/2gpQB`B2g2igMQi�KK2Mig/2gH�g`m2g/2bg
Sv`ûMû2bXg1Mi`2gRNyyg2igRN8y-g2Mg`�BbQMg/ǶmMgiBbbmgm`#�BMgb�im`û-gmMg`�H2MiBbb2K2Mig/2gH�g
+QMbi`m+iBQMg2bigQ#b2`pûXgG�g/2mtBĕK2gKQBiBûg/mgsAsĕK2g bBĕ+H2g2big+�`�+iû`Bbû2gT�`gmM2g
Tû`BQ/2g/2g`ûMQp�iBQMgm`#�BM2gU>m�`/-gkyRNVXg�gT�`iB`g/2bg�MMû2bgRN3y-gH2bgT�pûbg/2bg`m2bg
/2gS�`BbgbQMigT`Q;`2bbBp2K2Mig`2iB`ûbg�mgT`Q7Big/ǶmM2gBKT2`Kû�#BHBb�iBQMgT�`g;Qm/`QMXg

• ú+?�MiBHHQM

GǶû+?�MiBHHQMg"1Gkg�gûiûgT`ûH2pûg2MgkyRRg/�MbgH�gT�`iB2g+2Mi`�H2g/mg:`�M/g�[m2/m+g/2g
"2HH2pBHH2gU6B;m`2gk@kg2igk@9VXgG�g;�H2`B2-gQ`B2Miû2gLQ`/@am/-gb2gi`Qmp2g¨g2MpB`QMg8@RygKg
bQmbgH�g`m2gG2p2`iXg"1GkgbǶ2big/ûp2HQTTûg�mgTB2/g/mgKm`g/2gH�g;�H2`B2g`2+2p�Mig/2bg2�mtg
/ǶBM7BHi`�iBQMbgT`Qp2M�Mig/mgiQBig/2gH�g;�H2`B2Xg

http://cassini.ehess.fr/
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

"1Gkg2bigmMgbTûHûQi?ĕK2g/Ƕ2MpB`QMg98gKKg/ǶûT�Bbb2m`-g7BM2K2MigH�KBMûg2ig�Hi2`M�Mig2Mi`2g
H�KBM2bgbQK#`2bg2igH�KBM2bg+H�B`2bXg�mgbQKK2ig/2gHǶû+?�MiBHHQM-g/2bgH�KBM2bgMQB`2bg
bQMigpBbB#H2bgU6B;m`2gk@8VXgg
lM2g+?`QMQHQ;B2g`Q#mbi2g�gûiûg`û�HBbû2g2Mg+`QBb�Mig/2bgi2+?MB[m2bg/2g/�i�iBQMg�#bQHm2g2ig
`2H�iBp2gUlfh?g2ig+QKTi�;2g/2g H�KBM2bVgUSQMb@"`�M+?mg2ig�HX-gkyR9VXg1HH2g�gT2`KBbg/2g
/ûi2`KBM2`g[m2gjyyg�Mbg/^2M`2;Bbi`2K2Mibg±gR8g�MbgU2Mi`2gRdRRg2igkyRRg*1VgbQMig+QMi2Mmbg
/�Mbg+2bg/ûTƬibgT`ûb2Mi�MigmM2g+`QBbb�M+2g`û;mHBĕ`2Xgg

Figure 2-4. A gauche, galerie centrale du Grand Aqueduc de Belleville et à droite la zone échantillonnée. La 
flèche bleue illustre l'écoulement de l'eau le long de la paroi. 

Figure 2-5. Échantillon BEL2 vu en coupe. 
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Figure 2-6. Localisation de la carrière de la Brasserie et des échantillons étudiés. 
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p2`iB+�mtg/2gT2`Kû�#BHBiûXgg
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Par ailleurs, les ruisseaux et lacs artificiels présents dans le bois sont imperméabilisés par 
un ciment à leur base.  

• Occupation des sols sus-jacents

Le bois de Vincennes, propriété royale durant plus de six siècles, a connu de nombreuses 
modifications au cours du temps. Au début de son règne, Louis IX décide de l’agrandir 
par l’acquisition de terres agricoles au sud et à l’est puis l’abandonne au profit de Ver-
sailles, le laissant progressivement devenir une friche. Entre 1731 et 1739, le parc est 
réaménagé par Robert de Cotte avec notamment un plan de grand reboisement. La surface 

Figure 2-7. Log stratigraphique au niveau de la carrière de la Brasserie (modifié depuis BRGM – Identifiant 
national de l’ouvrage BSS000PBQS). 
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Figure 2-8. A gauche, la zone d’infiltration et à droite, le spéléothème BRA-C-05 avant 
échantillonnage. En bleu, illustration de l'arrivée d'eau qui alimente BRA-C-05. 
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Figure 2-10. Description de la fosse pédologique au-dessus de BRA-C-05. 

Figure 2-9. A gauche, BRA-C-05 post-échantillonnage et à droite, une coupe transversale de l'échantillon et 
sa zone étudiée. 
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Figure 2-11. Localisation de la zone de la carrière de Montrouge échantillonnée et emplacement de MON-C-07. 
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Malgré une perméabilité des couches assez faible, la présence de quantité d’eau abondante 
dans certaines galeries et la présence d’édifices de gestion de l’eau (bassins, chambrettes) 
témoignent d’infiltrations importantes depuis la surface. 

• Occupation du sol en surface

Lors de la période d’exploitation, les sols en surface consistaient en une vaste plaine non 
urbanisée et principalement agricole (arboriculture, horticulture). En 1922, une gare de 
marchandises est créée à l’emplacement des carrières de Châtillon-Montrouge. Celle-ci est 
transformée en dépôt ferroviaire dès 1926 puis en technicentre SNCF assurant l’entretien 
des rames de Transilien et de TGV après avoir accueilli les locomotives à vapeur. En 

Figure 2-12. Log stratigraphique au niveau de la zone d'échantillonnage de MON-C-07 basé sur les données ex-
traites de l'atlas des carrières de l'IGC (Feuille 22-57,  Inspection Générale des Carrières et des données du sous-
sol du BRGM). 
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Figure 2-13. En haut, à gauche, la zone d'échantillonnage de MON-C-07 (encadrée en noir) avec l'écoulement 
d'eau représenté en bleu et à droite, la galerie. En bas, l’échantillon MON-C-07 vu en coupe transversale. 
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/û#mig/2g+`QBbb�M+2g2MgR3d9g*1-g+2g[mBgb2K#H2g+Q``2bTQM/`2g¨gH�g7BMg/2gH^2tTHQBi�iBQMg/2g
H�g+�``Bĕ`2Xg

9Xg �[m2/m+g/2bg1�mtg/2g_mM;Bb

GǶ�[m2/m+g/2bg1�mtg/2g_mM;Bb-g�mbbBg�TT2Hûg�[m2/m+gJû/B+Bb-g�gûiûg+QMbi`mBig2Mi`2gReRjg
2igRekjgbm`gQ`/`2g/2gJ�`B2g/2gJû/B+BbXgGǶ�[m2/m+gT2`K2ig�BMbBg/2g/`�BM2`gH2bg2�mtg/2TmBbg
H2gTH�i2�mg/2g_mM;Bbgp2`bgS�`Bb-g`ûTQM/�Mi-g2Mi`2g�mi`2b-g�mtgT`Q#HûK�iB[m2bg/2gTQHHmiBQMg
/2gH�ga2BM2g2ig/2gi�`Bbb2K2Mig/2bg7QMi�BM2bXgAHgpB2Mig�HQ`bg+QKTHûi2`gHǶ�TT`QpBbBQMM2K2Mig
2Mg2�mg/2bg7QMi�BM2bgTm#HB[m2bg/2gS�`Bb-g¨gHǶBMbi�`g/2bgaQm`+2bg/mgLQ`/g2Mg`Bp2g/`QBi2g/2g
H�ga2BM2XgGǶ�[m2/m+-gHQM;g�mDQm`/Ƕ?mBg/2gRyg9kygK-g/ûp2`b2gb2bg2�mtg/�MbgH2gH�+g/mgT�`+g
JQMibQm`Bbg/2TmBbgRNy9XgG�gK�D2m`2gT�`iB2g/2gHǶ�[m2/m+g2bigbQmi2``�BM2g2t+2Tiû2g�mgMB@
p2�mg/2gH�gp�HHû2g/2gH�g"Bĕp`2g[mǶBHgi`�p2`b2gT�`gmMgTQMi@�[m2/m+g[mBgb2`pBigû;�H2K2Mig/2g
bQmiB2Mg �mg TQMi@�[m2/m+g /2g H�go�MM2g [mBg pB2Mig b2g bmT2`TQb2`g U*HûK2Mig �M/gh?QK�b-g
kyReVXg�mDQm`/Ƕ?mB-gH^2�mgM2g+QmH2gHB#`2K2Mig/�MbgH�g;�H2`B2g[m2gDmb[m^�mg`2;�`/gRy-gbm`gH�g
+QKKmM2g/2g*�+?�M-g#B2Mg[mǶ2HH2gbQBig2Mi`2+QmTû2g2Mg�KQMigT�`gmMgbBT?QMg�mgMBp2�mg/2g
HǶ�miQ`Qmi2g�3eXg�m@/2H¨g /mg `2;�`/g Ry-g 2HH2g +B`+mH2g /�Mbg mM2g +QM/mBi2g 7Q`+û2g 2Mg 7QMi2g
BMbi�HHû2g HQ`bg/mg `�++Q`/2K2Mig/2g H^�[m2/m+g�mg `ûb2`pQB`g/mgS�Mi?ûQMg/�Mbg H2bg �MMû2bg
R3eyXg
G�gTQ`iBQMg/2gHǶ�[m2/m+gûim/Bû2g/�MbgH2g+�/`2g/2g+2ii2gi?ĕb2gb2gbBim2g�mgMBp2�mg/mg`2;�`/g
Rj-gbm`g H�g+QKKmM2g/Ƕ�`+m2BH-g/�Mbg H�gp�HHû2g/2g H�g"Bĕp`2-g¨g HǶ�KQMig/mgTQMi@�[m2/m+g
U6B;m`2gk@R9VXgg

Figure 2-14. Localisation du regard 13 de l'aqueduc des Eaux de Rungis et de l'échantillon RUN-C-04. 
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9Ng

•� *QMi2ti2g;ûQHQ;B[m2g2ig?v/`Q;ûQHQ;B[m2g

GǶ�[m2/m+g/2bg1�mtg/2g_mM;Bbg`2+QmT2gTHmbB2m`bgMBp2�mtg;ûQHQ;B[m2s gU6B;m`2gk@R8VXgG�g 
THmT�`ig/2bg2�mtg+QHH2+iû2bgbQMigBbbm2bg/2bg+�H+�B`2bg/2g"`B2gUPHB;Q+ĕM2Vgbm`gH2gTH�i2�mg/2g 
_mM;BbXgAMBiB�H2K2Mi-gH2bg2�mtg`2+m2BHHB2bgT�`gHǶ�[m2/m+gT`Qp2M�B2Mig/mg+�``ûg/2bg2�mtg/2g 
_mM;Bb-g/ǶmM2g;�H2`B2g+QHH2+i`B+2g�mgMQ`/g/mgpBHH�;2g/2g_mM;Bbg/`�BM�Mig/2bg2�mtg/2g7�B#H2g 
T`Q7QM/2m`gU/`�BMg/2g*?2pBHHvVg2ig/2gT2iBi2bgbQm`+2bg/2bg+Qi2�mtg/2gH�g"Bĕp`2giQmig�mgHQM;g 
/mgT�`+Qm`bg/2g HǶ�[m2/m+Xg�mg/û#mig/2bg�MMû2bgRe8y-g/2mtg bQm`+2bg Bbbm2bg/mg+ƾm`g/2g 
_mM;BbgbQMig`�++Q`/û2b-gTmBbg2MgRedyg/2bg2�mtg/2gbQm`+2gT`Qp2M�Mig/2g*�+?�Mg2ig2M7BMg2Mg 
Rd3k-gH2bg2�mtg/2gH�gTH�BM2g/2gqBbbQmbgpB�gHǶ�[m2/m+g/2gS�`�vg�mgbm/g/2g_mM;BbXgg 
�mDQm`/Ƕ?mBg2Mg`�BbQMg/2gHǶm`#�MBb�iBQMgK�bbBp2g/mgTH�i2�mgU�û`QTQ`i-g�miQ`Qmi2-gK�`+?ûg 
BMi2`M�iBQM�HĘVgH2bgbQm`+2bg/2g_mM;Bbgb2gbQMigT`Q;`2bbBp2K2Migi�`B2bg2igb2mHgHǶ�[m2/m+g/2g 
S�`�vg+QMiBMmgT`BM+BT�H2K2Mig/Ƕ�HBK2Mi2`gHǶ�[m2/m+g/2bg1�mtg/2g_mM;BbXgg

Figure 2-15. Couches géologiques traversées par l'aqueduc des Eaux de Rungis et localisation des principales sources 
au départ de l’aqueduc. 
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• P++mT�iBQMg/2bgbQHbg2Mgbm`7�+2

Cmb[m2g/�MbgH2bg�MMû2bgRNjy-gH�gxQM2g2Mi`2g�`+m2BHg2ig_mM;Bbg+QMbBbi�BigT`BM+BT�H2K2Mig2Mg
/2bgbm`7�+2bg�;`B+QH2bg2igMQi�KK2MigpBiB+QH2bXgZm2H[m2bgT2iBi2bgBM/mbi`B2bgûi�B2Migû;�H2@
K2MigT`ûb2Mi2bg,g#H�M+?Bbb2`B2b-gi2BMim`2`B2bg2ig#`�bb2`B2bg/mg+Ƭiûg/Ƕ�`+m2BH-g#`B[mĕi2`B2bg
2igTH�i`Bĕ`2bg/mg+Ƭiûg/2gHǶ>�vgH2bg_Qb2bXglM2gT`2KBĕ`2gp�;m2g/Ƕm`#�MBb�iBQMg�gHB2mgp2`bg
RNjyg�p2+gH�g+QMbi`m+iBQMg/2g+BiûbgQmp`Bĕ`2bg2ig/2g;`�M/bg�t2bg`QmiB2`bg2ig72``ûb-gK�Bbg+Ƕ2big
T`BM+BT�H2K2Mig�T`ĕbgH�ga2+QM/2g:m2``2gJQM/B�H2g[m2gHǶm`#�MBb�iBQMg/2pB2MigK�bbBp2g2ig
bǶûi2M/gDmb[mǶ¨g_mM;BbgU6B;m`2gk@ReVXg1MgRNe9-gkg8yyg?2+i�`2bg/2gbm`7�+2bg�;`B+QH2bgbQMig
�`iB7B+B�HBbûbgTQm`g+QMbi`mB`2gH2gK�`+?ûgBMi2`M�iBQM�Hg/2g_mM;BbXg
�mDQm`/Ƕ?mB-g#B2Mg[m2g[m2H[m2bgT�`+2HH2bg�;`B+QH2bg/2K2m`2Mig�mgbm/g/2g_mM;Bb-gH�gxQM2g
2big7Q`i2K2Migm`#�MBbû2g2igBKT2`Kû�#BHBbû2Xgg

Figure 2-16. Évolution de l'occupation des sols de Rungis à Arcueil (Source : Géoportail). 

• ú+?�MiBHHQMM�;2

.2bg2Mi`2iB2MbgTHmbgQmgKQBMbg`û;mHB2`bg/2gHǶ�[m2/m+-g+QMbBbi�MigT`BM+BT�H2K2Mig¨g+m`2`gH�g
+mM2ii2gQɍgHǶ2�mg+B`+mH2gTQm`gvg`2iB`2`gH�g+�H+Bi2g[mBgbǶvg/ûTQb2-gQMigûiûg2772+imûbgDmb[mǶ2Mg
Rdje-g TmBbg /2gK�MBĕ`2g THmbg bTQ`�/B[m2g ¨gT�`iB`g /2bg �MMû2bg R3yyg H�Bbb�Mig H�g TH�+2g ¨g H�g
7Q`K�iBQMg/2g/ûTƬig+�`#QM�iûbgb2+QM/�B`2bXggg



8Rg

*?�TBi`2gkg@gaBi2bg/Ƕûim/2bg

GǶla*.g_lL@*@y9g�gûiûgT`ûH2pûg�mgMBp2�mg/mg`2;�`/gRjg/2gHǶ�[m2/m+Xg*2ii2gTQ`iBQMg/2g
HǶ�[m2/m+gb2gbBim2g2Mgbm`7�+2g2igH2bg2�mtg[mBgvg+B`+mH2MigbQMig�+im2HH2K2Migi`�MbTQ`iû2bgT�`g
H�g+QM/mBi2g7Q`+û2g2Mg7QMi2Xg_lL@*@y9gT`QpB2Mig/ǶmM2g+QmHû2g/2g+�H+Bi2g[mBgbǶ2big/ûp2HQTTû2g
/�MbgH�g+mM2ii2g/2gHǶ�[m2/m+Xg*2ii2g+QmHû2gûi�Big�HBK2Miû2gT�`gH2bg2�mtg/`�BMû2bgT�`gHǶ�[m2@
/m+g �p�Mig H�g KBb2g 2Mg TH�+2g /2g H�g +QM/mBi2g 7Q`+û2g 2Mg R3eyXg GǶla*.g 2big #B2Mg H�KBMûg
2igT`ûb2Mi2gmM2gbi`m+im`2gĿg;HQ#mH�B`2gŀgU6B;m`2gk@RdVXgGǶ�``āig/2gHǶ�HBK2Mi�iBQMg2Mg2�mg
2ig /2g H�g +`QBbb�M+2g /mg /ûTƬig 2Mg R3eyg T2`K2ii2Mig /Ƕ�77B`K2`g [m2g H2g bQKK2ig /2g
HǶû+?�MiBHHQMg /�i2g /2g +2ii2g Tû`BQ/2Xg _lL@*@y9g iûKQB;M2g /QM+g /ǶmM2g Tû`BQ/2g MQM@
m`#�MBbû2-gT`BM+BT�H2K2Mig�;`B+QH2Xg*QMi`�B`2K2Mig�mtgi`QBbg�mi`2bgbBi2b-g+2igû+?�MiBHHQMg
2big bBimûg 2Mg bm`7�+2g 2ig 2big �HBK2Miûg T�`g /`�BM�;2g 2ig MQMg T�`g /2bg 2�mtg /ǶBM7BHi`�iBQMg
HQ+�H2bXgg

Figure 2-17. En haut, localisation de l'échantillon et de la coulée dans la cunette du regard 13 de l'aqueduc des 
Eaux de Rungis. L'écoulement de l'eau dans la cunette est illustré par la flèche bleue. En bas, échantillon RUN-
C-04 vu en coupe transversale 
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5. Synthèse des échantillons

Nom Lieu 
Prof. 
(m) 

Année échan-
tillonage 

Type d’alimen-
tation en eau 

Age 

Type d’occupa-
tion en surface 
(pendant la 
croissance) 

BEL2 Aqueduc de 
Belleville, 
19-20ème Arr.
Paris.

~ 5 2011 Infiltrations 
locales 

2011-1711 CE 
± 15 ans 

Agricole puis  
urbanisé (1850) 

BRA-C-05 Carrière de 
la Brasserie, 
12ème Arr. 
Paris 

~ 15 2019 Infiltrations 
locales 

2019 - 1943 
CE ± 5 ans 

Végétalisé 

MON-C-07 Carrière de 
Chatillon-
Montrouge, 
Bagneux 

~ 15 2019 Infiltrations 
locales 

2019 - 1874 
CE ± 10 ans 

Industriel 

RUN-C-04 Aqueduc de 
Rungis, 
Arcueil 

0 2021 Drainage 1860 CE - Nd Agricole 

Tableau 2-1. Tableau récapitulatif des USCD échantillonnés. 

Tableau 2-2. Tableau récapitulatif des échantillons de sol. 

Nom Lieu Année échan-
tillonage 

Profondeur Type de sol 

BRA-S-02 Bois de Vincennes, 
12ème Arr. Paris 

2022 2-20 cm

BRA-S-01 Bois de Vincennes, 
12ème Arr. Paris 

2022 20-30 cm

Alocrisol sableux 

Alocrisol sableux 

Les principaux éléments associés à chaque échantillon sont repris dans les tableaux 2-1 et 
2-2 ci-dessous.
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88g

AHg2tBbi2g/2gMQK#`2mtgi`�+2m`bg;ûQ+?BKB[m2bg/2gHǶ�+iBpBiûg?mK�BM2-g[mBgT2mp2Migāi`2g/ǶQ`B@
;BM2gQ`;�MB[m2gQmgBMQ`;�MB[m2XgS�`KBgH2bgi`�+2m`bgBMQ`;�MB[m2b-g+2`i�BMbgûHûK2Mibgi`�+2bg
US#-g*m-gJM-go-g�H-gaB-gh?-ga-glVgQMig/ûD¨gûiûgmiBHBbûbg/�MbgH2bgbTûHûQi?ĕK2bgTQm`g`2i`�+2`g
H�gTQHHmiBQMgHBû2g�mtg�+iBpBiûbg?mK�BM2bgi2HH2bg[m2gHǶ2tTHQBi�iBQMg/2gKBM2`�BbgQmg/2gTB2``2g
U�HH�Mg2ig�HX-gkyR8cgSQMb@"`�M+?mg2ig�HX-gkyRdcgaBFHQbvg2ig�HX-gkyRRVg2igHǶm`#�MBb�iBQMgUSQMb@
"`�M+?mg2ig�HX-gkyR8VXgGǶûim/2g/2bgBbQiQT2bgbi�#H2bg/2gH�g+�H+Bi2gUδR3P-gδRj*Vg�gû;�H2K2Mig
+QMi`B#mûg¨gK2ii`2g2MgûpB/2M+2gHǶBKT�+ig2MpB`QMM2K2Mi�Hg/2gHǶ?QKK2g¨gi`�p2`bgH�g/û7Q@
`2bi�iBQMgU>�`iK�MMg2ig�HX-gkyRjVgQmgHǶû`QbBQMg/2bgbQHbgU_2;�iiB2`Bg2ig�HX-gkyRNVXgGǶ�p�M+û2g
/2bgi2+?MB[m2bg�M�HviB[m2bg2Mg;ûQ+?BKB2gQ`;�MB[m2g�gT2`KBbg/2g/ûp2HQTT2`gTHmbB2m`bgi`�@
+2m`bgQ`;�MB[m2bg,gK�iBĕ`2gQ`;�MB[m2giQi�H2gQmg+QKTQbûbgQ`;�MB[m2bgbTû+B7B[m2bgUδRj*-gHB@
TB/2b-gHB;MBM2-gQmgTQHHm�MibVgBbbmbg/2gH�gK�iBĕ`2gQ`;�MB[m2gTBû;û2g2Mi`2gQmg/�MbgH2bg+`Bbi�mtg
/2g+�H+Bi2gU"Hvi?g2ig�HX-gkyRe-gkyy3VXg*2bgi`�+2m`bgQMigT`BM+BT�H2K2Migûiûgûim/Bûbg/�MbgH2g
+�/`2g/2g`2+QMbi`m+iBQMbgT�HûQ@2MpB`QMM2K2Mi�H2bgU"Hvi?g2ig�HX-gkyRjcgaBQ#?¨Mg6gJ+:�``vg
�M/g"�F2`-gkyyycgS2``2ii2g2ig�HX-gkyy3cgZmB2`bg2ig�HX-gkyR8cg_mb?/Bg2ig�HX-gkyRRVXgG2bg>v@
/`Q+�`#m`2bg�`QK�iB[m2bgSQHv+v+HB[m2bgU>�SVgbQMig/2bgTQHHm�MibgQ`;�MB[m2bgm#B[mBbi2bg
T`BM+BT�H2K2MigT`Q/mBibgT�`g+QK#mbiBQMgBM+QKTHĕi2g/2gH�gK�iBĕ`2gQ`;�MB[m2XgAHbgQMigûiûg
[m�MiB7Bûbg/�MbgHǶ�iKQbT?ĕ`2gU2X;Xg_�pBM/`�g2ig�HX-gkyy3V-gHǶ2�mgU2X;XgJQDB`Bg2ig�HX-gkyRNV-g
H2bgbû/BK2MibgU2X;Xg.mg�M/gCBM;-gkyR3V-gH2bgbQHbgU2X;XgJ�`+?�Hg2ig�HX-gkykjcgqBH+F2-gkyyyVg
2igH�g#BQbT?ĕ`2gU2X;XgS�``Bb?g2ig�HX-gkyyeVgK�Bbgi`ĕbgT2mg/�MbgH2bgbTûHûQi?ĕK2bgU�`;B`B�/Bbg
2ig �HX-g kyRNcgS2``2ii2g 2ig �HX-g kyy3VXg.�Mbg +2ii2gK�i`B+2-g BHbg QMig ûiûg `û+2KK2Mig miBHBbûbg
+QKK2g BM/B+�i2m`bg /2g T�HûQ@BM+2M/B2bg U�`;B`B�/Bbg 2ig �HX-g kyk9cg *�KT#2HHg 2ig �HX-g kykjcg
>QK�MMg2ig�HX-gkykjVXgG2m`gT2`bBbi�M+2g/�MbgH2bgbQHbg2igH2m`bgbQm`+2bgT`BM+BT�H2K2Mig�M@
i?`QTB[m2bg2MgKBHB2mgm`#�BM-g�g+QM/mBig¨gH2bgmiBHBb2`g/�Mbg+2ii2gûim/2g+QKK2gi`�+2m`bg/2bg
�+iBpBiûbg?mK�BM2bg�`+?Bpûbg/�Mbg/2bg+QM+`ûiBQMbg+�`#QM�iû2bgT`ûH2pû2bg/�Mbg/2bg+�pBiûbg
bQmi2``�BM2bg/2gHǶ�;;HQKû`�iBQMgS�`BbB2MM2gU6`�M+2VXg

RX� *�`�+iû`BbiB[m2bg;ûMû`�H2bg2igT`QT`BûiûbgT?vbB+Q@+?BKB[m2bg

G2bg?v/`Q+�`#m`2bg�`QK�iB[m2bgTQHv+v+HB[m2b-gbQmbg7�KBHH2g/2bg?v/`Q+�`#m`2bg�`QK�iB[m2b-g
bQMig/2bgKQHû+mH2bgQ`;�MB[m2bgM2mi`2bg�TQH�B`2bg+QKTQbû2bg/Ƕ�iQK2bg/2g+�`#QM2g2ig/Ƕ?v@
/`Q;ĕM2g7Q`K�Mig�mgKQBMbg/2mtg+v+H2bg#2MxûMB[m2bXg*2bg+v+H2bgT2mp2Mig7mbBQMM2`gb2HQMg
/B77û`2Mibg�``�M;2K2Mibgbi`m+im`�mtg,gHBMû�B`2b-g�M;mH�B`2bgQmg;`QmTûbgU"�2Fg2ig�HX-gRNNRVXg
1Mg`�BbQMg/mgMQK#`2gBKTQ`i�Mig/ǶBbQKĕ`2bgTQbbB#H2b-gT`QTQ`iBQMM2Hg�mgMQK#`2g/2g+v+H2bg
�`QK�iB[m2b-g2ig/2gH2m`gTQi2MiB2Hg/Ƕ�HFvH�iBQM-gH2gMQK#`2g/2g>�Sg/B77û`2Mibgbmb+2TiB#H2bg
/Ƕāi`2g`2M+QMi`ûbg/�MbgHǶ2MpB`QMM2K2Mig2bigi`ĕbgûH2pûXg�mDQm`/Ƕ?mBgb2mH2K2MigmM2g+2Mi�BM2g
QMigûiûg B/2MiB7BûbXgG2m`bgT`QT`Bûiûbg+�M+û`B;ĕM2g2igKmi�;ĕM2-g�g+QM/mBi-g/ĕbgRNde-g HǶlag
1S�gU�;2M+2g/2gS`Qi2+iBQMg/2g HǶ1MpB`QMM2K2Mig/2bg1i�ib@lMBbVg¨gTH�+2`gReg>�Sgbm`g
mM2g HBbi2g /2g TQHHm�Mibg T`BQ`Bi�B`2bg Uh�#H2�mg j@RVXg úi�Mig /QMMûg H2m`g T2`bBbi�M+2g /�Mbg
HǶ2MpB`QM@M2K2Mi-g H2bg>�SgbQMig+QMbB/û`ûbg+QKK2g/2bgTQHHm�MibgQ`;�MB[m2bgT2`bBbi�Mibg
USPSVXgg
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Nom Abrév. Formule 
Nombre 

de 
cycles 

Structure 
Non listé 
comme 

cancérigène 

Probablement 
cancérigène 

Naphtalène Lg *10>8g kg

Acénaphtylène* �*ug *12>8g

jg

sg

Acénaphtène �*1g *12>10g

Fluorène 6Glg *13>10g sg

Phénanthrène S>1g *14>10g sg

Anthracène �Lhg *14>10g sg

Fluoranthène 6G�g *16>10g

9g

sg

Pyrène Su_g *16>10g sg

Benzo[a]anthracène "��g *18>12g sg

Chrysène *>_g *18>12g sg

Benzo[b]fluoranthène "#6g *20>12g

8g

sg

Benzo[k]fluoranthène "F6g *20>12g

Benzo[a]pyrène "�Sg *20>12g
sg

Dibenzo[a,h]anthracène ."�?�g *22>14g sg

Benzo[g,h,i]perylene ";?BSg *22>12g
eg

sg

Indeno[1,2,3-c,d]pyrène ASg *22>12g sg

Tableau 3-1. HAP définis comme prioritaires par l'US EPA (US Environmental Protection Agency) (Wenzl et al., 
2006), * non mesuré dans cette thèse. 

Les HAP à l’état pur se présentent généralement sous la forme de cristaux incolores, 
blancs ou jaune-verts pâles (Ravindra et al., 2008). Les HAP sont généralement divisés 
en deux sous-catégories selon leur poids moléculaires ou leur nombre de cycles benzé-
niques. Les HAP de faible poids moléculaire, contenant jusqu'à quatre cycles, sont appelés 
HAP légers et ceux de poids moléculaire plus élevé, contenant quatre cycles ou plus sont 
dits lourds (Tableau 3-1 etg 3-2).  Leurs propriétés physico-chimiques (Tableau 3-2) 
varient suivant leur masse moléculaire et leur structure moléculaire. Généralement,g les 
HAP lourds sont plus stables et plus toxiques que les légers, car moins volatils, moins



8dg

*?�TBi`2gjg@gG2bg>�S-gi`�+2m`bg/2gHǶ�+iBpBiûg?mK�BM2g

bQHm#H2bg2igTHmbg#BQ�++mKmH�#H2bXgG2bgT`2bbBQMbg/2gp�T2m`gUoSVg/2bg>�SgbQMigKQ/û`û2bg¨g
7�B#H2b-g H2gTHmbgpQH�iBHgûi�Mig H2gM�T?i�HĕM2gUh�#H2�mgj@kVXgG�gbQHm#BHBiûg�[m2mb2gUaVg/2bg
>�Sg/2K2m`2g;HQ#�H2K2Mig7�B#H2-g�p2+-g/2gK�MBĕ`2g;ûMû`�H2-gmM2gbQHm#BHBiûgTHmbgûH2pû2g/2bg
>�SgHû;2`bg[m2g/2bg>�SgHQm`/b-g¨gHǶ2t+2TiBQMg/mgM�T?i�HĕM2Xg1Mg+QMbû[m2M+2-gH2m`g+Q27@
7B+B2Mig/2gT�`i�;2gQ+i�MQHf2�mgUEPqV-gi`�/mBb�MigH�g`ûT�`iBiBQMg2Mi`2gmM2gT?�b2g�TQH�B`2g
UQ+i�MQHVg2igmM2gT?�b2gTQH�B`2gU2�mV-gQmgH2m`g+Q277B+B2Mig/2gT�`i�;2g2Mi`2gH2g+�`#QM2gQ`;�@
MB[m2g2igHǶ2�mgUEP*VgbQMigTHmiƬigûH2pûbXg*2H�gbB;MB7B2g[m2gH2m`gTQi2MiB2Hg/Ƕ�/bQ`TiBQMgbm`gH2bg
K�iBĕ`2bgT�`iB+mH�B`2bg2ig+QHHQś/�H2b-gMQi�KK2Mig`B+?2bg2MgK�iBĕ`2gQ`;�MB[m2-gQmg/2g#BQ�+@
+mKmH�iBQMg/�MbgH2bgQ`;�MBbK2bgpBp�Mib-gMQi�KK2Mig`B+?2bg2MgHBTB/2b-g2bigBKTQ`i�MiXgG2bg
p�H2m`bgûH2pû2bg/2gEPqgT2`K2ii2Migû;�H2K2MigHǶ2ti`�+iBQMg/2bg>�Sg/2bg/B77û`2Mi2bgK�@
i`B+2bgU#BQHQ;B[m2bg2ig�#BQiB[m2bVg¨gHǶ�B/2g/2gbQHp�MibgQ`;�MB[m2bg�TQH�B`2bgU2X;Xg/B+?HQ`Q@
Kûi?�M2-g?2t�M2-g?2Ti�M2VXgg

LQKg Jg(R)g
(;XKQH@R)g

GQ;g
oSg(k)g
(S�)g

agKQv2Mg
¨gk8Ǟ*g
(K;XG@R)g

GQ;g
EPqg
(k)

GQ;gEP*gg

Naphtalène Rk3-kg R-83g jR-j8g(j-9)gUM4kVg j-9g k-Ndg(j-R9-R8-Rd-RN-kR-kk-kj-k9-k8-ke-kd)gUM4j9Vg
Acénaphtène R89-kg y-k9g 9-ydg(j-9)gUM4kVg j-N8g j-8dg(j-k8)gUM49Vg

Fluorène Ree-kg @y-kdg R-N9g(j-9)gUM4kV 9-RRg j-39g(j-e-N-k8)gUM43Vg
Phénanthrène Rd3-kg @y-NNg R-R8g(j)gUM4RV 9-9dg 9-jyg(j-gRy-gRe)gUM4R8Vg

Anthracène Rd3-kg @R-kjg y-y8j3g(j)gUM4RV 9-8dg 9-jeg(j-d-R9-R8-R3-RN-k8)gUM4RRVg
Fluoranthène kyk-jg @k-Rdg y-keg(kN)gUM4RV 9-Ndg 9-edg(j-d-k8)gUM49Vg

Pyrène kyk-jg @k-j3g y-Rj8g(9)gUM4RV 8-yRg 9-NRg(j-8-Ry-RR-Rk-Rj-R8-ky-k8-ke-k3)gUM49RVg
Benzo[a]anthracène kk3-jg @j-9kg N-9yXRy@jg(j-9)gUM4jVg 8-3jg 8-8yg(j-gRR-gRe-gR3-gRN)gUM48V

Chrysène kk3-jg @j-3dg j-jyXRy@jg(j-9)gUM4kVg 8-edg 8-kg(j-gjR)gUM4kV

Benzo[b]fluoranthène k8k-jg @9-N3g R-8yXRy@jg(j-9)gUM4jVg 8-3eg 8-kg(j)gUM4RV

Benzo[k]fluoranthène k8k-jg @8-RRg 3-yyXRy@9g(j-9)gUM4kVg 8-3eg 8-eg(j-gjy)gUM4kV

Benzo[a]pyrène k8k-jg @8-Ryg R-ekXRy@jg(j-9)gUM4kVg e-y8g e-Rjg(j-RR-gR3-gRN)gUM48V

Dibenzo[a,h]anthracène kd3-jg @ k-9NXRy@jg(j-9)gUM4kVg e-eg e-kjg(j-gRj-gky)gUM4R8V

Benzo[g,h,i]perylene kde-jg @e-j9g k-eyXRy@8g(j)gUM4RVg e-ejg e-keg(R-gj-gjy)gUM49V

Indeno[1,2,3-c,d]pyrène kde-jg @e-R3g k-kyXRy@8g(j-9)gUM4kVg e-8dg e-dRg(j-gjy)gUM4jV

RgAL1_Aa-gkyy8cgkggJ�g2ig�HX-gkyRycgjgg**J1-gkyRycg9glag1S�-gRNNecg8g�#/mHg2ig�HX-gRN3d-geg�#/mHg2ig�HX-gRN3ecgdg�#/mHg
�M/g:B#bQM-gRN3ecg3g"�``2iig2ig�HX-gRNN9cgNg*�`i2`g�M/gam772i-gRN3jcgRyg*?BQmg2ig�HX-gRNN3cgRRgaKBi?g2ig�HX-gRNd3g�bg+Bi2/gBMg
.BghQ`Q-gRN38cgRkg:�mi?B2`g2ig�HX-gRN3dcgRjg>�bb2iig2ig�HX-gRN3ycgR9g>Q/bQMg�M/gqBHHB�Kb-gRN33cgR8gE�`B+F?Q77-gRN3RcgReg
E�`B+F?Q77g2ig�HX-gRNdNcggRdgEBb?Bg2ig�HX-gRNNycgR3gG�M/`mKg2ig�HX-gRN39cgRNgJ+*�`i?vg�M/gCBK2M2x-gRN38cgkygJ2�Mbg2ig�HX-g
RN3ycgkRgSQ/QHHg2ig�HX-gRN3Ncgkkg_BTT2Mg2ig�HX-gRN3kcgkjgaQmi?rQ`i?g�M/gE2HH2`-gRN3ecgk9gai�m772`g�M/gJ�+BMiv`2-gRN3ecgk8g
ax�#Qg2ig�HX-gRNNycgkegoQrH2bg�M/gJ�MiQm`�-gRN3dcgkdgqQQ/g2ig�HX-gRNNycgk3gqQQ/#m`Mg2ig�HX-gRN3NgkNgJ�+F�vg�M/ga?Bm-g
RNddgjyg1l-gkyy8gjRg*?2K7�i2g/�i�#�b2 

Tableau 3-2. Propriétés physico-chimiques des 15 HAP prioritaires étudiés basées sur une compilation de données 
issues de la littérature (M : masse molaire ; VP : pression de vapeur ; S : solubilité à 25ºC ; KOW : Coefficient de 
partage octanol/eau ; KOC : Coefficient de partage carbone organique/eau). 



Partie 1 - Contexte général 

58 EFFET DE L'URBANISATION SUR LA QUALITE DE L'EAU DE SUB-SURFACE EN VILLE 
Reconstitutions par l'étude de molécules organiques des carbonates 

2. Sources d’émission

Les HAP peuvent être regroupés en quatre catégories selon leur mode de formation : 
pétrogéniques, pyrolytiques, diagenétiques et biogéniques. 

• Les HAP pétrogéniques sont issus des produits pétroliers bruts ou dérivés. Ils sont
généralement émis par des sources locales de manière chronique (activité portuaire,
raffinerie, lessivage des infrastructures routières) ou accidentelle (marée noire). 

• Les HAP pyrolytiques sont formés par combustion incomplète de la matière orga-
nique, par pyrolyse ou pyrosynthèse (Figure 3-1). Au cours des combustions à basse
température (e.g. combustion du bois), des HAP de faible poids moléculaire sont
généralement formés, tandis que les processus à haute température (≥ 500 °C)
émettent des HAP de poids moléculaire plus élevé (Mostert et al., 2010). En effet,
à haute température, les liaisons carbone-oxygène et carbone-carbone des composés
organiques sont rompues pour former des radicaux libres qui réagissent pour former
des HAP stables comportant plus d'anneaux aromatiques que les HAP pétrogé-
niques (Hwang et al., 2003). 

• Les HAP diagenétiques sont produits lors de la transformation des sédiments pro-
fonds en roches sédimentaires, dans des conditions de faible température et forte 
pression (Bandowe et al., 2018; Ricking and Schulz, 2002). 

• Les HAP biogéniques se forment par biodégradation de la matière organique natu-
relle par des champignons ou des bactéries (Brimo et al., 2018; Cabrerizo et al.,
2016). 

Les HAP pyrolytiques et pétrogéniques constituent les deux sources majeures dans l'en-
vironnement. Les sources diagenétiques et biogéniques sont généralement considérées 
comme négligeables.  

Figure 3-1. Processus de synthèse des HAP à partir d'une molécule d'éthane (Ravindra et al., 2008). 

.
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GǶQ`B;BM2g /2bg >�Sg T2mig /QM+g āi`2g M�im`2HH2g Qmg �Mi?`QTB[m2Xg AHbg bQMig 2Mg 2772ig
M�im`2HH2K2Mig T`ûb2Mibg /�Mbg H2bg +QK#mbiB#H2bg 7QbbBH2bg U?QmBHH2-g +?�`#QM-g T`Q/mBibg
Tûi`QHB2`bV-gg/�MbgH2bg7mKû2bg/2bg72mtg/2g7Q`āibgQmg/2bgû`mTiBQMbgpQH+�MB[m2bgULBFQH�Qmg2ig
�HX-g RN39VXg hQmi27QBb-g H2bg ûKBbbBQMbg /2g >�Sg T�`g HǶ�+iBpBiûg ?mK�BM2g bQMig �mDQm`/Ƕ?mBg
T`û/QKBM�Mi2bg U*mBg 2ig �HX-g kykkV-g bm`iQmig /�Mbg H2bg `û;BQMbg 7Q`i2K2Mig m`#�MBbû2bg Qmg
BM/mbi`B�HBbû2bXg 1Mg 6`�M+2-g H2bg bQm`+2bg �Mi?`QTB[m2bg /�Mbg HǶ�iKQbT?ĕ`2g bQMig
K�DQ`Bi�B`2K2Mig /ǶQ`B;BM2g /QK2biB[m2g U*Ah1S�-g kykjVg �p2+g MQi�KK2Mi H2g +?�m77�;2g
`ûbB/2MiB2HXg1MgkykR-gTHmbg/2g3ygWg/2bgûKBbbBQMbgM�iBQM�H2bgbQMigHBû2bg¨gH�g+QK#mbiBQMg/mg
#QBbg /�Mbg H2g b2+i2m`g `ûbB/2MiB2Hfi2`iB�B`2g U6B;m`2g j@kVXg .�Mbg H2g +�bg /mg +?�m77�;2g
`ûbB/2MiB2H-g H2bg +QM/BiBQMbg /2g +QK#mbiBQMg Ui2KTû@`�im`2-g ?mKB/Biû-g /BbTQMB#BHBiûg /2g
H^Qtv;ĕM2V-g/2gKāK2g[m2gH�gM�im`2g/mg+QK#mbiB#H2gUivT2g/2g#QBb-gT`ûb2M+2g/2g72mBHH�;2V-g
BM7Hm2M+2MigH�`;2K2MigH2bgi�mtg/^ûKBbbBQMggUC2MFBMbg2ig�HX-gRNNecgai�M/H2vg�M/gaBKQM2Bi-g
RN3dVXgG�g+QK#mbiBQMgH2Mi2gûK2ig9g¨g8g7QBbgTHmbg/2g>�Sg[m2gH2bg+QK#mbiBQMbg`�TB/2bg¨g
7H�KK2bg UC2MFBMbg 2ig�HX-g RNNeVXgG2bg ûKBbbBQMbg 2Mg>�SgT`Q/mBi2bgT�`g H2bg +?�m77�;2bg�mg
#QBbgb2K#H2Mig/QKBMû2bgT�`gH2g7HmQ`�Mi?ĕM2g2igH2gTv`ĕM2-g+2g[mBgT2migû;�H2K2Migāi`2gH2g
+�bg/2bgûKBbbBQMbgT�`g+QK#mbiBQMg/2g+?�`#QMgUEǼɩK�Hg2ig�HX-gkykRVXgGǶQTiBKBb�iBQMg/mg
+?�m77�;2g �mg #QBbg UQTiBKBb�iBQMg /2g HǶ�HBK2Mi�iBQMg 2Mg �B`-g `û/m+iBQMg /2g H�g i�BHH2g /2bg
#m+?2b-g[m�MiBiûg2igTH�+2K2Mig/mg#QBbg/B77û`2Mi2VgT2mig+QM/mB`2g¨gmM2g/BKB@MmiBQMg/2bg
ûKBbbBQMbgiQi�H2bg2Mg>�Sg2igmM2gKQ/B7B+�iBQMg/2gH�g/Bbi`B#miBQMg2Mg>�SgûpQ@Hm�Migp2`bg
mMg 2M`B+?Bbb2K2Mig 2Mg >�Sg /2g 7�B#H2g TQB/bg KQHû+mH�B`2g 2ig mM2g /û+`QBbb�M+2g /2bg
+QM;ûMĕ`2bg¨geg�MM2�mtgUEB`+?bi2B;2`g2ig�HX-gkykRVXgEǼɩK�Hg2ig�HX-gkykRgQMigKQMi`ûg[m2g
H2bg+QM+2Mi`�iBQMbgiQi�H2bg2Mg>�Sgûi�B2MigTHmbgBKTQ`i�Mi2bg�p2+g/2bgpB2BHH2bg+?�m/Bĕ`2bg¨g
+?�`#QMg2ig[m2gH2m`g�miQK�iBb�iBQMgT2`K2ig/2g`û/mB`2g/`�biB[m2K2MigH�g+QMi`B#miBQMg2Mg
T?ûM�Mi?`ĕM2-g�Mi?`�+ĕM2g2ig>�SgHQm`/bgU"�S-g.#�?�-g";?BS-gASVXggg
G2gi`�MbTQ`i-g2bb2MiB2HH2K2MigT�`gpQB2g`QmiBĕ`2-g+Q``2bTQM/g¨gH�gb2+QM/2gbQm`+2g/ǶûKBbbBQMbg
URRg ¨g RegW-g 6B;m`2g j@kVg /2g>�Sg/�Mbg HǶ�B`-g T`BM+BT�H2K2Mig HQ`bg /2g H�g +QK#mbiBQMg /2g
;�bQBHg Qmg /Ƕ2bb2M+2g /�Mbg H2bg KQi2m`bg i?2`KB[m2bg U6B;m`2g j@kVXg >�M/�g 2ig �HXg URN3yVg
KQMi`2g [m2g H2bg+QM+2Mi`�iBQMbg2Mg>�SgûKBb2bgT�`g/2bgpQBim`2bg¨gKQi2m`g2bb2M+2g bQMig
#B2MgTHmbgûH2pû2bg[m2g+2HH2bg/2bgpû?B+mH2bg¨gKQi2m`g/B2b2Hg +�`g H2gpQHmK2gKQv2Mg/2g;�xg
/^û+?�TT2K2MigûKBbgT�`g?2m`2gT�`g+2bg/2`MB2`bg2big2MpB`QMg8g 7QBbgbmTû`B2m`g¨g+2HmBg/2bg
T`2KB2`bXg.2gTHmb-g H2bg>�SgûKBbgT�`g H2bgpû?B+mH2bg¨gKQi2m`bgbQMig;ûMû`�H2K2MigTQ`iûbg
T�`gH�gT?�b2g;�x2mb2g2igbQMig`B+?2bg2Mg>�Sg/2gkgQmgjg+v+H2bg�`QK�iB[m2b-ggMQi�KK2Mig2Mg
M�T?i�HĕM2g U:2H/2M?mvbg 2ig �HX-g kykkcg uBHK�xg �M/g .�pBb-g kykkVXg hQmi27QBb-g H2g ivT2g /2g
+�`#m`�Mi-g HǶ�MMû2g /2g 7�#`B+�@iBQM-g H2g ivT2g /2gKQi2m`g 2ig bQMg 2Mi`2iB2M-g H�g T`ûb2M+2g /2g
7BHi`2bg¨gT�`iB+mH2b-gH�gpBi2bb2g2igH�gi2KTû`�im`2g bQMig /2bg T�`�Kĕi`2bg 2bb2MiB2Hbg TQmp�Mig
BM7Hm2M+2`g H2g 7Hmtg /ǶûKBbbBQMg 2ig H�g /Bbi`B#miBQMg 2Mg >�Sg U*QK#2ig 2ig �HX-g RNNjcg
:2H/2M?mvbg 2ig �HX-g kykkcg EQbi2MB/Qmg 2ig �HX-gkykRcg J�``g 2ig �HX-g RNNNVXg 1Mg 2772i-g TQm`g
mMg pû?B+mH2g Hû;2`-g mMg /ûK�``�;2g ¨g 7`QB/g T2migûK2ii`2g Dmb[mǶ¨g kyg 7QBbg THmbg /2g >�Sg
[m2g HQ`bg /^mM2g miBHBb�iBQMg ¨g +?�m/g U6`22K�Mg �M/g*�ii2HH-gRNNycghmQKBM2Mg2ig�HX-gRN33VXg
:2H/2M?mvbg2ig�HX-gkykkgQMigû;�H2K2MigKQMi`ûg[mǶmMg`û;BK2gKQi2m`g H2Migbm`gmMgpû?B+mH2g
/B2b2Hg+QM/mBig¨g/2bgûKBbbBQMbg2Mg>�SgTHmbgBKTQ`@i�Mi2bg2igTHmbg`B+?2bg2Mg>�SgHQm`/bg
[mǶ¨gTH2BMg`û;BK2-g#B2Mg[m^mMgKQi2m`g/B2b2Hg¨gTH2BMg
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

`û;BK2gûK2ii2MigTHmbg/2g>�SgT�`iB+mH�B`2bXg�mDQm`/Ƕ?mB-gH^miBHBb�iBQMg/2g+�`#m`�Mig7�B#H2@
K2Mig�`QK�iB[m2bgi2Hbg[m2gH2g#BQ/B2b2Hg2igH2gM@#mi�MQHg�p2+g/mg+�`#m`�Mig/B2b2HgT2`K2ig/2g
`û/mB`2gbB;MB7B+�iBp2K2MigH2bgûKBbbBQMbg2Mg>�Sgi�Mig[m2gH2bgp�H2m`bg/2g+ûi�M2g`2bi2gûH2pû2bg
UbmTû`B2m`2bg ¨g H�g MQ`K2g �ahJg .Nd8@Ry#Vg UuBHK�xg �M/g .�pBb-g kykkcg uBHK�xg �M/g
.QM�H/bQM-gkykkVXg1Mg6`�M+2-gK�H;`ûgmM2g+`QBbb�M+2g/mgT�`+g�miQKQ#BH2-gbQMg`2MQmp2HH2@
K2Mig�p2+g/2bgpû?B+mH2bgTHmbgT2`7Q`K�Mibg2igKQBMbgTQHHm�Mibgb2K#H2g�pQB`gmMg`û2Hg2772ig
bm`gH2bgûKBbbBQMbg/2g>�SgU*Ah1S�-gkykjV-g+2HH2b@+Bg�v�Mig/BKBMmû2bg/2g8gWg/2TmBbgkyyyg
U6B;m`2gj@kVXgg
G2bgpû?B+mH2bg¨gKQi2m`gbQMig`2bTQMb�#H2bg/2gH�gK�DQ`Biûg/2bgûKBbbBQMbg/2g>�Sg/�MbgH2bg
xQM2bgm`#�BM2bgK�BbgH2bgi`�BMb-gH2bg�pBQMbg2igH2bg#�i2�mtg+QMi`B#m2Migû;�H2K2Mig/2gK�MBĕ`2g
bB;MB7B+�iBp2g�mtgbQm`+2bgKQ#BH2bg/2g>�SgU_�pBM/`�g2ig�HX-gkyy3VXgg
1M7BM-gHǶBM/mbi`B2g2igHǶ�;`B+mHim`2gbQMigH2bg�mi`2bgbQm`+2bg/2g>�Sg/�MbgH2g+QKT�`iBK2Mig
�iKQbT?û`B[m2g B/2MiB7Bû2bg 2Mg6`�M+2X �mgMBp2�mg BM/mbi`B2H-g H�gT`Q/m+iBQMg/^�HmKBMBmK- 
HǶBM/mbi`B2gKûi�HHm`;B[m2g�p2+gH�g7�#`B+�iBQMg/2g+QF2-gH2bgBM/mbi`B2bgTûi`Q+?BKB[m2bg2igH2bg
�+iBpBiûbg�bbQ+Bû2bg̈ gH�gT`Q/m+iBQMg/2g#BimK2b-g�bT?�Hi2-gTM2mbgbQMigT�`iB+mHBĕ`2K2MigûK2i@
i`B+2bg2Mg>�SgU_�pBM/`�g2ig�HX-gkyy3VXgG2bgbQm`+2bg�;`B+QH2bg+QKT`2MM2MigT`BM+BT�H2K2Mig
H2g#`ȿH�;2g¨g HǶ�B`g HB#`2g/2bg/û+?2ibg�;`B+QH2bgQmg/2bg+?�KTbgU2X;Xg6`22K�Mg�M/g*�ii2HH-g
RNNycg:Q/QBg2ig�HX-gkyy9VXghQmi27QBb-g+2bgT`�iB[m2bgbQMig�mDQm`/Ƕ?mBgi`ĕbg`û;H2K2Miû2bg2Mg
6`�M+2XgPMgT2migû;�H2K2MigMQi2`g2Mg+QKTHûK2Mig/2g+2bgbQm`+2bgT`BM+BT�H2b-gH�gT`Q/m+iBQMg
/ǶûH2+i`B+BiûgMQi�KK2Mig�p2+gH2bg+2Mi`�H2bg¨g+?�`#QMbgQmg¨g;�xgUaBm/2F-gkykkV-gQmg2M+Q`2g
HǶBM+BMû`�iBQMg/2bg/û+?2ibgUu�bm/�g�M/gh�F�?�b?B-gRNN3VXg

Residentiel/
Tertiaire
72%

Transport
16%

Industrie
8%

Agriculture
4%

2000
Residentiel/
Tertiaire
82%

Transport
11%

Industrie
5%

Agriculture
2%

2021

Figure 3-2. Principales sources d’émission des HAP atmosphérique en France en 2000 et 2021. Total des 8 HAP 
réglementés en France (arrêté du 02/02/1998 modifié) : BaP, BbF, BkF, IP, BghiP, FLA, DbahA, BaA.  (CI-
TEPA, 2023). 
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Figure 3-3. Comportement et devenir des HAP dans les sols (depuis Duan et al., 2015). 
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S�`iB2gRg@g*QMi2ti2g;ûMû`�Hg

e9g1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg 

g

G2gi`�MbTQ`ig/2bg>�Sg/�MbgH2bg2�mtgbQmi2``�BM2bg�gûiûgT�`iB+mHBĕ`2K2Migûim/Bûg2MgKBHB2mg
F�`biB[m2g2Mg`�BbQMg/2gH�g;`�M/2gpmHMû`�#BHBiûg/2gb2bg2�mtgbQmi2``�BM2bgUBX2Xgû+QmH2K2Mig
;ûMû`�H2K2Mig`�TB/2g/2bg2�mtg/ǶBM7BHi`�iBQMVg2ig/2gb�g`2H�iBp2g7�+BHBiûg/Ƕ�++ĕbgU2X;Xg*?2Mg2ig
�HX-gkykkcgG2pvg2ig�HX-gkyRdcgS2``2ii2g2ig�HX-gkyRjcga?�Qg2ig�HX-gkyR9cgqmg2ig�HX-gkykRVXgG2bg
>�SgT2mp2Mig+B`+mH2`g¨gH�g7QBbgbQmbg7Q`K2g/BbbQmi2gQmgbQmbg7Q`K2gT�`iB+mH�B`2gUG�Mg2ig�HX-g
kyR3VXgG2gi`�MbTQ`ig/2bg>�SgHû;2`bg2MgT?�b2g/BbbQmi2g2big;ûMû`�H2K2MigT`û/QKBM�Mig/�Mbg
H2bg2�mtgF�`biB[m2b-giQmi27QBbgH�g/Bbi`B#miBQMg2Mi`2g>�SgHQm`/bg2igHû;2`bgT2migp�`B2`g+QMbB@
/û`�#H2K2Mig/^mMg bBi2g/Ƕûim/2g¨g H^�mi`2gQmg/^mM2gTû`BQ/2g¨g H^�mi`2gTQm`gmMgKāK2g bBi2g
US2``2ii2g2ig�HX-gkyRjcga+?r�`xg2ig�HX-gkyRRVXg1Mg2772i-g+QMi`�B`2K2Mig�mtgKBHB2mtgTQ`2mt-g
H2bg+QHHQś/2bg2igT�`iB+mH2bg/2g/Bp2`b2bgi�BHH2b-gbm`gH2b[m2HbgH2bg>�SgHQm`/bgbQMig;ûMû`�H2K2Mig
�/bQ`#ûb-gT2mp2Mig+B`+mH2`gTHmbgHB#`2K2MigT�`gH2bg7Bbbm`2bg2igH2bg+QM/mBibgUo2bT2`g2ig�HX-g
kyyjVXglM2g7QBbg/�MbgH2gF�`bi-gH2bgT�`iB+mH2bgT2mp2MigbǶ�;`û;2`g2igbû/BK2Mi2`gQmg�/?û`2`g
�mtgT�`QBbg/2bg+QM/mBibgU�ii2B�g2ig�HX-gRNN3VXg*2ig�[mB7ĕ`2gi`ĕbg`û�+iB7g2bigT�`iB+mHBĕ`2K2Mig
b2MbB#H2g�mtg+QM/BiBQMbg?v/`QHQ;B[m2bgi2Hbg[m2gH2bgûTBbQ/2bg/2g7Q`i2bgTHmB2bgQmg/2g7QMi2g/2bg
M2B;2bgUa+?r�`xg2ig�HX-gkyRRcga?2p2M2HHg�M/gJ+*�`i?v-gkyykVg[mBgT2mp2Mig`2KQ#BHBb2`gH2bg
T�`iB+mH2bg bû/BK2Miû2bg U�ii2B�g 2ig�HX-g RNN3Vg 2ig 2Mi`�BM2`g/2bgTB+bg/2gTQHHmiBQMg2Mg>�Sg
Ua+?r�`xg2ig�HX-gkyRRgcgS2``2ii2g2ig�HX-gkyRjVXg1Mgbm`7�+2-gH�gT`ûb2M+2g/2gbQHg2igH2m`gbi�#BHBiûg
b2K#H2gû;�H2K2MigDQm2`gmMg`ƬH2gBKTQ`i�Mig/�MbgH�gKQ#BHBiûg/2bg>�S-g2MgT�`iB+mHB2`gH2bg
>�SgHQm`/bg[mBg/2K2m`2Mig�/bQ`#ûbg/�MbgH2gbQHgUS2``2ii2g2ig�HX-gkyRjVXgg
g
*QKK2gTQm`gH2bg�mi`2bg+QKT�`iBK2Mib-gH2bg>�Sg/�MbgH2gKBHB2mg�[m�iB[m2gT2mp2Migāi`2g
/û;`�/ûbXgPmi`2gH2bgKû+�MBbK2bg/ǶQtv/�iBQM-gH�g#BQ/û;`�/�iBQMg2bigT`Q#�#H2K2MigH2gKû@
+�MBbK2g/2g`û�+iBQMgH2gTHmbgBKTQ`i�MigTQm`gH�g/û;`�/�iBQMg/2bg>�Sg/�MbgH2bg2MpB`QMM2@
K2Mibg�[m�iB[m2b-gKāK2gbBgH2bg>�Sg/2g?�mibgTQB/bgKQHû+mH�B`2bgb2K#H2MigTHmbg`ûbBbi�Mibg
�mtgT`Q+2bbmbg/2g/û;`�/�iBQMg#�+iû`B2MM2g2igi2M/2Mig¨gT2`bBbi2`gTHmbgHQM;i2KTbg/�MbgH2bg
2MpB`QMM2K2Mibg+QMi�KBMûbgU�#`�D�MQg2ig�HX-gkyyjVXg
g

jX9X� P`;�MBbK2bgpBp�Mibg
g

G2gi`�Mb72`ig/2bg>�Sg�mtgQ`;�MBbK2bgpBp�Mibg/ûT2M/g/2gH2m`g#BQ/BbTQMB#BHBiû-g2HH2@KāK2g
7QM+iBQMg/2bgT`QT`BûiûbgT?vbB+Q@+?BKB[m2bg/2bg>�S-g/2bg+�`�+iû`BbiB[m2bg2MpB`QMM2K2M@
i�H2bgUi2KTû`�im`2-gT>-gi2M2m`g2MgPkV-g2ig/mg+QKT�`iBK2Mig2MpB`QMM2K2Mi�Hg+QMbB/û`ûXg
SQm`gH2bgpû;ûi�mtgi2``2bi`2b-gKāK2gbBgmMgi`�Mb72`ig`�+BM�B`2g/2TmBbgH2gbQHgT2migāi`2g2MpB@
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(PM 2,5). Le risque lié à l’exposition aux HAP atmosphériques est particulièrement pré-
sent en zones urbanisées densément peuplées (Wang et al., 2011). Du fait de leur impact 
sur la santé humaine, la réglementation française impose une teneur maximale de 10 ng.L-

1 d’eau destinée à la consommation humaine (Décret n°2001-1220 du 20 décembre 2001) 
ou 1 ng.m-3 d’air (Article R221-1 du décret n°2010-1250 du 21 octobre 2010) pour le BaP, 
considéré comme le HAP le plus toxique pour l’Homme. Ainsi, mieux comprendre les 
dynamiques historiques de pollution et les mécanismes de transfert des HAP vers le milieu 
souterrain permettrait d’améliorer les politiques de gestion et de préservation de la qualité 
de l’eau. 

Figure 3-4. Synthèse des principaux modes de transfert et des processus de dégradation des HAP dans l’environne-
ment urbain. 
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1�mg
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.BbbQmbg(M;XG@R)g ȟR8g4gk-kgĜg93-eg PHHBpQMg2ig�HX-gkyy8g
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.BbbQmbg(M;XG@R)g ȟR8g4gkygĜg3yg hmbb2�m@omBHH2KBMg
2ig�HX-gkyydg

Tableau 3-3. Tableau d’estimation des concentrations en HAP pour différents milieux à Paris ou alentour. 

9X h`�Ï�;2g/2bgbQm`+2b

G�gKmHiBTHB+Biûg/2bgbQm`+2bg�+im2HH2bg/2g>�S-gBKTHB[m2gmM2gKmHiBim/2g/2g+QM;ûMĕ`2bg/�Mbg
H2bg/B77û`2Mi2bgK�i`B+2bg2MpB`QMM2K2Mi�H2bgU�B`-gbQH-g2�mV-g7Q`K�MigmMgKûH�M;2g/Ƕ�mi�Mig
THmbg/B77û`2Mig/2gH�g+QKTQbBiBQMg/2gH�gbQm`+2g[m2gH2gT`ûHĕp2K2Mig�M�Hvbûg2Mg2big/Bbi�Mi-g
bT�iB�H2K2MigQmgi2KTQ`2HH2K2MiXg�BMbB-gH�gi2M2m`g2Mg>�Sg/^mMgû+?�MiBHHQMg/^�B`gm`#�BMg
T2migāi`2g+QMbB/û`û2g+QKK2gH2gKûH�M;2g/2bg/Bp2`b2bgbQm`+2bgHQ+�H2bgUûKBbbBQMbgpû?B+mH�B`2g
Qmg`ûbB/2MiB2HH2gT�`g2t2KTH2Vg2ig/^mM2g+QMi`B#miBQMgU2X;XgBM/mbi`B2HH2Vg2tiû`B2m`2g¨gH�gxQM2g
m`#�BM2gU"�2Fg2ig�HX-gRNNRVXgg
SHmbB2m`bgKûi?Q/2bgT2mp2Migāi`2gmiBHBbû2bgTQm`g/ûi2`KBM2`gH�g+QMi`B#miBQMg/2bg/B77û`2Mi2bg
bQm`+2bg,gHǶûim/2g/2bgT`Q7BHbg/2g+QM+2Mi`�iBQMbgMQ`K�HBbû2b-g/2bg`�iBQbg/2g+QM+2Mi`�iBQMbg/2g
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de certains isomères en fonction des conditions de formation (nature du carburant, tem-
pérature, etc.) et l’analyse de leur abondance relative pour discriminer les sources 
comme, par exemple, entre les émissions issues d’une combustion de moteurs diesel ou 
essence (Tableau 3-1). De nombreuses études ont ainsi mis au point et utilisé des 
valeurs spéci-fiques de ratio pour discriminer les différentes catégories de sources 
(Tableau 3-4, liste non exhaustive). Cette méthode suppose toutefois que le devenir des 
isomères est identique pendant leur transport entre sources et récepteurs (Tobiszewski 
and Namieśnik, 2012) et qu’il y a donc conservation des abondances relatives de ces 
composés.  
Or, certaines études ont mis en évidence des différences de comportement entre certains 
isomères (Ravindra et al., 2008), leurs réactivité chimique, volatilité, solubilité n’étant 
pas identique. Plus généralement, la valeur d’un ratio peut changer lors du transfert 
d’un compartiment environnemental à un autre ou d’une matrice à une autre (Zhang et 
al., 2005). Typiquement, dans l’atmosphère, le benzo[a]antracène et l’anthracène se 
dégradent par réaction photochimique plus rapidement que leurs isomères, 
respectivement le chry-sène et le phénanthrène (Fraser et al., 1998; Masclet et al., 
1986). Par conséquent, des changements dans les ratios diagnostiques entre les sources 
et les récepteurs sont presque inévitables. Des facteurs de corrections spécifiques 
pourraient être appliqués aux différents ratios dans chaque matrice (sols, sédiments, 
solides en suspension et particules atmosphé-riques) pour tenir compte des changements 
au cours du transport (Zhang et al., 2005). Par ailleurs, certains ratios peuvent 
présenter les mêmes gammes de valeurs pour diffé-rentes sources ce qui complique leur 
distinction (Yunker et al., 2002). Par exemple, un ratio IP/(IP + BghiP) compris entre 
0,35 et 0,70 a été mentionné comme traceur des émissions des moteurs diesel (Kavouras 
et al., 2001) alors qu’une valeur de 0,62 de ce même ratio a été utilisée par Grimmer et 
al. (1983) pour identifier la combustion du bois. Pour toutes ces raisons, Katsoyiannis et 
al. (2011) ne recommande pas l’utilisation des ratios diagnostics dans l’identification des 
sources. Elle peut néanmoins être utilisée lors-que ce sont leurs variations qui sont 
étudiées et non la source exacte des contaminants à partir de leur valeur. Ainsi, un 
changement spatial ou temporel de la valeur d’un ratio peut indiquer qu’il y a eu une 
modification de la contribution des sources ou des processus de transfert. Parmi les 
différents ratios (Tableau 3-4), les rapports FLA/(FLA + PYR) et IcdP/(IcdP + 
BghiP) semblent plus conservatifs que les rapports ANT/(ANT + PHE) et BaA/(BaA 
+ CHR), qui sont particulièrement sensibles à la photo-dégradation (Tobiszewski and 
Namieśnik, 2012).  
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Tableau 3-4. Liste non exhaustive de ratios diagnostiques et de leurs valeurs correspondantes selon les sources (Tobis-

zewski and Namieśnik, 2012). 

Bien que l’utilisation des ratios diagnostics soit la méthode la plus commune, il est possible 
d’utiliser ou de croiser plusieurs méthodes d’identification de sources. L’analyse en com-
posante principale (ACP) est une technique statistique multivariée très ancienne et lar-
gement utilisée en sciences. Les variables, ici les différents HAP mesurés, sont regroupées 
en facteurs qui peuvent être interprétés comme caractéristiques d’une source d'émission. 
Certaines études ont tenté d’utiliser les ACP pour affiner l’identification des sources 
d’émission, principalement en milieu atmosphérique (Guo et al., 2003; Masclet et al., 1986; 
Ravindra et al., 2006; Yang et al., 1998). Enfin, des HAP spécifiques ou groupes de HAP 
ont été proposés comme indicateurs de certaines sources. Par exemple, dans les profils 
atmosphériques, les niveaux significativement plus élevés de benzo[ghi]pyrène, de coronène 
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1Mg`�BbQMg/2gH2m`g7�B#H2gbQHm#BHBiûg/�MbgHǶ2�mg2ig/2gH2m`g+Q277B+B2Mig/2gT�`i�;2gUEP*-gEPqVg
ûH2pû-gH2bg>�SgQMigmM2g7Q`i2gT`QT2MbBQMg¨gbǶ�/bQ`#2`XgG�gK�iBĕ`2gQ`;�MB[m2g2bigH2g7�+i2m`g
�772+i�MigH2gTHmbg7Q`i2K2Mig+2bgT`Q+2bbmbg/2gbQ`TiBQMgT�`gb�g[m�MiBiûg2igb�gbi`m+im`2gKQ@
Hû+mH�B`2gU�?�M;�`-gkyRyVXgG�gK�iBĕ`2gQ`;�MB[m2gT�`iB+mH�B`2g2ig+QHHQś/�H2gDQm2gmMg`ƬH2g+H27g
/�Mbg H�g KQ#BHBiûg /2bg >�Sg 2Mi`2g H2bg /B77û`2Mibg +QKT�`iBK2Mibg 2MpB`QMM2K2Mi�mtg U2X;Xg
J�tBMg�M/gEƺ;2H@EM�#M2`-gRNN8cghQib+?2g2ig�HX-gRNNdVXgaQMgûim/2g2bigBM/BbbQ+B�#H2g/2g+2HH2g
/2bg>�SXgg

RX� :ûMû`�HBiûbgbm`gH�gK�iBĕ`2gQ`;�MB[m2g

G�gK�iBĕ`2gQ`;�MB[m2gUJPVg2bigmMg2Mb2K#H2g+QKTH2t2g2ig?ûiû`Q;ĕM2g/2gKQHû+mH2bg2ig/2g
K�+`QKQHû+mH2bgT`Q/mBi2b-g/û;`�/û2bg2igi`�Mb7Q`Kû2bgT�`g/2gKmHiBTH2bgpQB2bg+?BKB[m2bg2ig
#BQ+?BKB[m2bXgG�gJPg2bigmMg+QMbiBim�Migm#B[mBbi2g/2bgKBHB2mtgM�im`2Hbgi2``2bi`2bgUbQHbV-g
�[m�iB[m2bgU2�mtg/2gbm`7�+2-g2�mtgbQmi2``�BM2b-gbû/BK2MibVg2ig/2bg`2D2ibg�Mi?`QTB[m2bgU27@
7Hm2Mib-g/û+?2ibVXg6Q`Kû2g2bb2MiB2HH2K2Mig/2g+�`#QM2-g?v/`Q;ĕM2g2igQtv;ĕM2-gbQMgQ`B;BM2-g
b�g+QKTQbBiBQMg2igb2bgT`QT`BûiûbgT?vbB+Q@+?BKB[m2bgbQMigT`QT`2bg¨g+?�[m2g+QKT�`iBK2Mig
2MpB`QMM2K2Mi�H-g�p2+g/2bgp�`B�iBQMbgbT�iB�H2bg2igi2KTQ`2HH2bgT�`7QBbgBKTQ`i�Mi2bXga2HQMg
bQMgHB2mg/2gT`Q/m+iBQM-gH�gJPgT2migāi`2g+H�bbû2g2Mg/2mtgbQmb@2Mb2K#H2bgK�D2m`bg,gg

@ G�gJPg�miQ+?iQM2g,gT`Q/mBi2g¨gT�`iB`g/2bgQ`;�MBbK2bg/mgbvbiĕK2g+QMbB/û`ûgUbû/B@
K2Mi-gbQH-g2�m-gbTûHûQi?ĕK2VXg

@ G�gJPg�HHQ+?iQM2g,g T`Q/mBi2g ¨g HǶ2tiû`B2m`g/mg bvbiĕK2g 2ig i`�MbTQ`iû2g Dmb[mǶ¨g +2
/2`MB2`gpB�g/2bgp2+i2m`bgT`BM+BT�H2K2Mig?v/`�mHB[m2b-gûQHB2MbgQmg7�mMBbiB[m2bgU/QMi
HǶ>QKK2VXg

G�gJPgDQm2g/2gMQK#`2mtg̀ ƬH2bg/�MbgHǶ2MpB`QMM2K2MiXg�+i2m`gK�D2m`g/mg+v+H2g/mg+�`#QM2-g
2HH2g+QMbiBim2gH2gT`BM+BT�HgbiQ+Fg/2g+�`#QM2gQ`;�MB[m2gi2``2bi`2Xg1HH2gDQm2gû;�H2K2MigmMg
`ƬH2g+HûgTQm`gH�g[m�HBiûg/2gHǶ2�mg/mg7�Big/2gb2bgBMi2`�+iBQMbg�p2+gH2bg+QMi�KBM�MibgQ`;�MB[m2bg
QmgKûi�HHB[m2b-g2igBM7Hm2M+2g/B`2+i2K2MigH2m`g/2p2MB`g2igH2m`g#BQ/BbTQMB#BHBiûg/�MbgHǶ2MpB@
`QMM2K2MiXg

G�gK�iBĕ`2gQ`;�MB[m2g/2bgbQHbgUJPaVgT`QpB2Mig2bb2MiB2HH2K2Mig/2gT`Q+2bbmbg/2gi`�Mb7Q`@
K�iBQMg/2gH�g#BQK�bb2g�MBK�H2gQmgpû;ûi�H2gKQ`i2gU72mBHH2b-gpû;ûi�mt-g7`mBib-g;`�BM2b-g`�@
+BM2b-g+QKTQbûbg/2gT`QiûBM2b-g;Hm+B/2b-gHBTB/2b-gHB;MBM2bg2igi�MBMbVgT�`gHǶ�+iBQMg/2gH�gHmKBĕ`2-g
/2bg2tbm/�ibg`�+BM�B`2b-g/2bgKB+`Q@Q`;�MBbK2bgU#�+iû`B2b-g�`+?û2b-g+?�KTB;MQMbVg2ig/2g/û@
+QKTQb2m`bg Up2`b-g �`i?`QTQ/2b-g H�`p2bg /ǶBMb2+i2bV-g 7Q`K�Mig H�g HBiBĕ`2g /mg bQHXg.2TmBbg H2bg
pBM;ig/2`MBĕ`2bg�MMû2b-g H2bgKQ/ĕH2bg/2g/û+QKTQbBiBQMg/2g H�gJPagQMig#2�m+QmTgûpQHmûXg
>BbiQ`B[m2K2Mi-gH2gT`Q+2bbmbg/Ƕ?mKB7B+�iBQMg+Q``2bTQM/g�mgTHmbgpB2mtgKQ/ĕH2g/2g/û+QK@
TQbBiBQMg/2gH�gJPagUai2p2MbQM-gRNN9cgq�FbK�M-gRNjeVXg*2gT`Q+2bbmbg/2g/û;`�/�iBQMgH2Mi2g
T�`gH2bgKB+`Q@Q`;�MBbK2bg/mgbQHg2big̈ gHǶQ`B;BM2g/2gH�g7Q`K�iBQMg/2bgĿgbm#bi�M+2bg?mKB[m2bgŀg
TQmp�Mig�HQ`bgb2gb+BM/2`g2Mgi`QBbg+�iû;Q`B2bg,gH2bgĿg�+B/2bg7mHpB[m2bgŀgbQHm#H2bg/�MbgHǶ2�mg¨g
iQmigT>-gH2bgĿg�+B/2bg?mKB[m2bgŀgBMbQHm#H2bg/�MbgHǶ2�mg̈ gT>Ik-g/QMM�MigmM2g+QmH2m`gD�mM2g
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T�BHH2g̈ g#`mMg7QM+ûg�mtgbQHmiBQMbg�[m2mb2b-g2igHǶĿg?mKBM2gŀgBMbQHm#H2g/�MbgHǶ2�mgUh?m`K�M-g
RN38VXg*2bg+QKTQbûbgTQbbĕ/2Mig/2gMQK#`2mtgMQv�mtg�`QK�iB[m2b-g/2bg+?�ŗM2bg�HBT?�iB[m2bg
2igmMgMQK#`2gp�`B�#H2gU2MgHB2Mg�p2+gH2m`gbQHm#BHBiûg�[m2mb2Vg/2g7QM+iBQMbg?v/`QT?BH2bg+�`@
#QtvHB[m2bg2ig?v/`QtvH2bgU6B;m`2g9@RVXgg

hQmi27QBb-gH�g+�`�+iû`Bb�iBQMg/2g+2bg/B77û`2Mibg+QKTQbûbgQ`;�MB[m2bgb2g#�b2gbm`g/2bg2ti`�+@
iBQMbg¨gT�`iB`g/2gbQHmiBQMbg�H+�HBM2bgU�bbm`�MigH�gbQHm#BHBb�iBQMg/2bg�+B/2bg7mHpB[m2bg2ig?m@
KB[m2bVg2ig�+B/2bgUT2`K2ii�MigH�gT`û+BTBi�iBQMg/2bg�+B/2bg?mKB[m2bVXgP`-gH2bg+QM/BiBQMbg
2tTû`BK2Mi�H2bg/B77û`2Mig+QMbB/û`�#H2K2Mig/2bg+QM/BiBQMbgM�im`2HH2bg/mgbQH-gMQi�KK2Mig2Mg
i2`K2bg/2gT>-g`2K2ii�Mig2Mg[m2biBQMgH�g`2T`ûb2Mi�iBpBiûg/2bg`ûbmHi�ibgQ#i2MmbXg1Mg2772i-g
H2bg+QKTQbûbgQ#b2`pûbg¨gT�`iB`g/2g+2ii2gKûi?Q/2gM2gb2K#H2Mig`2T`ûb2Mi2`g[mǶmM2gT2iBi2g
7`�+iBQMg/2gH�gJPgiQi�H2g2igH2bgKûi?Q/2bg/ǶQ#b2`p�iBQMgbT2+i`Qb+QTB[m2bgin situgK2ii2Mig
2MgûpB/2M+2g/2bg#BQTQHvKĕ`2bgTHmbgbBKTH2bgUa+?KB/ig2ig�HX-gkyRRVXgg
SHmbg`û+2KK2Mi-gH2gKQ/ĕH2g/mg+QMiBMmmKg/mgbQHgUG2?K�MMg�M/gEH2#2`-gkyR8V-g/û+`BigH�g
JPag+QKK2gmMg+QMiBMmmKg/2g7`�;K2MibgQ`;�MB[m2bg+QMiBMm2HH2K2Migi`�Mb7Q`Kûbgp2`bg/2bg
i�BHH2bg KQHû+mH�B`2bg THmbg T2iBi2bg �m;K2Mi�Mig H2m`g bQHm#BHBiûg /�Mbg HǶ2�mXg .�Mbg H2g KāK2g
i2KTb-gH�g7Q`K�iBQMg/Ƕ�;`û;�ibgKQHû+mH�B`2bgQmgHǶ�/bQ`TiBQMg/2g+2bgKQHû+mH2bgQ`;�MB[m2bg
bm`gH2bg+QHHQś/2bgKBMû`�mtg�`;BH2mtgT2`K2igmM2gT`Qi2+iBQMg+QMi`2gH�g/û+QKTQbBiBQMgmHiû@
`B2m`2gU6B;m`2g9@kVXgg
hQmi27QBb-g/2gMQK#`2mb2bgûim/2bg/2g`û7û`2M+2gQMigûiûg`û�HBbû2bg¨gT�`iB`g/2gHǶ�M+B2MM2gMQ@
K2M+H�im`2gĿg?mKB[m2gŀg�p�Mig[m2g+2HH2@+BgbQBig`ûpBbû2XgJ�H;`ûg+2ii2gûpQHmiBQMg/2bg?vTQ@
i?ĕb2bg/2g7Q`K�iBQMg/2gH�gJPa-gH2bg/ûMQKBM�iBQMbgi2HH2bg[m2gĿgbm#bi�M+2bg?mKB[m2bgŀ-g
Ŀg�+B/2bg?mKB[m2bgŀgQmgĿg�+B/2bg7mHpB[m2bgŀ-gbQMigbQmp2Mig+QMb2`pû2bg/�MbgH2bgûim/2bg�+@
im2HH2bXg

Figure 4-1. Structure théorique d'un acide humique (en haut à gauche) et d’un acide fulvique (dans Hudson et al., 
2007). 
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Figure 4-2. Évolution de la matière organique dans le sol d’après Lehmann et Kleber (2015). Les flèches plus épaisses 
indiquent des transferts plus rapides. 

�gHǶQ++�bBQMg/ǶûTBbQ/2gTHmpB2mt-gH�gJPagT2migāi`2gH2bbBpû2-gpQB`2gHBtBpBû2-g2igi`�MbTQ`iû2g
bm`g/2bg/Bbi�M+2bgTHmbgQmgKQBMbgHQM;m2bgT�`g̀ mBbb2HH2K2MigQmgBM7BHi`�iBQMXg1MgT?�b2g�[m2mb2g
M�im`2HH2g UbQHmiBQMg /2g bQH-g 2�mtg bmT2`7B+B2HH2bg 2ig bQmi2``�BM2bV-g H�g K�iBĕ`2g Q`;�MB[m2g
T2mig āi`2g bûT�`û2g 2Mg 7`�+iBQMg/BbbQmi2g UJP.Vg 2ig T�`iB+mH�B`2g UJPSVg U6B;m`2g 9@jVg T�`g
7BHi`�iBQMg�p2+gmMgb2mBHg/2g+QmTm`2gMQ`K�HBbûg¨gy-98gƒKgUh?m`K�M-gRN38VXgg

hQmi27QBb-g+2ii2gHBKBi2g2big�`#Bi`�B`2g2ig/2bgûim/2bgmHiû`B2m`2bgQMigKQMi`ûgH�gT`ûb2M+2g/2g
T�`iB+mH2bgbQHB/2bgBM7û`B2m`2bg¨gy-98gƒKXg*2bgT�`iB+mH2bgbQMig�TT2Hû2bg+QHHQś/2bg2igT2mp2Mig

Figure 4-3. Représentation schématique des différentes formes de matière organique dans l’eau adaptée de Pagano et 
al., 2014. Matière organique totale (MOT), carbone organique total (COT), matière organique dissoute (MOD), car-
bone organique dissous (COD), carbone organique particulaire (COP), azote organique dissous (NOD) et phosphore 
organique dissous (POD) sont représentés. La MOD peut être décomposée en sous-groupes, les composés organiques 
de type humiques (ou aromatiques) (HL), les substances protéiques (ou acides aminés) (PL) et autres biopolymères 
dont une partie présente des propriétés de fluorescence (fCOD). 
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`2bi2`g 2Mg bmbT2MbBQMg /�Mbg HǶ2�mg THmbB2m`bg DQm`bXg G2m`bg i�BHH2bg 2big p�`B�#H2-g /2g Ryg MKg¨g
[m2H[m2bgƒKXg�m@/2H¨-g H2bgT�`iB+mH2bgTHmbg;`Qbb2bgbQMig�TT2Hû2bgK�iBĕ`2bg2MgbmbT2MbBQMXg
.�Mbg+2ii2gi?ĕb2-gH�gT?�b2gT�`iB+mH�B`2g+QKT`2M/`�g/QM+g¨gH�g7QBbgH2bg+QHHQś/2bgU2X;XgJPS-g
�`;BH2b-g+QKTH2t2bg�`;BHQ@?mKB[m2bVg2igH2bgT�`iB+mH2bg/2gTHmbg;`Qbb2bgi�BHH2bgU2X;Xgbû/BK2Mib-g
�;`û;�ibg/2g+QHHQś/2b-g/û#`BbgQ`;�MB[m2bgQmgBMQ`;�MB[m2bVXgG�gT?�b2g/BbbQmi2gM2gT`2M/`�g
2Mg+QKTi2g[m2g+2g[mBg2big`û2HH2K2Mig/BbbQmb-gi2Hbg[m2gH2bgKQHû+mH2bgQ`;�MB[m2bgbQHp�iû2bg
/�MbgHǶ2�mgU2X;Xg�+B/2bg7mHpB[m2b-g�+B/2bg?mKB[m2b-g�+B/2b@�KBMûbgQmg#BQTQHvKĕ`2bg/2gT2@
iBi2bgi�BHH2bV-gH2bgBQMbgKûi�HHB[m2b-gH2bg>�SgbQHp�iûbg2ig+QKTH2tûbg�mtgKQHû+mH2bgQ`;�MB[m2bg
/BbbQmi2bXgg
g
.�MbgH2bgbTûHûQi?ĕK2bgQmg�mi`2bg/ûTƬibg+�`#QM�iûbgb2+QM/�B`2b-gH�gJPg�HHQ+?iQM2gUT`Qp2@
M�MigK�DQ`Bi�B`2K2Mig/mgH2bbBp�;2g/2bgbQHbg2ig/2gH�gHBtBpB�iBQMg/2gH�gJPaVg2bigBM+Q`TQ`û2g
/�MbgH�gK�i`B+2g+`Bbi�HHBM2g¨gT�`iB`g/mg7BHKg/Ƕ2�mgT`ûb2Mig�mgKQK2Mig/2gH�gT`û+BTBi�iBQMg
/2gH�g+�H+Bi2gU_�Kb2v2`g2ig�HX-gRNNdVXgG2bgKQHû+mH2bgQ`;�MB[m2bgT2mp2Migāi`2gBM+Q`TQ`ûbg
HQ`bg/2gH�g+`QBbb�M+2gT�`g�/bQ`TiBQMgbm`gH2g+`Bbi�HgU_�Kb2v2`g2ig�HX-gRNNdVXg1Mg7QM+iBQMg/2g
H�gHQ+�HBb�iBQMg/mgbTûHûQi?ĕK2-gH�gJPgT2mig�pQB`g/Ƕ�mi`2bgQ`B;BM2bXg.�MbgH2g+�bg/ǶmM2g+�pBiûg
bQmi2``�BM2g+QKKmMB+�Mig�p2+gHǶ�B`g2tiû`B2m`-g2HH2gT2migāi`2g+QMbiBimû2g/2gTQHH2Mb-gbTQ`2b-g
JPg/2gHǶ�û`QbQHg�iKQbT?û`B[m2-g#BQTQHvKĕ`2bgBbbmbg/2gH�g7�mM2bgUK�iBĕ`2bg7û+�H2b-g/2b[m�@
K�iBQMb-gT2H�;2b-gKm+mbVgU"Hvi?g2ig�HX-gkyy3VXgPMgQ#b2`p2gû;�H2K2Mig7`û[m2KK2MigmM2g
T`Q/m+iBQMg�miQ+?iQM2g/2gJPg¨gH�gbm`7�+2g/2bgbTûHûQi?ĕK2bg2Mg`�BbQMg/2gH�g7Q`K�iBQMg/2g
#BQ7BHKbg+QMbiBimûbg/2gTHmbB2m`bg+Qm+?2bg/2g+QKKmM�miûbgKB+`Q#B2MM2bgK�BMi2Mm2bg2M@
b2K#H2gT�`g/2bgTQHvKĕ`2bgT`Qi2+i2m`bgb2K#H�#H2bg¨g/2bg;2HbgU2X;Xg*�++?BQg2ig�HX-gkyy9VXg
.�Mbg+2gi`�p�BH-gH�gJPg+QMi2Mm2g/�MbgH2bgla*.-g+QKK2gTQm`gH2bgbTûHûQi?ĕK2b-gT`QpB2Mig
2bb2MiB2HH2K2Mig/2bg2�mtg/2gT2`+QH�iBQMg2ig/Ƕû;Qmii2K2Mig[mBg+QM/mBb2Mig¨gH�g7Q`K�iBQMg
/2g +2bg/ûTƬibXglM2gT`Q/m+iBQMg�miQ+?iQM2gpB�g HǶ�+iBpBiûgKB+`Q#BQHQ;B[m2g 2big û;�H2K2Mig
TQbbB#H2XgG2gbBi2g/2g_mM;Bb-gbBimûg2Mgbm`7�+2-gT2migû;�H2K2Mig`2+2pQB`g/2bg�TTQ`ibg2MgJPg
T�`gH�g+QKKmMB+�iBQMg�p2+gHǶ�B`g2tiû`B2m`Xg
g

kX� G�g7HmQ`2b+2M+2g/2gH�gK�iBĕ`2gQ`;�MB[m2g
g
.�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2b-gH�gK�iBĕ`2gQ`;�MB[m2g2bigMQi�KK2Mig�M�Hvbû2g
T�`gHmKBM2b+2M+2gU"�F2`g2ig�HX-gRNNeVXg�gHǶQ`B;BM2gKBb2g2MgûpB/2M+2gHQ`bg/2gHǶmiBHBb�iBQMg/2g
7H�b?gT�`g/2bgT?QiQ;`�T?2bgbTûHûQHQ;m2bgUPǶ"`B2M-gRN8eV-gBHg�gûiûg/ûKQMi`ûg[m2gH2bgKQHû@
+mH2bgQ`;�MB[m2bgBM+Q`TQ`û2bg/�MbgH�g+�H+Bi2g�mg+Qm`bg/2gH�g+`QBbb�M+2g/mgbTûHûQi?ĕK2gbQMig
`2bTQMb�#H2bg/2g+2gT?ûMQKĕM2gUG�m`Bix2Mg2ig�HX-gRN3ecgo�Mg"2vM2Mg2ig�HX-gkyyRcgq?Bi2g�M/g
"`2MM�M-gRN3NVXgG2gbB;M�Hg/2g7HmQ`2b+2M+2g/2g+2ii2gJPg�gMQi�KK2MigT2`KBbg/2g7Q`KmH2`g
/2bg?vTQi?ĕb2bg`2H�iBp2bg�mtgp�`B�iBQMbg+HBK�iB[m2bg2ig¨gH�g/vM�KB[m2g/2gH�gpû;ûi�iBQMg2Mg
HB2Mg�p2+gH�g+?`QMQHQ;B2g/2bg/ûTƬibg/2gKQHû+mH2bgQ`;�MB[m2bg/�MbgH2bgbTûHûQi?ĕK2bgU"�F2`g
2ig�HX-gRNNecgZmB2`bg2ig�HX-gkyR8VXg
g
g



Chapitre 4 - La matière organique 

d8g

kXRX� S`BM+BT2g/2g7HmQ`2b+2M+2g

G�gHmKBM2b+2M+2g+Q``2bTQM/g¨gHǶûKBbbBQMg/ǶmMg`�vQMM2K2MigûH2+i`QK�;MûiB[m2g/ǶQ`B;BM2g
MQMgi?2`KB[m2g�T`ĕbgHǶ2tTQbBiBQMg¨gmM2g2t+Bi�iBQMgHmKBM2mb2-gBHgbǶQTTQb2g�BMbBg¨gHǶBM+�M@
/2b+2M+2Xg�mgb2BMg/2gH�gHmKBM2b+2M+2-gH�gT?QbT?Q`2b+2M+2g2igH�g7HmQ`2b+2M+2gT2mp2Migāi`2g
/BbiBM;mû2bg2Mg7QM+iBQMg/mg+?2KBMg/2g/ûb2t+Bi�iBQMgbmBpBgU6B;m`2g9@9VXgG�g7HmQ`2b+2M+2g2big
mMgT?ûMQKĕM2gHmKBM2mtg[mBg`ûbmHi2g/2gHǶûKBbbBQMgi`ĕbg`�TB/2g/ǶmMgT?QiQMg¨gH�gbmBi2g/ǶmM2g
2t+Bi�iBQMgHmKBM2mb2XgGǶ�#bQ`TiBQMg/ǶmMgT?QiQMgT�`gmM2gKQHû+mH2g2Mi`�BM2gmM2gi`�MbBiBQMg
ûH2+i`QMB[m2g/2bgûH2+i`QMbgKBbg2MgD2mg/�MbgH2bgHB�BbQMbgKQHû+mH�B`2bg7�Bb�MigT�bb2`gH�gKQHû@
+mH2g/ǶmMgûi�ig7QM/�K2Mi�Hgbi�#H2gUayVg̈ gmMgûi�ig2t+BiûgUaRVXgG2gT?ûMQKĕM2g/2g7HmQ`2b+2M+2g
+Q``2bTQM/g¨gHǶûKBbbBQMg/ǶmMgT?QiQMg/m2g¨gH�g`2H�t�iBQMgpB#`�iBQMM2HH2g/2gHǶûi�ig2t+BiûgUaRVg
p2`bgHǶûi�ig7QM/�K2Mi�HgUayVXgGQ`bg/2gH�g+QHHBbBQM-gmM2gT�`iB2g/2gHǶûM2`;B2gpB#`�iBQMM2HH2g/2g
HǶûH2+i`QMg2t+Biûg2bigT2`/m2Xg*2H�g BM/mBig�HQ`bgmMg/û+�H�;2g2Mi`2g H�g HQM;m2m`g/ǶQM/2g/mg
T?QiQMg�#bQ`#ûg2ig+2HH2g/mgT?QiQMgûKBbXg*2g/û+�H�;2g2Mi`2gHQM;m2m`g/ǶQM/2g/Ƕ2t+Bi�iBQMg
2igHQM;m2m`g/ǶQM/2g/ǶûKBbbBQMg2big�TT2Hûg/û+�H�;2g/2gaiQ+F2bgUG�FQrB+x-gRNNNVXg*2g/2`MB2`g
2big+�`�+iû`BbiB[m2gTQm`g+?�[m2gKQHû+mH2gQmg;`QmT2gKQHû+mH�B`2g+QMbB/û`ûgTmBb[mǶBHg/ûT2M/g
/2g H2m`g i�BHH2g 2ig /2g H2m`g bi`m+im`2Xg *2bgKQHû+mH2bg +�T�#H2bg /Ƕ�#bQ`#2`g 2ig /2g `ûûK2ii`2g
HǶûM2`;B2g/2gT?QiQMg`2bTQMb�#H2bg/2gH�g7HmQ`2b+2M+2gbQMig�TT2Hû2bg7HmQ`QT?Q`2bXgg
AHg2tBbi2gTHmbB2m`bgivT2bg/2g7HmQ`2b+2M+2g2Mg7QM+iBQMg/2gH�gbQm`+2g/ǶûM2`;B2g¨gHǶQ`B;BM2g/2g
HǶ2t+Bi�iBQMXga2mH2gH�g7HmQ`2b+2M+2gbQmbg2t+Bi�iBQMgT�`g`�vQMbglHi`�@oBQH2ibgUloVgb2`�g+QM@
bB/û`û2g/�Mbg+2gi`�p�BHXg

Figure 4-4. Diagramme énergétique simplifiée de Perrin-Jablonski illustrant les changements d’état électronique d’une 
molécule à l’origine des processus de fluorescence et de phosphorescence. 

kXkX� G�g7HmQ`2b+2M+2g/2gH�gK�iBĕ`2gQ`;�MB[m2g

*2`i�BM2bgKQHû+mH2bg/2g H�gJPgM�im`2HH2gQmg�Mi?`QTB[m2g U2X;Xg>�SVgT`ûb2Mi2Mig/2bgT`Q@
T`Bûiûbg /2g 7HmQ`2b+2M+2g U6B;m`2g 9@jVXg *2bg KQHû+mH2bg bQMig T`BM+BT�H2K2Mig +QMbiBimû2bg /2g
+QKTQbûbg �`QK�iB[m2bg +QMDm;mûbg �p2+g /2bg ;`QmT2bg 7QM+iBQMM2Hbg TQH�B`2bg U"�F2`g 2ig �HX-g
kyR9VXgG�g7HmQ`2b+2M+2g/2gH�gK�iBĕ`2gQ`;�MB[m2g2bigûim/Bû2g/2TmBbg/2gMQK#`2mb2bg�MMû2bg



S�`iB2gRg@g*QMi2ti2g;ûMû`�Hg

deg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

U2X;XgG2p2b[m2-gRNdkVgTQm`g+�`�+iû`Bb2`g2ig[m�MiB7B2`gH2bgbm#bi�M+2bg?mKB[m2bg/2bgbQHbgU2X;Xg
a2M2bBg2ig�HX-gRNNRVg2igH�gJP.g/�MbgH2bg2�mtg2Mg2MpB`QMM2K2MigK�`BMgQmg+QMiBM2Mi�HgU2X;Xg
"B`/r2HHg�M/g1M;2H-gkyRycg*Q#H2-gRNNecg>m/bQMg2ig�HX-gkyydcgJQmMB2`g2ig�HX-gRNNNcgS�`H�MiBg
2ig�HX-gkyyyVXga2HQMgH2givT2g/2gK�iBĕ`2gQ`;�MB[m2gH�g7HmQ`2b+2M+2g2big+�`�+iû`Bbû2gT�`g/2bg
/QK�BM2bg/2g7HmQ`2b+2M+2gbTû+B7B[m2bg+Q``2bTQM/�Mig̈ gmMg+QmTH2g/2gHQM;m2m`bg/ǶQM/2bg/Ƕ2t@
+Bi�iBQMfûKBbbBQMXgG2bgûim/2bgK2Mû2bgT�`gH�g+QKKmM�miûg/2gH�g7HmQ`2b+2M+2g/2gH�gK�iBĕ`2g
Q`;�MB[m2g�[m�iB[m2gb2g#�b2g2bb2MiB2HH2K2Migbm`gH2gi`�p�BHgTBQMMB2`g/2gg*Q#H2gURNNeVg2igb�g
/ûMQKBM�iBQMg/2bgTB+bg/2g7HmQ`2b+2M+2gUh�#H2�mg9@RVXgg
:ûMû`�H2K2Mi-gH2gbB;M�Hg/2g7HmQ`2b+2M+2g2big/QKBMûgT�`gmM2gûKBbbBQMg/2g7HmQ`2b+2M+2g+QK@
T`Bb2g2Mi`2gjeyg2ig8yygMKg+Q``2bTQM/�Mig¨g/2bgKQHû+mH2bgU#BQTQHvKĕ`2bVgTHmbgQmgKQBMbg
�`QK�iB[m2bg �bbQ+Bû2b-g /�Mbg HǶ�M+B2MM2g MQK2M+H�im`2g /2bg JP-g �mtg Ŀgbm#bi�M+2bg?m@
KB[m2bgŀgU�+B/2bg?mKB[m2bg2ig7mHpB[m2bVgU"Hvi?g2ig�HX-gkyReVXglM2g7HmQ`2b+2M+2g2bigû;�H2@
K2MigûKBb2g¨g/2bgHQM;m2m`bg/^QM/2glogTHmbg+Qm`i2bgUjyy@j8ygMKVgT�`gH2bgJPg/2g7�B#H2bg
TQB/bgKQHû+mH�B`2bg+QKKmMûK2Mig�bbQ+Bû2bg¨gH^�+iBpBiûgKB+`Q#B2MM2gU�+B/2b@�KBMûbgivT2g
iv`QbBM2gQmgi`vTiQT?�M2VgU>m/bQMg2ig�HX-gkyy3VXg
1MgbQHmiBQM-gHǶBMi2MbBiûg/2g7HmQ`2b+2M+2g2big;ûMû`�H2K2Mig+QMbB/û`û2g+QKK2gT`QTQ`iBQMM2HH2g
¨gH�g+QM+2Mi`�iBQMg2Mg7HmQ`QT?Q`2XgGǶûim/2g/2gH�g7HmQ`2b+2M+2g�TTQ`i2g�BMbBg/2bgBM/B+�iBQMbg
[m�Mig¨gH�g[m�MiBiûg/2gJPg2igb�g+QKTQbBiBQMXg.2gK�MBĕ`2g;ûMû`�H2-gH2bgJPg�v�MigmM2g
HQM;m2m`g/^QM/2g/^ûKBbbBQMgTHmbg7�B#H2gbQMigTHmbg?v/`QT?BH2bg2igKQBMbg�`QK�iB[m2bgU:�#Q`g
2ig�HX-gkyR9cgAb?BBg�M/g"Qv2`-gkyRkVXghQmi27QBb-gH2bgT?QiQMbg�#bQ`#ûbgM2gbQMigT�bgbvbiûK�@
iB[m2K2Mig`ûûKBb-g+2g[mBg+QM/mBig¨g/2bg/ûb2t+Bi�iBQMbgMQMg`�/B�iBp2bgU6B;m`2g9@9VXg*2ii2g
+QKTûiBiBQMg2Mi`2gH2bgT?ûMQKĕM2bg`�/B�iB7bg2igMQMg`�/B�iB7bg2bigK2bm`û2gT�`gH2g`2M/2K2Mig
[m�MiB[m2g/2g7HmQ`2b+2M+2gQmg277B+�+Biûg/2g7HmQ`2b+2M+2gUBX2Xg`�TTQ`ig2Mi`2gH2gMQK#`2g/2g
T?QiQMbgûKBbg2igH2gMQK#`2g/2gT?QiQMbg�#bQ`#ûbVg2ig/ûT2M/-gMQi�KK2Mi-g/2bgKQHû+mH2bg
T`ûb2Mi2Mig/�MbgHǶû+?�MiBHHQMXg

Tableau 4-1. Synthèse des différents fluorophores identifiés dans la MOD des eaux naturelles. 

LQKg/mg
TB+g

λ1tgUMKVg λ1KgUMKVg P`B;BM2g _û7û`2M+2bg

"g kdy@k3yg jyy@jR8g *QKTQbûbg /2g ivT2g T`QiûB[m2g USGV-g �+B/2b
�KBMûbgivT2ghv`QbBM2-gT`Q/mBibgKB+`Q#B2MbXg

*Q#H2-gRNNeg
S�`H�MiBg2ig�HX-gkyyyg

hg kdy@k3yg j98@jeyg *QKTQbûbg /2g ivT2g T`QiûB[m2g USGV-g �+B/2b
�KBMûbg ivT2g h`BTiQT?�M2-g T`Q/mBibg KB+`Q@
#B2Mb-g�bbQ+Bûg¨g H�g/û;`�/�iBQMgKB+`Q#B2MM2g
/2gH�gK�iBĕ`2gQ`;�MB[m2Xg

*Q#H2-gRNNeg
S�`H�MiBg2ig�HX-gkyyyg
"�F2`g2ig�HX-gkyy3g

�g k9y@keyg j3y@9eyg am#bi�M+2bg?mKB[m2bgU>GV *Q#H2-gRNNeg
"B`/r2HHg �M/g 1M;2H-g
kyRyg

*g jky@jeyg 9ky@8yy

Jg kNy@jRkg jdy@9kyg am#bi�M+2bg?mKB[m2bgK�`BM2b-gû;�H2K2Mig�b@
bQ+Bûg ¨g /2bg �TTQ`ibg �Mi?`QTB[m2bg /�Mbg H2bg
2�mtgM�im`2HH2b-gQmgT`û+m`b2m`bg/mgTB+g*gU2X;Xg
TQHvT?ûMQHVXg

*Q#H2-gRNNeg
ai2/KQMg �M/g
J�`F�;2`-gkyy8g
"m`/B;2g2ig�HX-gkyy9g



*?�TBi`2g9g@gG�gK�iBĕ`2gQ`;�MB[m2g

ddg

kXjX� G�gbT2+i`Qb+QTB2g/2g7HmQ`2b+2M+2glog

G�gbT2+i`Qb+QTB2g2bigmM2gi2+?MB[m2g[mBgT2`K2ig/ǶQ#i2MB`g/2bgBM7Q`K�iBQMbgKQHû+mH�B`2bg2ig
bi`m+im`�H2bg¨gT�`iB`g/2gHǶBMi2`�+iBQMg2Mi`2gH�gK�iBĕ`2g2igH2bgQM/2bgûH2+i`QK�;MûiB[m2bXgG2bg
+�Ti2m`bgbT2+i`Qb+QTB[m2bgT2mp2MigmiBHBb2`g/B77û`2Mi2bg;�KK2bg/mgbT2+i`2gûH2+i`QK�;Mû@
iB[m2gUmHi`�pBQH2i-gpBbB#H2-gBM7`�`Qm;2-g`�vQMbgsVXgG2bg/B77û`2Mi2bg;�KK2bgbT2+i`�H2bgbQMig
/û7BMB2bg2Mg 7QM+iBQMg/2bgKQ/2bg/^BMi2`�+iBQMg2Mi`2g H2bg`�vQMM2K2Mibg2ig H�gK�iBĕ`2gUûHû@
K2Mib-gHB�BbQMbg+?BKB[m2b-g;`QmT2K2Mibg7QM+iBQMM2HbVXgS�`KBgH2bg/B77û`2Mibg/QK�BM2bgbT2+@
i`�mt-gH2bgmHi`�pBQH2ibg2t+Bi2MigH2bgûH2+i`QMbg/2gp�H2M+2gU2ti2`M2bVg/2bg�iQK2bgQmgKQHû+mH2bg
TQm`gH2bgi`�MbBiBQMbg/2bgûi�ibgûH2+i`QMB[m2b-gQMgT�`H2g/2gbT2+i`Qb+QTB2gûH2+i`QMB[m2Xg.2mtg
Kûi?Q/2bgT`BM+BT�H2bg2tBbi2Mig/�Mbg+2ii2g;�KK2-gH�gbT2+i`Qb+QTB2glo@oBbB#H2g2igH�gbT2+@
i`Qb+QTB2g/2g7HmQ`2b+2M+2glo@pBbB#H2Xg*2bg/2mtgKûi?Q/2bgbQMig+QKTHûK2Mi�B`2bXg1Mg2772i-g
H�g bT2+i`Qb+QTB2glo@pBbB#H2g b2g +QM+2Mi`2g bm`g H2bg i`�MbBiBQMbg 2Mi`2g HǶûi�ig 7QM/�K2Mi�Hg 2ig
HǶûi�ig2t+BiûgU6B;m`2g9@9Vg2MgK2bm`�MigHǶ�#bQ`#�M+2g/2gHǶûM2`;B2gHmKBM2mb2gT�`gHǶû+?�MiBH@
HQMXg�gHǶBMp2`b2-gH�gbT2+i`Qb+QTB2g/2g7HmQ`2b+2M+2glo@pBbB#H2gbǶBMiû`2bb2g¨gH�g/ûb2t+Bi�iBQMg
`�/B�iBp2g2Mi`2gHǶûi�ig2t+Biûg2igHǶûi�ig7QM/�K2Mi�H-g2MgK2bm`�MigHǶBMi2MbBiûg/2g7HmQ`2b+2M+2g
ûKBb2gT�`gHǶû+?�MiBHHQMXgG�g/B77û`2M+2g2Mi`2gH2gbT2+i`2g/Ƕ�#bQ`TiBQMg2igH2gbT2+i`2g/ǶûKBbbBQMg
/2g7HmQ`2b+2M+2gT2`K2igMQi�KK2Mig/Ƕûp�Hm2`gH�gT�`ig/2bg/ûb2t+Bi�iBQMbgMQMg`�/B�iBp2bg2ig
/Ƕ2biBK2`gHǶ277B+�+Biûg/2g7HmQ`2b+2M+2XghQmi27QBb-gH�gi2+?MB[m2g/2gbT2+i`Qb+QTB2g/Ƕ�#bQ`TiBQMg
/QBigāi`2g`û�HBbû2gbm`gmMgû+?�MiBHHQMgi`�MbT�`2Mig2igMǶ2big/QM+gT�bg�/�Tiû2g�mtgbTûHûQ@
i?ĕK2bXg

G�gK2bm`2g/mgbB;M�Hg/2g7HmQ`2b+2M+2gT2migāi`2g`û�HBbû2g2MgT?�b2gHB[mB/2gUGS6Vg2ig2MgT?�b2g
bQHB/2gUaS6VXg"B2Mg[m2gH�gK2bm`2g2MgT?�b2gHB[mB/2gbQBigH�gTHmbg`ûT�M/m2-gMQi�KK2MigTQm`g
HǶ�M�Hvb2g/2bg2�mtgM�im`2HH2b-g2HH2g2bigT2mg�/�Tiû2g�mtgbTûHûQi?ĕK2bXg1Mg2772i-g+2ii2gKû@
i?Q/2g/2bi`m+iBp2gMû+2bbBi2g/2g/BbbQm/`2gH�gK�i`B+2g+�`#QM�iû2g¨gHǶ�+B/2g+?HQ`?v/`B[m2g+2g
[mBgT2mig+�mb2`g/2bg2772ibg/2g7HQ+mH�iBQMg/2bgKQHû+mH2bgQ`;�MB[m2bgHBûbg�mgT>g�+B/2g/2gH�g
bQHmiBQMXg.2gTHmb-gbmBp�MigH2bg+QM+2Mi`�iBQMbg2MgJPg/�MbgH2gbTûHûQi?ĕK2-g+2ii2gKûi?Q/2g
T2migMû+2bbBi2`g/2g;`�M/2bg[m�MiBiûbg/Ƕû+?�MiBHHQMgHBKBi�Mig�BMbBgH2gT�bg/Ƕû+?�MiBHHQMM�;2g
U`ûbQHmiBQMVgUZmB2`bg2ig�HX-gkyR8VXgSQm`g+2bg`�BbQMb-gH�gbT2+i`Qb+QTB2g/2g7HmQ`2b+2M+2glog2Mg
T?�b2gbQHB/2g�gûiûg/ûp2HQTTû2gTQm`gHǶûim/2g/2gH�gJPg/�MbgH2bgbTûHûQi?ĕK2bgU"�F2`g2ig�HX-g
RNNecgS2``2ii2g2ig�HX-gkyyycgZmB2`bg2ig�HX-gkyR8cga?QTQpg2ig�HX-gRNN9cgq?Bi2-gRNNdVXgg

1MgaS6-g/2mtgKûi?Q/2bg/Ƕ�+[mBbBiBQMgbQMig+Qm`�KK2MigmiBHBbû2bg,gH�gK2bm`2g/2g7HmQ`2b@
+2M+2g2Mg+QMiBMm2gUQmgbi�iBQMM�B`2Vg2igH�gK2bm`2g/2bg/û+HBMbg/2g7HmQ`2b+2M+2gUQmg7HmQ`2b@
+2M+2g`ûbQHm2g2Mgi2KTbVXg

• J2bm`2g/2g7HmQ`2b+2M+2g2MgKQ/2gbi�iBQMM�B`2

*2ii2gKûi?Q/2gT2`K2ig/2gK2bm`2`gHǶBMi2MbBiûg/2g7HmQ`2b+2M+2gTQm`gmM2g2t+Bi�iBQMg7Bt2gQmg
KmHiBTH2g¨gi`�p2`bgHǶ�+[mBbBiBQMg/ǶmMgbT2+i`2g/ǶûKBbbBQMXgAHg2big�HQ`bgTQbbB#H2g/2g`û�HBb2`gmMg
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

i`�Mb2+igQmgmM2g+�`iQ;`�T?B2g/2gHǶBMi2MbBiûg/2g7HmQ`2b+2M+2g�mgb2BMg/2gHǶû+?�MiBHHQMXg*2H�g
T2`K2ig/2g+�`�+iû`Bb2`g/2bgp�`B�iBQMbg/2gK�iBĕ`2gQ`;�MB[m2gb2KB@[m�MiBi�iBp2g2ig[m�HBi�iBp2g
pBb@¨@pBbg/2gH2m`gi�BHH2gKQHû+mH�B`2gUZmB2`bg2ig�HX-gkyR8VXg1Mg2772i-gHǶBMi2MbBiûg/2g7HmQ`2b+2M+2g
T2`K2ig/2g̀ 2i`�+2`gH2bgp�`B�iBQMbg/2gH�g[m�MiBiûg̀ 2H�iBp2g/2gJPgi�M/Bbg[m2gH2bg+?�M;2K2Mibg
/2givT2g/2gKQHû+mH2bgQmg/2gbQm`+2bgbQMig`ûpûHûbgT�`gH2bgp�`B�iBQMbg/2gH�gHQM;m2m`g/ǶQM/2g
/ǶûKBbbBQMg¨gHǶBMi2MbBiûgK�tBK�H2gcgmMg/û+�H�;2gp2`bg/2bgHQM;m2m`bg/ǶQM/2gTHmbg;`�M/2b-g
Ŀg`2/@b?B7igŀ-gi`�/mBb�Mig/2bgKQHû+mH2bg/2gTQB/bgKQHû+mH�B`2bgTHmbgBKTQ`i�MibgQmgTHmbg�`Q@
K�iB[m2bXg§gHǶBMp2`b2-gmMgĿg#Hm2@b?B7igŀgU/û+�H�;2gp2`bg/2bgHQM;m2m`bg/ǶQM/2gTHmbg7�B#H2bV-g
bB;MB7B2g[m2gH�gT`QTQ`iBQMg/2gKQHû+mH2bg/2gTHmbgT2iBi2bgi�BHH2bg2bigTHmbgBKTQ`i�Mi2gU"�F2`g
2ig�HX-gkyy3#cgS2``2ii2g2ig�HX-gkyy8VXg

hQmi27QBb-gTHmbB2m`bgT�`�Kĕi`2bgT2mp2MigBM7Hm2M+2`gH2gbB;M�Hg/2g7HmQ`2b+2M+2Xg1Mg2772i-g+2`@
i�BMbgbQHp�MibgQmgHǶBMi2`�+iBQMgU+QMi�+igQmg+QKTH2t�iBQMVg�p2+g+2`i�BM2bgKQHû+mH2bgUKûi�mtg
T�`g2t2KTH2VgpQMig�m;K2Mi2`g H�g/ûb2t+Bi�iBQMgMQM@`�/B�iBp2g UT�`g+QHHBbBQM-g#HQ+�;2g/2bg
bBi2bg/2g7HmQ`2b+2M+2Vg/BKBMm�Mig�BMbBgH2g̀ 2M/2K2Mig[m�MiB[m2g/mg+QKTQbûXg*2gT?ûMQKĕM2-g
�TT2HûgĿg[m2M+?BM;gŀ-g �g TQm`g +QMbû[m2M+2g mM2g /û+`QBbb�M+2g /mg bB;M�Hg /2g 7HmQ`2b+2M+2g
U>�`iH�M/g2ig�HX-gkyRyVXg1MgbQHmiBQM-gH2gT>gT2migû;�H2K2Mig�pQB`gmMgBKT�+igbm`gH�g7HmQ`2b@
+2M+2Xg*2HmB@+Bg T2mig 2Mi`�ŗM2`g /2bg p�`B�iBQMbg /2g +QM7Q`K�iBQMg 2ig mM2g T`û+BTBi�iBQMg /2bg
KQHû+mH2bgQ`;�MB[m2bXgG2gbB;M�Hg/2g7HmQ`2b+2M+2gT2migû;�H2K2Mig�m;K2Mi2`g/2gRygWg/�Mbg
mM2g;�KK2g/2gT>g+QKT`Bbg2Mi`2g8g2igdgU>m/bQMg2ig�HX-gkyydVXgZmB2`bgUkyR8Vg+QMbB/ĕ`2g
iQmi27QBbgH2bgp�`B�iBQMbgBM/mBi2bgT�`gmMg+?�M;2K2Mig/2gT>g+QKK2gMû;HB;2�#H2bg�mg`2;�`/g
/2gH�gp�`B�#BHBiûgBKTQ`i�Mi2g/mgbB;M�Hg/2gJPXgG�gi2KTû`�im`2gT2migû;�H2K2MigDQm2`gmMg
`ƬH2g/�MbgH�gp�`B�iBQMg/mgbB;M�Hg/2g7HmQ`2b+2M+2gU>m/bQMg2ig�HX-gkyydVXgg
"B2Mg[m2g HǶBM7Hm2M+2g/2g +2bgT�`�Kĕi`2bg 2MgT?�b2g bQHB/2g `2bi2g HBKBiû2g UZmB2`b-g kyR8V-g H�g
K�i`B+2g bQHB/2g T2mi-g 2HH2g �mbbB-g BM7Hm2M+2`g H�gK2bm`2g /2g 7HmQ`2b+2M+2Xg*2HH2@+Bg T2mi-g T�`g
2t2KTH2-g�;B`g+QKK2gmM2gT`Qi2+iBQMgQmg#�``Bĕ`2gTQm`gH2bg7HmQ`QT?Q`2b-gH2bg`2M/�MigBM�+@
+2bbB#H2bgUJmHH2`g2ig�HX-gkyRRVXglMg2772ig/2gĿg[m2M+?BM;gŀgHBûg¨gH�g[m�MiBiûgBKTQ`i�Mi2g/2g
K�iû`B2HgQ`;�MB[m2gT2migû;�H2K2Mig�pQB`g HB2mg�BMbBg[mǶmMg2772ig/2g 7BHi`2g BMi2`M2g/ȿg¨g H�g
T`ûb2M+2g /2g +?`QKQT?Q`2bg ?�mi2K2Mig �#bQ`#�Mibg U�KK�`Bg 2ig �HX-g kyR9cgJmHH2`g 2ig �HX-g
kyRRVXg*2bg7�+i2m`bgbQMi-giQmi27QBb-gT2mgBKT�+i�Mig/�MbgH2g+�bg/2bgbTûHûQi?ĕK2bg[mBgT`û@
b2Mi2Mig;ûMû`�H2K2Mig/2g7�B#H2bg+QM+2Mi`�iBQMbg2MgJPg2igmM2gbi`m+im`2g+`Bbi�HHBM2g+H�B`2g
2igT2mg�#bQ`#�Mi2gUZmB2`b-gkyR8VXg1MgQmi`2-gH�g`B;B/B7B+�iBQMg/2bgbi`m+im`2bgKQHû+mH�B`2bg
T2mig+QM/mB`2g¨gmM2g2t�Hi�iBQMg/2gH�g7HmQ`2b+2M+2gUJBxQ#2g2ig�HX-gkyyeVg[mBgb2gK�MB72bi2g
;ûMû`�H2K2Mig/�MbgH2bgbTûHûQi?ĕK2bgT�`gmM2gBMi2MbBiûg/2g7HmQ`2b+2M+2gTHmbgBKTQ`i�Mi2g2Mg
T?�b2gbQHB/2g[mǶ2MgT?�b2gHB[mB/2Xgg
G2bg+�`�+iû`BbiB[m2bgT?vbB[m2bg/2gH�gK�i`B+2g+`Bbi�HHBM2g+QKK2gb�g/2MbBiûgQTiB[m2gUHBû2g¨g
H�g+`Bbi�HHBMBiûg/2gHǶû+?�MiBHHQMVgT2mp2Migû;�H2K2Mig2Mi`�ŗM2`gmM2gKQ/B7B+�iBQMg/2gH�g`û7H2+@
i�M+2g2ig/2g H�g/B77mbBQMg�mgb2BMg/2g HǶû+?�MiBHHQMgU6B;m`2g9@8VXg*2H�gT2migT`QpQ[m2`gmM2g
p�`B�iBQMg/mgbB;M�Hg/2g 7HmQ`2b+2M+2gb�Mbg[mǶBHgMǶvg�BigMû+2bb�B`2K2Mig/2gp�`B�iBQMg/2g H�g
[m�MiBiûgQmg/2gH�g[m�HBiûg/2gH�gJPXg1MgT`ûb2M+2g/ǶmM2g7�#`B[m2g+`Bbi�HHBM2g+QMbi�Mi2gH2g



*?�TBi`2g9g@gG�gK�iBĕ`2gQ`;�MB[m2g

dNg

HQM;g/2gHǶû+?�MiBHHQM-gH2gbB;M�HgMǶ2bigT�bg�772+iûgT�`g+2ig2772ig/2gK�i`B+2Xg.�MbgH2g+�bg+QM@
i`�B`2-g H�g p�`B�iBQMg /2g HǶBMi2MbBiûg /2g 7HmQ`2b+2M+2g M2g T2mig T�bg āi`2g miBHBbû2g +QKK2g mM2g
p�`B�iBQMg/2gH�g[m�MiBiûg/2gJPXgSQm`g+2H�-gmM2g+Q``2+iBQMg/QBigāi`2g�TTQ`iû2g,gK2bm`2g/2g
`û7H2+i�M+2gQmg+�HB#`�iBQMg/mgbB;M�HgT�`g/2bgK2bm`2bg/2g7HmQ`2b+2M+2gHB[mB/2gT�`g2t2KTH2g
UZmB2`bg2ig�HX-gkyR8VXgg

Figure 4-5. Phénomènes optiques survenant lors de la fluorescence en phase solide d’une matrice caractérisée par une 
densité optique (d) et une absorbance (A). I : le rayon incident; T : le rayon transmis; D: la diffusion; RS: la ré-

flexion spéculaire; RD: la réflexion diffuse; f : la fluorescence (d’après Quiers, 2015). 

•� J2bm`2g/2g7HmQ`2b+2M+2g`ûbQHm2g2Mgi2KTbg

*2ii2gKûi?Q/2gT2`K2ig/ǶQ#b2`p2`gH2g/û+HBMg/2g7HmQ`2b+2M+2g2ig�BMbBg/ûi2`KBM2`gH2gi2KTbg/2g
`2H�t�iBQMg/2gH�g7HmQ`2b+2M+2gUQmgi2KTbg/2gpB2g/2g7HmQ`2b+2M+2V-gBKTQ`i�Mi2gTQm`g+�`�+iû@
`Bb2`gH2bg7HmQ`QT?Q`2bXg*2igQmiBHg+QKTHûK2Mi�B`2g2ig`�TB/2gT2`K2ig/2g+�`�+iû`Bb2`gmM2gKQ@
Hû+mH2g�mi`2K2Mig[m2gT�`gb2bgb2mHbgbT2+i`2bg/Ƕ2t+Bi�iBQMg2ig/ǶûKBbbBQMgUEmKF2g2ig�HX-gRNN3cg
GQ+?Km2HH2`g�M/ga��p2/`�-gRN3eVXg.2mtgi2+?MB[m2bgT2`K2ii2Mig/2gK2bm`2`gH2bg/û+HBMbg/2g
7HmQ`2b+2M+2g,gH�gKQ/mH�iBQMg/Ƕ�KTHBim/2gpB�gmM2gbQm`+2gHmKBM2mb2gp�`B�Mig/2g7�ÏQMgbBMm@
bQś/�H2g2igH�gi2+?MB[m2gT�`gbQm`+2gBKTmHbBQMM2HH2g[mBg�gûiûgmiBHBbû2g/�Mbg+2gi`�p�BHXg*2ii2g
i2+?MB[m2gTQm``�BigMQi�KK2MigT2`K2ii`2g/2g/BbiBM;m2`gH2bg>�SgT`ûb2Mibg/�MbgH2gbTûHûQ@
i?ĕK2g/2g H�gK�iBĕ`2gQ`;�MB[m2g;HQ#�H2Xg�g+2g DQm`g�m+mM2gûim/2gMǶ�gûiûg`û�HBbû2gbm`g H2bg
/û+HBMbg/2g7HmQ`2b+2M+2g/�MbgH2bgbTûHûQi?ĕK2bXg:ûMû`�H2K2Mi-gH2bgbm#bi�M+2bg?mKB[m2bgT`û@
b2Mi2Mig/2bgi2KTbg/2g/û+HBMbgKQv2MbgIg8gMbgUh�/BMBg2ig�HX-gkykkVg2igmM2g;`�M/2gT�`iB2gU=g
eyg WVg b2`�Big KāK2g Ig RMbg U*?2Mg 2ig �HX-g RNN9VXg �g HǶBMp2`b2-g H2bg >�Sg T`ûb2Mi2Mig /2g
K�MBĕ`2g;ûMû`�H2g /2bg i2KTbg /2g /û+HBMbg H�`;2K2Mig bmTû`B2m`bg �mtg bm#bi�M+2bg ?mKB[m2bg
Uh�#H2�mg9@kVX
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(R) E�`HBib+?2Fg2ig�HXgURNN3Vcg(k)ga2HHBg2ig�HXgUkyy9V

Tableau 4-2. Synthèses des temps de déclins de fluorescence identifiés pour les HAP dans l’eau.

jXg �M�Hvb2bg2Mg+�`#QM2gQ`;�MB[m2

S�`KBgH2bg�mi`2bgi2+?MB[m2bg/Ƕ�M�Hvb2bg/2gH�gJP-gH�g/ûi2`KBM�iBQMg2Mg*�`#QM2gP`;�MB[m2g
hQi�HgU*PhVg2bigmM2gi2+?MB[m2gû;�H2K2MigH�`;2K2MigmiBHBbû2Xg.�MbgmMgû+?�MiBHHQMgM�im`2H-g
H2g/Qb�;2g/mg+�`#QM2gQ`;�MB[m2gU*PVg2bigH2gKQv2MgH2gTHmbg277B+�+2gTQm`g[m�MiB7B2`gH�gJPg
TmBb[m2g+2HmB@+Bg`2T`ûb2Mi2g2MpB`QMgH�gKQBiBûg/2gH�gK�bb2g/2gH�gK�iBĕ`2gQ`;�MB[m2gUo�Mg
"2KK2H2M-gR3Nycgq�FbK�Mg�M/gai2p2Mb-gRNjyVXgg
G2g*�`#QM2ghQi�HgUh*Vg+Q``2bTQM/g¨gH�g7QBbg�mg+�`#QM2gQ`;�MB[m2g2ig�mg*�`#QM2gAMQ`;�@
MB[m2g UA*Vg UL2HbQMg �M/g aQKK2`b-g RNNeVXg G2g +�`#QM2g BMQ`;�MB[m2g b2g i`Qmp2g 2Mg ;`�M/2g
T�`iB2g/�MbgH2bgKBMû`�mtg+�`#QM�iûbgi�M/Bbg[m2gH2g+�`#QM2gQ`;�MB[m2gT`QpB2Mig/2gH�g/û@
+QKTQbBiBQMg/2bgpû;ûi�mtXgG2bgMQiBQMbg/2g*Phg2ig/2g*�`#QM2gP`;�MB[m2g.BbbQmbgU*P.Vg
U6B;m`2g 9@jVg 7QMigT�`iB2g /2bgT`BM+BT�mtgT�`�Kĕi`2bg �M�HviB[m2bg `2i2MmbgTQm`g �TT`û+B2`g
HǶûpQHmiBQMg/2gH�gK�i`B+2gQ`;�MB[m2g/2bg2�mtgM�im`2HH2bg2ig�BMbBg/û7BMB`gH2m`g[m�HBiûgQmgH2m`g
/2;`ûg/2gTQHHmiBQMXgG2g*P.g2M;HQ#2gH^2Mb2K#H2g/2gH�gK�iBĕ`2gQ`;�MB[m2g/BbbQmi2gT`ûb2Mi2g
/�MbgH2bg2�mtXgg
G2gh*g2big i`�Mb7Q`Kûg 2Mg*PkgT�`gT?QiQ@Qtv/�iBQM-g Qtv/�iBQMg +�i�HviB[m2-g i?2`KQ+?B@
KB[m2-gT?QiQ+?BKB[m2-gûH2+i`QHviB[m2gQmgT�`g+QK#mbiBQMg¨g?�mi2gi2KTû`�im`2Xga�gi2M2m`g
2big2MbmBi2g/ûi2`KBMû2gT�`g+QM/m+iBpBiûgQmgT�`gmMg/ûi2+i2m`gBM7`�`Qm;2gMQM@/BbT2`bB7Xg1Mg
�+B/B7B�MigH^û+?�MiBHHQMg2ig2MgH2gTm`;2�Mig�p2+g/2gH^�xQi2gQmg/2gH^?ûHBmK-gH2g+�`#QM2gBMQ`;�@
MB[m2g2bigûHBKBMû-gM2gH�Bbb�Mig[m2gH2g*�`#QM2gP`;�MB[m2gLQM@Sm`;2�#H2gULSP*VXg

am#bi�M+2g :�KK2g/2gHQM;m2m`bg
/^QM/2g/ǶûKBbbBQMg

UMKVg

h2KTbg/2g
/û+`QBbb�M+2gUMbVg

_û7û`2M+2bg

Naphtalèneg jkyĜj8yg jRg@jdg (R)-(k)g
Acénaphtèneg jkyĜjdyg ky@kd (R)-(k)g

Fluorèneg jyy@j9y j@3 (R)-(k)g
Phénanthrèneg j9yĜ9ky jj@9R (R)-(k)g

Anthracèneg jdy@988 9@8 (R)g
Fluoranthèneg 9yyĜ88y jR@jj (R)-(k)g

Pyrène jeyĜ99y RR3@R9y (R)-(k)g
Benzo[a]anthracène jd8@9ey ke@k3 (R)g

Chrysène jjy@9Ry k8@ke (R)g
Benzo[b]fluoranthène j3y@89y jR@jj (R)g
Benzo[k]fluoranthène 9yy@8yy N@Ry (R)-(k)g

Benzo[a]pyrène 9yyĜ9ey k9@jy (R)-(k)g
Benzo[g,h,i]perylene 9@N (k)
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38g

RX� G2bgKûi?Q/2bg/2g/Qb�;2g/2bg>�Sg
g
AHg2tBbi2g/2gMQK#`2mb2bgKûi?Q/2bg/2g/Qb�;2g/2bg>�SgbmBp�MigH�gK�i`B+2g+QMbB/û`û2Xg
G2bgT`BM+BT�H2bg/B77B+mHiûbgT`QpB2MM2Mig¨gH�g7QBbg/2gH2m`bgT`QT`BûiûbgT?vbB+Q@+?BKB[m2b-g
i2HH2bg[m2gH2m`gT?QiQb2MbB#BHBiû-gH2m`gpQH�iBHBiû�-gQmgH2m`g7Q`i2g+�T�+Biûg/^�/bQ`TiBQM-gK�Bbg
�mbbBg/2gH�g+QKTH2tBiû�g/2gH�gK�i`B+2g/�MbgH�[m2HH2gBHbgbQMigT`ûb2Mibg2i-gT�`7QBbg/2gH2m`bg
7�B#H2bg+QM+2Mi`�iBQMbXg
g
SQm`g+2bg`�BbQMb-gBHg2bigMû+2bb�B`2g/^miBHBb2`g/2bgK�iû`B�mtgĿgBM2`i2bgŀgi2Hbg[m2gH2gp2``2-g
HǶ�HmKBMBmKgQmgHǶ�+B2`gBMQtv/�#H2gU2igMQMg/2bgTH�biB[m2bVgTQm`gHBKBi2`gHǶ�/bQ`TiBQMg/2bg
>�SgUSm`+�`Qg2ig�HX-gkyRjVXgAHg2bigû;�H2K2MigBM/BbT2Mb�#H2g/^2ti`�B`2gH2bg>�Sg/2gH2m`g
K�i`B+2g2MpB`QMM2K2Mi�H2g¨g H^�B/2g/^mMgbQHp�MigQ`;�MB[m2g�TQH�B`2gU;ûMû`�H2K2Mig/2g
H^?2t�M2-g?2Ti�M2gQmg/B+?HQ`QKûi?�M2V-gTmBbg/2gTm`B7B2`gH�gbQHmiBQMgQ#i2Mm2XgG2bgi2+?@
MB[m2bg/Ƕ2ti`�+iBQMgH2bgTHmbgmiBHBbû2bgbQMig,gg

UBV� HǶ2ti`�+iBQMg�mgaQt?H2i-gi2+?MB[m2g2ig/BbTQbBiB7gbTû+B7B[m2g/ûp2HQTTûbgT�`g
6`�MxgpQMgaQt?H2ig2MgR3dN-gT2`K2ii�MigTHmbB2m`bg+v+H2bg/2g+Q@pQH�iBHBb�@
iBQMg /mg bQHp�Mig 2ig /2bg +QKTQbûbg /ǶBMiû`āig +QMi2Mmbg /�Mbg HǶû+?�MiBHHQM-g
TH�+ûg /�Mbg mM2g +?�K#`2g /Ƕ2ti`�+iBQM-g bmBpB2g /2g H2m`g +QM/2Mb�iBQMXg �g
+?�[m2g+v+H2-gH2gbQHp�Migb2g+QM+2Mi`2g2Mg>�SXg*2ii2gKûi?Q/2g2big�/�Tiû2g
�mtgû+?�MiBHHQMbgbQHB/2bgi2Hbg[m2g/2bgbQHbgQmg/2bgbû/BK2MibXg1HH2g�gHǶ�p�M@
i�;2g/Ƕāi`2gbBKTH2gK�Bbg/m`2g;ûMû`�H2K2MigTHmbB2m`bg?2m`2bg2igMû+2bbBi2g
mMgpQHmK2gBKTQ`i�Mig/2gbQHp�MigU>2H�H2?g2ig�HX-gkyy8cg>QHH2M/2`g2ig�HX-g
kyyjVgcg

UBBV� HǶ2ti`�+iBQMgHB[mB/2@HB[mB/2-g+QMbBbi2g¨gK2ii`2g2Mg+QMi�+igH^û+?�MiBHHQMgHB@
[mB/2-g ;ûMû`�H2K2Mig/2g H^2�m-g�p2+gmMg bQHp�MigQ`;�MB[m2g�TQH�B`2g/�Mbg
mM2g�KTQmH2g¨g/û+�Mi2`-g�;Bi2`gTHmbB2m`bgKBMmi2bg2ig`û+mTû`2`g H^2ti`�Big
Q`;�MB[m2Xg*2ii2gKûi?Q/2g2bigMQ`K�HBbû2gTQm`gH^�M�Hvb2g/2bg>�Sg/�MbgH2bg
2�mtgM�im`2HH2bgUMQ`K2gAaPgRdNNj,kyykVXgG�gT`BM+BT�H2g/B77B+mHiûg/2g+2ii2g
Kûi?Q/2g2bigH�g7Q`K�iBQMg/ǶûKmHbBQM-gTQmp�Mig2Mi`�BM2`gH�gT2`i2g/2bg�M�@
Hvi2b-gHQ`b[m2gH^û+?�MiBHHQMg+QMiB2MigmM2g7Q`i2g+QM+2Mi`�iBQMg/2gbm#bi�M+2bg
Q`;�MB[m2bg�KT?BT?BH2bgUi2HH2bg[m2gH2bgbm#bi�M+2bg?mKB[m2bVgcg

UBBBV� HǶ2ti`�+iBQMg bQHB/2@HB[mB/2-g +QMbBbi2g ¨gK2ii`2g 2Mg +QMi�+ig mMg û+?�MiBHHQMg
bQHB/2g�p2+gmMgbQHp�MigQ`;�MB[m2-g¨g�;Bi2`gKû+�MB[m2K2MigUT�`g+�pBi�iBQMg
?v/`Q/vM�KB[m2gQmgmHi`�bQMQ`2VgTmBbg¨g+2Mi`B7m;2`gTQm`gbûT�`2`gH�gT?�b2g
bQHB/2g/2gH^2ti`�BigQ`;�MB[m2Xg*2ii2gKûi?Q/2g2bigbQmp2MigmiBHBbû2g/�MbgH2g
+�/`2g/2gHǶ�M�Hvb2g/2bg>�Sg/�MbgH2bgbû/BK2MibgQmgH2bgbQHbgU2X;XgJ�`+?�Hg
2ig�HX-gkykjVgcg

UBpV� HǶ2ti`�+iBQMg�++ûHû`û2gT�`gbQHp�MigbQmbgT`2bbBQMgU�a1Vg2bigmM2gi2+?MB[m2g
/Ƕ2ti`�+iBQMgbQHB/2@HB[mB/2gmiBHBb�Mig/2bgbQHp�MibgQ`;�MB[m2bgQmg�[m2mtg¨g
/2bgi2KTû`�im`2bgûH2pû2bgU8y@kyygê*Vg2igT`2bbBQMbgûH2pû2bgUj-8g¨gkygtRyeg
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g

S�VgpB�gmM2g+2HHmH2g¨g2ti`�+iBQMg2Mg�+B2`gBMQtv/�#H2XgGǶ�m;K2Mi�iBQMg/2g
H�gi2KTû`�im`2gT2`K2ig/Ƕ�KûHBQ`2`gH�gbQHm#BHBiûg2igH2gi`�Mb72`ig/2bg�M�Hvi2bg
/�MbgH2gbQHp�Migi�M/Bbg[m2gHǶ�m;K2Mi�iBQMg/2gH�gT`2bbBQMgT2`K2ig/2g+QM@
b2`p2`g H2g bQHp�Mig¨g HǶûi�ig HB[mB/2g2ig/2g 7�pQ`Bb2`g b�gTûMûi`�iBQMg/�Mbg H�g
K�i`B+2gbQHB/2Xgg

g
.Ƕ�mi`2bgi2+?MB[m2bg/Ƕ2ti`�+iBQMgT2mp2Migû;�H2K2Migāi`2g2KTHQvû2bgi2HH2bg[m2gHǶ2ti`�+@
iBQMg2MgT?�b2gbQHB/2gUaS1Vg2igb2bgp�`B�Mi2bg�p2+gbmTTQ`ig/Ƕ2ti`�+iBQMgKBMB�im`BbûgQmg
2M+Q`2gHǶ2ti`�+iBQMgT�`g7HmB/2gbmT2`+`BiB[m2gUa61VXg
g
G2bg[m�MiBiûbg/2g>�Sg/�MbgH�gK�i`B+2g�M�Hvbû2gûi�MigbQmp2Mig7�B#H2b-gBHg2bigBM/BbT2M@
b�#H2g/2gT`Q+û/2`g¨gmM2gûi�T2g/2g+QM+2Mi`�iBQMg/2gH^2ti`�BigQ`;�MB[m2gT�`gûp�TQ`�iBQMg
/mgbQHp�MigbQmbgmMg+Qm`�Mig/Ƕ�xQi2gUûpBi�MigH^Qtv/�iBQMg/2bg>�SgT�`gH^Qtv;ĕM2g/2gH^�B`Vg
Qmg/�MbgmMgûp�TQ`�i2m`g`Qi�iB7XglM2gûi�T2g/2gTm`B7B+�iBQMgT2mig�mbbBgāi`2g`û�HBbû2gTQm`g
ûHBKBM2`g/2gH^2ti`�BigQ`;�MB[m2gH2bg+QKTQbûbgBM/ûbB`�#H2bg[mBgT2mp2MigT2`im`#2`gH^�M�Hvb2g
mHiû`B2m`2Xg
g
�T`ĕbg+2ii2gT?�b2g/^2ti`�+iBQMgU2ig/2gTm`B7B+�iBQMgûp2Mim2HH2V-gH2bg>�SgbQMig[m�MiB7Bûbg
�T`ĕbgbûT�`�iBQMg/2bg/B77û`2Mibg+QM;ûMĕ`2bXg.2mtgivT2bg/^BMbi`mK2MibgbQMigmiBHBbûbg,gg

UBV� H�g+?`QK�iQ;`�T?B2g2MgT?�b2gHB[mB/2g¨g?�mi2gT2`7Q`K�M+2gU>SG*Vg+Qm@
THû2g¨gH^�#bQ`TiBQKûi`B2g/�MbgH^mHi`�pBQH2igUloV-gmiBHBb�Mig/2gMQbgDQm`bgmMg
/ûi2+i2m`g¨g#�``2ii2g/2g/BQ/2bgU.�.V-g¨g H�g7HmQ`BKûi`B2gU6HmQVgQmg¨gH�g
bT2+i`QKûi`B2g/2gK�bb2gUJaVXg*2bgBMbi`mK2MibgbQMigbQmp2MigMQKKûbg`2b@
T2+iBp2K2Mig>SG*@lo-g>SG*@6HmQg2igG*@Jagcg

UBBV� H�g+?`QK�iQ;`�T?B2g2MgT?�b2g;�x2mb2gU:*Vg�bbQ+Bû2g¨gH�gbT2+i`QKûi`B2g/2g
K�bb2gUJaVgQmg¨gH�g/ûi2+iBQMgT�`gBQMBb�iBQMg/2g7H�KK2gU6A.VXg

1Mg`�BbQMg/2gH2m`g+Qȿig2ig/2gH2m`bgT2`7Q`K�M+2b-gH2bg/BbTQbBiB7bgH2bgTHmbg7`û[m2KK2Mig
miBHBbûbg/�MbgH2bgKûi?Q/2bg/Ƕ�M�Hvb2g2Mg`QmiBM2g/2bg>�SgbQMig,g>SG*@6HmQ-g>SG*@log
2ig:*@JaXgGǶ>SG*@6HmQgT2`K2ig iQmi27QBbg /^�ii2BM/`2g/2bg HBKBi2bg/2g/ûi2+iBQMgTHmbg
7�B#H2bg[m2gH�g:*@JagU.2MBbg2ig�HX-gkyRkVXg
g

kX� Jûi?Q/2g/2g/Qb�;2g/�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bg
g
�g+2gDQm`-gb2mH2K2Mig/2mtgKûi?Q/2bg/2g/Qb�;2g/2bg>�Sg/�MbgH2bgbTûHûQi?ĕK2bgQMigûiûg
Tm#HBû2bXgS2``2ii2g2ig�HXgQMigTm#HBûgmMgT`2KB2`gT`QiQ+QH2g2Mgkyy3-g[mBg�gûiûgQTiBKBbûgT�`g
�`;B`B�/Bbg2ig�HXgUkyRNV-gTQm`g[m�MiB7B2`gH2bg>�Sg¨gH^ûi�ig/^mHi`�@i`�+2bg/�Mbg/2bgbTûHûQ@
i?ĕK2bg/2g;`Qii2bXgg
lM2gKûi?Q/2g/2g/Qb�;2g/2bg>�Sg/�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bg�g/QM+gûiûg
/ûp2HQTTû2g /�Mbg H2g +�/`2g /2g +2ii2g i?ĕb2-g 2Mg bǶ�TTmv�Mig bm`g H2g T`QiQ+QH2g /û+`Big T�`g
�`;B`B�/Bbg2ig�HXgUkyRNVXgAHgb2g/û+QKTQb2g2Mg8gûi�T2bg,gg
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UBV� GǶû+?�MiBHHQMM�;2g/mg/ûTƬig+�`#QM�iûg
UBBV� G�g/BbbQHmiBQMg/2gH�gK�i`B+2g+`Bbi�HHBM2g
UBBBV� GǶ2ti`�+iBQMg/2bg>�Sg
UBpV� G�g`2@+QM+2Mi`�iBQMg/2bg>�Sg2ti`�Bibg
UpV� GǶ�M�Hvb2gT�`g>SG*@6HmQg

g
1Mg`�BbQMg/2bg7�B#H2bg[m�MiBiûbg/^û+?�MiBHHQMg/BbTQMB#H2-gH�gKûi?Q/2g�gûiûgQTiBKBbû2g
TQm`gT2`K2ii`2gH�g[m�MiB7B+�iBQMg/2bg>�Sg+QMi2Mmbg/�MbgRg;g/2g+�H+Bi2XgG2gT`QiQ+QH2g
2big/ûi�BHHûg/�MbgH^�MM2t2gRXgg
g
hQmi2bgH2bg2tTû`BK2Mi�iBQMbgQMigûiûg`û�HBbû2bgbQmbg?Qii2g�bTB`�Mi2-gH2bgQmiBHbg2igH�gp2`@
`2`B2gQMigûiûgH�pûbg/�MbgmMg#�BMg/2g/ûi2`;2MigU_"aghgRy8Vg+?�m/g/m`�Migkg?-g`BM+ûbg¨g
HǶ2�mg+?�m/2-gi`2KTûbg/�MbgmMg#�BMg/Ƕ�+B/2gMBi`B[m2gU*�`HQg1`#�ge8gWg7Q`g�M�HvbBbVg
/m`�Migkg?-g2ig2M7BMg`BM+ûbg¨gHǶ2�mgQbKQbû2gUbvbiĕK2gam2xgSm`Bi2g>SVXg
g

kXRX� ú+?�MiBHHQMM�;2g
g
J�H;`ûgHǶ�TT�`2M+2gbQmp2Mig+QKT�+i2g/2gH�g+�H+Bi2g/2bgbTûHûQi?ĕK2b-gqvMMg�M/g"`Q+Fbg
UkyR9VgQMigKBbg2MgûpB/2M+2gmM2gTQ`QbBiûg�p2+g/2bgTQbbB#BHBiûbg/2g+QMi�KBM�iBQMg/2gH�g
K�i`B+2gbQHB/2g2MgT`Q7QM/2m`gHQ`bg/2gHǶû+?�MiBHHQMM�;2-g/mgi`�MbTQ`i-gQmg/2gH�g+QMb2`p�@
iBQMXgg
g
S2``2ii2g 2ig�HXg Ukyy3Vg�p�B2Mig/û+QmTûg H2bg bi�H�;KBi2bg¨g H^�B/2g/^mM2gKB+`Q@b+B2gTmBbg
/û+QMi�KBMûgH�gbm`7�+2gT�`g/BbbQHmiBQMg/2gH�g+�H+Bi2g�p2+g>*GgkJg�p�Mig/2gH2bg#`Qv2`g
/�MbgmMg#`Qv2m`g¨g#BHH2bgbi�M/�`/gUjygKBM-g3yg`TKVgTQm`gQ#i2MB`gR-8g;g/2gTQm/`2g/2g
;`�BMgKQv2Mg/^2MpB`QMgRgμKXg�`;B`B�/Bbg2ig�HXgUkyRNVgQMig/û+QMi�KBMûgH�gbm`7�+2g/mg
bTûHûQi?ĕK2gT�`gjgH�p�;2bg�mgM@?2t�M2gbmBpBbg/2gjgH�p�;2bg�mg/B+?HQ`QKûi?�M2gU>QM2v@
r2HH-g*?`QK�bQHpg7Q`g>SG*Vg2Mg#�+g¨gmHi`�bQMbg�p�Mig/Ƕû+?�MiBHHQMM2`gRg;g/2gbQHB/2g¨g
HǶ�B/2g/ǶmM2gb+B2gK�Mm2HH2gU.`2K2HVXgg
g
.�Mbg+2gi`�p�BH-gH2bgû+?�MiBHHQMbgQMigûiûgbiQ+Fûbg/�MbgmM2g72mBHH2g/2gT�TB2`g�HmKBMBmKg
TQm`gKBMBKBb2`g H�g +QMi�KBM�iBQMg 2tiû`B2m`2g /m`�Mig H2g i`�MbTQ`ig 2ig H2g biQ+F�;2Xg.2bg
KQ`+2�mtg/2g +�H+Bi2g/Ƕ2MpB`QMgRg;gQMig 2MbmBi2g ûiûg/û+QmTûbg¨g HǶ�B/2g/ǶmM2g b+B2g¨g 7BHg
U"X1X�gSog+`QTT2`fg7BHbg1b+BHVgT2`K2ii�Mig/2gHBKBi2`gH�gT2`i2g/2gK�iBĕ`2Xg*?�[m2gKQ`@
+2�mg/2g+�H+Bi2g�g2MbmBi2gûiûgT2bûgT`û+BbûK2MigU#�H�M+2gJ2iiH2`ghQH2/Q-gL2rg*H�bbB+g
JG-gT`û+BbBQMgRy@9g;VgTmBbgTH�+ûg/�MbgmMg#�HHQMg2Mgp2``2g#Q`QbBHHB+�iûg/2g8ygKGg�p2+gjg
KGg/2g/B+?HQ`QKûi?�M2gU>QM2vr2HH-g*?`QK�bQHpg7Q`g>SG*VXgG2bg#�HHQMbgQMigûiûgBK@
K2`;ûbg/�MbgmMg#�+g¨gmHi`�bQMbgU�/p�Mi�;2gG�#Vg/m`�MigjgKBMg¨gmM2g7`û[m2M+2g/2g8y@
eygF>x-gmM2gTmBbb�M+2g/2gRyyygqg2igmM2gi2KTû`�im`2g/2gkygê*g/2gK�MBĕ`2g¨g/ûbQ`#2`g
H2bg>�SgHBûbg¨gH�g+�H+Bi2Xg*2gT`Q+2bbmbg�gûiûg`ûTûiûgjg7QBbXg
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kXkX� .BbbQHmiBQMg/2gH�gK�i`B+2g+`Bbi�HHBM2g

G2gKQ`+2�mg/2g+�H+Bi2g2bigBMi`Q/mBig/�MbgmMgim#2g2Mgp2``2g/2geygKGg2ig/QTûg�p2+gRyg
ƒGg/2gbQHmiBQMg̈ gRyyygM;XKG@Rg+QMi2M�Migjg>�Sg/2miû`ûbgU�+ûM�T?iĕM2g.Ry-g�Mi?`�+ĕM2g
.Ryg2ig#2MxQ(�)�Mi?`�+ĕM2g.Rkgcg�++mai�M/�`/g*2`iB7B2/g_272`2M+2gJ�i2`B�HbVg�p�Mig
HǶ�DQmig/2gR8gKGg/2g/B+?HQ`QKûi?�M2gU>QM2vr2HH-g*?`QK�bQHpg7Q`g>SG*Vg2ig8gKGg/Ƕ2�mg
l>ZgUJ�tBK�gla6g1H;�-gR3XkgJǕVXgGǶ�DQmig/Ƕ2�mgT2`K2ig/2gHBKBi2`gH�gpQH�iBHBb�iBQMg
/2g+2`i�BMbg�M�Hvi2bg2Mg`û/mBb�MigH2g+?Q+g/2gH�g`û�+iBQMg�p2+gHǶ�+B/2g+?HQ`?v/`B[m2XgG2g
im#2g2big72`Kûg�p2+gmMg#Qm+?QMgKmMBg/ǶmMgb2TimKXgRygKGg/^�+B/2g+?HQ`?v/`B[m2gU*�`HQg
1H#�-gj9ĜjdgWg_agamT2`Tm`2g7Q`gi`�+2g�M�HvbBbVgbQMig�HQ`bgBMD2+iûbg¨gi`�p2`bgH2gb2TimKg
¨gH^�B/2g/^mM2gb2`BM;m2g2Mgp2``2gTQm`g/BbbQm/`2gH�g+�H+Bi2g2MgûpBi�MigH2bgT2`i2bg/2g>�Sg
T�`gpQH�iBHBb�iBQMXgG2bg>�SgpQH�iBHBbûbgHQ`bg/2gH�g`û�+iBQMg2tQi?2`KB[m2g+�`#QM�i2@�+B/2g
+?HQ`?v/`B[m2gb2g/BbbQHp2Mig/�MbgH�gT?�b2gQ`;�MB[m2gHB[mB/2Xgg

G2bgû+?�MiBHHQMbgQMigûiûg�;Biûbg¨gH�gK�BMgDmb[mǶ¨g/BbbQHmiBQMg+QKTHĕi2gTQm`gûpBi2`gH�g
7Q`K�iBQMg/ǶmM2gûKmHbBQMgi`ĕbg7BM2g2ig+QKT�+i2g2Mi`2gH�gT?�b2g�[m2mb2g�+B/2g2igH�gT?�b2g
Q`;�MB[m2g b2g T`Q/mBb�Mig bQmbg �;Bi�iBQMg �mg pQ`i2tXglMg #�BMg ¨g mHi`�@bQMbg UlHi`�bQMB+g
*H2�M2`-gjygq-g8y@eyg>xVg�gû;�H2K2MigûiûgmiBHBbûgTQm`g�++ûHû`2`gH�g/BbbQHmiBQMg7BM�H2g2ig
7�+BHBi2`gH�gbûT�`�iBQMg/2bg/2mtgT?�b2bXgg

*2`i�BM2bgûim/2bgT`û+QMBb2MigH2gM2iiQv�;2g/2gHǶ�+B/2g+?HQ`?v/`B[m2gU>*HVgT�`gmMgbQHp�Mig
Q`;�MB[m2g i2Hg [m2g H2g /B+?HQ`QKûi?�M2g TQm`g T`ûp2MB`g /ǶmM2g ûp2Mim2HH2g +QMi�KBM�iBQMg
Q`;�MB[m2gU�`;B`B�/Bbg2ig�HX-gkyRNcg"Hvi?g2ig�HX-gkyy3VXgGǶmiBHBb�iBQMg/Ƕ>*Hg/2g[m�HBiûg_ag
amT2`Tm`2g TQm`g �M�Hvb2bg /2g i`�+2bg T2`K2ig /ǶûpBi2`g +2ii2g ûi�T2g T`ûHBKBM�B`2g /2g
M2iiQv�;2g U6B;m`2g 8@RVg 2Mi`�ŗM�Mig mMg ;�BMg /2g i2KTbg 2ig mM2g /BKBMmiBQMg /2g H�g
+QMbQKK�iBQMg2Mg/B+?HQ`QKûi?�M2Xg

Figure 5-1. Résultats de fluorescence UV sur : 1) eau UHQ ; 2) HCl 34-37% Rs Superpure ; 3) Après 1 nettoyage ; 4) 
Après 3 nettoyages. Mesures réalisées sur un spectrofluorimètre (Varian Cary Eclipse) à la longueur d’onde d’excitation 
275 nm. 



3Ng

*?�TBi`2g8g@g.Qb�;2g/2bg>�Sg

GǶmiBHBb�iBQMg /Ƕ>*Hg /2g [m�HBiûg BM7û`B2m`2-g TQmp�Mig T`ûb2Mi2`g /2bg BKTm`2iûb-g T2mig
2Mi`�B@M2`gmM2g+QMi�KBM�iBQMgU6B;m`2g8@kVg[mBgKāK2g�T`ĕbgTHmbB2m`bgH�p�;2bgUeygKGg
/Ƕ>*Hg2igkyg KGg /2g /B+?HQ`QKûi?�M2g /�Mbg mM2g �KTQmH2g ¨g /û+�Mi2`g �;Biûbg T2M/�Mig
8gKBMVgM2gT2`K2igT�bg�ii2BM/`2gH�g[m�HBiûg/2gHǶ>*Hg_agamT2`Tm`2Xg

Figure 5-2. Résultats de fluorescence UV sur : 1) eau UHQ; 2) HCl sans nettoyage; 3) Après 4 nettoyages. Mesures 
réalisées sur un spectrofluorimètre (Varian Cary Eclipse) à la longueur d’onde d’excitation 275 nm. 

kXjX� 1ti`�+iBQMg

SQm`g2ti`�B`2gH2bg>�Sg/2gH�gT?�b2g�[m2mb2g�+B/2-gi`QBbg2ti`�+iBQMbgHB[mB/2@HB[mB/2g/2g8g
KGg+?�+mM2gbQMig`û�HBbû2bg¨gHǶ�B/2g/ǶmM2gTBT2ii2g�miQK�iB[m2Xg1Mi`2g+?�[m2g2ti`�+iBQM-g
8gKGg/2g/B+?HQ`QKûi?�M2gbQMig�DQmiûbg2igH2gim#2g2big�;BiûgK�Mm2HH2K2MiXglM2gTBM+û2g
/2gL�kaP9gU>QM2vr2HHg�*ag̀ 2�;2MiVg�gûiûg�DQmiû2g�mtgR8gKGg/Ƕ2ti`�Big7BM�HgTQm`gbû+?2`g
H�gT?�b2gQ`;�MB[m2Xg
"B2Mg[m2gHǶmiBHBb�iBQMg/2gim#2bg2Mgp2``2g�K#`ûgbQBigT`û+QMBbû2gTQm`gHBKBi2`gH�gT?QiQ/û@
;`�/�iBQMg/2bg>�S-g/2bgim#2bg2Mgp2``2gi`�MbT�`2MigQMigûiûgmiBHBbûbg/2gK�MBĕ`2g̈ g7�+BHBi2`g
H�gpBbB#BHBiûg/2bgQTû`�iBQMbgHQ`bg/2gHǶ2ti`�+iBQMXgg

kX9X� *QM+2Mi`�iBQMg/2bg2ti`�Bibg

GǶ2ti`�Big Q`;�MB[m2g �g 2MbmBi2g ûiûg i`�Mb7û`ûg /�Mbg mMg im#2g wvK�`Fg 2ig TH�+ûg /�Mbg mMg
ûp�TQ`�i2m`g�miQK�iBbûgUhm`#Qo�TgAA-g*�HBT2`gGB72ga+B2M+2bVgbQmbg7Hmtg/Ƕ�xQi2g¨g9ygê*g
TQm`g+QM+2Mi`2`gH2bg>�Sg/�MbgmMgpQHmK2g7BM�Hg/2g/B+?HQ`QKûi?�M2g/2g�gRgKGXgSQm`g
ûHBKBM2`g iQmi2g T�`iB+mH2g �p�Mig H^�M�Hvb2g>SG*@6HmQ-g mM2g 7BHi`�iBQMg ¨g y-kkgƒKg�g ûiûg
`û�HBbû2gbm`g7BHi`2gSh61g¨gmb�;2gmMB[m2gU�.G@_2pQH@JmHiBH�#QVgTmBbgH^2ti`�Big7BHi`ûg�g
ûiûgi`�Mb7û`ûg/�MbgmMgpB�Hg/2g3gKGXgSQm`gKBMBKBb2`gH�gT2`i2g/2bg�M�Hvi2b-gH2bgT�`QBbg/mg
im#2gQMigûiûg`BM+û2bg�mg/B+?HQ`QKûi?�M2g¨g H^�B/2g/^mM2gTBT2ii2gT�bi2m`g2ig H2gpQHmK2g
`û+mTû`ûXglMgpQHmK2g/2gRyygƒGg/2g/BKûi?vHbmH7Qtv/2gU.JaP-gh?2`KQga+B2MiB7B+-g[m�@
HBiûgG*@JaVg2big�DQmiûg�p�Migûp�TQ`�iBQMgbQmbgmMgHû;2`g7Hmtg/Ƕ�xQi2gDmb[mǶ¨g�ii2BM/`2g
+2gpQHmK2g/2gRyygμG-gHBKBi�MigH2bgT2`i2bg/2bg>�SgH2bgTHmbgpQH�iBHbgT�`gûp�TQ`�iBQMg¨g
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Nyg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

b2+g/mg/B+?HQ`QKûi?�M2XgGǶ2ti`�Big+QM+2Mi`ûg2big2MbmBi2g`2T`BbgT�`gRyygƒGg/2gKûi?�MQHg
U>QM2vr2HH-g*?`QK�bQHpg7Q`g>SG*VXg

kX8X� �M�Hvb2gT�`g>SG*@6HmQg

*QMi`�B`2K2Mig ¨g�`;B`B�/Bbg 2ig �HXg UkyRNV-g +QKTi2@i2Mmg/2bg 7�B#H2bg +QM+2Mi`�iBQMbg 2Mg
>�Sg�ii2M/m2b-gBHg�gûiûg+?QBbBg/2g[m�MiB7B2`gH2bg�M�Hvi2bgT�`g>SG*@6HmQX
.2mtgBMbi`mK2MibgQMigûiûgmiBHBbûbg,gmM2g+?�ŗM2g>SG*gJ2`+FgU�a@kyyy�Vg�g/Ƕ�#Q`/gûiûg
miBHBbû2gTQm`gH�gT?�b2g/2g/ûp2HQTT2K2Mig/mgT`QiQ+QH2Xg*2ii2g/2`MBĕ`2gûi�MigiQK#û2g2Mg
T�MM2-gH2bgû+?�MiBHHQMbgQMigûiûgK2bm`ûbgbm`gmM2g>SG*gS2`FBMg1HK2`gUbû`B2gkyyVg+QmTHû2g
¨gmMg/ûi2+i2m`g/2g7HmQ`2b+2M+2gUS1gbû`B2gkyy�VXg

SQm`g+?�[m2gû+?�MiBHHQM-gRyygƒGg/Ƕ2ti`�Big+QM+2Mi`ûgQMigûiûgi`�Mb7û`ûbg/�MbgmMgBMb2`ig
/2gkyygƒGg�p2+g#Qm+?QMg72M/mgTmBbgTH�+ûbg/�MbgH2gT�bb2m`g�miQK�iB[m2g/^û+?�MiBHHQMbXg
G�gbûT�`�iBQMg+?`QK�iQ;`�T?B[m2g�gûiûg`û�HBbû2gbm`gmM2g+QHQMM2g*R3gJ�+?2`2vgL�;2Hg
U1*g9fjgMm+H2QbBHgRyy@8g*R3gS�>bVgKmMB2g/ǶmM2gT`û@+QHQMM2g2MgT?�b2g*R3gU1*gk8yf9Xeg
Mm+H2QbBHgRyy@8g*R3gS�>bVgTH�+û2bg/�MbgmMg7Qm`g`û;Hûg¨g9ygê*XgG�gT?�b2gKQ#BH2gûi�Big
mMg KûH�M;2g Kûi?�MQHf2�mXg G^ûHmiBQMg /2bg >�Sg �g ûiûg `û�HBbû2g T2M/�Mig ekg KBMg 2Mg
bmBp�MigH2gT`Q;`�KK2g/ûi�BHHûg2Mgh�#H2�mg8@RXgg

h2KTbg .û#Big *>jP>g >kPg
(KBM)g (KHXKBM@R)g (W)g (W)g
kg Rg 3yg kyg
R8g Rg 3jg Rdg
8g Rg Nyg Ryg
RNg Rg Ryyg yg
R8g R-eg Ryyg yg
8g Rg 3yg kyg

Tableau 5-1. Programme d'élution des HAP + HAP-deutérés 

G2bg>�SgQMigûiûg/ûi2+iûbg2MgmiBHBb�MigmMgT`Q;`�KK2g/2gNgT�B`2bg/2gHQM;m2m`g/^QM/2g
/^2t+Bi�iBQMg2ig/^ûKBbbBQMg�/�Tiû2bg¨gH�gb2MbB#BHBiûg/2g+?�[m2g>�SgUh�#H2�mg8@kVXgg



*?�TBi`2g8g@g.Qb�;2g/2bg>�Sg

NRg

h2KTbg GQM;m2m`g/ǶQM/2g
/Ƕ2t+Bi�iBQMg

GQM;m2m`g/ǶQM/2g
/ǶûKBbbBQMg >�Sg/ûi2+iûg

(KBM)g (MK)g (MK)g
yg kk8g jkyg L-g�+2-g6HmgUYg�+2@/Vg

RR-8g k8yg jekg S?2g
R9g k99g 9yyg �MigUYg�Mi@/Vg
Rdg k3eg 9eyg 6H�g
kyg jjjg j3kg Sv`g
keg ke8g j3yg "��-g*?`gU"��@/Vg
jjg keRg 9R8g "#6g
je-eg kNeg 9y8g "F6-g"�S-g";?BS-g."�?�g
9d-eg jyyg 8yyg ASg

Tableau 5-2. Programme de détection de fluorescence des HAP 

G2bg/QMMû2bgQMigûiûg+QHH2+iû2bg2ig�M�Hvbû2bg2MgmiBHBb�MigH2g HQ;B+B2Hg+QKK2`+B�Hg>SG*g
J�M�;2`g.@eyyygpX8Xg

G�g[m�MiB7B+�iBQMg�gûiûg2772+imû2gT�`gH�gKûi?Q/2g/2g+�HB#`�iBQMg2ti2`M2g¨gT�`iB`g/2geg
ûi�HQMbgU+QM+2Mi`�iBQMbg+QKT`Bb2bg2Mi`2gRg2ig3ygM;X;@RgQmgRg2igk8gM;X;@Rg2Mg7QM+iBQMg/2g
H�g+QM+2Mi`�iBQMg/2bgû+?�MiBHHQMbVgBbbmbg/ǶmMgKûH�M;2g2Mi`2gmM2gbQHmiBQMg+2`iB7Bû2g/2gReg
>�SgU1S�geRy-gRyygƒ;XKG@RVg�BMbBg[m2gi`QBbgbQHmiBQMbg+2`iB7Bû2bgU�++mai�M/�`/VgTQm`g
+?�+mMg/2bg>�Sg/2miû`ûbgU�+ûM�T?iĕM2g.Ryg8yygƒ;XKG@R-g�Mi?`�+ĕM2g.Rygkyygƒ;XKG@

R-g#2MxQ(�)�Mi?`�+ĕM2g.Rkgkyygƒ;XKG@RVXgg

kXeX� a+?ûK�g/mgT`QiQ+QH2g7BM�Hgg

G2bgûi�T2bg/û+`Bi2bgT`û+û/2KK2MigbQMigbvMi?ûiBbû2bg2igBHHmbi`û2bg2Mg6B;m`2g8@jg+B@�T`ĕbXg
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

jXX Zm�HBiûg/2gH�gT`Q+û/m`2

�p�Mig/Ƕ�TTHB[m2`gH2gT`QiQ+QH2gbm`gH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2b-gH�g[m�HBiûg/2g
H�gT`Q+û/m`2g�gûiûgûp�Hmû2g¨gT�`iB`g/2gTHmbB2m`bgbû`B2bg/2g#H�M+bXg.2gTHmb-gH�g`ûTûi�#BHBiûg
/2g H�g Kûi?Q/2g �g ûiûg 2biBKû2g ¨g T�`iB`g /2bg +QM+2Mi`�iBQMbg 2Mg >�Sg /2miû`ûbg
U�+ûM�T?iĕM2g.Ry-g�Mi?`�+ĕM2g.Ry-g#2MxQ(�)�Mi?`�+ĕM2g.RkVgT`ûb2Mibg/�MbgH2bg#H�M+bg
U6B;m`2g8@jVXgg

Figure 5-3. Illustration du protocole défini pour les dépôts de carbonates secondaires 



*?�TBi`2g8g@g.Qb�;2g/2bg>�Sg

Njg

jXRX� GBKBi2bg/2g/ûi2+iBQMg2ig/2g[m�MiB7B+�iBQMg

G2bgHBKBi2bg/2g/ûi2+iBQMgUHBKBigQ7g/2i2+iBQMg@gGP.Vg2ig/2g[m�MiB7B+�iBQMgUHBKBigQ7g[m�M@
iB7B+�iBQMg@gGPZVgQMigûiûg+�H+mHû2bgTQm`g+?�+mM2g/2bg>SG*gmiBHBbû2g2Mgb2g#�b�Migbm`gH�g
Kûi?Q/2g/2bg/`QBi2bg/^ûi�HQMM�;2g�p2+g`2bT2+iBp2K2Migi`QBbg2igbBtg7QBbgH^û+�`i@ivT2gi2Hg
[m2g,gg

�p2+g"!""!"""#"g2ig"#""!""""#"gHǶQ`/QMMû2g¨gHǶQ`B;BM2g2igH�gT2Mi2gKQv2MM2-g$$gHǶû+�`i@ivT2g/2bgQ`/QM@
Mû2bg¨gHǶQ`B;BM2Xgg

G2bgGP.g2igGPZgQMigûiûg+�H+mHû2bg¨gT�`iB`g/2gTHmbB2m`bgbû`B2bg/Ƕûi�HQMgbm`g+?�+mM2g
/2bg/2mtg>SG*gUh�#H2�mg8@jVXgG2bgGP.g2igGPZgK2bm`û2bgbm`g HǶ>SG*gS2`FBMgbQMig
;HQ#�@H2K2MigBM7û`B2m`2bg¨g+2HH2g/2gHǶ>SG*gJ2`+FXgg

>SG*gJ2`+Fg >SG*gS2`FBMg
GP.gg GPZg GP.g GPZg

(M;XKG@R)g (M;XKG@R)g (M;XKG@R)g (M;XKG@R)g
L�T?i�HĕM2g R-8g k-dg R-Rg k-dg

�+ûM�T?iĕM2g R-eg k-8g y-8g R-jg
6HmQ`ĕM2g R-yg R-eg R-eg j-Rg

S?2M�Mi?`ĕM2g R-3g 9-yg y-jg y-9g
�Mi?`�+ĕM2g R-eg k-3g R-jg k-eg

6HmQ`�Mi?ĕM2g y-Ng k-kg y-8g y-Ng
Sv`ĕM2g R-eg j-Rg y-dg R-Rg

"2MxQ(�)�Mi?`�+ĕM2g R-jg k-9g j-kg 8-dg
*?`vbĕM2g k-kg 9-Rg R-9g k-8g

"2MxQ(#)6HmQ`�Mi?ĕM2g R-kg k-8g R-jg R-8g
"2MxQ(F)6HmQ`�Mi?ĕM2g R-3g k-dg R-kg k-yg

"2MxQ(�)Sv`ĕM2g R-3g j-kg R-Ng j-dg
"2MxQ(;?B)Sû`vHĕM2g R-Rg k-Ng y-8g R-yg

.B#2MxQ(�?�Mi?`�+ĕM2g R-Rg k-8g y-9g y-Ng
AM/2MQ@Sv`ĕM2g k-yg 9-kg k-Rg 9-yg

Tableau 5-3. Limites de détection (LOD) et quantification (LOQ) 

%&' = )!!"#"""""" + 6$$,
#!"#""""""" 	%&. = )!!"#"""""" + 3$$,

#!"#""""""" 	
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

jXkX� "H�M+bg

SHmbB2m`bgbû`B2bg/2g#H�M+bgQMigûiûg�M�Hvbû2bg/2gK�MBĕ`2g¨gûp�Hm2`gH�g[m�HBiûg/2gH�gT`Q@
+û/m`2XgG2bg+QM+2Mi`�iBQMbgKQv2MM2bg2Mg>�Sg/2gkyg#H�M+bgQMig�BMbBgûiûg+�H+mHû2bgU6B@
;m`2g8@9VXg1HH2bgbQMig+QKT`Bb2bg2Mi`2gy-yjgǬgy-yRgM;XKG@Rg2ig9-e8gǬgR-yygM;XKG@RXgG2bg
+QKTQbûbgT`ûb2Mi�MigH2bg+QM+2Mi`�iBQMbgH2bgTHmbgBKTQ`i�Mi2bgbQMigH2gM�T?i�HĕM2g2igH2g
T?ûM�Mi?`ĕM2g¨g?�mi2m`g/2g9-e8gǬgR-yygM;XKG@Rg2igj-jjgǬgy-dRgM;XKG@Rg`2bT2+iBp2K2MiXg
1Mg/2?Q`bg/mgM�T?i�HĕM2-giQmi2bgH2bg+QM+2Mi`�iBQMbgbQMigBM7û`B2m`2bg�mtgHBKBi2bg/2g[m�M@
iB7B+�iBQMXgG2bg+QM+2Mi`�iBQMbgBKTQ`i�Mi2bg2MgM�T?i�HĕM2gT`QpB2MM2Mig+2`i�BM2K2Mig/2g
TQHHmiBQMbg�iKQbT?û`B[m2bg+�`g+2g>�Sg2bigH2gTHmbgpQH�iBH2-g2HH2bg/QBp2Mig/QM+gāi`2g+QM@
bB/û`û2bg�p2+gT`m/2M+2Xg*2bg̀ ûbmHi�ibgQMigT2`KBbg/2g+QM7B`K2`gH�g[m�HBiûg/2gH�gT`Q+û/m`2Xg

Figure 5-4. Moyennes des concentrations en HAP des 20 blancs (ng.mL-1) et limites de détection (LOD) et quan-
tification (LOQ). 

.2bg#H�M+bg/2g+QMi`ƬH2gQMigû;�H2K2Migûiûg`û�HBbûbgTQm`g+?�[m2gbû`B2g/Ƕû+?�MiBHHQMbg/2g
K�MBĕ`2g¨g/ûi2+i2`gmM2gûp2Mim2HH2g+QMi�KBM�iBQMXgG2bg+QM+2Mi`�iBQMbg BM7û`B2m`2bg�mtg
#H�M+bgQMig�HQ`bgûiûg+QMbB/û`û2bg+QKK2gMmHH2Xgg

jXjX� _ûTûi�#BHBiûg

G�g`ûTûi�#BHBiûg/2gH�gT`Q+û/m`2g�gûiûgûp�Hmû2g2Mg/QT�MigH2bgû+?�MiBHHQMbg�p2+gmM2gK�bb2g
+QMMm2g /2g jg>�Sg /2miû`ûbg U�+ûM�T?iĕM2g.Ry-g �Mi?`�+ĕM2g.Ry-g #2MxQ(�)�Mi?`�+ĕM2g
.RkVgU6B;m`2g8@jVXgg
G2bg+Q277B+B2Mibg/2gp�`B�iBQMgU*oVgQMigûiûg+�H+mHûbgTQm`g+?�+mMg/2bgjg>�Sg/2miû`ûbg/2g
THmbB2m`bgbû`B2bg/2g#H�M+bgi2Hg[m2g,g

01 = $!"#
234"""""" × 100	



N8g

*?�TBi`2g8g@g.Qb�;2g/2bg>�Sg

G2bg*ogQMigT2`KBbg/2gK2ii`2g 2Mg ûpB/2M+2gmM2g ûpQHmiBQMg/2g H�g/BbT2`bBQMg `2H�iBp2g �mg
+Qm`bg/mgi2KTbgU6B;m`2g8@8VXgG2bg/2`MB2`bg2bb�BbgUQ+iQ#`2g2ig/û+2K#`2gkykRVgQMigKQMi`ûg
/2bg+Q277B+B2Mibg/2gp�`B�iBQMg`2H�iBp2K2Migbi�#H2bg2igIgkyWg+2g[mBg�gT2`KBbg/2gp�HB/2`gH�g
T`Q+û/m`2g2igi2bi2`gH2gT`QiQ+QH2gbm`gH2bgû+?�MiBHHQMbg/2g+�`#QM�i2bgb2+QM/�B`2bX

Figure 5-5. Évolution des coefficients de variation (%) au cours du temps. 

9X� h2big/mgT`QiQ+QH2gbm`gmMgla*.g

lMgT`2KB2`gi2big/mgT`QiQ+QH2g�gûiûg`û�HBbûgbm`g"1GkgTQm`g2biBK2`gH2bg+QM+2Mi`�iBQMbg2Mg
>�SXgSQm`g +2H�-g �mg b2BMg /2g HǶla*.-g /2mtg mMBiûbg bi`�iB;`�T?B[m2bg /Ƕ2MpB`QMg kgKKg
/ǶûT�Bbb2m`g+?�+mM2gQMigûiûg�M�Hvbû2bXgSQm`g+?�[m2gmMBiû-gkg¨gjgKQ`+2�mtg/2gRg;gQMig
ûiûgû+?�MiBHHQMMûbgU6B;m`2g8@eVXgg
G2bg̀ ûbmHi�ibgQMigKQMi`ûg/�MbgH�gT`2KBĕ`2gmMBiûgbi`�iB;`�T?B[m2-g+Q``2bTQM/�Mig�mgbQK@
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HBKBi2bg/2g[m�MiB7B+�iBQMg2t+2TiûgTQm`gH2gM�T?i�HĕM2-gH2g7HmQ`ĕM2g2igH2gT?ûM�Mi`ĕM2gU6B@
;m`2g8@eVXgg
.2gTHmb-gmM2gp�`B�#BHBiûgT�`7QBbg BKTQ`i�Mi2g 2Mi`2g H2bg û+?�MiBHHQMbg/ǶmM2gKāK2gmMBiûg
bi`�iB;`�T?B[m2g�gTmgāi`2g+QMbi�iû2g�p2+g/2bg*og+QKT`Bbg2Mi`2gRg2ig8RgWgTQm`gH2gMBp2�mg
Rg2ig2Mi`2gkg2igedgWgTQm`gH2gMBp2�mgkXg*2ii2gp�`B�#BHBiûgH�iû`�H2gbǶ2tTHB[m2gMQi�KK2Mig
T�`g H�g MQM@?QKQ;ûMûBiûg /2g HǶû+?�MiBHHQMXg G�g p�`B�#BHBiûg +`Bbi�HHBM2g MǶBMi2`p2M�Mig T�bg
/�MbgH2g+�bg/2g"1Gkg+�`gb�g+`Bbi�HHBMBiûg2big?QKQ;ĕM2Xg

.2gK�MBĕ`2g¨gBMiû;`2`g+2ii2gp�`B�#BHBiûg2ig¨g�m;K2Mi2`gH2bg+QM+2Mi`�iBQMbg2Mg>�S-gjg;g
/2g*�*PjgQMigûiûgmiBHBbûbg�mgHB2mg/2gRg;XgSQm`g+2H�-gjgKQ`+2�mtg/2g+�H+Bi2g/Ƕ2MpB`QMgRg
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Figure 5-6. Localisation des prélèvements sur BEL2 et concentrations moyennes en HAP (ng.g-1) pour a) le niveau 
1 de Bel2 et b) le niveau 2, ainsi que les limites de quantification de chaque HAP en orange. 

9XRX� _2M/2K2Mibg/^2ti`�+iBQMg

.2bg`2M/2K2MibgQMigûiûg+�H+mHûbgbm`gH�gbû`B2g/2g"1Gkg¨gT�`iB`g/2bg+QM+2Mi`�iBQMbg/2bg
i`QBbg>�Sg/2miû`ûbgUh�#H2�mg8@9VXg
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En moyenne, les rendements étaient supérieurs à 60 %. Le Benzo[a]Anthracène D12 
présente les meilleurs rendements (84 % en moyenne) avec un CV de 14 %.  

Les concentrations en HAP n’ont pas été corrigées des rendements en HAP deutérés, 
ces derniers n’étant : (i) pas inclus dans la matrice carbonatée ; (ii) que 3 pour 15 
HAP ; (iii) pas complétement représentatifs des processus (e.g. volatilisation, partition-
nement) qui peuvent affecter les HAP ayant des paramètres physico-chimiques proches 
mais pas strictement identiques.  

En revanche, les rendements ont été pris en compte dans le calcul de l’incertitude. En 
effet, ne pouvant pas réaliser de réplicas à partir d’un matériel standard de référence, 
ni dupliquer les échantillons à cause de la variabilité latérale inhérente à la matrice 
naturelle de l’USCD, les incertitudes ont été calculées à partir des concentrations en 
HAP deutérés.  

Ace-D10 Ant-D10 BaA-D12 
BEL2-1 59 59 90 
BEL2-2 61 56 88 
BEL2-3 60 60 100 
BEL2-4 69 68 89 
BEL2-5 58 54 68 
BEL2-6 46 44 69 
BEL2-7 69 71 97 
BEL2-8 86 77 108 
BEL2-9 55 50 75 

BEL2-10 53 51 76 
BEL2-11 58 56 83 
BEL2-12 67 53 70 
BEL2-13 66 65 81 
BEL2-14 49 48 84 
BEL2-15 49 47 69 
BEL2-16 90 76 82 
BEL2-17 99 93 96 
BEL2-18 68 71 92 

Moyenne [%] 65 61 84 
CV [%] 22 21 14 

Tableau 5-4. Rendements obtenus pour chacun des trois HAP deutérés sur la série de BEL2. 
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4.2. Protocole modifié pour 3 g de CaCO3. 

Figure 5-7. Illustration du protocole de dosage des HAP dans les dépôts de carbonates secondaires pour 3 g. 

Le protocole pour 3 g de CaCO3 est illustré ci-dessous par la figure 5-7. 
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5. Méthode de dosage des HAP dans les sols et dans l’eau

Des échantillons de sols et d’eau ont également été analysés. Les méthodes d’extraction 
par solvant organique sont décrites ci-après. Comme pour les dépôts de carbonates 
secondaires, l’analyse des HAP a été réalisée sur HPLC (Perkin) à détecteur de fluo-
rescence avec les mêmes paramètres d’analyse (2.5).  

5.1. Dosage des HAP dans les sols 

La méthode de dosage des HAP dans les sols se base sur celle décrite par Marchal et 
al. (2023).  
Trois extractions solide-liquide ont été réalisées sur 5 g de sol avec 15 mL de mélange 
dichorométhane/acétone (80 : 20) (Honeywell, Chromasolv for HPLC), un bain à ul-
trasons (3 min, 50-60 Hz, 1000 W) et une centrifugation pendant 10 min à 1600 
tours/min pour séparer la phase solide du solvant. Les 45 mL de solvant ont ensuite 
été concentrés sous flux d’azote au TurboVap (Caliper Life Sciences) jusqu’à 1 mL en 
rinçant les parois du tube avec de l’heptane (Carlo Erba, for HPLC-Isocratic) au bout 
de 20 min. De la poudre de sulfate de sodium a été ajoutée afin d'éliminer l'eau rési-
duelle puis les échantillons ont été filtrés à 0.22 µm à l’aide de filtres PTFE (Adl-Revol-
Multilabo).  
L'évaporation sous pression réduite d'azote a été poursuivie jusqu'à un volume final de 
100 μL après avoir ajouté 100 μL de diméthylsulfoxyde (Thermo Scientific, qualité LC-
MS). Les échantillons ont alors été repris dans 1000 µL de méthanol (Honeywell, Chro-
masolv for HPLC), de nouveau filtrés à 0.22 µm et conservés au frais avant l’analyse.  
Les échantillons ont été dopés avant l’extraction avec 250 µL de solution contenant 
100 ng.mL-1 d’acenaphtene-d10, d'anthracène-d10 et de benzo[a]anthracène d-12 (Ac-
cuStandard Certified Reference Materials). 

5.2. Dosage des HAP dans l’eau 

La méthode de dosage des HAP (protocole en Annexe 2) dans l’eau repose sur la norme 
ISO 17993:2002. Elle consiste en une extraction liquide-liquide par deux fois dans une 
ampoule à décanter à partir de 1,3 L d’eau et 2x30 mL de dichlorométhane (Honeywell, 
Chromasolv for HPLC).  
Après chaque agitation et décantation du mélange, la phase dichlorométhane et l’émul-
sion eau/dichlorométhane ont été récupérées et transvasées dans une deuxième ampoule 
à décanter. La phase dichlorométhane a été récupérée dans un tube de 60 mL et l’émul-
sion restante a été centrifugée pendant 10 min à 1600 tours/min pour séparer la phase 
aqueuse du solvant. Les fractions de dichlorométhane ont ensuite été rassemblées dans 
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Ryjg

RX� �M�Hvb2g/2gH�gJPg/�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bg

RXRX� J2bm`2g/2gH�g7HmQ`2b+2M+2glog2MgT?�b2gbQHB/2gUaS6Vg

RXRXRX� S`BM+BT2g/2gK2bm`2g

G�gK2bm`2g/2g7HmQ`2b+2M+2g2MgT?�b2gbQHB/2g2big`û�HBbû2g¨gHǶ�B/2g/ǶmMgbT2+i`Q7HmQ`BKĕi`2g
KQ/mH�#H2g /ûp2HQTTûg �mg H�#Q`�iQB`2g 1.uh1Jg UJQv�g 2ig �HX-g kykjVg /ûMQKKûg
Jl1aGAgUJm2bHBglb2bg1KBbbBQMgaT2+i`Qb+QTvg 7Q`gGQM;g+Q`2g AK�;BM;VXgaQMgT`BM+BT2g
/2g 7QM+@iBQMM2K2Mig 2big `2T`ûb2Miûg b+?ûK�iB[m2K2Mig bm`g H�g 6B;m`2g e@RXg G2g T`BM+BT2g
T2mig b2g /û+QKTQb2`g 2Mg jg T?�b2bg ,g UBVg HǶ2t+Bi�iBQMg HmKBM2mb2-g UBBVg HǶûKBbbBQMg /2g
HǶû+?�MiBHHQMg2igUBBBVgH�g/ûi2+iBQMg2igHǶ�M�Hvb2g/2gHǶûKBbbBQMX

RXRXRXRX� 1t+Bi�iBQMgHmKBM2mb2g

G2gbT2+i`Q7HmQ`BKĕi`2g+QKTQ`i2g/2mtgbQm`+2bgH�b2`gTmHbûbg/2givT2gL/g,gu�:gUL2Q/v@
KBmK@/QT2/guii`BmKg�HmKBMBmKg;�`M2iVgûK2ii�Mig¨gRye9gMK-gTQKTûbgT�`gmM2g/BQ/2g
T`Q+?2gBM7`�`Qm;2g/2g3RkgMKXgGǶmiBHBb�iBQMg/2g+`Bbi�mtgMQM@HBMû�B`2bgUbûT�`�i2m`g/Ƕ?�`@
KQMB[m2Vg T2`K2ig /ǶQ#i2MB`g mMg 7�Bb+2�mg H�b2`glog ¨g j88g MKg 2ig mMg ¨g keeg MKgTQm`g
H^B``�/B�iBQMg/2gHǶû+?�MiBHHQMg¨g/2mtgHQM;m2m`bg/ǶQM/2XgG2bgKQHû+mH2bgQ`;�MB[m2bgbQMig
+�`�+iû`Bbû2bgT�`g/2bg7HmQ`QT?Q`2bg[mBgûK2ii2Mig2Mi`2gjyyg2igj8ygMKgU2X;XgKQHû+mH2bg
T`QiûB[m2bg/2g ivT2g iv`QbBM2g Qmg i`vTiQT?�M2-g bQMigMQi�KK2Mig 2t+Biû2bg �mtg +Qm`i2bg
HQM;m2m`bg/ǶQM/2b-gBM7û`B2m`2bg¨gj88gMKVXg*2bgKQHû+mH2bgbQMig;ûMû`�H2K2Mig+�`�+iû`B@
bû2bgT�`g/2gT2iBi2bgK�bb2bgKQHû+mH�B`2bXgG2gH�b2`g¨gkeegMKg2bigT�`iB+mHBĕ`2K2Mig�/�Tiûg
¨g+2bgHQM;m2m`bg/ǶûKBbbBQMg+Qm`i2bXgGǶ2t+Bi�iBQMg¨gj88gMKgT2`K2ig/2g/BbiBM;m2`g/2bg
KQHû+mH2bgQ`;�MB[m2bg/2gK�bb2gKQHû+mH�B`2bgTHmbgûH2pû2bg[mBgT2mp2MigiQmDQm`bgûK2ii`2g
mM2g 7HmQ`2b+2M+2g �mg +QMi`�B`2g /2bg ;`QmT2K2Mibg �KBMûbg �`QK�iB[m2bg [mBg MǶQMig THmbg
/ǶûKBbbBQMg/2g7HmQ`2b+2M+2g¨g+2ii2gûM2`;B2g/Ƕ2t+Bi�iBQMXgg
G2g7�Bb+2�mgH�b2`gi`�p2`b2gmMgĿg#2�KbTHBii2`gŀg/QMigH2g7�Bb+2�mg`û7Hû+?Bg2big/B`B;ûgbm`g
mM2gT?QiQ/BQ/2gTQmp�Mig/û+H2M+?2`gHǶ2M`2;Bbi`2K2Mig/2gH�gK2bm`2gHQ`bg/2g7�B#H2bgBM@
i2MbBiûbg/2g7HmQ`2b+2M+2XgG2g7�Bb+2�mgi`�MbKBbg2big`û7Hû+?Bg¨gNyêgT�`gmMgKB`QB`g2Mg/B`2+@
iBQMg/2gH�gi�#H2g/2gi`�MbH�iBQMgTQ`i�MigH^û+?�MiBHHQMgbQHB/2gpB�gmMgKB`QB`gT2`7Q`ûg/^mMg
i`Qmg/2g/B�Kĕi`2g8gKKg2igmM2gH2MiBHH2g+QMp2`;2Mi2g[mBg7Q+�HBb2gH2g7�Bb+2�mgbm`gHǶû+?�M@
iBHHQMgUKQMi�;2gR7Vg�p2+gmMgbTQig/2gH�`;2m`gR8gƒKgTQm`gH2gH�b2`gkeegMKg2ig/2gkygƒKg
TQm`gH2gH�b2`gj88gMKXgg
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7HmQ`2b+2M+2VXgg

RXRXRXjX� .ûi2+iBQMg/2gHǶûKBbbBQMg

�p2+gH2gJl1aGA-g/2mtgKQ/2bg/2gK2bm`2gQMigûiûgmiBHBbûbXg

• J2bm`2g/2gH�g7HmQ`2b+2M+2gBM/mBi2gT�`gH�b2`gUGA6Vg¨gHǶûi�igbi�iBQMM�B`2

G�gK2bm`2g/2bgûKBbbBQMbg/2g7HmQ`2b+2M+2g2ig`û7H2+i�M+2g2MgKQ/2g+QMiBMm2g2bigQ#i2Mm2g
;`�+2g¨gmMg/ûi2+i2m`g/2givT2g**.gU*?�`;2g*QmTH2/g.2pB+2-g>Q`B#�gavM+2`BivVg`ûi`Qû@
+H�B`ûg¨g`27`QB/Bbb2K2MigKQMiûgbm`gmMgKQMQ+?`QK�i2m`gU>Q`B#�gCQ#BMgupQMgJB+`Q>`Vg
¨g7BHi`2gT�bb2@#�bgû[mBTûg/ǶmM2g72Mi2g`û;H�#H2gK�Mm2HH2K2Mig2ig/ǶmMg`ûb2�mg/2g/B77`�+@
iBQMg/2gjyygi`�BibfKKg+2Mi`ûg¨geyygMKg2ig#H�xûg¨g98ygMKg[mBg/QMM2gmM2g`ûbQHmiBQMg
bT2+i`�H2g/2gHǶQ`/`2g/mgMKgT�`gTBt2HXgg
GǶ�+[mBbBiBQMg2big`û�HBbû2g2MgHB;M2bgH2gHQM;g/2gHǶ�t2gsg2Mg�+[mBbBiBQMg+QMiBMm2g2igHǶBK�;2g
2bigQ#i2Mm2g2MgDmti�TQb�MigH2bgHB;M2bgH2bgmM2bg¨g+Ƭiûg/2bg�mi`2bgbm`gHǶ�t2guXg

• J2bm`2g/2gH�g7HmQ`2b+2M+2g`ûbQHm2g2Mgi2KTbgUhBK2g_2bQp2/g1KBbbBQMgaT2+@
i`Qb+QTvgĜgh_1aVg

G�gK2bm`2g/2gH�g7HmQ`2b+2M+2g`ûbQHm2g2Mgi2KTbg2big�+[mBb2g�p2+gmMgT?QiQKmHiBTHB+�i2m`g
USJVgU>�K�K�ibmg>RydkRVg�HBK2MiûgT�`gmMg;ûMû`�i2m`gU>�K�K�ibmg*RydyNVg/ûHB@
p`�MigmMg+Qm`�Mig/2gdyygog2igû[mBTûg/ǶmM2g`Qm2g¨g7BHi`2gUh?Q`H�#bg6qkRk*VgT2`K2i@
i�Mig/2gbûH2+iBQMM2`gH�gHQM;m2m`g/ǶQM/2g/ǶûKBbbBQMgU6B;m`2ge@RVXgG2gbB;M�HgT`û�KTHB7Bûg
U>�K�K�ibmg*88N9Vg 2big �+[mBbg bm`gmMgQb+BHHQb+QT2g U_?Q/2g 2iga+?r�`ixg_hPkyy9VXg
G2gTQBMigHBKBi�Mig/2gH�g+?�ŗM2g/Ƕ�+[mBbBiBQMg2bigH2gT`ûg�KTHB7B+�i2m`g[mBg�gmM2g#�M/2g
T�bb�Mi2g/2gkyygJ>xgT2`K2ii�Mig/2g/ûi2+i2`g/2bg/û+HBMbgbmTû`B2m`bg¨g8gMbXgg



Chapitre 6 - Analyse de la matière organique 

105 

Figure 6-1. Principe de fonctionnement du spectrofluorimètre (adapté de Quiers, 2015). 

1.1.2. Traitement des données 

• Les données LIF en mode stationnaire

A l’issue de la mesure, les données obtenues regroupent :  
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

- G2bg/QMMû2bg/ǶBMi2MbBiûg/2g7HmQ`2b+2M+2-g�p2+gTQm`g+?�[m2gTQBMig/2gK2bm`2gmM
bT2+i`2g/ǶûKBbbBQMgUky93gTQBMibVg2igH2bgHQM;m2m`bg/ǶQM/2bgK2bm`û2bXg

- G2bgKûi�/QMMû2bg,g HQM;m2m`g/ǶQM/2g/Ƕ2t+Bi�iBQM-gMQK#`2g/2g HB;M2bg/2gK2bm`2-
MQK#`2g/2gTQBMibg/2gK2bm`2gT�`gHB;M2-gT�bg/2gK2bm`2-gTQbBiBQMg/2g/ûT�`iXg

G2bgbT2+i`2bg/2g7HmQ`2b+2M+2gQMigûiûgi`�Biûbg�p2+g/2bgb+`BTibg;ûMû`ûbgbm`gH2gHQ;B+B2HgJ�iH�#g
p2`Xg_kykk�gUh?2gJ�i?qQ`Fb-gAM+-gkykkVXgG2gbB;M�Hg/2g7HmQ`2b+2M+2g/2gH�gK�iBĕ`2gQ`@
;�MB[m2gM�im`2HH2g2big;ûMû`�H2K2Mig+QMbiBimûg/2g H�g+QK#BM�BbQMg HBMû�B`2g/2gTHmbB2m`bg
7HmQ`QT?Q`2bXgG2g bT2+i`2g/2g 7HmQ`2b+2M+2gK2bm`ûg 2MgmMgTQBMig/2g HǶû+?�MiBHHQMg `ûbmHi2g
�HQ`bg/2gH�g+QK#BM�BbQMgHBMû�B`2g/2bgûKBbbBQMbg/2g+?�[m2g7HmQ`QT?Q`2Xg*?�[m2g7HmQ`Q@
T?Q`2g2bigbBKmHûgT�`gmM2g7QM+iBQMgHQ;@MQ`K�H2XgG�gbQKK2g/2giQmi2bgH2bg7QM+iBQMbg2big
�Dmbiû2gTQm`g[m2gH2gbT2+i`2gbBKmHûgbQBigH2gTHmbgT`Q+?2gTQbbB#H2g/mgbT2+i`2gK2bm`ûXg
G�g bBKmH�iBQMg#�bû2g bm`gmM2gKûi?Q/2g/2bgKQBM/`2bg +�``ûbg b2g 7�BigT�`gmM2g�TT`Q+?2g
bmT2`pBbû2gUJQv�g2ig�HX-gkykjVXgG2gMQK#`2g/2g7QM+iBQMbg�BMbBg[m2gH2m`bgT�`�Kĕi`2bgQMig
T`û�H�#H2K2Migûiûg�Dmbiûbg¨gT�`iB`g/mgbT2+i`2gKQv2Mg/2gHǶû+?�MiBHHQMXg*?�[m2g7QM+iBQMg
HQ;@MQ`K�H2g�gûiûg+QMi`�BMi2gT�`g/2bgTH�;2bgTQm`gH2bgT�`�Kĕi`2bg/2gTQbBiBQMgUMKVg2ig/2g
i�BHH2gUH�`;2m`bg2igbm`7�+2Vg�Dmbiû2bg/2gK�MBĕ`2gbmT2`pBbû2g2Mg+QMM�Bbb�M+2g/2gH�g7HmQ`2b@
+2M+2g/2bgK�iBĕ`2bgQ`;�MB[m2bgM�im`2HH2bXgG2gMQK#`2g/2g7QM+iBQMbgmiBHBbû2bg�gûiûg/û7BMBg
b2HQMg H2gT`BM+BT2g/2gT�`+BKQMB2Xg�T`ĕbg�Dmbi2K2Mig/mgbT2+i`2g bBKmHûgKQv2MgU6B;m`2g
e@kV-gH�gbBKmH�iBQMg2big�TTHB[mû2g¨g+?�+mMg/2bgbT2+i`2bgK2bm`ûbgU6B;m`2ge@jVX

Figure 6-2. Ajustement de la simulation du spectre moyen (noir) de BEL2 obtenu sous excitation à 266 nm. Le 
spectre simulé (pointillés bleus) résulte de la somme des fonctions log-normales (fluorophores et réflectance IR). 

�T`ĕbgbBKmH�iBQM-gH�gbm`7�+2g2igH�gTQbBiBQMg/2g+?�+mMg/2bg7HmQ`QT?Q`2bg/2g+?�[m2gbT2+i`2g
2big2M`2;Bbi`û2Xg�mgiQi�H-gkg¨g9g 7QM+iBQMbg HQ;@MQ`K�H2bgQMigûiûgmiBHBbû2bgTQm`gbBKmH2`g
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l’émission de fluorescence de la matière organique incluant notamment les substances 
de types protéiques (λem. 340 ± 20 nm) (Baker et al., 2008b; Coble, 1996; Parlanti et 
al., 2000) et les composés de types humiques (HL) (420 ± 20 nm; 500 ± 20 nm) 
(Birdwell and Engel, 2010; Coble, 1996; Hudson et al., 2007). Par simplicité, l’émission 
de réflectance proche infra-rouge NIRR (812 ± 5 nm) a été simulée par une fonction 
log-normale supplémentaire, bien qu’une fonction pseudo-voigt aurait été plus adaptée. 
A l’issue de la simulation, il est possible d’obtenir des cartographies de l’intensité de 
fluorescence pour chaque fluorophore.  

Figure 6-3. Synthèse schématique des différentes étapes du traitement des données de fluorescence en phase solide 
(adapté de Quiers, 2015). 

• Les données TRES 

A l’issue de la mesure, une matrice 2D contenant les données d’intensité de fluorescence 
en fonction du temps est obtenue ainsi que les métadonnées (longueur d’onde d’excita-
tion, nombre de lignes de mesure, nombre de points de mesure par ligne, pas de mesure, 
résolution de la mesure, longueurs d’onde d’émission (filtres sélectionnés), position de 
départ).  
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bB;M�HXgg
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iû`Q;ûMûBiûg2ig#gmMgT�`�Kĕi`2g/Ƕû+?2HH2gUqƈQ/�`+xvFg�M/gEB2`/�bxmF-gkyyjVXgg

�T`ĕbg �Dmbi2K2Mig /2g H�g 7QM+iBQMg U6B;m`2g e@9Vg �mg bB;M�Hg KQv2Mg /2g +?�+mM2g /2bg
HQM;m2m`bg/ǶQM/2g/ǶûKBbbBQM-gH�gbBKmH�iBQMg2big�TTHB[mû2g¨giQmbgH2bgTQBMibg/2gK2bm`2Xg
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RyNg

Figure 6-4. Déclin de l’intensité de fluorescence (λex/λem 266 nm/450 nm) de BEL2 (points bleus) en fonction du 
temps (en ns). Les valeurs simulées présentant le meilleur ajustement de la fonction de type puissance sont repré-
sentées par la courbe orange. Les différences résiduelles entre les valeurs théoriques et expérimentales sont repré-
sentées en dessous. 

G2gi2KTbg/2g/û+HBMgKQv2Mg2big�HQ`bg2biBKûgT�`gBMiû;`�iBQMg/2gH�g7QM+iBQMgTmBbb�M+2gi2Hg
[m2g,gg

〈))〉 =
!0	

3 − 2(

�gHǶBbbm2g/mgi`�Bi2K2Mi-gmMg;`�T?B[m2g/mgi2KTbg/2g/û+HBMgKQv2MgH2gHQM;g/2gHǶ�t2g/2g
+`QBbb�M+2gTQm`g+?�[m2gHQM;m2m`g/ǶQM/2g/ǶûKBbbBQMg2bigQ#i2MmXgAHg2bigû;�H2K2MigTQbbB#H2g
/Ƕ�77B+?2`g/2bg+�`iQ;`�T?B2bg/mgi2KTbg/2g/û+HBMgTQm`g+?�[m2gHQM;m2m`g/ǶQM/2g/ǶûKBb@
bBQMXg

RXRXjX� _û+�TBimH�iB7g/2bgK2bm`2bg2772+imû2bg2MgT?�b2gbQHB/2g

h`QBbgla*.-gT`Qp2M�Mig/2g"2HH2pBHH2-gJQMi`Qm;2g2igH�g"`�bb2`B2gQMig7�BigHǶQ#D2ig/Ƕ�M�@
Hvb2g2MgbT2+i`Qb+QTB2g/2g7HmQ`2b+2M+2g2MgT?�b2gbQHB/2Xga2mHgHǶû+?�MiBHHQMg/2g"2HH2pBHH2g�g
ûiûg�M�Hvbûg2Mg/û+HBMg/2g7HmQ`2b+2M+2gUh�#H2�mge@RVXgg
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

J2bm`2g/2g7HmQ`2b+2M+2g¨gHǶûi�igbi�iBQMM�B`2g

ú+?�MiBHHQMg λ1tg _ûbQHmiBQMg GQM;m2m`g G�`;2m`g h2KTbg /Ƕ�+@
[mBbBiBQMg(MK)g (ƒKgtgƒK)g (KK) (KK)

"_�@*@y8g keeg RyytRyyg j3g kkg k?kyg
j88g RyytRyyg j3g kkg k?kyg

JPL@*@ydg keeg 8ytRyyg 9yg RNg 9?R8g
j88g 8ytRyyg 9yg RNg 9?R8g

"1Gkg keeg 8yt8yg 89g 3g 9?8yg
j88g 8yt8yg 89g 3g 9?8yg

J2bm`2g/2g7HmQ`2b+2M+2g`ûbQHm2g2Mgi2KTbg

ú+?�MiBHHQMg λ1tg λ1Kg _ûbQHmiBQMg GQM;Xg G�`;Xg ú+?�MiBHHQMM�;2g S�bg/2gi2KTbg

(MK)g (MK)g (ƒKgtgƒK)g (KK)g (KK) (Tb)g
"1Gkg keeg j8yg RyytRyyg 8yg kg kyyyg 8yg

keeg 9yyg RyytRyyg 8yg kg kyyyg 8yg
keeg 98yg RyytRyyg 8yg kg kyyyg 8yg

Tableau 6-1. Tableaux récapitulatifs des mesures effectuées en phase solide à l'état stationnaire et résolue en 
temps. 

RXkX� J2bm`2g/2gH�g7HmQ`2b+2M+2g2MgT?�b2gHB[mB/2gUGS6Vg

RXkXRX� ú+?�MiBHHQMM�;2g2igT`ûT�`�iBQMg/2bgû+?�MiBHHQMbg

SQm`gT`ûp2MB`g H�g+QMi�KBM�iBQMg2Mg+�`#QM2gQ`;�MB[m2g HBû2g�mgT`ûHĕp2K2Mig/2g HǶla*.g
Qmg¨gbQMgbiQ+F�;2-gH�gbm`7�+2g/2gHǶû+?�MiBHHQMg�gûiûgH�pû2g¨gHǶûi?�MQHgTmBbg`BM+û2gjg7QBbg¨g
HǶ2�mgl>ZXgg�T`ĕbgbû+?�;2-g+?�[m2gla*.g�gûiûgû+?�MiBHHQMMûg¨gHǶ�B/2g/ǶmMg/BbTQbBiB7g/2g
KB+`Q@û+?�MiBHHQMM�;2g UivT2gJB+`QKBHHVg 2Mg bmBp�Mig H2g T�bg /Ƕû+?�MiBHHQMM�;2g /2bg>�Sg
U6B;m`2ge@8VXg1MpB`QMgNygK;g/2gTQm/`2g/2g+�H+Bi2gQMigûiûgT`ûH2pûbgT�`gû+?�MiBHHQMgURyg
KKg/2gHQM;g2igjgKKg/2gT`Q7QM/2m`Vg¨gHǶ�B/2g/ǶmMg7Q`2ig/2gRgKKg/2g/B�Kĕi`2g2igbiQ+Fûbg
/�Mbg/2bgim#2bg2Mgp2``2g+�H+BMûbg¨g8k8gǞ*gT2M/�Migkg?Xggam`gH2bgNygK;g/2gTQm/`2-gRyg
K;gQMigûiûgmiBHBbûbgTQm`g HǶ�M�Hvb2gGS6-g H2g `2bi�Mig�v�MigûiûgmiBHBbûgTQm`g HǶ�M�Hvb2g 2Mg
+�`#QM2gQ`;�MB[m2Xg
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Figure 6-5. Illustration du micro-échantillonnage des poudres de CaCO3 sur BEL2 pour les analyses de fluorescence 
en phase liquide et du carbone organique. 

Environ 10 mg de poudre de calcite ont été dilués avec une petite quantité d'eau dans 
un tube de 8 mL puis dissous avec du HCl 12 N (Carlo Elba, 34-37 % RS Superpure). 
Le volume d'eau et d’HCl a été calculé pour chaque échantillon afin d'obtenir une 
solution de 1 mL à pH neutre. Quelques gouttes d’HCL ont été ajoutées pour accélérer 
la dissolution. Après dissolution complète de l'échantillon, la solution a été diluée 3 fois 
avec de l'eau UHQ. La solution a ensuite été soumise à une injection de N2 pendant 5 
minutes pour éliminer le CO2 résiduel. 

1.2.2. Principe de mesure 

Chaque échantillon a été préparé et analysé directement le même jour afin d'éviter les 
changements de matière organique. L’analyse a été réalisée avec un spectrofluorimètre 
Varian Cary Eclipse dans une cuvette en quartz de 10 mm de hauteur (Quiers et al., 
2015).  Deux spectres d'émission de 270 à 600 nm avec un pas de 10 nm ont été acquis 
pour une excitation de 266 nm et 355 nm (correspondant aux longueurs d'onde des 
deux lasers utilisés pour le SPF). Une largeur de fente de 5 nm a été utilisée pour les 
longueurs d'onde d'excitation et d'émission. Le photomultiplicateur était alimenté par 
une tension moyenne de 600 V.   

La cuvette a été rincée 3 à 5 fois avec de l'eau UHQ entre chaque échantillon. Un 
contrôle avec de l'eau UHQ a été effectué tous les 2 ou 3 échantillons. Des blancs 
expérimentaux ont également été analysés pour déterminer le bruit de fond de fluores-
cence. 
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RRkg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

RXkXjX� h`�Bi2K2Mig/2bg/QMMû2bg

G2bgbT2+i`2bg/2g7HmQ`2b+2M+2gK2bm`ûbg2MgT?�b2gHB[mB/2gQMigiQmbgûiûg2tTQ`iûbg2igi`�Biûbg
bQmbgJ�iH�#Xg*QKK2gTQm`gH2bg/QMMû2bg/2g7HmQ`2b+2M+2gbi�iBQMM�B`2g2MgT?�b2gbQHB/2-gmM2g
bBKmH�iBQMg bT2+i`�H2g#�bû2g bm`gmM2gKûi?Q/2g/2bgKQBM/`2bg +�``ûbg�g ûiûg 2772+imû2gT�`g
mM2g�TT`Q+?2gbmT2`pBbû2Xg*?�[m2g7HmQ`QT?Q`2g2bigbBKmHûgT�`gmM2g7QM+iBQMgHQ;@MQ`K�H2g
U6B;m`2ge@eVXgG�g7HmQ`2b+2M+2g/2gH�gJPg�gûiûgbBKmHû2g�p2+gmM2g¨g/2mtg7QM+iBQMbgHQ;@
MQ`@K�H2bg Uj9ygǬgRygMK-g99ygǬgRygMKVXg.2gTHmb-g[m�i`2g 7QM+iBQMbg bmTTHûK2Mi�B`2bg
QMigûiûgMû+2bb�B`2bg TQm`g bBKmH2`g H2bg ûKBbbBQMbg /2g _�K�Mg 2ig _�vH2B;?g UT`2KB2`g 2ig
b2+QM/gQ`/`2VUZmB2`bg2ig�HX-gkyR8cghBbbB2`g2ig�HX-gkyRjVXgg

Figure 6-6. Ajustement de la simulation d’un spectre de fluorescence liquide mesuré (noir) de BEL2 obtenu sous 
excitation à 266 nm. Le spectre simulé (pointillés bleus) résulte de la somme des fonctions log-normales (fluoro-
phores, émissions de Rayleigh et Raman). 

RXjX� Zm�MiB7B+�iBQMg/mg+�`#QM2gQ`;�MB[m2g

G�gp2``2`B2gmiBHBbû2g�gT`û�H�#H2K2MigûiûgH�pû2g/�MbgmMg#�BMg/2g/ûi2`;2Mig+?�m/gT2M/�Mig
kg?-g`BM+û2g¨gHǶ2�mgQbKQbû2-gbû+?û2gTmBbg+�H+BMû2g¨g8k8gê*gT2M/�Migkg?g/2gK�MBĕ`2g¨g
ûHBKBM2`giQmig`ûbB/mgQ`;�MB[m2Xgg
SQm`g+?�[m2gû+?�MiBHHQM-gH2bg3ygK;g/2gTQm/`2g/2g+�H+Bi2g`2bi�MigQMigûiûg/BbbQmbg�p2+g/2g
HǶ>*HgRkLgU*�`HQg1H#�-gj9@jdgWg_agamT2`Tm`2Vg/2gH�gKāK2gK�MBĕ`2g[m2gTQm`gH�gGS6g
U:�`�;MQMg2ig�HX-gkykjVXg�T`ĕbg/BbbQHmiBQMg+QKTHĕi2-gH�gbQHmiBQMg�gûiûg/BHmû2g�p2+g/2g
HǶ2�mgl>ZgTQm`gQ#i2MB`gmMgpQHmK2g/2gjygKGg/�MbgH2[m2HgmMg#�`#Qi�;2g/2gLkgT2M/�Mig
8gKBMmi2bg �g T2`KBbg /2gĿgbi`BTT2`gŀg H2g*PkgXg.2bg #H�M+bg /2gT`Q+û/m`2g �BMbBg [m2g/2bg
i`BTHB+�ibgQMigûiûg`û�HBbûbg¨gT�`iB`g/2gkyygK;g/2gTQm/`2gT`ûH2pû2g¨gH�g#�b2g/2g"1Gk-g
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?QKQ;ûMûBbû2-gTmBbg/BpBbû2g2MgjgK�bb2bgû;�H2bXghQmbgH2bgû+?�MiBHHQMbgQMigûiûgbiQ+Fûbg¨gg
@R3gê*gTmBbg/û+QM;2Hûbgk9g?2m`2bg�p�MigH^�M�Hvb2Xgg
G�g+QM+2Mi`�iBQMg/2g*P.g�gûiûgK2bm`û2gbm`gmMg�M�Hvb2m`ga?BK�/xmghP*@o*aLg�mgH�@
#Q`�iQB`2gAbh2``2g¨g:`2MQ#H2XgG�g+�HB#`�iBQMg2Mg+�`#QM2giQi�Hg�gûiûg`û�HBbû2g¨gT�`iB`g
/ǶmM2g bQHmiBQMg bi�M/�`/g *?2KH�#g Ryyg TTKg 2Mi`2g yg 2ig kyg K;XG@RXg G^2t�+iBim/2g U/2g
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Synthèse de l’approche méthodologique 

Du fait de leurs propriétés physico-chimiques (hydrophobicité, KOC fort) les HAP ont 
tendance à s’adsorber à la MO (Jones et al., 1989; Santschi et al., 1997). Leur étude 
combinée parait donc indispensable pour mieux comprendre l’origine et le transport 
des polluants organiques. Par conséquent, l’un des objectifs de ce travail était de déve-
lopper une approche méthodologique combinée inédite permettant l’analyse quantita-
tive de la MO et des HAP à haute résolution dans les dépôts de carbonates secondaires. 
Pour cela, il est nécessaire de coupler des analyses qualitatives de SPF à haute résolu-
tion (50-100 µm) avec des analyses chimiques quantitatives (HAP, CO) (Figure 6-7). 

Figure 6-7. Schéma de synthèse de l'approche méthodologique. 

Les principaux avantages de la technique de fluorescence en phase solide sont qu’elle 
est relativement rapide mais surtout non destructive (i.e. qui ne nécessite pas de dis-
soudre la matrice cristalline) et hautement résolutive (la limite de résolution corres-
pondant à la taille du spot, soit ~ 20 µm). Elle permet également de ne pas modifier 
les matières organiques piégées dans le solide (Albrecht et al., 2015; Ammari et al., 
2014). Toutefois, un des principaux biais lors de la mesure en phase solide est lié à la 
densité optique de l’échantillon. Cette dernière est notamment due à la cristallinité de 
l’échantillon. Lorsque la densité optique varie, elle peut entrainer une modification de 
la réflectance et de la diffusion au sein de l’échantillon induisant alors une variation de 
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1. Introduction 

Over the last hundred years, the use of freshwater in the world has increased by six 
and is expected to be 20% to 30% higher than the current level in 2050 (Burek et al., 
2016) at a time when 3.9 billion human beings will suffer from difficult access to water 
due to global warming (Ligtvoet et al., 2014). Preserving water resources is therefore 
a key environmental issue in the current context of intense human activity. Both the 
IPCC and the United Nations have underlined the urgent need to increase the means 
devoted to managing and protecting this resource (Bates et al., 2008; Jiménez Cisneros 
et al., 2014; United Nations and Department of Economic and Social Affairs, 2022). 
The use of non-conventional water sources such as rainwater, spring water or sub-
surface groundwater could be one of the solutions to the water shortage in densely 
populated areas. However, one of the main issues concerning this resource is the qual-
itative dynamics of this water, linked to the impact of human activities on the surface. 
Polycyclic aromatic hydrocarbons (PAHs) are commonly quantified in water quality 
analysis because of their carcinogenic properties for humans (Baek et al., 1991). These 
semi-volatile organic compounds (SVOC) are mainly due to anthropogenic emissions 
(Du and Jing, 2018). Fossil fuel combustion (transport, residential heating...), waste 
incineration, coal gasification, petroleum cracking and the production of coke, tar pitch 
and asphalt have been identified as important anthropogenic sources of PAHs 
(Hangebrauck et al., 1967; McVeety and Hites, 1988). More generally, there are two 
main sources of PAHs in the urban environment: (i) pyrolytic PAHs formed by the 
incomplete combustion of organic matter (wood, fossil fuels), and (ii) petroleum PAHs 
from spilled oils and petroleum products (Brown and Peake, 2006; Ngabe, 2000; Takada 
et al., 1991). The former are emitted into the atmosphere while the latter are more 
generally introduced directly into the soil. Deposition processes represent important 
mechanisms of PAH removal from the atmosphere to the Earth’s surface. Once depos-
ited on the continental surface, runoff is an important pathway of PAHs to the aquatic 
environment (Müller et al., 2020). Their study in natural archives such as marine or 
lake sediments has enabled their origin and/or their evolution through time to be dis-
cussed in certain cases for well dated sequences (Arias et al., 2010; Z. Guo et al., 2007; 
Pereira et al., 1999) but few studies have been carried out on PAHs in speleothems 
(Argiriadis et al., 2019; Perrette et al., 2008) due to their low concentrations and the 
analytical difficulties involved in extracting them. Considered as sensitive recorders of 
past changes, speleothems offer an underinvestigated natural archive for the recon-
struction of water quality. In artificial urban structures such as aqueducts or tunnels, 
urban secondary carbonate deposits (USCDs) similar to speleothems from caves were 
recently studied for their potential as natural archives for past sub-surface water qual-
ity evolution through time (Pons-Branchu et al., 2014). However, USCDs have never 
been used to reconstruct water pollution by organics over time.   
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estimated at 3-4 months (P. Branchu (Cerema), pers. com, n.d.). Today, the water 
infiltrating from the roof of the gallery certainly passes through a layer of fill enriched 
in gypsum between 1 and 5 m thick which overlies the Brie limestone (Fernandez, 2018; 
Pons-Branchu et al., 2017). A robust chronology of BEL2, based on the cross-referenc-
ing of absolute and relative dating techniques (U/Th and lamina counting) carried out 
by Pons-Branchu et al. (2014), determined that 300 years of records � 15 years (between 
1711 and 2011 CE) are contained in these deposits exhibiting a constant growth rate. 

Figure 7-1. Site presentation a) Location of the Aqueduct of Belleville, sampled site and schematic geological cross-
section (modified from Pons-Branchu et al., 2015); b) Sampled section view; c) On the left, PAH sampling plan on 
a section of BEL2 USCD and, on the right, reference axis with the location of all the samplings (Organic carbon 
(OC), total nitrogen (TN), liquid phase fluorescence (LPF), trace elements (TE)).

In BEL2, 18 levels were sampled within the growth axis for PAH and Organic Carbon 
(OC) analysis. Sampling was performed using a wire saw equipped with a 0.6 mm 
diamond wire to minimize the waste calcite (BEAPV saw/ Escil Wire). The USCD 
was first sliced and then cut to obtain blocks of about 1 g, incorporating around 15 
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years of recordings. Three blocks following the lamination were used (3 g) for each 
sample. The samples were wrapped in aluminium foil and kept in sealed bags. Based 
on Hartland et al. (2014), about 90 mg of calcite powder were estimated as necessary 
for liquid fluorescence and OC analysis. Sampling was done using a micromill equipped 
with a 1 mm diameter drill bit. The sample was drilled to a depth of 3.5 mm and then 
horizontally to a width of 10 mm with a 1 mm pitch following the lamination. The 
resulting powder was collected and wrapped in aluminium foil. According to the 
sampling depth, an age was estimated for each sample using the chronology previously 
developed on this USCD (Pons-Branchu et al., 2014) (S2). 

2.2. Analytical 

2.2.1. PAH extraction and quantification 

The procedure for PAH extraction and quantification was established on the basis of 
the work of Argiriadis et al. (2019) and Perrette et al. (2008). Briefly, calcite is acid-
dissolved and PAHs are extracted with dichloromethane, then analysed by HPLC-
fluorometry.  
To prevent contamination, the tools and glassware were washed in two stages: a 2-hour 
hot detergent bath, then after rinsing with tap water, a 2-hour nitric acid bath, and 
finally a rinse in an osmosed water bath.  
Each calcite fragment was first weighed using a microanalytical balance and then soni-
cated three times with dichloromethane to decontaminate the outer surface from PAHs 
adsorbed (Wynn and Brocks, 2014).  

2.2.1.1. PAH extraction 

The calcite fragment was transferred to sealed, clean 60 mL vial with a pierceable cap 
and spiked with 15 ng of acenaphthene D10, anthracene D10, and benzo[a]anthracene 
D12 (AccuStandard Certified Reference Materials), as internal standards before addi-
tion of 15 mL of dichloromethane (Honeywell, Chromasolv for HPLC) and 5 mL of 
UHQ water. Acid digestion was carried out with 10 mL of HCl (Carlo Elba, 34-37% 
RS Superpure for trace analysis), added via a glass syringe through the septum. Each 
vial was shaken by hand until the calcite was completely dissolved. 
The obtain acid water/dichloromethane emulsion was then extracted three times with 
5 mL of dichloromethane. After organic phase separation, Na2SO4 powder was added 
to the 30 mL of dichloromethane in order to eliminate the residual water. The organic 
extract was evaporated at 40°C under nitrogen stream in a Turbovap (TurboVap II, 
Caliper Life Sciences), and then filtered to 0.22 μm and transferred to an 8 mL vial. 
After addition of 100 μL of dimethylsulfoxide (Thermo Scientific, LC-MS Grade), evap-
oration under reduced pressure of nitrogen was gently continued to a final volume of 
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slice of BEL2 but following the same sampling areas. One of the control points, 
BEL2_7R, was identified as an outlier and was therefore not considered. Control point 
measurements show a difference of 32% on average with the initial PAH concentrations 
measured. This variability is certainly due to the lateral variation in the stratigraphy 
of BEL2 sample. The trend between the two series of points is similar (rs= 0.82). 

2.2.1.4. Data analysis 

The concentration of each compound is given in Tableau 7-1 and has been represented 
(Figure 7-2) as PAH profiles with the relative proportion of each PAH to the total of 
the 15 PAH to facilitate comparisons between the different periods. The percentage of 
low molecular weight (LMW) PAHs corresponding to PAHs with two or three rings 
(from ACE to ANT) and high molecular weight (HMW) PAHs with 4 to 6 rings (from 
FLA to IP) was also calculated. 

2.2.2. Organic carbon and nitrogen analysis 

For each sample, approximately 80 mg of powdered calcite was diluted with a small 
amount of water in a 40 mL vial and then dissolved with 12 N HCl. Water and HCl 
volume were calculated for each sample to obtain 1 mL solution at neutral pH. After 
complete dissolution, the solution was diluted with UHQ water to a final volume of 30 
mL The solution was then sparged with N2 for 5 minutes to strip CO2 and reduce 
analysis time. Triplicates were realised from 200 mg of powder taken from the base of 
BEL2, homogenized, then split into 3 equal masses. After preparation, all samples were 
stored in a freezer and then thawed 24 hours before analysis.  UHQ water and hydro-
chloric acid (Carlo Elba, 34-37% RS Superpure for trace analysis) were used for organic 
carbon (OC) and organic nitrogen (N) analyses. Tools and glassware underwent the 
same decontamination protocol as for PAHs. In addition, the glassware was muffled at 
525°C for 2h.  
OC and N analyses were carried out on a Shimadzu TOC-VCSN. The analyzer was 
calibrated in Total Carbon (TC) mode from the Chemlab 100ppm standard and Total 
Nitrogen (TN) mode from Shimadzu KNO3 powder. Series of standards (Chemlab, 
Sigma and homemade standards from potassium hydrogen phthalate C8H5KO4 for TC 
and standard from Shimadzu KNO3 powder for TN) and UHQ water blanks were run 
to check the calibration at the beginning, middle and end of the analysis. 
The syringe was rinsed twice with the sample before analysis. The OC and TN analyses 
were performed simultaneously with a calibration range of [0-20] mg.L-1 and [0-5] mg.L-

1 respectively. 
The number of injections was set at two, and the maximum number of injections at 
three with an injection volume of 80 μL. Uncertainties were determined from triplicate 
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2.2.4. Statistical method 

A Spearman correlation (expressed as rs) was calculated in the previous section 
(2.2.1.3.) on the PAH procedure control to check that the variations between the sam-
ples and the control points were ordinal relationship. Bravais Pearson linear correla-
tions were used for other data processing when linear relationship was assumed. Each 
R2 and effective (n) are given. Robust statistical method was used to avoid outliers 
bias, as for BEL2_1. Supervised approaches were also used by selecting the data ac-
cording with their scattering. This method enabled the isolation of groups with different 
behaviours. 

3. Results

3.1.  PAHs in BEL2 

Total PAH concentrations (sum of the 15 PAHs) measured for the 18 samples ranged 
from 0.1 ng.g-1 to 76.7 ng.g-1 (see Tableau 7-1 and Figure 7-2). Except for the sample 
corresponding to the growth period after 1995 CE, the measured concentrations do not 
exceed 10.7 ng.g-1 which seems relatively low compared to the concentrations measured 
by Perrette et al., 2008 but in line with the results from Argiriadis et al., 2019. Five 
increases in total PAH concentrations can be distinguished in Figure 7-2. A first in-
crease in concentration is observed for the sample between 1747 and 1767 CE with a 
total PAH concentration of 10.7 ng.g-1, a second one between 1830 and 1843 CE twice 
as low (5.7 ng.g-1), a third one between 1884 and 1899 CE with concentrations similar 
to the first one (10.3 ng.g-1), another one between 1929 and 1945 CE (6.4 ng.g-1) and 
finally a last one, beginning in 1968 but increasing sharply between 1995 and 2011 CE, 
totaling 76.7 ng.g-1 of PAHs, i.e. 7 times higher than the previous ones.  
From the 1930s, the proportion of HMW PAHs has increased from about 13% or 0.9 
ng.g-1 to almost 97% or 74.1 ng.g-1. Although the total concentrations are very low, the 
PAH profiles seem to change from 1803 CE with a clear increase in the proportion of 
benzo[b]fluoranthene and benzo[ghi]perylene, as well as the emergence of 
dibenzo[ah]anthracene, PAHs with very low solubility (S* << 1 mg.l-1). However, the 
1960s marked a transition with the emergence of benzo[a]pyrene, followed by 
benzo[k]fluoranthene and indeno-pyrene. 
In contrast, the increase between 1884 and 1899 CE is linked to an increase in propor-
tion/concentration of naphthalene (50% /5.2 ng.g-1). From the 1730s, naphthalene and 
acenaphthene, the most soluble PAHs in water (respectively S* = 32 and 3.42 mg.l-1), 
are found in significant proportions. The 1750s show an increase in these two PAHs. 
The PAH content of the USCD is characterized by the omnipresence of phenanthrene 
over time. 
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Figure 7-2. PAH distributions in BEL2. On the left part, in white the sum of PAHs in ng.g-1 with the relative error 
together with a stacked histogram (in %) of LMW PAHs (light blue) and HMW PAHs (dark blue). On the right 
part, PAH distributions (normalized concentrations in %) of each sample with N: Naphthalene,  Ace: Acenaphthene, 
Flu: Fluorene, Phe: Phenanthrene, Ant: Anthracene, Fla: Fluoranthene, Pyr: Pyrene, BaA: Benzo[a]Anthracene, 
Chr: Chrysene, BbF: Benzo[b]Fluorene, BkF: Benzo[k]Fluoranthene, BaP: Benzo[a]Pyrene, BghiP: 
Benzo[ghi]Perylene, DbahA: Dibenzo[ah]Anthracene, IP: Indeno[1,2,3-cd]Pyrene. 
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 Tableau 7-1. PAH concentrations in BEL2 [ng.g
-1]. Naphthalene (N), Acenaphthene (Ace), Fluorene (Flu), Phenanthrene (Phe), Anthracene (ant), Fluoranthene 

(Fla), Pyrene (Pyr), Benzo[a]Anthracene (BaA), Chrysene (Chr), Benzo[b]Fluorene (BbF), Benzo[k]Fluoranthene (BkF), Benzo[a]Pyrene (BaP), Benzo[ghi]Perylene 
(BghiP), Dibenzo[ah]Anthracene (D

bahA), Indeno[1,2,3-cd]Pyrene (IP). Concentrations in Italic Bold are below LOQ
. Concentrations m

easured below blank (LO
B) 

or LOD were assum
ed to be zero. The age is expressed in Year CE. The uncertainties are shown in Figure 7-2. 
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Age 
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Sampling 
Depth 

Name 
OC 

(mg.g-1) 
± ΔOC 
(mg.g-1) 

TN 
(mg.g-1) 

± ΔTN 
(mg.g-1) 

2008 0.5 0.5 BEL2_0g 2.733g 0.428g 0.106g 0.023g
1999 1.75 2.5 BEL2_1g 2.304g 0.361g 0.088g 0.019g
1988 3.5 4.5 BEL2_2g 2.557g 0.400g 0.082g 0.018g
1965 7 7.5 BEL2_3g 2.735g 0.428g 0.072g 0.015g
1955 8.5 9.75 BEL2_4g 2.329g 0.365g 0.076g 0.016g
1938 11 12.75 BEL2_5g 2.324g 0.364g 0.065g 0.014g
1922 13.5 15.25 BEL2_6g 1.982g 0.310g 0.063g 0.014g
1906 16 17.5 BEL2_7g 1.611g 0.252g 0.048g 0.010g
1886 19 19.5 BEL2_8g 1.750g 0.274g 0.045g 0.010g
1876 20.5 21.5 BEL2_9 3.205 0.502 0.056 0.012

1863 22.5 24 BEL2_10g 1.755g 0.275g 0.046g 0.010g
1849 24.5 26.25 BEL2_11g 1.672g 0.262g 0.042g 0.009g
1836 26.5 28 BEL2_12g 1.643g 0.257g 0.064g 0.014g
1823 28.5 30.75 BEL2_13g 2.124g 0.333g 0.056g 0.012g
1780 35 35.5 BEL2_15g 1.761g 0.276g 0.061g 0.013g
1757 38.5 39 BEL2_16g 2.058g 0.469g 0.075g 0.017g
1734 42 42 BEL2_17g 2.417g 0.378g 0.064g 0.014g
1714 45 44.5 BEL2_18g 2.312g 0.362g 0.078g 0.017g

Tableau 7-2. Organic carbon (OC), total nitrogen (TN) concentrations, expressed in mg.g-1 with the associated 
error. Age is expressed in Year CE and depth in mm. 

jXkXkX� log7HmQ`2b+2M+2g`2bmHibg

h?2gaS6g `2bmHibg 7Q+mbg QMgK2�bm`2K2Mibg +�``B2/gQmigmM/2`g �l2tXg keegMKXg�Hi?Qm;?g
bQK2iBK2bg bB;MB7B+�MiHvgT`2b2Mi-g i?2g 7HmQ`2b+2M+2g 2KBbbBQMg �ig j8ygMKg U7mM+iBQMg Rg BMg
6B;m`2gd@jVg`2K�BMbg+H2�`HvgM2;HB;B#H2g+QKT�`2/giQgi?2g�l2KXg9kygMKg�M/g�l2KXg8yygMKg
U7mM+iBQMbgkg�M/gjgBMg6B;m`2gd@jVXgh?2gBMi2MbBivg`�iBQg#2ir22Mg7HmQ`2b+2M+2g2KBbbBQMbg
�igl2KXg9kygMKg�M/gl2KXg8yygMKgBbg`2T`2b2Mi2/g�bg�gK�TgQMgr?B+?gi?2gb�KTH2bgmb2/g
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for organic carbon and LPF analyses can also be identified in black (Figure 7-3). Here, 
the blue-shift corresponds to an increase in fluorescence emission around 420 nm, while 
the red-shift corresponds to an increase in fluorescence emission around 500 nm. The 
intensity ratio shows variations ranging between 0 and 1. The fluorescence intensity 
emitted around 500 nm dominated that emitted around 420 nm over all the spectra 
measured. The 1760s were characterized by a blue-shift, i.e. the transition from a period 
dominated by a marked fluorescence intensity at �lem. 500 nm to a higher fluorescence 
intensity at lem. 420 nm. Then, from the 1850s onwards, a red-shift was observed until 
the end of the 19th century, when a rapid change to a blue-shift took place. A red-shift 
was also observed between the 1940s and 1980s.  

Figure 7-3. Representation of the four lognormal functions fitted to a SPF measured mean spectrum (black curve). 
Function 1 is centered at 350 nm �± 20 nm, function 2 at 420 ±� 20 nm, function 3 at 500 �± 20 nm. Function 4 
corresponds to NIR diode reflection. The resulting simulated spectrum is represented in dashed blue. On the right, 
the intensity ratio map between functions 2 and 3; the dark areas correspond to organic carbon and LPF samples.

4. Discussion

4.1.   PAH sources 

The concentrations measured in the sample are probably the result of a mixture of 
different sources as already shown by several studies in urban environments (e.g. Brown 
and Peake, 2006; Liu et al., 2010). In addition, PAHs can undergo alteration processes 
(e.g. biodegradation, photo-oxidation) and selective adsorption due to their different 
physico-chemical properties (Kow and aqueous solubility) from their source to the 
USCD. Once deposited on the continental surfaces, HMW PAHs are preferentially 
stored in the soils by adsorption on particulate OM, as the more soluble LMW PAHs 
can be easily transported in aqueous dissolved phase (Perrette et al., 2013).  
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For all these reasons, PAH molecular diagnostic ratio (MDR) values can vary from one 
environmental compartment to another and should be used with caution (Katsoyiannis 
et al., 2011; Katsoyiannis and Breivik, 2014; Tobiszewski and Namieśnik, 2012; Zhang 
et al., 2005). However, changes in some ratios over time, combined with historical 
information or source profiles, can provide important insights. 

4.1.1.  The ubiquity of phenanthrene since the 18th century 

The PAH profiles in BEL2 are clearly dominated by phenanthrene (Figure 7-2), whose 
concentrations are relatively stable over time at around 1.5 ng.g-1 on average. Relative 
concentrations range between 21 and 54 % of the total amount of PAHs, except for 
BEL2-1, which corresponds to the most recent period, where the relative concentration 
falls to 2%. This ubiquity of phenanthrene has already been reported in previous studies 
on PAHs. Desaules et al. (2008), in a large-scale study, showed that phenanthrene 
dominates all PAH profiles in the different types of Swiss soils. This observation was 
also highlighted by Grimalt et al. (2004) when they studied soils and lake sediments in 
the Tatras mountains of Poland. Phenanthrene is present in many PAH sources 
(Ravindra et al., 2008) which could explain its presence in many environmental com-
partments and different environmental media. A significant content of phenanthrene 
has been observed in agricultural fire emissions (Kakareka and Kukharchyk, 2003), in 
urban runoff (Gonzalez et al., 2000; Hoffman et al., 1984) and sewer particles (Rocher 
et al., 2004). In addition, compared to its structural isomer, anthracene, phenanthrene 
is more thermodynamically stable (Soclo et al., 2000) and shows a high sorption onto 
humic acids (Staninska et al., 2015). 

4.1.2. Recording of intensive urbanisation 

Fluoranthene (FLA) and pyrene (PYR) are two isomers and are often associated in 
analyses of natural matrices (Soclo et al., 2000; Suman et al., 2016; Yu et al., 2014; 
Zhang et al., 2008). They are considered as typical pyrogenic products derived from 
the high-temperature condensation of lower molecular weight aromatic compounds 
(Soclo et al., 2000). In BEL2, as for phenanthrene, fluoranthene and pyrene have been 
present since 1711 CE. Relative concentrations of fluoranthene and pyrene ranged from 
3 to 12 % and 4 to 13 % respectively. The FLA/(FLA+PYR) ratio is often used in 
MDR to discriminate between pyrogenic (> 0.4) and petrogenic (< 0.4) products as 
well as fuel type (De La Torre-Roche et al., 2009). Ideally, a corrective factor taking 
transport and time effects into account should be applied when calculating the ratio; 
however, none of the corrective factors present in the literature apply to speleothems 
in an urban environment (Zhang et al., 2005). A Monte Carlo method was used to 
compute the uncertainties in the FLA/(FLA+PYR) ratio. Random sampling of the 
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analytical uncertainties of each parameter was performed using a Box-Muller transfor-
mation (Box and Muller, 1958) for each of the 10 000 iterations of the Monte Carlo 
procedure. Here, the ratio shows a sudden change in behaviour (Figure 7-4), shifting 
around the 1850s from a phase with values mostly above 0.5, except for a few samples 
with a very low ratio, to a stable phase with values between 0.4 and 0.5 except for one 
sample between 1945 and 1960 CE. 
This shift occurred during the urbanisation phase and has continued to the present day 
(Figure 7-4). The urbanisation phase was triggered by a major increase in population 
in 1825 and resulted in significant modification of the overlying soil (Huard, 2019). 
Essentially agricultural land was then replaced on a massive scale by residential build-
ings until the end of the 19th century (Figure 7-4). In addition, this period also corre-
sponds to the Industrial Revolution, in which an agricultural society evolved into an 
urban and industrial society. The change in human activities probably led to a change 
in sources. The decrease in the FLA/(FLA +PYR) ratio therefore highlights a change 
that seems to have been caused by the massive urbanisation of Belleville and its sur-
roundings. This change may be linked to a modification in source, in PAH transport, 
or both. If we consider the cut-off values for the FLA/(FLA+PYR) ratio to be valid, 
they appear to indicate a shift from a period dominated by pyrolytic emissions, mainly 
produced by the combustion of wood, coal or plants (> 0.5), to a period dominated by 
emissions that are still pyrolytic but essentially from fossil fuels (0.5 < > 0.4). However, 
even if these hypotheses seem consistent with history, they should be treated with 
caution, as surface modifications, such as soil sealing by buildings and the creation of 
fills, may have played an important role in modifying the conditions under which PAHs 
are subsequently mobilised and transported, thus changing the limits of this ratio.  
Moreover, changes to the soil surface associated with urbanisation also appear to have 
impacted the OM content transported by infiltration water, as the solid-phase UV 
fluorescence ratio (Figure 7-3) used to observe variations in the quality of COM shows 
a change during the period of urbanisation between 1850 and 1900. This period is 
marked by a red-shift which corresponds to an input of higher-weight or more aromatic 
organic molecules. 
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Figure 7-4. PAHs and chronological context. The four Belleville urbanisation maps are extracted and modified from 
Huard (2019). The demography (Pop.) is express in inhabitants and result in a combination of the demography in 
Belleville before 1860 from EHESS (http://cassini.ehess.fr/fr/html/), and the demography of the 19th and 20th districts 
of Paris recorded by Insee after 1860 (https://www.insee.fr/fr/statistiques/3698339). The sources identified by the 
FLA/(FLA+PYR) ratio are represented by icons on the left: values < 0.4 correspond to petrogenic sources, the 
values > 0.5 to grass, wood, or coal combustion, and values between 0.4 and 0.5 to fossil fuel combustion. 

4.1.3.  Change of source in the 1950s 

LWM PAHs in BEL2 correlate strongly with total PAHs from 1711 to 1960 CE (Figure 
7-5.a, R2=0.996, n=14). Between 1960 and 2011 CE (samples 3 to 1), an enrichment
in HMW PAHs is observed (Figure 7-5.a). This change is also identified in the evolution

http://cassini.ehess.fr/fr/html/
https://www.insee.fr/fr/statistiques/3698339
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Figure 7-5. a. Relationship between LMW PAHs in ng.g-1 and the sum of PAHs. b. On the left, profiles of the 
relative concentrations in urban dust from SRM 1649a (certificate values) and in BEL2_1 (1995-2011 CE) meas-
ured sample. On the right, plot of BEL2_1 measured concentrations (% of the total PAHs) vs Urban dust concen-
trations (% of the total PAHs). 

4.2.   PAH transport processes 

4.2.1. The role of OM in PAH transport 

PAHs are generally poorly soluble compounds which tend to be linked to OM content 
of natural waters and soils (Santschi et al., 1997). Humic-like (HL) molecules are the 
major components of the soil OM and of the dissolved OM (DOM) in natural waters. 
Their high molecular weight and aromaticity lead to the sorption of hydrophobic mol-
ecules such as PAHs (e.g. Jones et al., 1989).  
A strong correlation was thus expected between PAH and OC concentrations in USCD. 
However, as observed in Desaules et al. (2008), no linear correlation was found between 
PAHs and OC (Figure 7-6.a, R2 0.04, n=16). Depending on the historical period con-
sidered, this could be explained either by an excess of OM quantity relative to PAH 
concentration, or by a higher rate of PAH sorption on OM. The context of urbanisation 
and soil sealing (Figure 7-4) supports the idea of a low availability of OM and therefore 
an increase in PAH sorption on small quantities of OM during periods of higher PAH 
emissions. In addition, as most of the high PAH concentration samples contain mainly 
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LMW PAHs, with elevated aqueous solubility and low Kow value, transport of PAHs 
from soil surface to USCD could have been in the dissolved phase. 
Furthermore, variations in COM quality occurred over time (Figure 7-3). The blue-
shift observed in the 1760s is associated with lower molecular weight or less aromatic 
organic molecules. This change could be linked to a change in agricultural practices at 
this period. At the beginning of the 18th century, waste from Paris was used as fertilizer 
in the surrounding area (Pons-Branchu et al., 2015), and it is possible that these prac-
tices ended in the vicinity of the site after the second half of the 18th century. However, 
no change in nitrogen was observed during this period. In contrast, a greater contribu-
tion of more aromatic molecules (red-shift) was observed during the urbanisation phase. 
Moreover, contrary to Quiers et al. (2015), it was not possible to model all SPF data 
with LPF  (S1) and OC measurements to obtain quantitative variations of OC at high 
resolution. This supports the hypothesis of strong quality changes in organic molecules 
over time, probably linked to changes in surface soils. For example, the addition of 
gypsum when land was levelled on the surface for the construction of buildings may 
have led to a change in ionic strength, which may have modified the adsorption condi-
tions. In addition, these elements raise many questions about the origin and nature of 
OM, because the notion of soil in an urban context is very different from that of soil 
in a natural environment, as urban soils can have similar characteristics to natural soils 
or differ fundamentally from them (Lehmann and Stahr, 2007). 

4.2.2. Transport by the particulate detrital phase. 

Thorium tends to adsorb strongly to clay and oxyhydroxide phases (Langmuir and 
Herman, 1980) and can bound with detrital particles (Ayalon et al., 1999, Meyer et al., 
2012). It also tends to complex and precipitate in the presence of carbonates (LaFamme 
and Murray, 1987). Thorium can then be considered as a tracer of the particulate 
detrital phase in BEL2. The correlation (R2=0.6, n=14) between OC and thorium 
content of the USCD (Figure 7-6.b) indicates a covariation between OM and detrital 
particles fluxes. The relationship between the sum of PAHs and thorium (Figure 7-6.c) 
seems to correlate with part of the samples including three of the increases in PAHs 
(R2=0.82, n=9). In addition, the samples with a correlation between thorium and PAH 
concentrations include those corresponding to the urbanisation period (points 10, 11, 
12, 13). This suggests that during this period PAH were mainly transported by detrital 
particles from top soils to the USCD. The sample 9, belonging to the end of urbanisa-
tion, corresponds to a clayey lamina, which explains the enrichment in thorium.  
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6B;m`2gd@eXg�Xgh?2g`2H�iBQMb?BTg#2ir22Mgi?2gbmKgQ7gS�>bgBMgM;X;@Rg�M/gP*gBMgK;X;@RXgP`�M;2g/Qibg+Q``2bTQM/giQg
S�>g BM+`2�b2bXg #Xg h?2g `2H�iBQMb?BTg #2ir22Mg P*g BMg K;X;@R�M/g h?g BMg ƒ;X;@Rg U7`QKg SQMb@"`�M+?mg 2ig �HXg UkyR8VV-g
TQBMibg9-ge-g�M/gRdgg?�p2gMQg�bbQ+B�i2/gp�Hm2gBMgh?g�M/g/QgMQig�TT2�`gQMgi?2g;`�T?Xg+Xgh?2g`2H�iBQMb?BTg#2ir22Mg
i?2gbmKgQ7gS�>bgBMgM;X;@Rg�M/gh?gBMgƒ;X;@RXg

5. Conclusions 

The experimental development of a protocol for PAH extraction from USCDs has high-
lighted the presence of PAHs in sub-surface water in urban environments for 300 years. 
The evolution of PAHs shows two major events caused by intensive urbanisation. First, 
the decline in the FLA/PYR ratio in the 1850s seems to highlight the massive urbani-
sation phase that Belleville underwent between 1825 and 1900 CE, and second, the 
increase in HMW PAHs over the last 50 years seems to be linked to a change in source 
explained mainly by urban street dust. These observations bear direct witness to the 
negative impact of urbanisation on the quality of the seepage water from the Belleville 
aqueduct, which was used massively for human consumption until the 19th century. 
The study also highlighted changes in the quality of the OM over time, linked to 
changes in the surface soils. This work therefore extends our knowledge of the long-
term impact of human activity in urban areas on the transfer of pollutants into sub-
surface waters. In addition, USCDs once again appear to have good potential as re-
corders of water quality and human practices. However, the conditions in which they 
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B - Supplementary material 

1. S1. UV Liquid Phase Fluorescence (LPF) measurements 

• Procedure

The LPF samples were prepared following the same dissolution procedure as for the 
OC. However, for each sample, only 10 mg of calcite powder was dissolved with 12 N 
HCl in an 8 mL vial. After complete dissolution of the sample, the solution was diluted 
with UHQ water to a final volume of 3 mL. The solutions were sparged with N2 for 5 
minutes as for OC analyses. Each sample was prepared and analysed directly on the 
same day to avoid organic matter changes. A Varian Cary Eclipse spectrofluorometer 
with a 10 mm high quartz cuvette was used (Quiers et al., 2015).  Two emission spectra 
from 270 to 600 nm stepping at 10 nm increments were acquired for a 266 nm and 355 
nm excitation (wavelength of the two lasers used for SPF). A 5 nm slit width was used 
for excitation and emission wavelengths. The photomultiplier was powered by a me-
dium voltage of 600 V.   

The cuvette was rinsed 3 to 5 times with UHQ water between each sample. A UHQ 
water blank check was performed every 2-3 samples. Experimental blanks were also 
performed to determine the fluorescence background from hydrochloric acid. 

As the fluorescence intensity in the liquid phase can vary with the pH of the solution, 
and as the pH is not fixed between samples, data showing the variation in fluorescence 
intensity as a function of pH was produced. 

• Data processing

OM fluorescence in LPF spectra at �Ex. 266 nm were simulated with two lognormal 
functions, one centered at 340 nm ± 10 nm, also called peak T (Coble, 1996) corre-
sponding to protein-like substances, and another at 440 nm ± 10 nm, called peak A 
(Coble, 1996) corresponding to humic-like (HL) substances, instead of a single function 
centered at 440 nm ± 20 nm at lEx. 355 nm. In addition, four functions were necessary 
to simulate Raman and Rayleigh emissions (first and second order) (Quiers et al., 2015; 
Tissier et al., 2013) (Figure 7-7).  
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Figure 7-7. S1 - Representation of the six lognormal functions fitted to the LPF measured mean spectrum (Ex.266 
nm) (centers, widths, and area). Functions 1 and 5 correspond to Rayleigh emissions respectively first and second 
order, functions 2 and 6 are Raman emissions.

Based on the calibration of fluorescence intensity variation with pH, a relative standard 
deviation of 5% was calculated for measurements carried out under lex. 355nm and 
10% under �lex. 266nm in acidic conditions i.e., pH [2-6.5]. 

• Results

Age 
Relative 
Depth 

Sampling 
Depth 

Name 

lEx. 266 nm lEx. 355 nm 

lEm. 340 nm lEm. 440 nm 
Total Fluores-
cence Intensity 

lEm. 440 nm 

Center 

position 
Intensity

Center

position 
Intensity

Center

position 
Intensity

2008 0.5 0.5 BEL2-0 344 0.0 442 269797.0 269797.0 448 152050.3 

1999 1.75 2.5 BEL2-1 334 0.0 442 247136.0 247136.0 448 139607.0 

1988 3.5 4.5 BEL2-2 330 117.2 445 356258.3 356375.5 451 207308.4 

1965 7 7.5 BEL2-3 330 0.0 444 286235.1 286235.1 451 162273.6 

1955 8.5 9.75 BEL2-4 331 0.0 444 281760.1 281760.1 451 159826.5 

1938 11 12.75 BEL2-5 350 0.0 444 266192.8 266192.8 450 148097.0 

1922 13.5 15.25 BEL2-6 330 601.8 443 238639.0 239240.8 451 127860.9 

1906 16 17.5 BEL2-7 330 2168.3 440 185270.1 187438.4 449 96210.6 

1886 19 19.5 BEL2-8 330 1219.4 442 256700.0 257919.3 448 14145.7 

1876 20.5 21.5 BEL2_9 330 2364.1 442 233784.0 236148.1 449 117587.2 

1863 22.5 24 BEL2_10 330 887.8 442 248334.7 249222.5 450 127978.0 

1849 24.5 26.25 BEL2_11 332 5.8 441 198194.0 198199.8 448 104313.5 

1836 26.5 28 BEL2_12 330 1572.1 442 273794.6 275366.6 449 137227.1 

1823 28.5 30.75 BEL2_13 346 0.0 443 282990.1 282990.1 450 157351.1 

1780 35 35.5 BEL2_15 330 1482.7 444 317587.5 319070.2 452 170661.5 

1757 38.5 39 BEL2_16 330 11.4 444 234013.8 234025.2 449 120095.6 

1734 42 42 BEL2_17 330 2.2 446 264031.0 264033.2 452 149133.9 

1714 45 44.5 BEL2_18 333 63.2 448 325814.3 325877.5 458 163559.1 

Tableau 7-3. S1 - LPF results after simulation in BEL2. Center variations are expressed in nm and fluorescence 
intensity [a.u.] is normalized by the mass of each sample. Age is expressed in Year CE and depth in mm. 
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REF axis = 45.5 mm/300 laminae = 0.152 mm/yr 

TC/TN/LPF 
samples 

Depth 
Depth 
Ref 

Age 
TE sam-

ples 
Depth 

Depth 
Ref 

Age pub-
lished 

Age reset 
from ref 

axis 

PAHs 
samples 

Top 
depth 

ref 

Bottom 
depth ref 

Top 
age 

Bot-
tom 
age 

Mean 
Depth 

Mean 
Age 

BEL2-0 0.5 0.5 2008           
  

BEL2-1 2.5 1.75 1999 BEL2-1 1 1.5 2004 2001 BEL2-1 0 2.5 2011 1995 1.2 2003 

BEL2-2 4.5 3.5 1988 BEL2-2 4.5 3.5 1981 1988 BEL2-2 2.5 5 1995 1978 3.7 1986 

BEL2-3 7.5 7 1965 BEL2-3 8.5 7 1954 1965 BEL2-3 5 7.75 1978 1960 6.4 1969 

BEL2-4 9.75 8.5 1955      BEL2-4 7.75 10 1960 1945 8.9 1952 

BEL2-5 12.75 11 1938 BEL2-4 12.75 11 1925 1938 BEL2-5 10 12.5 1945 1929 11.2 1937 

BEL2-6 15.25 13.5 1922      BEL2-6 12.5 14.75 1929 1914 13.6 1921 

BEL2-7 17.5 16 1906 BEL2-5 14.75 16 1911 1906 BEL2-7 14.75 17 1914 1899 15.9 1906 

BEL2-8 19.5 19 1886 BEL2-15 15 19 1910 1886 BEL2-8 17 19.25 1899 1884 18.1 1891 

BEL2-9 21.5 20.5 1876 BEL2-6 18.25 20.5 1888 1876 BEL2-9 19.25 21.5 1884 1869 20.4 1877 

BEL2-10 24 22.5 1863 BEL2-7 20.5 22.5 1872 1863 BEL2-10 21.5 23.5 1869 1856 22.5 1863 

BEL2-11 26.25 24.5 1849 BEL2-8 24.5 24.5 1845 1849 BEL2-11 23.5 25.5 1856 1843 24.5 1849 

BEL2-12 28 26.5 1836 BEL2-9 26.5 26.5 1832 1836 BEL2-12 25.5 27.5 1843 1830 26.5 1836 

BEL2-13 30.75 28.5 1823 BEL2-10 30 28.5 1808 1823 BEL2-13 27.5 29.5 1830 1816 28.5 1823 
         BEL2-14 29.5 31.5 1816 1803 30.5 1810 

BEL2-15 35.5 35 1780 BEL2-12 37.5 35 1757 1780 BEL2-15 33.5 37 1790 1767 35.2 1779 

BEL2-16 39 38.5 1757           
  

BEL2-16b 39 38.5 1757 BEL2-13 40.5 38.5 1737 1757 BEL2-16 37 40 1767 1747 38.5 1757 

BEL2-17 42 42 1734      BEL2-17 40 43 1747 1727 41.5 1737 

BEL2-18 44.5 45 1714 BEL2-14 44.5 45 1710 1714 BEL2-18 43 45.5 1727 1711 44.2 1719 

 

g

ERR = ± 15 yr  
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Figure 7-8. Distribution des HAP dans les échantillons RUN-C-04 (Rungis) et BEL2 (Belleville). A gauche, en blanc, la 
somme des HAP en ng.g-1 avec l'erreur relative ainsi qu'un histogramme empilé (en %) des HAP légers (bleu clair) et 
des HAP HMW (bleu foncé). Dans la partie droite, les distributions des HAP (concentrations normalisées par la somme 
des HAP en %) pour Rungis en nuances de bleu et Belleville en nuances de gris. 



*?�TBi`2gdg@go�`B�iBQMbg/mg+QMi2Mmg2Mg?v/`Q+�`#m`2bg�`QK�iB[m2bgTQHv+v+HB[m2bg�mg+Qm`bg/2bg/2`MB2`bg
bBĕ+H2bg

R9dg

G2bg+QM+2Mi`�iBQMbgûH2pû2bg2Mg>�Sg/�Mbg_lL@*@y9gT2mp2MigbǶ2tTHB[m2`gT�`g/2bg/B77û@
`2M+2bg/Ƕ�HBK2Mi�iBQMg2Mg2�mg2Mi`2gH2bg/2mtgû+?�MiBHHQMbXg1Mg2772i-gHǶla*.g/2g"2HH2pBHH2g
2big�HBK2MiûgT�`g/2bgBM7BHi`�iBQMbg/Ƕ2�mtgT`Qp2M�Mig/mgiQBig/2gHǶ�[m2/m+g2i-g#B2Mg[mǶ¨g
+2ii2gTû`BQ/2gHǶm`#�MBb�iBQMg2Mgbm`7�+2gbQBig�p�M+û2-gH2bgbQHbgM2gbQMigT�bg2M+Q`2gBKT2`@
Kû�#BHBbûbg+2g[mBgbB;MB7B2g[m2gH2bg2�mtg[mBgbǶBM7BHi`2MigbQMigi`ĕbgT`Q#�#H2K2MigHQ+�H2bXg
1Mg`2p�M+?2-g_lL@*@y9g�gûiûg�HBK2MiûgT�`g/2bg2�mtg+B`+mH�Mig/�MbgHǶ�[m2/m+g[mBgT`Q@
pB2MM2Mig/2gKmHiBTH2bgbQm`+2b-g/`�BM�Mig�BMbBgmM2gxQM2gM2ii2K2MigTHmbgH�`;2XgS�`g�BH@
H2m`b-g BHg 2bigTQbbB#H2g [mǶmM2gT�`iB2gMQM@Mû;HB;2�#H2g/2bg>�SgT`QpB2MM2Mig/2g bQm`+2bg
�iKQbT?û`B[m2bXg1Mg2772i-gH2g`2;�`/gRjg/2gHǶ�[m2/m+g/2g_mM;Bb-gQɍg�gûiûgT`ûH2pûgHǶû+?�M@
iBHHQMg_lL@*@y9-gb2gi`Qmp2g2Mgbm`7�+2g2ig/2bgû+?�M;2bg�p2+gHǶ�B`g2tiû`B2m`gvgbQMig/QM+g
TQbbB#H2bXgG�g+QKTQbBiBQMg2Mg>�Sg/2g_lL@*@y9g`ûbmHi2g/QM+gi`ĕbgT`Q#�#H2K2Mig/ǶmMg
KûH�M;2g2Mi`2g/2bg�TTQ`ibg�iKQbT?û`B[m2bg2ig/2bg�TTQ`ibgT�`gH2bg2�mtg/2gHǶ�[m2/m+Xg
1MgQmi`2-gH2bgT`Q7BHbg2Mg>�Sg2Mi`2gH2bg/2mtgbBi2bg¨gH�gKāK2gTû`BQ/2gbQMigi`ĕbg/B77û`2MibXg
.2mtg?vTQi?ĕb2bg bQMig �HQ`bg TQbbB#H2bgTQm`g 2tTHB[m2`g +2bg /B77û`2M+2bg ,g UBVg mM2g bQm`+2g
HQ+�H2g�gBM7Hm2M+ûgH�g+QKTQbBiBQMg/2bg2�mtg/2g_mM;BbgQmg/2gHǶ�iKQbT?ĕ`2g¨gT`QtBKBiûg
/mg`2;�`/gRj-gUBBVg H2bgT`Q+2bbmbg/2gi`�MbTQ`ig/2bg>�SgbQMig/B77û`2Mibg2Mi`2g H2bg/2mtg
bBi2bXg
G2bg2�mtg/2g_mM;BbgbQMigmMgKûH�M;2g/Ƕ2�mtgT`Qp2M�Mig/2gMQK#`2mb2bgbQm`+2b-g�HBK2M@
iû2bg/2bg BM7BHi`�iBQMbg/Ƕ2�mg/2gTHmB2g2ig/Ƕ2�mtg/2g`mBbb2HH2K2Mi-g/`�BM�MigmM2gbm`7�+2g
bǶûi�H�Migbm`gTHmbB2m`bg+QKKmM2bXgAHg2big�BMbBg/B77B+BH2g/ǶB/2MiB7B2`gH2bgbQm`+2bg2Mg>�Sg¨g
HǶQ`B;BM2g/2gH�g+QKTQbBiBQMg/2g+2gKûH�M;2XgGǶ�+iBpBiûgT`BM+BT�H2g¨gT`QtBKBiûg/mgbBi2g2big
HǶ�;`B+mHim`2XgGǶBM+BMû`�iBQMg/2bg/û+?2ibg�;`B+QH2bg¨gHǶ�B`gHB#`2-g#B2Mg[m2g7Q`i2K2Mig`û;H2@
K2Miû2g�mDQm`/Ƕ?mBg2Mg6`�M+2-gûi�BigmM2gT`�iB[m2gi`ĕbgûKBbbBp2g2Mg>�Sg2ig`ûT�M/m2g
T�`g H2gT�bbûgUE�F�`2F�g�M/gEmF?�`+?vF-gkyyjVXghQmi27QBb-g H2bg `2iQK#û2bg�iKQbT?û@
`B[m2bgHBû2bg¨g+2givT2g/ǶBM+BMû`�iBQMgbQMigT`BM+BT�H2K2Mig`B+?2bg2Mg+QKTQbûbg/2g7�B#H2g
TQB/bgKQHû+mH�B`2g+2g[mBgM^2tTHB[m2gT�bgH�g/Bbi`B#miBQMg2Mg>�Sg/2g_lL@*@y9XgG�g7Q`i2g
T`û/QKBM�M+2g2Mg>�SgHQm`/bgTQm``�BigMû�MKQBMbgbǶ2tTHB[m2`gT�`gmMgi`�MbTQ`ig/2bg>�Sg
2bb2MiB2HH2K2MigT�`gH�gT?�b2gT�`iB+mH�B`2gUBX2Xg+QHHQś/2bgQmgK�iBĕ`2bg2MgbmbT2MbBQMVXg1Mg
2772i-g H2bg>�Sg/2g ?�mig TQB/bgKQHû+mH�B`2g bQMig 7�B#H2K2Mig bQHm#H2bg 2ig TQbbĕ/2Mig /2bg
p�H2m`bg/2gEP*gûH2pû2bg+2g[mBg7�pQ`Bb2gH2m`gbQ`TiBQMg2igH2m`g/ûTH�+2K2Mig2MgT?�b2gT�`@
iB+mH�B`2g/�MbgHǶ2�mgUPHHBpQMg2ig�HX-gkyyeVXgg
g
g
g
g
gg
g
g
 



g

g

g
g
g
g
g
g
g
g
g
g
g
g

3X�*?�TBi`2g3g@go�`B�iBQMbg¨g?�mi2@`ûbQHmiBQMg/mg+QMi2Mmg
Q`;�MB[m2gUK�iBĕ`2gQ`;�MB[m2g2ig>�SVg/�MbgmMg

la*.g,g2bb�Bbg/2gKQ/ûHBb�iBQMXgg
g
 



Chapitre 8 - Variations à haute-résolution du contenu organique (matière organique et HAP) dans un 
USCD : essais de modélisation. 

149 

A - Modélisation des données de fluorescence UV en phase solide 
par l’utilisation du carbone organique et de la fluorescence UV 
liquide pour obtenir des variations quantitatives à haute résolu-
tion de la MO.  

La technique de fluorescence en phase solide est une méthode efficace non destructive 
et hautement résolutive (ici 15 µm) qui permet d’analyser la matière organique d’un 
échantillon solide sans la modifier (Albrecht et al., 2015; Ammari et al., 2014). Toute-
fois, le signal de fluorescence apporte une information sur la qualité de la matière or-
ganique chromophorique présente mais ne peut pas être utilisé de manière quantitative. 
Des mesures ponctuelles de concentration en carbone organique pourraient permettre 
de calibrer le signal de fluorescence en phase solide de manière à obtenir des variations 
quantitatives de carbone organique à haute résolution, à la fois sous forme de transect 
temporel le long de l’échantillon ou, de manière élargie, sous forme d’une cartographie 
spatiale dans l’échantillon (Quiers et al., 2015). Néanmoins, les effets de cristallinité au 
sein des spéléothèmes peuvent entrainer des variations de densité optique induisant 
alors une variation de l’intensité de fluorescence sans qu’il n’y ait nécessairement une 
variation de quantité de matière  (Genty et al., 1997; Siobhán F. McGarry and Baker, 
2000; Perrette et al., 2000; Quiers et al., 2015). La modélisation du signal de fluores-
cence solide au moyen du signal de fluorescence liquide mesuré sur certaines zones de 
l’échantillon pourrait permettre de s’affranchir de cet effet de matrice.  

1. Étape préliminaire : mise en forme des données 

Figure 8-1- A droite, les 18 zones de rééchantillonnage des données SPF à partir de la cartographie de fluorescence 
sur laquelle sont visibles les micro-prélèvements pour les mesures LPF et COT. A gauche, le résultat de simulation 
du spectre moyen extrait correspondant à (1) des composés de type acides aminés, (2) et (3) des composés poly-
aromatiques (type humique), (4) la réflectance infra-rouge (NIRR).  
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�T`ĕbg û+?�MiBHHQMM�;2g /2bg TQm/`2bg TQm`g �M�Hvb2bg 2Mg *Pg 2ig GS6g U+7Xg *?�TBi`2g eV-g
HǶla*.g�g ûiûgK2bm`ûg 2Mg aS6g Ul1tXg keeg MK-g 8yg ƒKgtg 8yg ƒK)XglM2g 2ti`�+iBQMg /2bg
bT2+i`2bgbBimûbg¨gT`QtBKBiûg/2g+?�[m2gxQM2g/Ƕû+?�MiBHHQMM�;2gU/�MbgmMg`�vQMg/2gRgKK-g
bQBigRk8kgbT2+i`2bg2MgKQv2MM2gT�`gxQM2Vg�gûiûg̀ û�HBbû2g̈ gT�`iB`g/2gHǶBK�;2g?vT2`bT2+i`�H2g
UA>aVg#`mi2gU6B;m`2g3@RVXg
G2gMQK#`2g/2g7QM+iBQMb-g+Q``2bTQM/�Mig�mgMQK#`2g/2g7HmQ`QT?Q`2b-g�BMbBg[m2gH2m`bgT�@
`�Kĕi`2bg bQMig T`û�H�#H2K2Mig �Dmbiûbg ¨g T�`iB`g /mg bT2+i`2gKQv2Mg /2bg 2ti`�+iBQMbg U+7Xg
Kûi?Q/2g*?�TBi`2geVXgG�gbBKmH�iBQMgbT2+i`�H2g�g2MbmBi2gûiûg�TTHB[mû2g�mgbT2+i`2gKQv2Mg
/2g+?�+mM2g/2bgxQM2bg/Ƕ2ti`�+iBQMgUM4R3VXgG2bg+QM+2Mi`�iBQMbg2Mg*Pg2igH2bgK2bm`2bg/2g
7HmQ`2b+2M+2bg HB[mB/2bgQMigT`û�H�#H2K2Mig ûiûg i`�Biûbg 2ig H2bg `ûbmHi�ibg bQMig/ûi�BHHûbg +B@
�p�MigU+7Xg*?�TBi`2gdVXgg

kX _ûbmHi�ibg2ig/Bb+mbbBQM

kXRX� _2H�iBQMbg2Mi`2gH2bg/B77û`2Mibg7HmQ`QT?Q`2bg

lM2gK�i`B+2g/2g+Q``ûH�iBQMg/2bg�B`2bgbQmbgTB+bgKQv2MM2bg/2g+?�[m2g7QM+iBQMg�gûiûg`û�@
HBbû2gTQm`gi2bi2`g/Ƕûp2Mim2HH2bg`2H�iBQMbg2Mi`2gH2bg7HmQ`QT?Q`2bg2MgT?�b2gbQHB/2gK�Bbgû;�@
H2K2Mig2MgT?�b2gHB[mB/2Xgg

Figure 8-2. Matrice des corrélations entre les différents fluorophores, les faibles coefficients de détermination sont 
donnés à titre indicatif. 
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G2bg`ûbmHi�ibg/2gH�gK�i`B+2g/2bg+Q``ûH�iBQMbgU6B;m`2g3@kVgBM/B[m2Mig/2gK�MBĕ`2gbm`T`2@
M�Mi2g[mǶ�m+mM2g`2H�iBQMgMǶ2bigKBb2g2MgûpB/2M+2g2MgGS6g2ig2MgaS6g2Mi`2gH2bgûKBbbBQMbg
/2g7HmQ`2b+2M+2g�bbQ+Bû2bg�mtg+QKTQbûbgQ`;�MB[m2bg/2givT2g�+B/2bg�KBMûbgUl1KXgj9yg2ig
j8ygMKVg2igH2bgûKBbbBQMbg�bbQ+Bû2bg�mtg+QKTQbûbgQ`;�MB[m2bg�`QK�iB[m2bgUl1KXg99y-g
993g2ig8y9gMKVXg�mgpmg/2gH2m`bg7�B#H2bgBMi2MbBiûb-gH2bgûKBbbBQMbg/2g7HmQ`2b+2M+2g�bbQ+Bû2bg
�mtg+QKTQbûbgQ`;�MB[m2bg/2givT2g�+B/2bg�KBMûbgbQMig+QMbB/û`û2bg+QKK2gMû;HB;2�#H2bXg
1Mg`2p�M+?2-gmM2gHû;ĕ`2g`2H�iBQMg2bigT`ûb2Mi2g2MgT?�b2gbQHB/2g2Mi`2gl1KXg98NgMKg2ig
l1KXg8jkgU_kg4gy-99gcgMg4gR3gcgTg4gy-y8VXgg

kXkX� JQ/ûHBb�iBQMg/2bg/QMMû2bg/2g7HmQ`2b+2M+2g2MgT?�b2gbQHB/2gT�`gH2bg+QM+2M@
i`�iBQMbg2Mg+�`#QM2gQ`;�MB[m2g

�mgpmg/2gH�g`2H�iBQMg/2bgûKBbbBQMbg/2g7HmQ`2b+2M+2gbQHB/2g¨g993g2ig8y9gMK-gmMgKQ/ĕH2g
HBMû�B`2gbBKTH2g�g/Ƕ�#Q`/gûiûgi2biûg2Mi`2gH2bg+QM+2Mi`�iBQMbg2Mg*PgU/01)g2igH�gbQKK2g
/2bgûKBbbBQMbg/2g7HmQ`2b+2M+2g2MgT?�b2gbQHB/2g̈ g993gMK-g:(-<=--2)-g2ig8y9gMK-g:(-<=/(-)-g
bm`gH2bgR3gxQM2bg`ûû+?�MiBHHQMMû2bg,g	

/01 = > + ? × [:(-<=--2) + :(-<=/(-)]	

hQmi27QBb-g�m+mM2g`2H�iBQMgMǶ�gTmgāi`2gKBb2g2MgûpB/2M+2gT�`g+2gKQ/ĕH2g U_kg�Dmbiûg4g
y-y9dgcgMg4gR3gcgTg4gy-kVXg.Ƕ�mi`2bgKQ/ĕH2b-gKmHiBHBMû�B`2bg2igMQM@HBMû�B`2b-gQMigû;�H2@
K2Migûiûgi2biûbgb�Mbgbm++ĕbgU_kg�DmbiûgIy-y8gcgM4R3VXgGǶ�M�Hvb2g/2bg`ûbB/mbg�gT2`KBbg/2g
KQMi`2`gmM2g�MQK�HB2g�mgMBp2�mg/mgTQBMigNXg*2gTQBMig+Q``2bTQM/g¨gH�g+QM+2Mi`�iBQMg2Mg
*PgH�gTHmbgûH2pû2g/mgD2mg/2g/QMMû2XgAHg�gûiûg+?QBbBg/2gHǶû+�`i2`-g+2g[mBg�gT2`KBbg/Ƕ�Kû@
HBQ`2`gbB;MB7B+�iBp2K2MigH2bg`ûbmHi�ibXgG�g`2H�iBQMgH�gTHmbg7Q`i2g�gûiûgQ#i2Mm2g¨gT�`iB`g/mg
KQ/ĕH2gMQM@HBMû�B`2gU_kg�Dmbiûg4gy-9NgcgMg4gRdgcgT@p�Hm2gIgy-y8VgK�Bbg+2HH2g/mgKQ/ĕH2g
HBMû�B`2gbBKTH2g2bigû;�H2K2MigbB;MB7B+�iBp2gU_kg�Dmbiûg4gy-9dgcgMg4gRdgcgT@p�Hm2gIgy-y8VXg
hQmi27QBb-g+2bg`2H�iBQMbg`2bi2Migi`QTg7�B#H2bgU_kg�DmbiûgIgy-3VgTQm`g[m2gHǶmMg/2bgKQ/ĕH2bg
bQBigp�HB/ûXgGǶ�#b2M+2g/2g`2H�iBQMg2Mi`2gH2g*Pg2igHǶBMi2MbBiûg/2gaS6gbB;MB7B2g[mǶmMgQmg
THmbB2m`bg7�+i2m`bgBMi2`pB2MM2MiXgSHmbB2m`bg?vTQi?ĕb2bgbQMig�HQ`bgTQbbB#H2bg,gg

UBV GǶûpQHmiBQMg/2bgQ++mT�iBQMbg/2gbQHbg2Mgbm`7�+2g̈ g+�mb2g/2gHǶm`#�MBb�iBQMgBM/mBi
/2bgp�`B�iBQMbg[m�HBi�iBp2bgBKTQ`i�Mi2bg/�MbgH2bg�TTQ`ibg/2gJPg�mg+Qm`bg/mg
i2KTbXg

UBBV G�gT`ûb2M+2g/ǶûHûK2MibgKûi�HHB[m2bg/�Mbg"1Gk-gMQi�KK2Mig/mgTHQK#-gKBb
2MgûpB/2M+2gT�`gH2bg`ûbmHi�ibg/2bg�M�Hvb2bg;ûQ+?BKB[m2bg/2bgûHûK2Mibgi`�+2bg
BMQ`;�MB[m2b-gT2mig+QM/mB`2g¨g/2bgBMi2`�+iBQMbg2ig+QKTH2t�iBQMbg�p2+gH�gJPg
[mBgT2mig2Mi`�BM2`gmM2g2tiBM+iBQMg/2gH�g7HmQ`2b+2M+2gUBX2Xg2772ig/2g[m2M+?BM;Vg
UJ�bm?�`�g2ig�HX-gRN39cgJ2`/vg2ig�HX-gkyyNcga2`BiiBg2ig�HX-gRNN9VXg

UBBBV "B2Mg[m2gH�g+`QBbb�M+2g/2g"1GkgbQBig`û;mHBĕ`2g2ig[m2gHǶû+?�MiBHHQMgM2gb2K#H2
T�bgT�`iB+mHBĕ`2K2Mig�772+iûgT�`g/2bgp�`B�iBQMbg BKTQ`i�Mi2bg/2g+`Bbi�HHBMBiûg
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UBX2XgTQ`QbBiûV-g/2bgp�`B�iBQMbg/2g/2MbBiûgQTiB[m2gTQm``�B2MigBM7Hm2M+2`gH2gbB@
;M�Hg /2g 7HmQ`2b+2M+2g bQHB/2g U:2Mivg 2ig �HX-g RNNdcg aBQ#?�Mg6XgJ+:�``vg �M/g
"�F2`-gkyyycgS2``2ii2g2ig�HX-gkyyycgZmB2`bg2ig�HX-gkyR8VXg

SQm`gi2bi2`gH�gT`2KBĕ`2g?vTQi?ĕb2-gmMg/û+QmT�;2g/mgD2mg/2g/QMMû2bg�gûiûg`û�HBbûgb2HQMg
i`QBbgTû`BQ/2bgi2KTQ`2HH2bg/û7BMB2bg2Mg7QM+iBQMg/2gHǶûpQHmiBQMg/2gHǶm`#�MBb�iBQMg2Mgbm`@
7�+2gU+7Xg*?�TBi`2gdVg,gUBVgH�gTû`BQ/2g/2gT`û@m`#�MBb�iBQMgURdRR@R3k8g*1Vg+Q``2bTQM/�Mig
�mtgTQBMibgyg¨gd-g UBBVg H�gTû`BQ/2g/Ƕm`#�MBb�iBQMg UR3k8@RNyyg*1V-gTQBMibg3g¨gRkg b�Mbg
+QKTi2`gH2gTQBMigN-gUBBBVgH�gTû`BQ/2gTQbi@m`#�MBb�iBQMgURNyy@kyRkg*1V-gTQBMibgRj-gR8-gRe-g
Rdg2igR3XgG2bg`ûbmHi�ibg/2bgKQ/ĕH2bgbQMigi`ĕbgp�`B�#H2bXg1Mg2772i-g�p2+gH2gKQ/ĕH2gHBMû�B`2g
KmHiBTH2-gTQm`gH2bgTû`BQ/2bg/2gT`û@m`#�MBb�iBQMg2ig/2gTQbi@m`#�MBb�iBQM-gBHgMǶ�gT�bgûiûg
TQbbB#H2g/2gKQ/ûHBb2`gH2gbB;M�H-g`2bT2+iBp2K2Mig_kg�Dmbiûg4gy-yy9g2igy-k3Xg1Mg`2p�M+?2-g
TQm`gH�gTû`BQ/2g/Ƕm`#�MBb�iBQMgmM2g+Q``ûH�iBQMg2bigQ#b2`pû2gU_kg�Dmbiûg4gy-djVXghQmi2@
7QBb-g+2g/û+QmT�;2g�g+QM/mBig¨g�TTHB[m2`gH2gKQ/ĕH2gbm`g/2bgD2mtg/2g/QMMû2bg`2bi`2BMibg
U2X;XgMg4g9gTQm`gH�gTû`BQ/2g/Ƕm`#�MBb�iBQMVXgg

G2g/û+QmT�;2gb2HQMgH2bgTû`BQ/2bg/2g+?�M;2K2Mibg/ǶQ++mT�iBQMg/2bgbQHbg2Mgbm`7�+2gMǶ�g
/QM+gT�bgT2`KBbg/Ƕ�KûHBQ`2`gH2bg`ûbmHi�ibg/2gKQ/ûHBb�iBQMXgAHg2bigTQbbB#H2g[m2gH2bgp�`B�@
iBQMbg2MgJPgbQBig#2�m+QmTgTHmbg7BM2b-g+2g[mBgMû+2bbBi2`�Big/2g/û+QmT2`gH2gD2mg/2g/QMMû2bg
2Mg bQmb@;`QmT2bg�mg b2BMgKāK2g/2bg;`�M/2bgTû`BQ/2bg/Ƕm`#�MBb�iBQMXghQmi27QBb-g +2ii2g
bQHmiBQMgMǶ2bigT�bg2MpBb�;2�#H2g+�`gH2bgKQ/ĕH2bg`2TQb2`�B2Migbm`gmMgMQK#`2g/2gTQBMibg
i`QTg`2bi`2BMibXgg

kXjX� *Q``2+iBQMg/2bg2772ibg/2g/2MbBiûgQTiB[m2g/2bgK2bm`2bg2Mg7HmQ`2b+2M+2g2Mg
T?�b2gbQHB/2gT�`gH�g7HmQ`2b+2M+2g2MgT?�b2gHB[mB/2Xg

GǶBM7Hm2M+2g/2gH�g/2MbBiûgQTiB[m2gbm`gH2gbB;M�Hg/2g7HmQ`2b+2M+2gbQHB/2gM2gT2migT�bgāi`2g
û+�`iû2g2igTQm``�Big2tTHB[m2`gHǶ�#b2M+2g/2g`2H�iBQMg2Mi`2g*Pg2igaS6Xg.�MbgH2m`gûim/2g
ZmB2`bg2ig�HXgUkyR8VgQMigmiBHBbûgmMgKQ/ĕH2gMQM@HBMû�B`2gT`2M�Mig2Mg+QKTi2gH2gbB;M�Hg/2g
`û7H2+i�M+2gT`Q+?2gBM7`�@`Qm;2gU¨g3RkgMKVgûKBbgT�`gH�g/BQ/2g;ûMû`�MigH�g7HmQ`2b+2M+2g
u�:Xg§g+2ii2gHQM;m2m`g/ǶQM/2-gi`ĕbgT2mg/ǶBMi2`�+iBQMbg�p2+gH�gK�iBĕ`2gbQMig+QMMm2b-g
+2ii2gK2bm`2gT2mig/QM+gāi`2g+QMbB/û`û2g+QKK2gHBû2-g2MgT`2KB2`gQ`/`2-g¨gH�g/2MbBiûgQT@
iB[m2g/2gH�g+�H+Bi2Xg.�MbgH2g+�bg/2g"1Gk-gH2gbB;M�Hg/2g`û7H2+i�M+2gBM7`�@`Qm;2g2bigi`ĕbg
7�B#H2gU6B;m`2g3@RV-gpQB`2gMmH-g2igMǶ�g/QM+gT�bgTmgāi`2gBMiû;`ûg�mgKQ/ĕH2-g+2g[mBg
TQm``�Big2tTHB[m2`gHǶ�#b2M+2g/2g`2H�iBQMg/�MbgH2bgKQ/ĕH2bXg�7BMg/2g+Q``B;2`gH2bg
/QMMû2bg/2gaS6g/2bg2772ibg/2gK�i`B+2-g/2bgKQ/ĕH2bg2Mi`2gaS6g2igGS6gQMigûiûgi2biûbXg
a2HQMgH2gT`BM+BT2g/2gT�`+BKQMB2-gmMgKQ/ĕH2g HBMû�B`2gbBKTH2g�g/Ƕ�#Q`/gûiûgi2biûg2Mi`2g
HǶûKBbbBQMg/2g 7HmQ`2b+2M+2g 2MgT?�b2g HB[mB/2g¨g99ygMKg2ig H�g bQKK2g/2bg ûKBbbBQMbg/2g
7HmQ`2b+2M+2g2MgT?�b2g bQHB/2g¨g993gMKg2ig8y9gMKgbm`g H2bgR3gxQM2bg `ûû+?�MiBHHQMMû2bg
U6B;m`2g3@jVg,gg

:(C<=--()�=�>�+�?�×�[:(-<=--2)�+�:(-<=/(-)]		



*?�TBi`2g3g@go�`B�iBQMbg¨g?�mi2@`ûbQHmiBQMg/mg+QMi2MmgQ`;�MB[m2gUK�iBĕ`2gQ`;�MB[m2g2ig>�SVg/�MbgmMg
la*.g,g2bb�Bbg/2gKQ/ûHBb�iBQMXg

R8jg

lM2gHû;ĕ`2g`2H�iBQMgMû;�iBp2g2bigKBb2g2MgûpB/2M+2gU_kg�Dmbiûg4gy-jegcgMg4gR3gcgT@p�Hm2g
Igy-y8VgK�BbgH�g/BbT2`bBQMg�miQm`g/mgKQ/ĕH2g/2K2m`2gi`QTgBKTQ`i�Mi2Xgg

6B;m`2g3@jXg_ûbmHi�ig/mgKQ/ĕH2gHBMû�B`2gbBKTH2g2Mi`2gHǶûKBbbBQMgGS6g¨g99ygMK-g2igH�gbQKK2g/2bgûKBbbBQMbgaS6g¨g993g
2ig8y9gMKXgg

lMgKQ/ĕH2g /2g `û;`2bbBQMg HBMû�B`2gKmHiBTH2g ¨gT�`iB`g /2bg ûKBbbBQMbg/2g 7HmQ`2b+2M+2g 2Mg
T?�b2gbQHB/2g¨g993gMKg2ig8y9gMKg�g�HQ`bgûiûgi2biûgi2Hg[m2g,gg

:(C<=--()�=�>�+	 ?�×�:(-<=--2)�+�D�×�:(-<=/(-)g

hQmi27QBb-g+2g/2`MB2`gMǶ�gT�bgT2`KBbg/Ƕ�KûHBQ`2`gH�g[m�HBiûg/mgKQ/ĕH2gU_kg�Dmbiûg4gy-j8gcg
Mg4gR3gcgT@p�Hm2gIgy-y8VXg6BM�H2K2Mi-gH2gKQ/ĕH2gMQM@HBMû�B`2gbBKTH2g/mgivT2g,gg

:(C<=--()�=�>�+�?3[:(-<=--2)�+�:(-<=/(-)]4!	

T`ûb2Mi2gmMg_kg�DmbiûgbmTû`B2m`g�mtgKQ/ĕH2bgHBMû�B`2bgU_kg�Dmbiûg4gy-9RgcgMg4gR3gcgT@
p�Hm2gIgy-y8VgK�BbgBMbm77Bb�MigTQm`gT�`H2`g/2g+Q``ûH�iBQMXg
�7BMg/2gi2Mi2`g/Ƕ�KûHBQ`2`gH�gKQ/ûHBb�iBQM-gH2bg`ûbB/mbg/mgKQ/ĕH2gMQM@HBMû�B`2gQMigûiûg
2t�KBMûbg2ig[m�i`2gTQBMibgQMigûiûgB/2MiB7Bûbg+QKK2gTQi2MiB2HH2K2Mig�#2``�MibgU6B;m`2g
3@9VXg*2bgTQBMibgM2gb2K#H2MigT�bgHBûbg¨g/2bg/ûTƬibgT�`iB+mHB2`bg�mgb2BMg/2g"1Gk-g2igbQMig
/QM+gT`Q#�#H2K2Mig/mbg¨g/2bg#B�Bbg2tTû`BK2Mi�mtXgAHg�gûiûg+?QBbBg/2gH2bg`2iB`2`g/mgD2mg
/2g/QMMû2bg2ig/Ƕ2tû+mi2`gH2bgKQ/ĕH2bgmM2gMQmp2HH2g7QBbX
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G2gKQ/ĕH2gKmHiBHBMû�B`2gT`ûb2Mi2g�HQ`bgH2bgK2BHH2m`bg`ûbmHi�ibg2igb2K#H2gbi�iB[m2K2Mig
+Q``ûHû-giQmi27QBbgH2g_kg�Dmbiûg2bigBM7û`B2m`g¨gy-3ygU_kg�Dmbiûg4gy-eegcgMg4gR9gcgTgIgy-y8VXg
G2gKQ/ĕH2gMǶ�g/QM+gT�bgûiûg`2i2MmXg

6B;m`2g3@9Xg�g;�m+?2-g;`�T?B[m2g/2bg`ûbB/mbg/mgKQ/ĕH2g/2g`û;`2bbBQMgHBMû�B`2gKmHiBTH2-gH2bgTQBMibg2MiQm`ûbg2MgQ`�M;2bg
b2K#H2Mig+Q``2bTQM/`2g̈ g/2bgĿgQmiHB2`bgŀXg�g/`QBi2-g;`�T?B[m2g/2bgp�H2m`bg/ǶBMi2MbBiûg/2g7HmQ`2b+2M+2g2MgT?�b2gHB[mB/2g
UGS6VgT`û/Bi2bgpbgK2bm`û2bg�p2+gH2gKQ/ĕH2gKmHiBHBMû�B`2Xgg

GǶBKTQbbB#BHBiûg/2gKQ/ûHBb2`g+Q``2+i2K2Mig H2bg/QMMû2bg/2g 7HmQ`2b+2M+2gbQHB/2g�p2+g H2bg
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Figure 8-5. Influence du pH sur l'intensité de fluorescence en phase liquide. 

Toutefois, une autre partie de ces problèmes, comme déjà évoqué avec le modèle 
CO/SPF, peut provenir des variations qualitatives importantes de la matière organique 
au cours du temps pouvant entrainer des interactions moléculaires différentes en phase 
solide ou en phase liquide. En effet, la rigidification des molécules organiques piégées 
dans la matrice cristalline peut influencer le comportement de relaxation des polymères, 
en entrainant une diminution des émissions non-radiatives et une exaltation de la fluo-
rescence (Mizobe et al., 2006). Par ailleurs, contrairement à Quiers et al. (2015), aucune 
relation n’a été observée entre le CO et la LPF. Cela tend ainsi à renforcer les deux 
dernières hypothèses (i.e. influence du pH et variation de MO en qualité).  

Pour conclure, contrairement à Quiers et al. (2015), il n'a pas été possible de modéliser 
les données de fluorescence en phase solide avec les mesures de carbone organique pour 
obtenir des variations quantitatives du carbone organique à haute résolution. Les va-
riations importantes, au cours du temps, de la qualité des matières organiques et de la 
quantité en éléments métalliques, semblent être l’hypothèse la plus probable pouvant 
expliquer ces résultats. En effet ces variations peuvent notamment entrainer des effets 
de « quenching » ou d’exaltation de la fluorescence suivant leur nature, leur com-
plexation ou leurs interactions avec la matrice cristalline. Par ailleurs, ces variations 
de qualité de matière organique s’expliquent très certainement par les changements 
importants de l’occupation du sol en surface et les activités humaines en lien avec 
l’urbanisation. Toutefois, un biais expérimental lié à l’influence du pH sur l’intensité 
de fluorescence en phase liquide ne peut pas être écarté et nécessiterait une optimisation 
du protocole.  
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Figure 8-6. Cartographie des déclins de fluorescence à lex. 266 nm et lem. 350 nm, 400 nm et 450 nm, et la lé-
gende associée (à droite). 

La complexité de la décroissance de la fluorescence des MO peut être due à divers 
processus intra et intermoléculaires et aux caractéristiques structurelles de la matrice. 
En effet, l'interaction du fluorophore avec l'environnement peut soit augmenter, soit 
diminuer l'efficacité du transfert d'énergie, ce qui peut affecter le temps de décroissance 
de la fluorescence. Par exemple, la complexation de la MO avec des métaux peut en-
trainer des temps de déclins de fluorescence moyen plus courts (Nicolodelli et al., 2017). 
Généralement, les études de fluorescence résolue en temps portent sur des composés 
cibles de concentrations connues dans des solvants ou des eaux naturelles (e.g. Kumke 
et al., 1998; Lewitzka and Niessner, 1995; Nouhi et al., 2018; Selli et al., 2004). Dans 
les dépôts de carbonates secondaires, il est possible que la rigidité cristalline permette 
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`QMK2Mi-gi?BbgrQ`Fg7Q+mb2/gQMgi?2gbim/vgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>bV-g
m#B[mBiQmbgTQHHmi�MibgK�BMHvgT`Q/m+2/g#vg?mK�Mg�+iBpBiB2bXghQg#2ii2`gmM/2`bi�M/g i?2g
K�BMg7�+iQ`bgH2�/BM;giQgi?2g`2i2MiBQMgQ`gi`�MbTQ`igQ7gi?2b2gTQHHmi�MibgBMgm`#�Mg2MpB`QM@
K2Mib-gp2`iB+�Hgi`�Mb2+ib-g7`QKgi?2gbm`7�+2giQgb2p2`�HgK2i2`bg/QrM-gr2`2g2bi�#HBb?2/gQMg
i?`22gbim/vgbBi2bgBMgQ`gM2�`gS�`BbgU6`�M+2V-gb2H2+i2/g�++Q`/BM;giQg�Mgm`#�MBx�iBQMg;`�/B2MiXg
aQBHgb�KTH2bg+QHH2+i2/g�igi?2gbm`7�+2g�M/gm`#�Mgb2+QM/�`vg+�`#QM�i2g/2TQbBibgUla*.V-g
bBKBH�`giQg+�p2gbT2H2Qi?2Kb-gb�KTH2/gmM/2`;`QmM/gBMg[m�``B2bg�M/g�[m2/m+ibgr2`2g�M�@
Hvx2/Xg�bgi?2g?v/`QT?Q#B+gT`QT2`iB2bgQ7gS�>bg7�pQ`gi?2B`gbQ`TiBQMgQMiQgQ`;�MB+gK�ii2`-g
i?2gH�ii2`gr�bg�HbQgbim/B2/gmbBM;gQ`;�MB+g+�`#QMg�M�HvbBbg�M/glog7HmQ`2b+2M+2gbT2+i`Qb@
+QTvXgh?2gla*.gHQ+�i2/g+HQb2bigiQgi?2gm`#�MBx2/gbm`7�+2g+QMi�BM2/g?B;?g+QM+2Mi`�iBQMbg
Q7gS�>bgUdeX3gǬg8XjgM;X;@RV-gr?BH2gi?2gla*.gHQ+�i2/g�ig;`2�i2`g/2Ti?grBi?gQ`;�MB+gbQBHg
QMgi?2gbm`7�+2g+QMi�BM2/gi?2gHQr2big�KQmMigQ7gS�>bgUkXNgǬgyX9gM;X;@RV-g�M/gMQgS�>bg
rBi?gHQ;gEP*g=g8Xgh?2g`2bmHibg?B;?HB;?igi?2gT`2/QKBM�Mig`QH2gTH�v2/g#vgi?2gT`2b2M+2gQ7g
Q`;�MB+giQTbQBHg�igi?2gbm`7�+2gBMg`2i�BMBM;g�M/gbiQ`BM;gH�`;2g�KQmMibgQ7gS�>bgURNR9g@gk8N8g
M;X;bQBH@RV-gT�`iB+mH�`Hvgi?2gKQbig?v/`QT?Q#B+gQM2bgUBX2XgeyWgQ7gi?2gR8gS�>bg�`2g+?�`�+@
i2`Bx2/g#vg�gGQ;gEP*g=8V-gr?B+?g�`2g�HbQgi?2gKQbigiQtB+Xgh?2gHBi?QHQ;vg�M/gi?B+FM2bbgQ7g
i?2g #2/`Q+Fg U#2ir22Mg i?2g bm`7�+2g �M/g i?2gla*.Vg �HbQg TH�vg �Mg BKTQ`i�Mig `QH2g BMg i?2g
`2i2MiBQMgQ7gS�>b-gT�`iB+mH�`Hvgi?Qb2g�/bQ`#2/gQMgi?2gT�`iB+mH�i2gT?�b2Xg
g
g
 g
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RX� AMi`Q/m+iBQMgg
g
hQ/�v-g�`QmM/g?�H7gQ7gi?2grQ`H/^bgTQTmH�iBQMgHBp2bgBMgm`#�Mg�`2�b-g�gT`QTQ`iBQMgi?�igBbg
2tT2+i2/giQg2t+22/ge3gWg#vgky8ygUlMBi2/gL�iBQMbgSQTmH�iBQMg.BpBbBQM-gkyRNVXgAMgi?2b2g
/2Mb2HvgTQTmH�i2/g�`2�b-g i?2gT`2bbm`2gQMgr�i2`g `2bQm`+2bg Bbg bB;MB7B+�Mig�M/g Bbg HBF2Hvg iQg
BMi2MbB7vgBMgi?2g+QKBM;gv2�`bg�bg�g`2bmHigQ7g+HBK�i2g+?�M;2gU6Hƺ`F2g2ig�HX-gkyR3cgGB;ipQ2ig
2ig�HX-gkyR9VXghm`MBM;giQg�Hi2`M�iBp2g`2bQm`+2bg#vgmbBM;gMQM@+QMp2MiBQM�Hgr�i2`gbQm`+2bg
bm+?g�bgbT`BM;gr�i2`gQ`gbm#bm`7�+2gr�i2`g7Q`gbT2+B7B+gTm`TQb2bgU2X;XgB``B;�iBM;g;`22MgbT�+2bg
Q`g+H2�MBM;gbi`22ibVg+QmH/g?2HTgiQg`2/m+2g/`BMFBM;gr�i2`g+QMbmKTiBQMg�M/gQp2`+QK2gr�i2`g
b+�`+BivgBMgi?2b2g�`2�bXg>Qr2p2`-g;`QmM/r�i2`gBbgi?`2�i2M2/g#vgTQHHmiBQMg+�``B2/g7`QKgi?2g
bm`7�+2g#vg̀ �BMr�i2`gBM7BHi`�iBQMgU2X;Xg�;`B+mHim`�Hg+?2KB+�Hb-gQ`;�MB+gQ`g+?2KB+�HgTQHHmi�Mig
2KBbbBQMbg7`QKg`2bB/2MiB�HgQ`gBM/mbi`B�Hg�`2�b-g�iKQbT?2`B+g/2TQbBiBQMV-g�M/g;`QmM/r�i2`g
BMgm`#�Mg�`2�bgBbg2p2MgKQ`2gi?`2�i2M2/gU"m``Bg2ig�HX-gkyRNVXgh?2g[m2biBQMgQ7gi?2gr�i2`g
[m�HBivgQ7gi?2b2gTQi2MiB�Hg�Hi2`M�iBp2g`2bQm`+2bgi?mbg`2K�BMbg+2Mi`�H-g2bT2+B�HHvg�bgK�Mvg
[m2biBQMbg`2K�BMg�#Qmigi?2g#2?�pBQ`g�M/gT`2/B+iBQMgQ7g;`QmM/r�i2`g+QMi�KBM�MibXgh?Bbg
Bbbm2gBbg�HHgi?2gKQ`2g`2H2p�MigBMgm`#�Mg2MpB`QMK2Mib-g�bgBig`�Bb2bg[m2biBQMbg�#Qmigi?2g`QH2g
Q7gbQBHg+Qp2`g@gQ`;�MB+gbQBHbgpbXgh2+?MQbQHbg@gBMg+QMi�KBM�Migi`�Mb72`Xg
SQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>Vg�`2gb2KB@pQH�iBH2gQ`;�MB+g+QKTQmM/bXgaBti22MgQ7g
i?2Kg�`2gB/2MiB7B2/g�bgT`BQ`BivgTQHHmi�Mibg#vgi?2glag1MpB`QMK2Mi�HgS`Qi2+iBQMg�;2M+vg
Ulag1S�Vg�M/gi?2gqQ`H/g>2�Hi?gP`;�MBx�iBQMgUq>PVXgS�>bgQ`B;BM�i2g#Qi?g7`QKgQBHg�M/g
T2i`QH2mKgT`Q/m+ibg�M/g7`QKgi?2gBM+QKTH2i2g+QK#mbiBQMgQ7gQ`;�MB+gK�ii2`gUrQQ/-g7QbbBHg
7m2HbVg U"`QrMg�M/gS2�F2-g kyyecgh�F�/�g 2ig �HX-g RNNRVXgq?BH2g i?2g 7Q`K2`g �`2g H2�F2/g Q`g
bTBHH2/g/B`2+iHvgQMiQgi?2gbQBH-gi?2gH�ii2`g�`2g2KBii2/giQgi?2g�iKQbT?2`2g#27Q`2g`2im`MBM;giQg
i?2g+QMiBM2Mi�Hgbm`7�+2gpB�g/`vg�M/gr2ig/2TQbBiBQMXgPM+2g/2TQbBi2/gQ`g�++mKmH�i2/gQMg
b2�H2/gbm`7�+2b-g̀ mMQ77gBbgQM2gQ7gi?2gK�BMgT�i?r�vbg7Q`gi?2g̀ 2H2�b2gQ7gS�>bgBMiQgi?2g�[m�iB+g
2MpB`QMK2MigUJɃHH2`g2ig�HX-gkykyVXg.2T2M/BM;gQMgi?2B`g/B772`2MigT?vbB+Q+?2KB+�HgT`QT2`@
iB2b-gi?2b2gTQHHmi�MibgrBHHgmM/2`;Qg/2;`�/�iBQMgUT?QiQ+?2KB+�Hg`2�+iBQM-g#BQ/2;`�/�iBQMVg
�M/fQ`gT�`iBiBQMBM;gUpQH�iBHBx�iBQM-gbQ`TiBQM-gH2�+?BM;Vg/m`BM;gi`�MbTQ`igUqBH/g�M/gCQM2b-g
RNN8#VXg.m2g iQg i?2B`g ?v/`QT?Q#B+g T`QT2`iB2b-g S�>bg �`2g T�`iB+mH�`Hvg T`QM2g iQg #BM/g iQg
Q`;�MB+gK�ii2`gUPJVgUCQM2bg2ig�HX-gRN3Ncga�Mib+?Bg2ig�HX-gRNNdVXgh?2gr�i2`@Q`;�MB+g+�`#QMg
T�`iBiBQMg+Q277B+B2MigUEP*VgT`QpB/2bgBM7Q`K�iBQMgQMgi?2B`gbQ`TiBQMgTQi2MiB�HgQMiQgPJXghQ@
/�v-gi?2b2gT2`bBbi2MigQ`;�MB+gTQHHmi�Mibg�`2gm#B[mBiQmb-g2bT2+B�HHvgBMgm`#�Mg2MpB`QMK2Mibg
U"`QrMg2ig�HX-gRNNecg*QH2K�Mg2ig�HX-gRNNdcgLB2Hb2Mg2ig�HX-gRNNecgS2`2B`�g2ig�HX-gRNNNcgaBK+BFg
2ig�HX-gRNNdVg�M/gi?2B`g2KBbbBQMbg�`2gK�BMHvg�ii`B#mi2/giQg�Mi?`QTQ;2MB+g�+iBpBiB2bgU.mg
�M/gCBM;-gkyR3VXgh?2B`gQ`B;BMg�M/fQ`gi2KTQ`�Hg2pQHmiBQMg?�bgH2/giQgMmK2`Qmbgbim/B2bgBMg
M�im`�Hg�`+?Bp2bgbm+?g�bgK�`BM2-gH�F2g�M/g`Bp2`gb2/BK2MibgU2X;Xg�`B�bg2ig�HX-gkyRycg�v`�mHig
2ig�HX-gkykRcgwXg:mQg2ig�HX-gkyydcgS2`2B`�g2ig�HX-gRNNNVXg>Qr2p2`-gS�>bg?�p2g#22Mgp2`vg
TQQ`Hvgbim/B2/gBMgb2+QM/�`vg+�`#QM�i2g/2TQbBibgUbT2H2Qi?2Kbg7`QKg+�p2bVg#2+�mb2gQ7gi?2B`g
p2`vgHQrg+QMi2MigBMgi?2b2g�`+?Bp2bg�M/gi?2g[m2biBQMgQ7gi?2g`QH2gQ7gbQBHg�M/g2TBF�`bigBMgi?2B`g
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BMg�`iB7B+B�Hgm`#�Mgbi`m+im`2bgbm+?g�bg�[m2/m+ibgQ`g[m�``B2bXg_2+2Mig?BbiQ`B+�Hgbim/B2bgQ7g
i?2b2g/2TQbBib-g7Q+mbBM;gBMgT�`iB+mH�`gQMgi?2g+QMi2MigQ7gPJg�M/gS�>bgU:�`�;MQMg2ig�HX-g
kykjVg�M/gS#-ga-g_11gUSQMb@"`�M+?mg2ig�HX-gkyRd-gkyR8-gkyR9V-g?�p2g/2KQMbi`�i2/gi?2B`g
TQi2MiB�Hg�bg`2+Q`/2`bgQ7gT�bigr�i2`g[m�HBivgBM7Hm2M+2/g#vg?mK�MgT`�+iB+2bg�M/gH�M/gmb2Xg
h?2gK�BMgQ#D2+iBp2gQ7gi?BbgrQ`Fgr�bgiQg/2i2`KBM2gS�>g�M/gPJgp�`B�iBQMbgBMg[m�MiBivg
�M/g[m�HBivg BMgi?2gbm#@�+im�HgT�`igQ7gla*.bg7`QKgi?`22g+QMi`�biBM;g HQ+�iBQMbg BMgS�`Bbg
U6`�M+2VgBMgi2`KbgQ7g/2Ti?bg�M/fQ`gH�M/@mb2gBMgQ`/2`giQg�bb2bbgi?2gBM7Hm2M+2gQ7gbm`7�+2g
m`#�MBx�iBQMgQMgi?2B`gi`�MbTQ`ig�M/g�++mKmH�iBQMgBMgi?2gla*.bXgh?BbgKmHiB@bBi2g�TT`Q�+?g
r�bg�HbQg+QmTH2/grBi?g+QKTH2K2Mi�`vg�M�Hvb2bgQ7gS�>bg�M/gPJgBMgbQBHb-g�M/g+�H+mH�iBQMbg
Q7gi?2Q`2iB+�HgT`2/B+iBQMbgQ7gS�>bgBMgb22T�;2gr�i2`Xgh?2g�BKgBbgiQgmM/2`bi�M/gi?2gK�BMg
7�+iQ`bgH2�/BM;giQgi?2g`2i2MiBQMgQ`gi`�MbTQ`igQ7gi?2b2gTQHHmi�Mibg7`QKgi?2gbm`7�+2giQgbm#g
bm`7�+2gr�i2`b-g�M/gi?mbgiQg[m2biBQMgi?2gT`2b2`p�iBQMgQ7gi?Bbgr�i2`g`2bQm`+2Xg

kX J�i2`B�Hbg�M/gK2i?Q/b

kXRX� aBi2bg�M/gb�KTH2bg

Figure 9-1. Simplified land cover map of the Paris region (source: Corine Land Cover Ile de France) and location 
of each sample. Samples are also located in depth using the log stratigraphy for each site and the cross section of 
the soil pit at the Brasserie site. Depth is given in meters, lithology is described in the left column of the log stra-
tigraphy and shown schematically in the right column (adapted from USGS codes). For the soil pit, O (for or-
ganic), A and B correspond to the different horizons, and colors are taken from the Munsell code. 

h?`22gbBi2bgrBi?g/B772`2MigivT2bgQ7gm`#�MBx�iBQMgr2`2gb2H2+i2/g7Q`gi?Bbgbim/vXgh?2vg�`2g�HHg
HQ+�i2/gBMgQ`gM2�`gS�`BbgU6B;m`2gN@RVXgg
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•� h?2g"2HH2pBHH2gbBi2gU"1GV-gHQ+�i2/gBMgi?2gMQ`i?2�bigQ7gS�`Bb-gBMgi?2gkyi?g�``QM/Bbb2@
K2Mi-gBbg+?�`�+i2`Bx2/g#vg�g+QMiBMmQmbgm`#�Mg7�#`B+Xgh?2gbBi2gBbg?QK2giQgi?2g:`2�ig
�[m2/m+igQ7g"2HH2pBHH2Xgh?BbgRy8ygKgHQM;g;�HH2`vgBbgT�`igQ7g�g?BbiQ`B+gM2irQ`FgFMQrMg
�bg i?2gLQ`i?2`Mg aT`BM;b-gr?B+?g bmTTHB2/g bQK2g Q7g i?2g Tm#HB+g 7QmMi�BMbg Q7g S�`Bbg
#2ir22Mgi?2gRki?g�M/gRNi?g+2Mim`B2bgU*HûK2Mig�M/gh?QK�b-gkyReVXg�Mgm`#�Mgb2+@
QM/�`vg+�`#QM�i2g/2TQbBi-g"1Gk-gr�bgb�KTH2/gBMgi?2g+2Mi`�HgT�`igQ7gi?2g�[m2/m+iXg
h?2g98gKKgi?B+Fgb�KTH2gb?Qrbg�g7BM2gH�KBM�iBQMgr?B+?-g+QmTH2/grBi?gl@h?g�M�H@
vb2b-gK�/2gBigTQbbB#H2giQg2biBK�i2gi?�igjyygǬgR8gv2�`bgQ7g`2+Q`/g�`2g+QMi�BM2/gBMg
i?2b2g/2TQbBibgUSQMb@"`�M+?mg2ig�HX-gkyR9VXgh?2gla*.gr�bg72/g#vgb22T�;2g7`QKg
i?2g `QQ7gQ7g i?2g;�HH2`vXgh?2g;�HH2`vg HB2bg�ig�g/2Ti?gQ7g�#Qmig8@RygKg#2HQrg_m2g
G2p2`ig�M/gBbg+Qp2`2/g#vg�gi?BMgH�v2`gQ7g"`B2gHBK2biQM2g�M/g�gh2+?MQbQHgUq_"-g
kykkVg +Q``2bTQM/BM;g iQg ;vTbB72`Qmbg #�+F7BHHg UR@8gKVg i?�ig Bbg T�`iB�HHvg b2�H2/g U�b@
T?�HiVXgg

• h?2g"`�bb2`B2gbBi2gU"_�V-gHQ+�i2/gBMgi?2gbQmi?2�bigQ7gS�`Bb-gBMgi?2gRki?g�``QM/Bbb2@
K2Mi-g Bbg +?�`�+i2`Bx2/g#vg�Mg�`iB7B+B�Hg;`22Mg bT�+2g#2ii2`gFMQrMg�bg i?2g"QBbg/2g
oBM+2MM2bXgh?2gbBi2gmM/2`gbim/vgBbg�g#mBH/BM;gbiQM2g[m�``vgFMQrMg�bgi?2g]"`�bb2`B2]g
[m�``vXg Aig Bbg HQ+�i2/g�ig�g/2Ti?gQ7g#2ir22MgR8g�M/gkygKg�M/g+Qp2`bg�Mg�`2�gQ7g
�TT`QtBK�i2Hvg9g?�Xgh?2g"`�bb2`B2g[m�``vgr�bg2t+�p�i2/g#2ir22MgRd9Rg�M/gR3eyg
*1g BMg +Q�`b2g HBK2biQM2g Q7g i?2gKB//H2gGmi2iB�Mg �;2Xg Aig Bbg +Qp2`2/g#vg �#Qmig i2Mg
K2i2`bgQ7glTT2`gGmi2iB�MgK�`Hbg�M/gHBK2biQM2bg�M/g�g̀ 2KM�MigQ7g"2�m+?�KTgb�M/bg
U"aag 7`QKg"_:JcgAMbT2+iBQMg:ûMû`�H2g/2bg*�``Bĕ`2bVg g U6B;m`2gN@RVXg"_�@*@y8g
r�bg+QHH2+i2/g7`QKg�g+QHH�Tb2gBMg�Mg�`2�gQ7gi?2g[m�``vgr?2`2gr�i2`gBM7BHi`�iBQMgBbg
T�`iB+mH�`Hvg?B;?XgaBM+2gi?2gmTT2`gT�`igQ7gi?2gb�KTH2gr�bgbmTTHB2/grBi?gr�i2`g�ig
i?2giBK2gQ7g+QHH2+iBQM-g Big Bbg/�i2/giQgkyRNg*1XglbBM;g�g H�KBM�g+QmMiBM;gK2i?Q/g
U:2Mivg�M/gZmBMB7-gRNNeVg#�b2/gQMg�gi?BMgb2+iBQMgQ#b2`p2/gmM/2`g�gKB+`Qb+QT2-gi?2g
�;2gQ7gi?2gb�KTH2gr�bg2biBK�i2/g�igdegǬg8gv2�`bgrBi?g�Mg�p2`�;2g;`Qri?g`�i2gQ7g
yXRNgKKXv`@RXgh?Bbg�;2gBbg+QMbBbi2MigrBi?gi?2g7�+igi?�ig"_�@*@y8g;`2rgQMg�g+QHH�Tb2g
i?�igQ++m``2/g�7i2`gi?2g[m�``vg+2�b2/giQg#2g�+iBp2gBMgi?2gv2�`gR3eyg*1XgPMgi?2g
bm`7�+2-gi?2g�`2�gBbg7Q`2bi2/Xg�gH�v2`gQ7gQ`;�MB+gbQBHgQ7gp�`vBM;gi?B+FM2bbgU�#QmigyX8
KV Qp2`HB2bg�HHmpB�Hg/2TQbBibgQ7g̀ 2/gfQ`�M;2gb�M/Xgh?2`27Q`2-g�gbQBHgTBigr�bg2t+�p�i2/g
�#Qp2gi?2g"_�@*@y8gb�KTH2g�`2�XghrQgbQBHgb�KTH2bg`B+?gBMgbBHB+�gU=gNyW-gh�#H2�m
N@RgaRV-g �g ivTB+�Hg #`QrMg b�M/vg�HQ+`BbQHg U�61a-g kyy3cg>vT2`/vbi`B+g*�K#BbQHb-g
6�P-gkyyeV-gr2`2gi�F2Mg7`QKgi?BbgTBigU6B;m`2gN@RV,g"_�@a@ykg#2ir22Mgyg�M/gRyg
+Kg/2Ti?gU?Q`BxQMbgPf�Vg�M/g"_�@a@yRg#2ir22Mgkyg�M/gjyg+Kg/2Ti?gU?Q`BxQMg
"fa�HVXg�HHgbQBHgb�KTH2bgr2`2g+QHH2+i2/g7`QKg#QiiQKgiQgiQTgBMg;H�bbgD�`bgi?�ig?�/
#22MgT`2pBQmbHvg+�H+BM2/gU8k8Ǟ+-gkg?VXgg

• h?2gJQMi`Qm;2gUJPLVgbBi2-gbQmi?r2bigQ7gS�`BbgU6B;m`2gN@RV-gBbg�MgBM/mbi`B�Hg`�BH@
`Q�/gbBi2g�/D�+2MigiQg`2bB/2MiB�Hg�`2�bXgh?2g*?�iBHHQM@JQMi`Qm;2g[m�``B2bg+QMbBbig
Q7g�gp�bigM2irQ`FgQ7g;�HH2`B2bg+Qp2`BM;gi?`22gKmMB+BT�HBiB2b,gJQMi`Qm;2-g*?�iBHHQM
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JPL@*@ydg Bbg �gla*.gi�F2Mg BMgkyRNg 7`QKg�g H�`;2g 7HQrbiQM2g biBHHg bmTTHB2/grBi?g
r�i2`-gBMg�g;�HH2`vgQMgi?2gKB//H2gH2p2HgQ7gi?2g[m�``v-g#2ir22MgRegKg�M/gR3gKg/22TXg
�bgBMgi?2g"`�bb2`B2g[m�``v-gi?2g;�HH2`vgr�bg2t+�p�i2/gBMg+Q�`b2gGmi2iB�MgHBK2biQM2bg
�M/gBbgQp2`H�BMg#vglTT2`gGmi2iB�MgK�`Hbg�M/gHBK2biQM2bg�M/g�gH�v2`gQ7g"2�m+?�KTg
b�M/bgU"aag7`QKg"_:JcgAMbT2+iBQMg:ûMû`�H2g/2bg*�``Bĕ`2bVXgh?2gH�ii2`gBbg+Qp2`2/g
#vg�gi?BMgH�v2`gQ7gK�BMHvg#�+F7BHHgK�i2`B�H-gr?B+?gK�vg#2gbBKBH�`giQg�gh2+?MQbQHg
Uq_"-g kykkVg U6B;m`2g N@RVXg 6`QKg KB+`Qb+QTB+g +QmMiBM;g Q7g H�KBM�g QMg �g i?BMg
b2+iBQMgU:2Mivg �M/g ZmBMB7-g RNNeVg Big r�bg 2biBK�i2/g i?�ig R98g v2�`bg Ǭg Ryg v2�`bg
?�p2g #22Mg`2+Q`/2/gBMgi?Bbg/2TQbBi-gBX2Xgi?2g#2;BMMBM;gQ7gi?2g;`Qri?gBMgR3d9g*1-g
r?B+?gb22KbgiQg+Q``2bTQM/giQgi?2g2M/gQ7gi?2g[m�``vBM;Xg

PMHvgi?2gbm#@�+im�HgT�`igQ7gi?2gla*.b-g+Q``2bTQM/BM;giQgi?2giQTgQ7gi?2gb�KTH2b-gr�bg
+QMbB/2`2/g BMgi?Bbgbim/vXgh?Bbg+Q``2bTQM/bgiQg�gT2`BQ/gQ7g�`QmM/gR8@kygv2�`b-g#2ir22Mg
RNN8g�M/gkyRkg*1g7Q`g"1Gk-gkyyeg�M/gkyRNg*1g7Q`g"_�@*@y8g�M/gkyy9g�M/gkyRNg*1gǬg
8gv2�`bg7Q`gJPL@*@ydXg
AMg�//BiBQM-gi?2g"`�bb2`B2gbBi2gBbgi?2gQMHvgQM2gr?2`2gQ`;�MB+gbQBHgb�KTH2bg+QmH/g#2g+QHH2+i2/-g
�bgi?2gQi?2`girQgbim/vgbBi2bg�`2gHQ+�i2/gBMgm`#�MBx2/gQ`gBM/mbi`B�HBx2/g�`2�bXg

kXkX� �M�HviB+�Hg

la*.bgr2`2gb�KTH2/g7Q`gS�>g�M�HvbBbgmbBM;g�grB`2gb�rgU"X1X�gSog+`QTT2`fg1b+BHgrB`2bVg
2[mBTT2/grBi?g�gyXegKKg/B�KQM/grB`2g�M/g�gKB+`Q@/BbFgiQgQ#i�BMgRg;g+�H+Bi2g+m#2bXg6`2b?g
bQBHbgr2`2g7`Qx2M-g HvQT?BHBx2/gURgiQgkgK#�`-g@g83Ǟ+VgiQg HBKBig HQbb2bgQ`g+QMi�KBM�iBQMg#vg
�K#B2Mig�B`-g�M/gi?2MgbB2p2/giQgkgKKXgPMHvgi?2g7BM2g7`�+iBQMgQ7gi?2gbQBHgUIgkgKKVgr�bg
�M�Hvx2/Xg

kXkXRX� S�>g2ti`�+iBQMg�M/g[m�MiB7B+�iBQMg

kXkXRXRX� S�>g2ti`�+iBQMgBMg+�`#QM�i2bg

�M�Hvb2bg r2`2g T2`7Q`K2/g �++Q`/BM;g iQg i?2g T`Q+2/m`2g /2p2HQT2/g �M/g /2b+`B#2/g #vg
:�`�;MQMg2ig�HXgUkykjVXg�7i2`gbm`7�+2g/2+QMi�KBM�iBQMgrBi?g/B+?HQ`QK2i?�M2gU>QM2vr2HH-g
*?`QK�bQHpg7Q`g>SG*Vg�M/g�MgmHi`�bQMB+g#�i?gUjgKBM-gkyǞ*-g8y@eygF>x-gRyyygqV-g+�H+Bi2g
+m#2bgr2`2gbTBF2/grBi?gR8gM;g�+2M�T?i2M2@/Ry-g�Mi?`�+2M2@/Ry-g�M/g#2MxQ(�)�Mi?`�+2M2@
/@RkgU�++mai�M/�`/g*2`iB7B2/g_272`2M+2gJ�i2`B�HbVgiQg+�H+mH�i2gS�>gmM+2`i�BMiB2bXg
*�H+Bi2gr�bgi?2Mg/BbbQHp2/g#vgK�Mm�Hg�;Bi�iBQMgrBi?gi?2g�//BiBQMgQ7gRygKGg>*GgU*�`HQg
1H#�-gj9@jdWg_agamT2`Tm`2g7Q`gi`�+2g�M�HvbBbVgBMgR8gKGg/B+?HQ`QK2i?�M2g�M/g8gKGgl>Zg
r�i2`gUJ�tBK�gla6g1H;�-gR3XkgJǕVXg6Bp2gKBHHBHBi2`bgQ7gbQHp2Migr2`2g2ti`�+i2/g7`QKgi?2g



*?�TBi`2gNg@g*QKT`û?2MbBQMg/2bg7�+i2m`bg/2gi`�Mb72`ig/2bg>�Sg/2gH�gbm`7�+2gp2`bgH2bg2�mtg/2gT`Q+?2gbm`7�+2g
2MgKBHB2mgm`#�BMgT�`gmM2g�TT`Q+?2gbT�iB�H2g

Redg

2KmHbBQMgBMg�gb2T�`�i2gim#2XghrQgbm++2bbBp2gHB[mB/fHB[mB/g2ti`�+iBQMbgr2`2gi?2MgT2`7Q`K2/g
rBi?g8gKGgQ7g/B+?HQ`QK2i?�M2g 2�+?XgaQ/BmKg bmH7�i2gTQr/2`gr�bg �//2/g iQg i?2g R8gKGg
2ti`�+igiQg`2KQp2g`2bB/m�Hgr�i2`-gi?2Mg+QM+2Mi`�i2/g�ig9yǞ*gmM/2`gMBi`Q;2Mg7HQrgBMg�Mg
�miQK�i2/g2p�TQ`�iQ`gUhm`#Qo�TgAA-g*�HBT2`gGB72ga+B2M+2bVgiQg�gpQHmK2gQ7gRgKGXg�7i2`g
7BHi`�iBQMg�igyXkkgƒKgUSh61g7BHi2`bV-gRyygμGg/BK2i?vHgbmH7QtB/2gU.JaP-gh?2`KQga+B2MiB7B+-g
G*@Jag;`�/2Vgr�bg�//2/g�M/g2p�TQ`�iBQMgr�bg+QMiBMm2/g;2MiHvgmM/2`g`2/m+2/gMBi`Q;2Mg
T`2bbm`2giQg�g7BM�HgpQHmK2gQ7gRyygμGXga�KTH2bgr2`2gi?2Mgi�F2MgmTgrBi?gRyygƒGgQ7gK2i?�MQHg
�M/gF2Tig+QQHgT`BQ`giQg�M�HvbBbXg"H�MFbgr2`2g�HbQgT`Q/m+2/gmbBM;gi?2gb�K2gT`QiQ+QHgbi2TbXg

kXkXRXkX� S�>g2ti`�+iBQMgBMgbQBHbg

h?2gT`QiQ+QHgBbg#�b2/gQMgi?�ig/2b+`B#2/g#vgJ�`+?�Hg2ig�HXgUkykjVXgaQBHgb�KTH2bg�M/g#H�MFbg
r2`2gbTBF2/grBi?gk8ygƒGgQ7g�gbQHmiBQMg+QMi�BMBM;gRyygM;XKG@RgQ7g�+2M�T?i2M2@/Ry-g�Mi?`�@
+2M2@/Ryg�M/g#2MxQ(�)�Mi?`�+2M2@/RkXgh?`22gHB[mB/fHB[mB/g2ti`�+iBQMbgr2`2gT2`7Q`K2/gQMg
8g;gQ7gbQBHgmbBM;gR8gKGgQ7g/B+?HQ`QK2i?�M2f�+2iQM2gKBtim`2gU3y,kyV-g�MgmHi`�bQMB+g#�i?g
UjgKBM-g8y@eygF>x-gRyyygqVg�M/g+2Mi`B7m;�iBQMg7Q`gRygKBMg�igReyyg`TKgiQgb2T�`�i2gi?2g
bQHB/gT?�b2g7`QKgi?2gbQHp2MiXgh?2g98gKGgQ7gbQHp2Migr�bgi?2Mg+QM+2Mi`�i2/giQgRgKGgmM/2`g
MBi`Q;2Mg7HQrgBMg�ghm`#Qp�Tg#vg`BMbBM;gi?2gim#2gr�HHbgrBi?g?2Ti�M2g�7i2`gkygKBMXgaQ/BmKg
bmH7�i2gTQr/2`gr�bg�//2/giQg`2KQp2g`2bB/m�Hgr�i2`g�M/gi?2gb�KTH2bgr2`2gi?2Mg7BHi2`2/g�ig
yXkkgƒKgmbBM;gSh61g7BHi2`bXghQgT`2p2MigpQH�iBHBx�iBQMgQ7gS�>b-gRyygμGg.JaPgr�bg�//2/g
�M/g2p�TQ`�iBQMgr�bg+QMiBMm2/g;2MiHvgmM/2`g`2/m+2/gMBi`Q;2MgT`2bbm`2giQg�g7BM�HgpQHmK2g
Q7gRyygμGXgh?2gb�KTH2bgr2`2gi?2Mgi�F2MgmTgrBi?gRyyygƒGgQ7gK2i?�MQH-g7BHi2`2/g�;�BMg�ig
yXkkgƒKg�M/gF2Tig+QQHg#27Q`2g�M�HvbBbXg

kXkXRXjX� S�>g[m�MiB7B+�iBQMg

�giQi�HgQ7gR8gS�>bg�KQM;g/2gRegS�>bgQ7gi?2gla@1S�gHBbigr2`2g�M�Hvx2/,gM�T?i?�H2M2g
ULV-g�+2M�T?i?2M2gU�*1V-g7HmQ`2M2gU6GlV-gT?2M�Mi?`2M2gUS>1V-g�Mi?`�+2M2gU�LhV-g7Hm@
Q`�Mi?2M2g U6G�V-g Tv`2M2g USu_V-g #2MxQ(�)�Mi?`�+2M2g U"��V-g +?`vb2M2g U*>_V-g
#2MxQ(#)7HmQ`�Mi?2M2g U"#6V-g #2MxQ(F)7HmQ`�Mi?2M2g U"F6V-g #2MxQ(�)Tv`2M2g U"�SV-g
#2MxQ(;?B)T2`vH2M2gU";?BSV-g/B#2MxQ(�-?)�Mi?`�+2M2gU.#�?�V-g�M/gBM/2MQ(R-k-j@+/)Tv`2M2g
UASVXgg
"1Gk-g"_�@*@y8g�M/gbQBHgb�KTH2bgr2`2g�M�Hvx2/gQMg�Mg>SG*@6HmQg/2pB+2gUS2`FBM@1HK2`g
kyyg�M/gkyy�gb2`B2bVg7Q`gekgKBMg�++Q`/BM;giQgi?2gK2i?Q/g/2b+`B#2/gBMg:�`�;MQMg2ig�HXg
UkykjVXgJPL@*@ydgr�bg�M�Hvx2/gQMg�Mgl>SG*@6HmQgUS2`FBM@1HK2`-gG*gjyyVgrBi?gS�>g
2HmiBQMgT2`7Q`K2/gQMg�g*R3g+QHmKMg2[mBTT2/grBi?g�gT`2@+QHmKMgU1*gR8yfjgLm+H2Q/m`g
*R3gS�>-gJ�+?2`2v@L�;2HVgK�BMi�BM2/g�igj8gǞ*gBMg�MgQp2M-g7Q`gkygKBMg�M/g�++Q`/BM;giQg
i?2g7QHHQrBM;gT`Q;`�K,gRygKBMg�igRXkgKGXKBM@RgrBi?g�g8y,8yg�+2iQMBi`BH2fr�i2`gKBtim`2-g
i?2MgBM+`2�bBM;giQg3y,kyg7Q`gegKBMg�M/gRyygWg�+2iQMBi`BH2gU*�`HQg1`#�-g7Q`gl>SG*@JaVg
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7Q`gjgKBM-g2M/BM;grBi?gRgKBMg�ig8y,8ygbiBHHg�igRXkgKGXKBM@RXgh?2g[m�MiB7B+�iBQMgr�bg+�HB@
#`�i2/g#vg�Mg2ti2`M�HgK2i?Q/gmbBM;gegbi�M/�`/gKBtim`2bgQ7gRegS�>g`272`2M+2gK�i2`B�Hbg
U1S�geRyVXg
6HmQ`2b+2M+2g/2i2+iBQMgr�bgT`Q;`�KK2/grBi?gNgT�B`bgQ7g2t+Bi�iBQMgUkk8giQgjjjgMKVg�M/g
2KBbbBQMgUjkygiQg8yygMKVgr�p2H2M;i?bg�/�Ti2/giQgi?2gb2MbBiBpBivgQ7g2�+?gS�>gU:�`�;MQMg
2ig�HX-gkykjVXg6Q`g2�+?gb2`B2b-g+�HB#`�iBQMgr�bgT2`7Q`K2/gmbBM;gegbi�M/�`/bgU7`QKgRgiQg3yg
M;XKG@RVXg

kXkXRX9X� Zm�HBivg+QMi`QHg

h?2gHBKBibgQ7g/2i2+iBQMgUGP.Vg�M/g[m�MiB7B+�iBQMgUGPZVgQ7gi?2g>SG*@6HmQgr2`2g+�H+m@
H�i2/gmbBM;gi?2g+�HB#`�iBQMgHBM2gK2i?Q/grBi?gi?`22g�M/gbBtgiBK2bgi?2gbi�M/�`/g/2pB�iBQMg
Q7gi?2gv@BMi2`+2Tibg�M/g`�M;2/g7`QKgyXykgiQgyXkRgM;X;@Rg7Q`gi?2gGP.g�M/gyXyjgiQgyXj3gM;X;@

Rg7Q`gi?2gGPZ-g/2T2M/BM;gQMgi?2gS�>bg+QMbB/2`2/Xg�bgi?2b2gHBKBibg�`2g?B;?2`gi?�Mgi?Qb2g
Q7gl>SG*gUGP.gIgyXydgM;X;@Rg�M/gGPZgIgyXRjggM;X;@RVgi?2vgr2`2g�TTHB2/giQgi?2gb�KTH2g
K2�bm`2/grBi?gl>SG*g7Q`gi?2gb�F2gQ7g+QKT�`BbQMXgS`Q+2/m`�Hg#H�MFbg7QHHQrBM;gi?2gb�K2g
bi2Tbg�bgi?2gb�KTH2bgr2`2g�M�Hvx2/Xg6Q`gla*.b-gi?2gHBKBibgQ7g#H�MFbgUGP"Vgr2`2gHQr2`g
i?�Mgi?2g+QM+2Mi`�iBQMbgK2�bm`2/gBMgi?2gb�KTH2b-g2t+2Tig7Q`gM�T?i?�H2M2g�M/g�+2M�T?@
i?2M2Xg6Q`gbQBHb-gi?2g�p2`�;2g#H�MFgp�Hm2bgU#2ir22MgyXyRg�M/g8Xj8gM;X;@RVgr2`2g�HHgbB;MB7B@
+�MiHvgHQr2`gi?�Mgi?2g+QM+2Mi`�iBQMbgK2�bm`2/gBMgi?2gb�KTH2bXgg
o�Hm2bgK2�bm`2/g BMg b�KTH2bg#2HQrg i?2gGP.g�M/gGP"gr2`2g +QMbB/2`2/g iQg#2g x2`QXg AMg
�//BiBQM-g�bgi?2gp�Hm2bgBMgi?2gla*.bgr2`2gp2`vgHQr-gBigr�bg/2+B/2/giQgF22Tgi?2gp�Hm2bg
#2HQrgi?2gGPZXg
S�>gmM+2`i�BMiB2bgr2`2g+�H+mH�i2/gQMgi?2g#�bBbgQ7g/2mi2`�i2/gS�>g+QM+2Mi`�iBQMbg�++Q`/@
BM;giQ,g!5

√7
×

3((

8̅
	gr?2`2gEg-gBbgi?2gbi�M/�`/g/2pB�iBQM-gM-gi?2gMmK#2`gQ7gK2�bm`2K2Mib-g�M/g

F̅-gi?2gK2�Mg+QM+2Mi`�iBQMXgh?2g+�H+mH�iBQMgr�bg�TTHB2/gQMgi?2g#�bBbgQ7gi?2gT?vbB+Q+?2K@
B+�Hg T`QT2`iB2bg Q7g 2�+?g S�>g UHQ;g EP*cg h�#H2�mg N@jg ajVg �++Q`/BM;g iQg i?`22g +�i2;Q`B2b,g
S�>bgrBi?gHQ;gEP*gIg9gUL-g�+2-g6HmV-gS�>bgrBi?gHQ;gEP*g#2ir22Mg9g�M/g8gUS?2-g�Mi-g
6H�-gSv`V-g�M/gS�>bgrBi?gHQ;gEP*g=g8gU"��-g*?`-g"#6-g"F6-g"�S-g.#�?�-g";?BS-gASVXg

kXkXkX� *�`#QMg�M/gP`;�MB+gK�ii2`g�M�HvbBbg

kXkXkXRX� la*.gQ`;�MB+g+�`#QMg

:H�bbr�`2gr�bgr�b?2/gBMg�g?Qig/2i2`;2Mig#�i?g7Q`gkg?-g`BMb2/grBi?gQbKQbBbgr�i2`-g/`B2/-g
�M/g+�H+BM2/g�ig8k8Ǟ*g7Q`gkg?giQg`2KQp2g�MvgQ`;�MB+g`2bB/m2Xg
6Q`g2�+?gla*.-g�TT`QtXg3ygK;gQ7g+�H+Bi2gTQr/2`gr2`2g/BHmi2/grBi?gmHi`�@?B;?g[m�HBivg
Ul>ZVgr�i2`g�M/gi?2Mg/BbbQHp2/grBi?g>*HgRkLgU*�`HQg1H#�-gj9@jdWg_agamT2`Tm`2g7Q`g
i`�+2g�M�HvbBbVgU:�`�;MQMg2ig�HX-gkykjVXgq�i2`g�M/g>*HgpQHmK2gr2`2g+�H+mH�i2/g7Q`g2�+?g
b�KTH2giQgQ#i�BMgRgKGgbQHmiBQMg�igM2mi`�HgT>Xg�7i2`g+QKTH2i2g/BbbQHmiBQM-gi?2gbQHmiBQMg
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was diluted with UHQ water to a volume of 30 mL. After preparation, all samples were 
stored in a freezer and thawed 24 h prior to analysis.  
Organic carbon (OC) analyses were performed on a Shimadzu TOC-VCSN analyzer. Total 
carbon (TC) calibration between [0-20] mg.L-1 was performed using a Chemlab 100 ppm 
certified standard solution. Accuracy (99.5 %) and precision (relative standard deviation 
of 3%) were calculated by analyzing certified standard solutions (from Chemlab 100 ppm 
and Sigma standards 1000 mg.L-1) and a home-made standard (from potassium hydrogen 
phthalate) at 5 mg.L-1 several times during the analytical sequence.  

2.2.2.2. Soil organic carbon 

Soil organic carbon (SOC) was estimated indirectly using the loss on ignition method. 
Approximately 10 mg of dry soil was calcined in ceramic pods at 550ºC for 4 hours. The 
difference in mass before and after calcination is used to obtain the amount of soil organic 
matter (SOM). SOC is estimated using an empirical conversion factor such as: SOC = 
SOM / 1.72 (Van Bemmelen, 1890; Waksman and Stevens, 1930). 

2.2.2.3. Solid phase UV fluorescence (SPF) 

UV fluorescence analysis was performed on solid phase USCDs. An experimental spectro-
fluorometer was used. It is equipped with a thermoelectrically cooled, back-illuminated 
CCD detector (Jobin-Yvon Sincerity) and a monochromator (Jobin-Yvon MicroHr) with 
an adjustable slit and a 300 g/mm diffraction grating blazed at 450 nm and centered at 
600 nm, giving a spectral resolution of about 1 nm/px (Garagnon et al., 2023). The organic 
material trapped in the USCD was then excited by two Nd:YAG lasers emitting at 266 
nm and 355 nm. The 2-axis linear stage on which the sample was placed was used to 
measure steady-state laser-induced fluorescence (LIF) and near-infrared reflectance 
(NIRR) emissions in two dimensions to obtain hyperspectral images with a resolution of 
50 μm to 100 μm. 

2.2.3. Data processing 

PAH and organic carbon data were analyzed and processed in Excel. The table of meas-
ured concentrations is provided in the supplementary material (Tableau 9-2 S2). 
OC concentrations were corrected by the average UHQ water OC concentrations. The 
relative proportion of each PAH to the total of 15 PAHs was calculated to facilitate 
comparisons between sites as profiles. The percentage of PAHs with log KOC < 5 
(from N to Pyr), hereafter named hydrophilic PAHs was distinguished from those with 
log KOC > 5 (from BaA to IP), hereafter named hydrophobic PAHs, the latter having 
a very high affinity for OM.  
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Fluorescence spectra were simulated in Matlab using a supervised least-squares approach 
with a linear combination of log-normal functions constrained by ranges for position (in 
nm) and size (width and area) parameters (Moya et al., 2023). A mask was used to 
integrate only spectra within the area sampled for PAH analysis. Finally, 2 to 4 log-
normal functions were used to simulate the fluorescence emission of organic matter, spe-
cifically including amino-acids (protein-like substances) (340 nm ± 20 nm) (Baker et al., 
2008b; Coble, 1996; Parlanti et al., 2000) and aromatic organic compounds formerly 
known as humic-like substances (420 nm ± 20 nm; 500 nm ± 20 nm) (Birdwell and Engel, 
2010; Coble, 1996; Hudson et al., 2007). NIRR reflectance emission linked to the crystal-
linity was simulated by an additional log-normal function (812 nm ± 5 nm). 

2.3. Calculation 

The concentration of PAHs in seepage water was not measured due to the large volumes 
of water required to exceed LOQ, so a theoretical calculation was used to attempt to 
predict the quantity of PAHs that could be dissolved in seepage water. The PAH concen-
trations in the seepage water were estimated using the following formula (Cousins et al., 
1999): /H: =

0"#$%

;#&×=#&
 where />?&@ is the PAH concentration in soil (ng.gsoil-1); I?A the parti-

tion constant between OM and water; and J?A  the fraction of organic carbon determined 
by the loss-on-ignition technique (g.gsoil-1). The calculation was performed for an average 
value of  I?A for each PAH based on a literature review (Tableau 9-3 S3). This 
calculation assumes that the water and solid phases are in equilibrium. 

3. Results

3.1. PAHs in USCD 

Sample BEL2, whose data have already been published in Garagnon et al. (2023), had 
the highest total PAH concentrations (sum of the 15 PAHs) (76.8 ± 5.3 ng.g-1), and a 
very high proportion of hydrophobic PAHs (log KOC > 5) (85.3 ± 5.4 %) especially 
BghiP (28.7 ± 1.8 %), IP ( 17.0 ± 1.1 %) and BaP (11.5 ± 0.7 %) (Figure 9-2). Only 
14.7 ± 1.4 % of hydrophilic PAHs (log KOC < 5) were present, mainly Pyr (6.6 ± 0.6 
%), Fla (4.5 ± 0.4 %) and Phe (2.6 ± 0.3 %).  In contrast, sample BRA-C-05 showed 
very low concentrations of total PAHs (Figure 9-2), only 2.9 ± 0.4 ng.g-1, with a 
proportion of hydrophilic PAHs of 100 ± 14.9 %, essentially dominated by Phe (40.5 ± 
5.6 %) and Flu (34.0 ± 5.5 %). Sample MON-C-07 had a concentration of total PAHs of 
12.8 ± 1.7 ng.g-1 and a balanced distribution between hydrophobic and hydrophilic  
PAHs, respectively (42.3 ± 4.8 %) and (57.7 ± 8.1 %), essentially dominated by Phe 
(29.7 ± 4.1 %) and Fla (13.5 ± 1.9 %) (Figure 9-2).  
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Figure 9-2. PAH results in the different USCDs. The circles indicate the proportion (%) of each PAH relative to the 
total PAH concentration. The top-left histogram indicates both the proportion (%) of hydrophilic PAHs (with log KOC 
< 5, in light blue) and hydrophobic PAHs (with log KOC > 5, in dark green), while the white limit corresponds to the 
total PAH concentration (ng.g-1). 
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Figure 9-3. PAH proportions relative to total PAHs (%) for the different materials at the Brasserie site. On the left, 
the detailed profile of the relative proportion of each PAH from least water soluble in dark to most water soluble in 
light with BRA-W-01 the theoretical prediction in seepage water from BRA-S-01 soil and BRA-W-02 the theoretical 
prediction in seepage water from BRA-S-02 soil. The graph on the right displays the average relative proportion of 
hydrophilic PAHs (with log KOC < 5) and hydrophobic PAHs (with log KOC > 5) for soils, for the theoretical prediction 
in seepage water and in USCD BRA-C-05. 
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Figure 9-4. At the top, the histogram represents organic carbon concentrations at the Brasserie site, in soils (mg.gsol-1) 
and in USCD BRA-S-05 (mg.gCaCO3-1). At the bottom, the pie chart represents the proportion of organic carbon between 
the three USCDs, with values shown in mg.g-1. 
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Figure 9-5. Result of the average spectral simulation for each sample at 266 nm and 355 nm excitation and the 
proportion (%) of each fluorophore present. The light blue emission centered at around 350 nm visible under 266 nm 
excitation corresponds to amino acids, the dark blue, violet and pink emissions correspond to aromatic organic 
compounds and the black area is probably associated to Mn2+. The NIRR, in red, represents the cristallinity of the 
sample but is clearly negligible (<1% of total surface) or not measured.   

4. Discussion

4.1. PAH retention by organic soil 
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The Brasserie site is the only site investigated where organic soil is present. The soil 
samples revealed very high concentrations of total PAHs with 2595 ng.gsoil-1 in the surface 
horizon and 1914 ng.gsoil-1 in the deeper horizon (Figure 9-6), comparable to the range of 
concentrations measured in other parks and gardens in Paris  (512-8767 ng.g-1 ) (un-
published data from Cerema) and to data reported in studies of urban soils in Europe, 
e.g, 2 538 ng.g-1 on average in Bratislava (Bandowe et al., 2011), 1 544 ng.g-1 in Lisbong
(Cachada et al., 2012), or 1 990 ng.g-1 in Turin (Morillo et al., 2007). In addition, soil OCg
concentrations in the surface horizon (55.25 mg.gsoil-1) were 3 times higher than in the deepg
horizon (18.12 mg.gsoil-1).
The average PAH profile obtained in the Brasserie soils is also very close to that of theg
average annual atmospheric deposition in Paris (data from Ollivon et al., 2002; Figureg
9-6), with the same PAHs present and a correlation of 0.80 between the two profiles.g
Although a partitioning between atmospheric deposits and soils is observed: proportion-
ally, the hydrophobic PAHs, which tend to adsorb strongly onto OM, are dominant ing
the soils. The low molecular weight PAHs (such as naphthalene) are volatilized to theg
atmosphere (Park et al., 1990), biodegraded by soil microbial communities, or transferredg
by seepage water in dissolved or particulate form (Wild and Jones, 1995b). Theoreticalg
calculations of PAH concentrations in dissolved form in the seepage water (Figure 9-3g
and 9-6) show a clear predominance of hydrophilic PAHs (86-88 %). In addition,gUSCD 
BRA-C-05, located about 15 m below the investigated soil, contains a low amountg of 
total PAH (2.9 ng.gCaCO3-1) and does not contain hydrophobic PAHs. All these elementsg
point to a retention of the hydrophobic PAHs (BkF to IP) in the soils, due to a highg
sorption onto SOM (Jones et al., 1989; Santschi et al., 1997). The presence of organic soilg
therefore appears to play a key role in the retention of PAHs. Numerous studies haveg
already demonstrated the ability of SOM to retain contaminants in soils, thereby improv-
ing and protecting water quality (e.g., Lehmann and Kleber, 2015).
However, the theoretical PAH profile of the infiltration water is not identical to that ofg
BRA-C-05. The difference between the two (“Missing PAHs” in Figure 9-6) could beg
explained by: (i) a retention effect by the bedrock, (ii) an unknown partitioning effectg
between water and calcite or, (iii) as in soils, a biodegradation process by microbial com-
munities present in the water, forming methylated or hydroxylated metabolites.

4.2.  Influence of depth and lithology on PAH transferred to the USCD 

Sample BEL2 contains 76.8 ng.g-1 of total PAH (Tableau 9-2 S2). In contrast, 
concentra-tions in the other two USCDs, MON-C-07 and BRA-C-05, are 6 to 26 times 
lower (12.8 and 2.9 ng.g-1 respectively). Moreover, BEL2 also contains the highest OC 
concentration (2.7 mg.g CaCO3-1) and a higher proportion (53 %) of highly aromatic 
organic compounds than BRA-C-05 and MON-C-07 (Figure 9-5).  



S�`iB2gjgĜg_ûbmHi�ibg

Rdeg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

>Qr2p2`-g"1GkgBbgHQ+�i2/g�ig�gb?�HHQr2`g/2Ti?g�M/gBbgiQTT2/g#vg�g#�+F7BHHgr?2`2�bgJPL@
*@ydg�M/g"_�@*@y8gr2`2g#Qi?gb�KTH2/g�ig�g/2Ti?gQ7gKQ`2gi?�MgR8gKg�M/g�`2giQTT2/g#vg
�gH�v2`gQ7gb�M/g�M/g�gH�v2`gQ7gHBK2biQM2g`B+?gBMgK�`HgU6B;m`2gN@RVXgAMg�//BiBQM-gi?2gi?`22g
bBi2bg�`2gH2bbgi?�MgRygFKg�T�`ig�M/g�`2gHQ+�i2/g�ig�g+QKT�`�#H2g/Bbi�M+2gU≈gRgFKVg7`QKg
i?2gK�BMgS�`Bbg`BM;g`Q�/-g�gK�DQ`gbQm`+2gQ7gS�>b-gi?mbgBigBbg�bbmK2/gi?�ig�iKQbT?2`B+g
/2TQbBiBQMbg #2ir22Mg i?2g i?`22g bBi2bg �`2g bBKBH�`Xgg*QMbB/2`BM;g i?2g �MMm�Hg /`vg �M/gr2ig
�iKQbT?2`B+g/2TQbBiBQMgK2�bm`2/gBMgS�`Bbg#vgPHHBpQMg2ig�HXgUkyykVg�bgi?2gK�BMg+QKKQMg
bQm`+2gQ7gS�>bg7Q`g�HHgbBi2b-gi?2gi?B+FM2bbg�M/g[m�HBivgQ7gi?2g`Q+Fg+QHmKMgBM7BHi`�i2/g#vg
i?2gb22T�;2gr�i2`gT`Q#�#HvgTH�vg�gK�DQ`g`QH2gBMgS�>g`2i2MiBQMXgg

h?2gT`QtBKBivgQ7g"1GkgiQgi?2gm`#�MBx2/gbQBHgbm`7�+2g+QmH/g#2g̀ 2bTQMbB#H2g7Q`gBibg?B;?gS�>g
�M/gP*g+QM+2Mi`�iBQMbXgJQbig?v/`QT?Q#B+gS�>bg?�p2gKB;`�i2/giQgi?2gla*.g�bg`2p2�H2/g
#vgi?2gS�>gT`Q7BH2bgQ7gi?2g�iKQbT?2`B+g/2TQbBibgBMgS�`Bbg�M/gQ7gi?2g"1Gkgb�KTH2gU6B;m`2g
N@eVXgaQK2g?v/`QT?BHB+gS�>bg�`2gMQigT`2b2MigBMgi?2gla*.,gi?2vg+QmH/g?�p2g#22Mg#BQ/2@
;`�/2/gQ`-gB7gMQi-gi?2vg+QmH/g#2gF2TigBMg�[m2QmbgT?�b2gUBX2XgMQigi`�TT2/gBMgi?2gla*.Vg
#2+�mb2gQ7gi?2B`gHQrgEP*Xg"2bB/2b-gi?2gTQ`iBQMgQ7gi?2g�[m2/m+igr?2`2g"1Gkgr�bgb�KTH2/g
BbgHQ+�i2/g�HKQbig#2HQrgG2p2`igbi`22iXgh?mb-gBMg�//BiBQMgiQg�iKQbT?2`B+g/2TQbBiBQM-gb22T�;2g
r�i2`g+�Mg�HbQg/`�BMgm`#�Mg/mbig+QMi�BMBM;gKQ`2g?2�pvgKQH2+mH�`gr2B;?igS�>bg/2TQbBi2/g
QMgi?2gbm`7�+2gU:�`�;MQMg2ig�HX-gkykjcg:�bT2`Bg2ig�HX-gkyR9VX
h?2g`2H�iBp2HvgHQrgT2`K2�#BHBivgQ7gi?2g"2�m+?�KTgb�M/bg�igi?2gJQMi`Qm;2g�M/g"`�bb2`B2g
bBi2bgU?v/`�mHB+g+QM/m+iBpBivgUEVgg`�M;2bg7`QKgRXRy@9g�M/gRXRy@9gKXb@R-gG�#Q`�iQB`2g_û;BQM�Hg
/2bgSQMibg2ig*?�mbbû2bg/2gHǶ1bigS�`BbB2Mb-gkyykV-g`2BM7Q`+2/g#vgi?2gmM/2`HvBM;gK�`HvgHBK2@
biQM2bgQ7gi?2glTT2`gGmi2+B�M-g+�Mg277B+B2MiHvg`2i�BMgi?2g�`QK�iB+gKQB2iB2bgQ7g.PJg�M/g
i?2gKQ`2g?v/`QT?Q#B+gS�>bXgAM/22/-gi?2gi`�Mb72`gQ7gHQr@KQH2+mH�`@r2B;?igUQ`gH2bbg�`Q@
K�iB+VgPJbgb22KbgiQg#2g7�pQ`2/g�igi?2b2gbBi2bgU6B;m`2gN@8VXgAMg�//BiBQM-gKQbigQ7gi?2gS�>bg
H2bbgT`2b2MigBMgJPL@*@ydg+QKT�`2/giQgi?2g�iKQbT?2`B+g/2TQbBibgUǳJBbbBM;gS�>ǴgBMg6B;@
m`2gN@eVg�`2g?v/`QT?Q#B+gS�>b-g;2M2`�HHvgBMgT�`iB+mH�i2g7Q`KgBMgi?2gM�im`�Hgr�i2`bgU*�Qg
2ig�HX-gkyk9cgg:mQg2ig�HX-gkyydVXg�bg�g+QKT�`BbQM-g+QHmKMg7BHi`�iBQMg2tT2`BK2MibgQ7gm`#�Mg
`mMQ77gr�i2`g?�p2g/2KQMbi`�i2/gi?2B`gTQi2MiB�HgiQg`2KQp2gQp2`gNygWgS�>bgi?`Qm;?g/B7@
72`2MigK2/B�gbm+?g�bgb�M/gQ`g+�H+Bi2gUS`�#?mFmK�`g2ig�HX-gkyR8cg_2//vg2ig�HX-gkyR9VXg
�Hi?Qm;?g HQ+�i2/g �ig 2[mBp�H2Mig /2Ti?b-g i?2g iQi�HgS�>g +QM+2Mi`�iBQMg BMgJPL@*@ydg Bbg
bB;MB7B+�MiHvg?B;?2`gi?�MgBMg"_�@*@y8Xg1p2MgB7gi?2gBM7Hm2M+2gQ7g�gTQbbB#H2g/B772`2M+2gBMg
7�+B2bgUKQ`2gQ`gH2bbg`B+?gBMgb�M/bgQ`gK�`Hg�M/gQ7g/B772`2Migi?B+FM2bbVg#2ir22Mgi?2girQgbBi2bg
+�MMQig#2g2t+Hm/2/-g i?Bbg 7Qm`7QH/g/2+`2�b2g BMgS�>g+QM+2Mi`�iBQMg BMg"_�@*@y8g+�Mg#2g
KQ`2g 2�bBHvg 2tTH�BM2/g#vg i?2gT`2b2M+2gQ7g i?2gQ`;�MB+g bQBHg �ig i?2g"`�bb2`B2g bBi2Xg AMg i?2g
�#b2M+2gQ7gQ`;�MB+g bQBHg�ig i?2gJQMi`Qm;2g bBi2-g bQK2g?v/`QT?Q#B+gS�>bg�`2gT`2b2Mig BMg
JPL@*@ydXg"2bB/2b-g"1Gkg�M/gJPL@*@ydg+QMi�BMg#Qi?g�gbB;MB7B+�MigT`QTQ`iBQMgU`2bT2+@
iBp2Hvg38gWg�M/g9kgWVgQ7g?v/`QT?Q#B+-g#BQ�++mKmH�#H2g�M/gQ7i2Mg+�`+BMQ;2MB+g�M/gKmi�@
;2MB+gS�>bgUA�_*-gkykjcglag1S�-gRN38VX
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Figure 9-6. Schematic summary of PAH concentrations in each compartment (measurements in soil and USCD and 
theoretical calculations in seepage water) for each of the three sites. Missing PAHs correspond to the proportion of 
PAHs lost during transport (eq. 1 and 2). The source considered for Belleville and Montrouge corresponds to the 
average dry and wet atmospheric deposition in Paris (Ollivon et al., 2002). 
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h?2g�aL1Sg@g�bbQ+B�iBQMgaQm`+2bg/mgLQ`/g@gúim/2bg2igS`ûb2`p�iBQM-gi?2gJ�B`B2g/2gS�`Bbg
U.ûT�`i2K2Mig/2bgú/B7B+2bg*mHim2Hbg2ig>BbiQ`B[m2bgěg.B`2+iBQMg/2bg�77�B`2bg*mHim`2HH2bVg
�M/gi?2gAMbT2+iBQMg:ûMû`�H2g/2bg*�``Bĕ`2bg�`2gi?�MF2/g7Q`g;BpBM;g�++2bbgiQgi?2g"2HH2pBHH2g
�[m2/m+ig�M/g?BbiQ`B+�HgBM7Q`K�iBQMXgh*g�M�Hvb2bgr2`2gT2`7Q`K2/gmbBM;gi?2g;2Q+?2KBbi`v@
KBM2`�HQ;vg TH�i7Q`Kg Q7g Aah2``2g UPal:@6`�M+2VXg LXg *QiiBMg �M/g oXg L�77`2+?Qmtg
U1.uh1JfglaJ"Vg�`2g�HbQgi?�MF2/g7Q`gi?2B`g�/pB+2gQMgi?2g�M�HviB+�HgT`Q+2/m`2bXgh?Bbg
rQ`Fgr�bg bmTTQ`i2/g #vg i?2g ǳ>lLAq1_aǴgT`QD2+ig 7`QKg i?2g�L_g U;`�Mig MmK#2`g R3@g
*1kk@yyyNVXg
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*?�TBi`2gNg@g*QKT`û?2MbBQMg/2bg7�+i2m`bg/2gi`�Mb72`ig/2bg>�Sg/2gH�gbm`7�+2gp2`bgH2bg2�mtg/2gT`Q+?2gbm`7�+2g
2MgKBHB2mgm`#�BMgT�`gmM2g�TT`Q+?2gbT�iB�H2g

"g@gamTTH2K2Mi�`vgK�i2`B�Hg

S1. Soils composition

h?2g+QKTQbBiBQMgQ7gK�DQ`g�M/gi`�+2gBMQ`;�MB+g2H2K2Mibgr�bgQ#i�BM2/g#vgs_6ghB;2`g�M�H@
vbBbg�7i2`gT2HH2iBxBM;g�gKBtim`2gQ7gyXjg;gQ7gTQr/2`2/gr�tg�M/gjg;gQ7gbQBHbg+�H+BM2/g�ig88yǞ+g
7Q`gkg?g�M/g;`QmM/grBi?g�gTH�M2i�`vgKBHHXgg

h?2g`2bmHibgUh�#H2�mgN@RgaRVgK�BMHvgb?Qrgi?�igi?2b2gbQBHbg�`2g`B+?gBMgbBHB+�-g=gNyW-gr?B+?g
Bbg+QMbBbi2MigrBi?gi?2gT`2b2M+2gQ7gmM/2`HvBM;g�HHmpB�Hg`2/gb�M/bXg

BRA_S_02 BRA_S_01 
Na2O, % yX98g yX9eg
MgO, % yXjeg yXRjg

Al2O3, % 9Xkdg 9X93g
SiO2, % N8XyNg N3X3eg

P2O5, % yXR3g yXRjg
SO3, % GP.g GP.g
K2O, % yX33g yX33g
CaO, % jXRdg RX9dg
TiO2, % yXk8g yXkeg
MnO, % yXy9eg yXy9kg

Fe2O3, % yX88g yX88g
V, PPM kRg R3g
Ni, PPM GP.g GP.g
Cu, PPM GP.g GP.g
Zn, PPM Rk3g d9g
Rb, PPM kRg kkg
Sr, PPM kRg yg
Zr, PPM jjg Rg
Ba, PPM GP.g GP.g
Pb, PPM GP.g GP.g

Sum, % Ry8X93g RydXj9g

Tableau 9-1. S1 - Composition in major elements, % and inorganic trace elements, ppm of BRA-S-01 and BRA-S-02. 
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S2. PAH and OC data 

"1Gkg "_�@*@y8g JPL@*@ydg "_�@a@yRg "_�@a@ykg g"_�@q@yRg "_�@q@ykg

Lg GP"g GP"g GP"g jXegǬgyX9g eX3gǬgyX3g kR9g 9ykg

�+2g GP.g yXjgǬgyXRg GP"g yXNgǬgyXRg RX3gǬgyXkg R9g keg
6Hmg yX9gǬgyXy9g RXygǬgyXkg yXjgǬgyXy9g eXNgǬgyX3g eXdgǬgyX3g 88g 8jg
S?2g kXygǬgyXkg RXkgǬgyXkg jX3gǬgyX8g RRdX8gǬgR3Xjg R9yXegǬgkRXNg jk8g j3Ng

�Mig yXkgǬgyXykg GP.g yXkgǬgyXykg kkXNgǬgjXeg kkXkgǬgjX8g 88g 89g
6H�g jX8gǬgyXjg yXjgǬgyXyjg RXdgǬgyXkg jeRXegǬg8eX9g 98yXdgǬgdyXjg 9kdg 8jkg

Sv`g 8XRgǬgyX8g yXkgǬgyXyjg RX9gǬgyXkg jR8XygǬg9NXRg 9ykXkgǬgekXdg kR9g kdjg
"��g eXkgǬgyX9g GP.g RXkgǬgyXRg kR8X8gǬgkeXNg kN9X8gǬgjeX3g j3g 8Rg
*?`g jXjgǬgyXkg GP.g RXRgǬgyXRg R8kX8gǬgRNXRg kR9XRgǬgkeXdg 8jg d8g

"#6g 3X9gǬgyX8g GP.g yX8gǬgyXy8g RddX3gǬgkkXkg jdjX8gǬg9eXeg ekg Rjyg
"F6g jXegǬgyXkg GP.g yX9gǬgyXy8g 38X9gǬgRyXdg RRNXegǬgR9XNg Rkg Rdg

"�Sg 3X3gǬgyXeg GP.g yX8gǬgyXy8g R3jXegǬgkkXNg kk9XegǬgk3XRg 3g Ng
";?BSg kkXygǬgRX9g GP.g yXkgǬgyXykg R98XjgǬgR3Xkg RNkXkgǬgkg 9g eg

.#�?�g GP.g GP.g yXdgǬgyXRg kdXkgǬgjX9g kdX9gǬgjX9g Rg Rg
ASg RjXRgǬgyX3g GP.g yX3gǬgyXRg RyRX8gǬgRkXdg RRNXygǬgR9XNg Rg Rg

ȟgR8gS�>g deX3gǬg8Xjg kXNgǬgyX9g RkX3gǬgRXdg RNRdgǬgke8g k8NegǬgj8eg R93kg kyRNg

S�>grBi?gGQ;gEQ+gIg8g kXdgǬgRXRg kX8gǬgyX9g dX9gǬgRXyg R8kgǬgkjg Rd3gǬgkdg Rjyjg RdkNg
S�>grBi?gGQ;gEQ+g=g8g d9XRgǬg9Xkg yXyg 8X9gǬgyXeg RdeegǬgk9kg k9R3gǬgjk3g jNkg 8ejg

P*g kXdgǬgyXkg yXdgǬgyXRg yXNgǬgyXRg R3XRg 88Xjg

Tableau 9-2. S2 - PAH (ng.g-1) and OC (mg.g-1) concentration data table 
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R3Rg

S3. PAHs physico-chemical properties 

Name 
M [1] 

[g.mol-1] 

Log VP [2] 

[Pa] 

S mean 

at 25ºC 

[mg.L-1] 

Log 

KOW 
[2] 

Log KOC 

Naphtalene 128,2 1,58 31,35 [3,4] (n=2) 3,4 2,97 [3,14,15,17,19,21,22,23,24,25,26,27] 

(n=34)

Acénaphtene 154,2 0,24 4,07 [3,4] (n=2) 3,95 3,57 [3,25] (n=4) 

Fluorene 166,2 -0,27 1,94 [3,4] (n=2) 4,11 3,84 [3,6,9,25] (n=8) 

Phénanthrene 178,2 -0,99 1,15 [3] (n=1) 4,47 4,30 [3, 10, 16] (n=15) 

Anthracene 178,2 -1,23 0,0538 [3] (n=1) 4,57 4,36 [3,7,14,15,18,19,25] (n=11) 

Fluoranthene 202,3 -2,17 0,26 [29] (n=1) 4,97 4,67 [3,7,25] (n=4) 

Pyrene 202,3 -2,38 0,135 [4] (n=1) 5,01 4,91 [3,5,10,11,12,13,15,20,25,26,28] (n=41) 

Benzo[a]anthracene 228,3 -3,42 9,40.10-3 [3,4] (n=3) 5,83 5,50 [3, 11, 16, 18, 19] (n=5)

Chrysene 228,3 -3,87 3,30.10-3 [3,4] (n=2) 5,67 5,2 [3, 31] (n=2) 

Benzo[b]fluoranthene 252,3 -4,98 1,50.10-3 [3,4] (n=3) 5,86 5,2 [3] (n=1) 

Benzo[k]fluoranthene 252,3 -5,11 8,00.10-4 [3,4] (n=2) 5,86 5,6 [3, 30] (n=2) 

Benzo[a]pyrene 252,3 -5,10 1,62.10-3 [3,4] (n=2) 6,05 6,13 [3,11, 18, 19] (n=5) 

Dibenzo[a,h]anthracene 278,3 - 2,49.10-3 [3,4] (n=2) 6,6 6,23 [3, 13, 20] (n=15) 

Benzo[g,h,i]perylene 276,3 -6,34 2,60.10-5 [3] (n=1) 6,63 6,26 [1, 3, 30] (n=4) 

Indeno[1,2,3-c,d]pyrene 276,3 -6,18 2,20.10-5 [3,4] (n=2) 6,57 6,71 [3, 30] (n=3) 

RgAL1_Aa-gkyy8cgkggJ�g2ig�HX-gkyRycgjgg**J1-gkyRycg9glag1S�-gRNNecg8g�#/mHg2ig�HX-gRN3d-geg�#/mHg2ig�HX-gRN3ecg
dg�#/mHg�M/g:B#bQM-gRN3ecg3g"�``2iig2ig�HX-gRNN9cgNg*�`i2`g�M/gam772i-gRN3jcgRyg*?BQmg2ig�HX-gRNN3cgRRgaKBi?g2ig
�HX-gRNd3g�bg+Bi2/gBMg.BghQ`Q-gRN38cgRkg:�mi?B2`g2ig�HX-gRN3dcgRjg>�bb2iig2ig�HX-gRN3ycgR9g>Q/bQMg�M/gqBHHB�Kb-g
RN33cgR8gE�`B+F?Q77-gRN3RcgRegE�`B+F?Q77g2ig�HX-gRNdNcggRdgEBb?Bg2ig�HX-gRNNycgR3gG�M/`mKg2ig�HX-gRN39cgRNgJ+*�`i?vg
�M/gCBK2M2x-gRN38cgkygJ2�Mbg2ig�HX-gRN3ycgkRgSQ/QHHg2ig�HX-gRN3Ncgkkg_BTT2Mg2ig�HX-gRN3kcgkjgaQmi?rQ`i?g�M/g
E2HH2`-gRN3ecgk9gai�m772`g�M/gJ�+BMiv`2-gRN3ecgk8gax�#Qg2ig�HX-gRNNycgkegoQrH2bg�M/gJ�MiQm`�-gRN3dcgkdgqQQ/g
2ig�HX-gRNNycgk3gqQQ/#m`Mg2ig�HX-gRN3NgkNgJ�+F�vg�M/ga?Bm-gRNddgjyg1l-gkyy8gjRg*?2K7�i2g/�i�#�b2g

Tableau 9-3. S3 - Physico-chemical properties of the 15 priority PAHs studied based on a compilation of data from 
the literature (M: molecular mass; VP: vapour pressure; S: solubility at 25ºC; KOW: octanol/water partition coeffi-
cient; KOC: organic carbon/water partition coefficient). 
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C - Essais de lixiviation des sols 

Un essai de lixiviation (adapté depuis la norme ISO 17993:2002 ; Annexe 2) a également 
été réalisé à partir des sols de la Brasserie afin de simuler la lixiviation des sols par les 
eaux d’infiltration et de comparer les résultats en HAP à ceux obtenus par le calcul théo-
rique.  

Après filtration à 0,45 µm, les lixiviats obtenus présentaient une coloration très prononcée 
et une charge colloïdale importante mise en évidence par les concentrations très élevées 
en carbone organique (Tableau 9-4). Malgré la forte dilution des lixiviats (par 5 ou 10 
suivant la mesure de l’absorbance corrigée à 280 nm), le signal de fluorescence n’a pas pu 
être mesuré correctement et simulé pour identifier les types de MO. 

Les concentrations en HAP des blancs étaient largement inférieures à celles des lixiviats, 
sauf pour le fluoranthène, le phénanthrène et l’anthracène, témoignant d'une contamina-
tion probable par ces 3 congénères lors des analyses. Les profils des HAP des solutions de 
lixiviation des sols sont très différents des profils théoriques calculés par utilisation du 
KOC (Figure 9-7). Les concentrations en HAP totaux sont du même ordre de grandeur que 
celles prédites par calcul. En revanche, la distribution en HAP dans le lixiviat est dominée 
par les HAP hydrophobes (log KOC > 5 ; 75 % ± 4 %) avec un profil très similaire à celui 
des sols. Cette apparente contradiction est probablement expliquée par la mise en suspen-
sion de particules colloïdales du sol, de dimensions inférieures à 450 nm, sur lesquelles 
sont adsorbés les HAP hydrophobes. 

Figure 9-7. Distribution en HAP (par rapport à la somme des HAP, en %) dans les lixiviats, et distributions 
moyennes dans les sols et par calcul théorique. 
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*?�TBi`2gNg@g*QKT`û?2MbBQMg/2bg7�+i2m`bg/2gi`�Mb72`ig/2bg>�Sg/2gH�gbm`7�+2gp2`bgH2bg2�mtg/2gT`Q+?2gbm`7�+2g
2MgKBHB2mgm`#�BMgT�`gmM2g�TT`Q+?2gbT�iB�H2g

R3jg

Lixiviat BRA-S-01 Lixiviat BRA-S-02 
N RdXe3gǬgdX3jg 9RXRNgǬgR3Xk9g

Ace RXy8gǬgyX9eg RgǬgyX99g
Flu GP"g GP"g
Phe GP"g GP"g
Ant GP"g GP"g
Fla Rk9XekgǬgNXdg R8eXyjgǬgRkXR9g
Pyr 39XR8gǬgeX88g RRkXkdgǬg3Xd9g
BaA ejXejgǬg8XjRg N3X9egǬg3XkRg
Chr d3X9dgǬgeX89g NkXy9gǬgdXedg
BbF Rd9XNkgǬgR9X83g kjkXNgǬgRNX9kg
BkF 8kXNNgǬg9X9kg dkXykgǬgeg
BaP 38X98gǬgdXRkg R9eX8jgǬgRkXkkg

BghiP R93X9kgǬgRkXjdg R3eXejgǬgR8X8eg
DbahA dXddgǬgyXe8g R9XjdgǬgRXkg

IP jjXNRgǬgkX3jg eRXNRgǬg8XReg
Σ 15 HAP 3djXydgǬgd3Xjeg RkR8XjegǬgRR8g

PAH légers R3XdjgǬg3XkNg 9kXRNgǬgR3Xe3g
PAH lourds 389Xj9gǬgdyXydg RRdjXRegǬgNeXjkg

CO NeXjeygǬgR9X989g 9eXejgǬgeXNN8g
pH dXdg dXyg

Conductivité Rydg kjRg

Tableau 9-4. Concentrations en HAP (ng.mL-1) et en CO (mg.mL-1), mesures de pH et de conductivité (µS.cm-1) ef-
fectuées sur les lixiviats. 
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+�`#QM�i2bgb2+QM/�B`2bg�gT2`KBbg/Ƕ�#QmiB`g¨g/2bg`ûbmHi�ibg+QM+Hm�MibXg1Mg2772i-g;`�+2g¨g
HǶ�M�Hvb2g/2bg>�Sg/�Mbg+2bg/ûTƬibgmM2g+?`QMB[m2g/2bgp�`B�iBQMbg2Mg>�Sg/�MbgH2bg2�mtg
/ǶBM7BHi`�iBQMg/2gHǶ�[m2/m+g/2g"2HH2pBHH2g�mg+Qm`bg/2bgjyyg/2`MBĕ`2bg�MMû2b-g�BMbBg[mǶmM2g
/Bbi`B#miBQMg2Mg>�SgTQm`g+?�+mMg/2bgbBi2bgûim/Bûbgbm`gH�gTû`BQ/2g+QMi2KTQ`�BM2gQMigûiûg
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"2HH2pBHH2g�p2+gH2bgp�`B�iBQMbg/2g7HmQ`2b+2M+2glog2MgT?�b2gbQHB/2g�g`ûpûHûgTHmbB2m`bg+?�M@
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T?�b2g/^m`#�MBb�iBQMgK�bbBp2g2Mi`2gR3k8g2igRNyyg*1g¨g"2HH2pBHH2g�gûiûg+�`�+iû`Bbû2gT�`gmM2g
/BKBMmiBQMg/mg`�iBQg6G�fU6G�gYgSu_V-g�BMbBg[mǶ2Mg7HmQ`2b+2M+2glogT�`gmM2g+QMi`B#m@
iBQMgTHmbgûH2pû2g/2bgKQHû+mH2bgQ`;�MB[m2bgTHmbg�`QK�iB[m2bXg*2bgQ#b2`p�iBQMbgbQMigi`ĕbg
T`Q#�#H2K2Mig2tTHB[mû2bgT�`g/2bgKQ/B7B+�iBQMbgbB;MB7B+�iBp2bg/2gHǶQ++mT�iBQMg/2bgbQHbg2Mg
bm`7�+2XglM2gi`�MbBiBQMgMQi�#H2g/�MbgH�gbQm`+2g/2bg>�Sg/�MbgH2bg�MMû2bgRN8yg�gû;�H2K2Mig
ûiûg B/2MiB7Bû2-gK�`[mû2gT�`gmM2g�m;K2Mi�iBQMg/2g H�gT`QTQ`iBQMg2Mg>�Sg/2g?�migTQB/bg
KQHû+mH�B`2Xg�g"2HH2pBHH2-gbm`gH�gTû`BQ/2g+QMi2KTQ`�BM2-gH2bgTQmbbBĕ`2bgm`#�BM2bgBbbm2bg/2bg
�+iBpBiûbg?mK�BM2bgU2X;Xg+?�m77�;2-gi`�MbTQ`iVg2ig/2gH�g/û;`�/�iBQMg/ǶQ#D2igQmg/^BM7`�bi`m+@
im`2bgU2X;Xgmbm`2g/2bgpQB`B2b-g/2bgTM2mbVg+QMbiBim2MigHǶmM2g/2bgT`BM+BT�H2bgbQm`+2bg2tTHB@
[m�MigH�g+QMi�KBM�iBQMg2Mg>�S-g2igMQi�KK2Mig2Mg>�SgHQm`/b-g/2bg2�mtg/ǶBM7BHi`�iBQMg
[mBg�HBK2Mi2MigHǶla*.Xgg
g
S�`g�BHH2m`b-gHǶûH�`;Bbb2K2Mig/2g+2gi`�p�BHg�mtg�mi`2bgbBi2bg/Ƕûim/2-g2Mgb2g+QM+2Mi`�MigmMB@
[m2K2Migbm`gH�gTû`BQ/2gKQ/2`M2-g�gT2`KBbg/2gKB2mtg+QKT`2M/`2gH2bgT`Q+2bbmbg/2gi`�Mb72`ig
/2bg>�SgT�`gHǶ2�mg/ǶBM7BHi`�iBQMgp2`bgH2bgla*.XgGǶla*.g/2g"2HH2pBHH2gT`ûb2Mi2gH�g+QM+2M@
i`�iBQMg2Mg>�SgH�gTHmbgûH2pû2-g�ii2B;M�Migde-dgM;X;*�*Pj@R-g+QKT�`û2g¨gk-NgM;X;*�*Pj@Rg2ig
Rk-3gM;X;*�*Pj@Rg TQm`g H2g bBi2g/2g H�g"`�bb2`B2g 2ig/2gJQMi`Qm;2-g `2bT2+iBp2K2MiXg.2gTHmb-g
HǶ�M�Hvb2g+QKTHûK2Mi�B`2g/2bgbQHbg/2gH�g"`�bb2`B2g�g`ûpûHûg/2bg+QM+2Mi`�iBQMbgi`ĕbgBKTQ`@
i�Mi2bg 2Mg>�Sg URNR9@k8N8gM;X;bQH@RVg T�`g `�TTQ`ig �mtg +QM+2Mi`�iBQMbg Q#b2`pû2bg/�Mbg H2bg
la*.Xg.2bgp�`B�iBQMbg/2g/Bbi`B#miBQMg2Mg>�Sg2Mi`2gH2bgbBi2bgQMigû;�H2K2MigTmgāi`2gKBb2bg
2MgûpB/2M+2g,gHǶla*.g/2g"2HH2pBHH2gûi�MigHǶû+?�MiBHHQMgT`ûb2Mi�MigH�gT`QTQ`iBQMg2Mg>�Sg
HQm`/bgH�gTHmbgBKTQ`i�Mi2g¨gHǶBMp2`b2g/2g+2HmBg/2gH�g"`�bb2`B2g[mBgMǶ2Mg+QMiB2MigT�bXgGǶ�M�@
Hvb2g/2gHǶ2Mb2K#H2g/2g+2bg`ûbmHi�ib-g#�bû2gbm`gHǶ?vTQi?ĕb2g/ǶmM2gbQm`+2g+QKKmM2g2Mg>�Sg
TQm`gH�gxQM2g/Ƕûim/2-g�gT2`KBbg/ǶB/2MiB7B2`gTHmbB2m`bg7�+i2m`bgBM7Hm2MÏ�MigH2gi`�Mb72`ig/2bg
>�SgT�`gH2bg2�mtg/ǶBM7BHi`�iBQMXghQmig/Ƕ�#Q`/-gH2m`bgT`QT`BûiûbgT?vbB+Q@+?BKB[m2bg2igMQ@
i�KK2MigH2m`bg+�T�+Biûbg/2gbQ`TiBQMgbQMig�mg+ƾm`g/2bgBMi2`�+iBQMbgbQHB/2@HB[mB/2Xg.2gTHmb-g
H�gT2`Kû�#BHBiûg2ig HǶûT�Bbb2m`g/2bg HBi?QHQ;B2bgi`�p2`bû2bgT�`g HǶ2�mg/ǶBM7BHi`�iBQMgb2K#H2Mig
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H�gM�im`2g/mgbQHg2Mgbm`7�+2gDQm2gmMg`ƬH2gT`ûTQM/û`�Mig/�MbgH�g`ûi2MiBQMg/2bg>�SXg1Mgi�Mig
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/2g>�S-g2MgT�`iB+mHB2`gH2bgTHmbg?v/`QT?Q#2bgUBX2XgH2bgTHmbgiQtB[m2bVg[mBgpQMigT`û7û`2MiB2H@
H2K2Mig `2bi2`g �/bQ`#ûbg ¨g H�gJPaXg�g HǶBMp2`b2-g HǶBKT2`Kû�#BHBb�iBQMg /2bg bQHbg 7�+BHBi2g H�g
KQ#BHBb�iBQMg/2bg>�SgT�`gH2bg2�mtg/2g`mBbb2HH2K2MiXggg
:`�+2g¨g+2gi`�p�BH-gH2bgla*.gQMigTmgKQMi`2`giQmigH2m`gTQi2MiB2Hg2Mgi�Mig[mǶ�`+?Bp2g/2gH�g
+QKTQbBiBQMg/2gHǶ2�mg/ǶBM7BHi`�iBQMXghQmi27QBb-g/2bgûim/2bgTHmbg�TT`Q7QM/B2bgbm`gHǶQ`B;BM2g
/2gHǶ2�mg[mBgH2bg�HBK2Mi2g2igbm`gH2bgTQbbB#H2bgT`Q+2bbmbg/2g7`�+iBQMM2K2Mig2Mg>�Sg2Mi`2gH�g
+�H+Bi2g2igHǶ2�mg/ǶBM7BHi`�iBQMgb2`�B2MigMû+2bb�B`2bXg

1M7BM-gHǶmMg/2bgQ#D2+iB7bgKûi?Q/QHQ;B[m2bg/2g+2ii2gi?ĕb2gûi�Big/2g/ûp2HQTT2`gmM2g�TT`Q+?2g
+QK#BMû2gBMû/Bi2gT2`K2ii�MigHǶ�M�Hvb2g[m�MiBi�iBp2g/2gH�gJPg2ig/2bg>�Sg¨g?�mi2g`ûbQHm@
iBQMg/�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bXgP`-g+2igQ#D2+iB7gMǶ�gT�bgTmgāi`2g�ii2BMig¨g
+�mb2g/2bgp�`B�iBQMbgi`QTgBKTQ`i�Mi2bg/2g[m�HBiûg/mg+QMi2MmgQ`;�MB[m2gU2igBMQ`;�MB[m2Vg
�mg+Qm`bg/mgi2KTbg2MgHB2Mg�p2+gHǶm`#�MBb�iBQMgQmg/2bg7`2BMbgBM?û`2Mibg�mtgKûi?Q/2bgUBX2Xg
BM7Hm2M+2g/mgT>g2ig/2gH�gK�i`B+2g+`Bbi�HHBM2Vg2ig�mtg/BbTQbBiB7bg2KTHQvûbXgg
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*2gi`�p�BHg�gT2`KBbg/2gK2ii`2g2MgûpB/2M+2gHǶBKT�+ig/2gHǶm`#�MBb�iBQM-gT�`gb2bgûKBbbBQMbg
BKTQ`i�Mi2bg2MgTQHHm�Mibg2ig b2bgKQ/B7B+�iBQMbgK�bbBp2bg/2g HǶQ++mT�iBQMg/2bg bQHb-g bm`g H�g
[m�HBiûg/2gHǶ2�mg/2gT`Q+?2gbm`7�+2XgSQm`g+2H�-gBHgûi�BigMû+2bb�B`2g/2gi`Qmp2`gmM2g�`+?Bp2g
M�im`2HH2g+�T�#H2g/Ƕ2M`2;Bbi`2`gH�g+QKTQbBiBQMg/2gHǶ2�mg/ǶBM7BHi`�iBQMg�mg+Qm`bg/mgi2KTbg2Mg
KBHB2mgm`#�BMXgG2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bgm`#�BMbgb2gbQMig`û+2KK2Mig`ûpûHûbg
āi`2g/2g#QMM2bg�`+?Bp2bg/2gH�g[m�HBiûg/2gHǶ2�mXgS�`KBgH2bgK�`[m2m`bg/2gH�gTQHHmiBQMgHBû2g¨g
HǶm`#�MBb�iBQM-gH2bgTQHHm�MibgQ`;�MB[m2b-g/QMigH2bg?v/`Q+�`#m`2bg�`QK�iB[m2bgTQHv+v+HB[m2bg
bQMig +Qm`�KK2Mig ûim/BûbXgP`-g Dmb[mǶ¨gT`ûb2Mi-gT2mg/Ƕûim/2bg bǶûi�B2Mig BMiû`2bbû2bg ¨g +2bg
TQHHm�Mibg/�MbgH2bgbTûHûQi?ĕK2bg2ig�m+mM2g/2g+2bg`2+?2`+?2bgMǶ�p�B2Mig2M+Q`2gûiûg2Mi`2@
T`Bb2bg bm`g /2bg +QM+`ûiBQMbg 2MgKBHB2mg m`#�BMXg G2m`bg i`ĕbg 7�B#H2bg +QM+2Mi`�iBQMbg /�Mbg+2bg
/ûTƬibg+QMbiBim�B2MigmMg7`2BMg¨gH�gKBb2g2MgTH�+2g/2gi2HH2bgûim/2bXgG�gT`2KBĕ`2gT�`iB2g/2g+2g
i`�p�BHg�gT2`KBbg/2gH2p2`g+2gp2``Qmg�M�HviB[m2gK2ii�Mig�BMbBg2MgûpB/2M+2gH2gTQi2MiB2Hg/2bg
/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bgm`#�BMbg+QKK2g�`+?Bp2g/2gH�gTQHHmiBQMgQ`;�MB[m2g/2gHǶ2�mg
/2gT`Q+?2gbm`7�+2g2MgpBHH2Xgg
*2bg�`+?Bp2bgM�im`2HH2b-gT`ûH2pû2bg/�Mbg/2bg�[m2/m+bg2ig/Ƕ�M+B2MM2bg+�``Bĕ`2bgbQmi2``�BM2bg
/2gS�`Bb-gQMig2Mg2772ig7Qm`MBg/2bgBM7Q`K�iBQMbgbm`gH2bgp�`B�iBQMbg¨gH�g7QBbgbT�iB�H2bg2igi2K@
TQ`2HH2bg/mg+QMi2Mmg2MgKQHû+mH2bgQ`;�MB[m2b-gB+BgH2bg?v/`Q+�`#m`2bg�`QK�iB[m2bgTQHv+v@
+HB[m2bg2igH�gK�iBĕ`2gQ`;�MB[m2-g/2bg2�mtg/ǶBM7BHi`�iBQMXgGǶûim/2g/ǶmMg/ûTƬig/2g+�`#QM�i2bg
b2+QM/�B`2bgm`#�BMg#B2Mg/�iûg�gT2`KBbg/2gK2ii`2g2MgûpB/2M+2g/2bgp�`B�iBQMbg/mg+QMi2Mmg
Q`;�MB[m2gH2gHQM;g/2gHǶ�t2g/2g+`QBbb�M+2giûKQB;M�Mig/ǶmMg+?�M;2K2Mig/2gHǶQ++mT�iBQMg/mg
bQHg2ig+QM7B`K�Mig�BMbBg[mǶBHg2bigTQbbB#H2g/2g`2i`�+2`gH�g[m�HBiûg/2gHǶ2�mg/ǶBM7BHi`�iBQMg�mg
+Qm`bg/mgi2KTbXgg
S�`g�BHH2m`b-g H2bg `ûbmHi�ibg Q#i2Mmbg 2Mg ûim/B�MigTHmbB2m`bg bBi2bgT�`BbB2MbgQMigMQi�KK2Mig
T2`KBbg/2g/ûKQMi`2`g[m2gH2bgT`QT`BûiûbgT?vbB+Q@+?BKB[m2bgUpQH�iBHBiû-gbQHm#BHBiû-g+Q277B+B2Mig
/2g T�`iBiBQMg 2Mi`2g HǶ2�mg 2ig H�gK�iBĕ`2g Q`;�MB[m2Vg /2g +2bg TQHHm�Mibg Q`;�MB[m2bg bQMig H2bg
T`BM+BT�mtg7�+i2m`bg�772+i�MigH2m`gi`�Mb72`igp2`bgH2bg2�mtgbQmi2``�BM2bXgG2bg2�mtg/2gT`Q+?2g
bm`7�+2gbQMigi`ĕbgb2MbB#H2bg�mtgTQHHmiBQMbXg*2gi`�p�BHg�gû;�H2K2MigT2`KBbg/2g/ûKQMi`2`g
[m2g,gUBVgH�gK2M�+2g2big/Ƕ�mi�MigTHmbg;`�M/2g[m2gH�gT`Q7QM/2m`g/2g+2bg2�mtgT�`g`�TTQ`ig¨g
H�g bm`7�+2g m`#�MBbû2g 2big 7�B#H2gcg UBBVg H2bg bQHbg Q`;�MB[m2bg DQm2Mig mMg `ƬH2gK�D2m`g /�Mbg H�g
`ûi2MiBQMg/2bgTQHHm�MibXg1Mg2772i-gHǶBKT2`Kû�#BHBb�iBQMg/2bgbm`7�+2bg7�+BHBi2gH2gi`�Mb72`ig/2bg
?v/`Q+�`#m`2bg �`QK�iB[m2bg TQHv+v+HB[m2bg T�`g H2bg 2�mtg /2g `mBbb2HH2K2Mig [mBg bǶBM7BHi`2Mig
�HQ`bg/B`2+i2K2Mig2MgT`Q7QM/2m`gi�M/Bbg[mǶ2MgT`ûb2M+2g/2gbQHgQ`;�MB[m2-g+2bgTQHHm�Mib-g2Mg
T�`iB+mHB2`gH2bgTHmbg?v/`QT?Q#2b-gbQMig�/bQ`#ûbgT�`gH�gK�iBĕ`2gQ`;�MB[m2g/2bgbQHbg2igbiQ+FûbXg
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MB[m2g2MgKBHB2mgm`#�BMg2big2M+Q`2gK�Hg+QMMm2Xg.�Mbg+2gi`�p�BH-gH2bg�M�Hvb2bg/2g7HmQ`2b+2M+2g
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HǶBMi2MbBiûg/2g 7HmQ`2b+2M+2g HQ`bg/2g HǶ�m;K2Mi�iBQMg/mg i2KTbg/Ƕ2tTQbBiBQMg U6B;m`2g Ry@RVXg
*2bg `ûbmHi�ibg bQMig +QMi`�B`2bg ¨g +2g [mBg ûi�Big �ii2M/mg UBX2Xg mM2g /BKBMmiBQMg /2g
7HmQ`2b+2M+2gT�`gT?QiQ@Qtv/�iBQMVg2ig b2K#H2Mi-gmM2g 7QBbg/2gTHmb-gK2ii`2g2MgûpB/2M+2g H�g
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Figure 10-1. Résultats du photobleaching sur BEL2 en un point. 

lM2gûim/2gTHmbg�TT`Q7QM/B2g/2g+2bg`ûbmHi�ibg2Mgûp�Hm�MigH�gb2MbB#BHBiûg/2bgK�iBĕ`2bgQ`;�@
MB[m2bgTBû;û2bg/�MbgH2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bg¨gH�gT?QiQ@Qtv/�iBQMg2MgT`ûb2M+2g
/ǶQtv;ĕM2gQmg/Ƕ�xQi2g2ig2Mg`û�HBb�Mig/2bgK2bm`2bg_S1g+QKTHûK2Mi�B`2bgUS2``2ii2g2ig�HX-g
kyyyVgb2`�Big/QM+gMû+2bb�B`2g�7BMg/2gKB2mtg+QKT`2M/`2gH2m`bg+�`�+iû`BbiB[m2bgU�`QK�iB+BiûV-g
H2m`gHQ+�HBb�iBQMg2igH2m`g�++2bbB#BHBiûgUBX2Xg/�MbgH2g`ûb2�mg+`Bbi�HHBMgQmg�/bQ`#û2bVXg

kX S2`bT2+iBp2bg2MpB`QMM2K2Mi�H2b

kXRX�úH�`;Bbb2K2Mig¨g/Ƕ�mi`2bgbBi2bg/Ƕûim/2bg

GQ`bg/2g+2gi`�p�BH-gmM2gb2mH2gbû[m2M+2gi2KTQ`2HH2g/2bgp�`B�iBQMbg2MgTQHHm�MibgQ`;�MB[m2bg�g
Tmgāi`2gQ#i2Mm2XgSQm`g�HH2`gTHmbgHQBM-gBHgb2`�BigBMiû`2bb�Mig/2g+QKT�`2`gTHmbB2m`bgbû[m2M+2bg
i2KTQ`2HH2bg2Mgi`�p�BHH�Migbm`gH�g+?`QMQHQ;B2g/2g+2bg/ûTƬibgU2X;Xg+QKTi�;2g/2gH�KBM2bgT�`g
/2bgKûi?Q/2bg/2gbT2+i`Qb+QTB2gloVg2ig2Mg+`QBb�Mig H2bg/QMMû2bg2MgTQHHm�MibgQ`;�MB[m2bg
�p2+g H2bg/QMMû2bg 2Mg ûHûK2MibgK�D2m`b-g ûHûK2Mibg i`�+2bgKûi�HHB[m2bg 2ig i2``2bg `�`2bg/ûD¨g
T�`iB2HH2K2Mig�+[mBb2bgU�MM2t2gjVgK�Bbg[mBgMǶQMigT�bgTmgāi`2g2tTHQBiû2bg/�Mbg+2ii2gi?ĕb2g
T�`gK�M[m2g/2gi2KTbXgJmHiBTHB2`gH2bgû+?�MiBHHQMbgbm`gH2bgbBi2bg/ûD¨gûim/BûbgQmgbm`g/2gMQm@
p2�mtgbBi2bgT�`BbB2MbgT2`K2ii`�Big/2gpû`B7B2`gH�g`ûTûi�#BHBiûg/2bg`ûbmHi�ibgTQm`g+?�[m2g+QM@
i2ti2g/Ƕm`#�MBb�iBQMXg�mgMBp2�mg bT�iB�H-g HǶû+?2HH2gTQm``�Big āi`2g ûH�`;B2g ¨g/Ƕ�mi`2bg pBHH2bg
7`�MÏ�Bb2bgQmg2m`QTû2MM2bgi2HH2bg[m2gGvQMg2igb2bg2MpB`QMbgQmg2M+Q`2g_QK2XgG�gpBHH2g/2g
GvQM-g iQmig +QKK2gS�`Bb-g T`ûb2Mi2g THmbB2m`bg �[m2/m+bg 2M+Q`2g �++2bbB#H2bg �BMbBg [m2g /2bg
;�H2`B2bgbQmi2``�BM2bgQɍg/2bg2�mtg+?�`;û2bg2Mg+�`#QM�i2bgbǶBM7BHi`2MigTQm`g7Q`K2`-gH¨g�mbbB-g
/2bg/ûTƬibg/2g+�`#QM�i2bgb2+QM/�B`2bXgSHmbB2m`bg/2g+2bg/ûTƬibgQMig/ûD¨gTmgāi`2gû+?�MiBH@
HQMMûbg¨gGvQMg2ig/�MbgmMgbBi2g`m`�Hg¨gT`QtBKBiûgUoB2MM2Vg�mg+Qm`bg/2g+2ii2gi?ĕb2gU6B;m`2g
Ry@kV-g2Mg HB2Mg�p2+g H2gT`QD2ig>lLAq1_ag2igmMgT`QD2ig2Mg+QMbi`m+iBQMgUaTûHû1�lV-g2i
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+2`i�BMbgQMigû;�H2K2Mig/ûD¨g7�BigHǶQ#D2ig/Ƕ�M�Hvb2bg2MgûHûK2Mibgi`�+2bgBMQ`;�MB[m2b-gR9*g2ig
7HmQ`2b+2M+2glog[mBgMû+2bbBi2Mig¨gT`ûb2Mig/Ƕāi`2g2t�KBMû2bXg

Figure 10-2. Élargissement de la zone d’étude à l’échelle de la France. Présentation des échantillons de Lyon et Vienne. 

kXkX�A/2MiB7B+�iBQMg/2gbQm`+2bg/2g72mtg

G2bg`ûbmHi�ibgQ#i2Mmbgbm`gH2bgp�`B�iBQMbgi2KTQ`2HH2bg2Mg?v/`Q+�`#m`2bg�`QK�iB[m2bgTQHv@
+v+HB[m2bg2M`2;Bbi`û2bg/�MbgmM2g+QM+`ûiBQMg/mgbBi2g/2g"2HH2pBHH2g�mgLQ`/g/2gS�`BbgQMigKBbg
2Mg ûpB/2M+2g /2bg +?�M;2K2Mibg /�Mbg H2m`g /Bbi`B#miBQMg [mBg TQm``�B2Mig āi`2g HBûbg ¨g /2bg
BM+2M/B2bgMQi�KK2MigHQ`bg/2gH�g_ûpQHmiBQMg7`�MÏ�Bb2gU6B;m`2gRy@jVXgg

Figure 10-3. Évolution de la distribution entre HAP lourds et légers à Belleville et position des grands incendies au 
cours du temps. 

P`-g`û+2KK2Mi-gTHmbB2m`bgûim/2bgb2gbQMigBMiû`2bbû2bg¨gHǶûim/2g/2bg?v/`Q+�`#m`2bg�`QK�@
iB[m2bgTQHv+v+HB[m2bg2ig/2bgKQMQb�++?�`B/2bg�M?v/`B/2bg/�MbgH2bgbTûHûQi?ĕK2bgTQm`g`2i`�@
+2`gH2bg72mtg/2g7Q`āigU�`;B`B�/Bbg2ig�HX-gkykjcg>QK�MM-gkykkcg>QK�MMg2ig�HX-gkykjVXgAHgb2`�Big
�BMbBgT2`iBM2Mig/2g+`QBb2`gH2bg̀ ûbmHi�ibgQ#i2Mmbg/�Mbg+2gi`�p�BHg�p2+g/2gi2HH2bgKQHû+mH2bgU2X;Xg
HûpQ;Hm+Qb�MVg+QMbB/û`û2bg+QKK2gi`�+2m`bg/2g72mtg�7BMg/2gKB2mtg+QMi`�BM/`2gHǶQ`B;BM2g/2bg
72mtXg�BMbBgHǶmb�;2g+QK#BMûg/2bg�`+?Bp2bgM�im`2HH2b-gTHmbgT`û+BbûK2Mig/2bg/ûTƬibg/2g+�`#Q@
M�i2bg b2+QM/�B`2bg m`#�BMb-g 2ig /2bg i`�+2m`bg Q`;�MB[m2bg T2`K2ii`�Big /2gKQMi`2`g [mǶBHg 2big
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Figure 1y@9. Niveaux de suie dans un spéléothème de la grotte de Nerja, Espagne (tiré de Pons-Branchu et 
al., 2022). 
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iQg S�>bg �M/g p2`iB+�Hg /Bbi`B#miBQMXg 1MpB`QMK2Mi�Hg SQHHmiBQMg R8N-g 8jNĜ89NXg
?iiTb,ff/QBXQ`;fRyXRyRefDX2MpTQHXkyRyXRyXyRRg

"�`@J�ii?2rb-gJX-g�v�HQM-g�X-gE�m7K�M-g�X-gkyyyXghBKBM;g�M/g?v/`QHQ;B+�Hg+QM/BiBQMbg
Q7g a�T`QT2Hg 2p2Mibg BMg i?2g1�bi2`MgJ2/Bi2``�M2�M-g �bg 2pB/2Mig 7`QKg bT2H2Qi?2Kb-g
aQ`2[g+�p2-gAb`�2HXg*?2KB+�Hg:2QHQ;vgReN-gR98ĜR8eXg?iiTb,ff/QBXQ`;fRyXRyRefayyyN@
k89RUNNVyykjk@eg

"�``2ii-gJX>X-gqBHHB�KbQM-g.XCX-gG2`M2`-g.XLX-gRNN9Xg�g+QMiBMmQmbg7HQrgK2i?Q/g7Q`g+�H@
+mH�iBM;g�/bQ`TiBQMgBbQi?2`KbgQ7gQ`;�MB+gTQHHmi�MibgQMiQg�[mB72`gK�i2`B�HbXgCQm`M�Hg
Q7g *QMi�KBM�Mig >v/`QHQ;vg R8-g R8Ĝk8Xg ?iiTb,ff/QBXQ`;fRyXRyRefyReN@



_û7û`2M+2bg#B#HBQ;`�T?B[m2bg
g

RN3g1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg 

g

ddkkUN9VNyyy3@eg

"�bF�`�M-gJX-gAHB772-ghXJX-gRNNjXg�;2g/2i2`KBM�iBQMgQ7g`2+2Mig+�p2g/2TQbBibgmbBM;g2t+2bbg
kRyS#g @g �g M2rg i2+?MB[m2Xg :2QT?vbB+�Hg _2b2�`+?g G2ii2`bg ky-g eyjĜeyeXg
?iiTb,ff/QBXQ`;fRyXRykNfNj:Gyy8jRg

"�i2b-g"X-gEmM/x2rB+x-gwXqX-gqm-gaX-gS�HmiBFQ7-gCXgU1/bXV-gkyy3Xg*HBK�i2g+?�M;2g�M/g
r�i2`-gAS**ga2+`2i�`B�iXg2/-gh2+?MB+�HgS�T2`gQ7gi?2gAMi2`;Qp2`MK2Mi�HgS�M2HgQMg
*HBK�i2g*?�M;2Xg:2M2p�Xg

"2�H-gaX�X-gPbi2`#2`;-g1X*X-gw/�MQrB+x-g*XJX-g6Bb?2`-g.X�X-gkyR8XgA+2g*Q`2gS2`bT2+iBp2g
QMgJ2`+m`vgSQHHmiBQMg/m`BM;gi?2gS�bigeyygu2�`bXg1MpB`QMXga+BXgh2+?MQHXg9N-gde9RĜ
de9dXg?iiTb,ff/QBXQ`;fRyXRykRf�+bX2biX8#yRyjjg

"2�m/QM-g1X-g:�#`B2HHB-gSX-gaB2``�@>2`M�M/2x-gJX_X-gq2;M2`-g�X-gh?QKTbQM-gGX:X-gkyRdXg
*2Mi`�HghB#2i�MgSH�i2�mg�iKQbT?2`B+gi`�+2gK2i�Hbg+QMi�KBM�iBQM,g�g8yy@v2�`g`2@
+Q`/g7`QKgi?2gSm`mQ;�M;`BgB+2g+Q`2Xga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2MigeyRĜeyk-g
Rj9NĜRjejXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyRdXy8XRN8g

"B`/r2HH-gCX1X-g1M;2H-g�XaX-gkyRyXg*?�`�+i2`Bx�iBQMgQ7g/BbbQHp2/gQ`;�MB+gK�ii2`gBMg+�p2g
�M/gbT`BM;gr�i2`bgmbBM;gloĜoBbg�#bQ`#�M+2g�M/g7HmQ`2b+2M+2gbT2+i`Qb+QTvXgP`;�MB+g
:2Q+?2KBbi`vg9R-gkdyĜk3yXg?iiTb,ff/QBXQ`;fRyXRyRefDXQ`;;2Q+?2KXkyyNXRRXyykg

"H�M+?�`/-gJX-gh2BH-gJX@CX-g:mB;QM-g1X-gG�`+?2`@hBT?�;M2-gEX-gPHHBpQM-g.X-g:�`#�M-g"X-g
*?2p`2mBH-gJX-g kyydXg S2`bBbi2Mig iQtB+g bm#bi�M+2g BMTmibg iQg i?2g `Bp2`g a2BM2g #�bBMg
U6`�M+2VgpB�g�iKQbT?2`B+g/2TQbBiBQMg�M/gm`#�MgbHm/;2g�TTHB+�iBQMXga+B2M+2gQ7gh?2g
hQi�Hg1MpB`QMK2Mi-g>mK�Mg�+iBpBivg�M/gK�i2`B�Hg7Hmt2bgBMg�g`2;BQM�Hg`Bp2`g#�bBM,g
i?2g a2BM2g _Bp2`g r�i2`b?2/g jd8-g kjkĜk9jXg ?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyyeXRkXyRkg

"HmK2`-gJX-g"HmK2`-gqX-g_2B+?-ghX-gRNddXgSQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgbQBHbgQ7g
�gKQmMi�BMgp�HH2v,g+Q``2H�iBQMgrBi?g?B;?r�vgi`�77B+g�M/g+�M+2`gBM+B/2M+2Xg1MpB`QMXg
a+BXgh2+?MQHXgRR-gRy3kĜRy39Xg?iiTb,ff/QBXQ`;fRyXRykRf2beyRj8�yykg

"Hvi?-g�XCX-g"�F2`-g�X-g*QHHBMb-gJXCX-g S2MFK�M-gEX1X>X-g:BHKQm`-gJX�X-gJQbb-g CXaX-g
:2Miv-g.X-g.`vb/�H2-g_XLX-gkyy3XgJQH2+mH�`gQ`;�MB+gK�ii2`gBMgbT2H2Qi?2Kbg�M/gBibg
TQi2MiB�Hg �bg �Mg 2MpB`QMK2Mi�Hg T`QtvXgZm�i2`M�`vg a+B2M+2g_2pB2rbg kd-g Ny8ĜNkRXg
?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkyy3XykXyykg

"Hvi?-g�XCX-g>�`iH�M/-g�X-g"�F2`-g�X-gkyReXgP`;�MB+gT`QtB2bgBMgbT2H2Qi?2KbgĜgL2rg/2p2@
HQTK2Mib-g �/p�Mi�;2bg �M/g HBKBi�iBQMbXg Zm�i2`M�`vg a+B2M+2g _2pB2rbg R9N-g RĜRdXg
?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkyReXydXyyRg

"Hvi?-g�XCX-gaKBi?-g*XAX-g.`vb/�H2-g_XLX-gkyRjXg�gM2rgT2`bT2+iBp2gQMgi?2gδRj*gbB;M�Hg
T`2b2`p2/gBMgbT2H2Qi?2KbgmbBM;gG*ĜA_Jag�M�HvbBbgQ7g#mHFgQ`;�MB+gK�ii2`g�M/g+QK@
TQmM/gbT2+B7B+g bi�#H2g BbQiQT2g�M�HvbBbXgZm�i2`M�`vga+B2M+2g_2pB2rbgd8-gR9jĜR9NXg
?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkyRjXyeXyRdg
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"Qm`/BM-g*X-g.QmpBHH2-g1X-g:2Miv-g.X-gkyRRXg�HF�HBM2@2�`i?gK2i�Hg�M/g`�`2@2�`i?g2H2K2Mig
BM+Q`TQ`�iBQMg+QMi`QHg#vg BQMB+g `�/Bmbg�M/g;`Qri?g`�i2gQMg�g bi�H�;KBi2g 7`QKgi?2g
*?�mp2ig *�p2-g aQmi?2�bi2`Mg 6`�M+2Xg *?2KB+�Hg :2QHQ;vg kNy-g RĜRRXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2K;2QXkyRRXy3Xyyeg

"Qt-g:X1XSX-gJmHH2`-gJX1X-gRN83Xg�gLQi2gQMgi?2g:2M2`�iBQMgQ7g_�M/QKgLQ`K�Hg.2pB�i2bXg
�MMXgJ�i?Xgai�iBbiXgkN-geRyĜeRRXg?iiTb,ff/QBXQ`;fRyXRkR9f�QKbfRRdddyee98g

"`�M/i-g>X*X�X-g.2g:`QQi-gSX*X-gkyyRXg�[m2QmbgH2�+?BM;gQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q@
+�`#QMbg 7`QKg #BimK2Mg �M/g �bT?�HiXg q�i2`g _2b2�`+?g j8-g 9kyyĜ9kydXg
?iiTb,ff/QBXQ`;fRyXRyRefayy9j@Rj89UyRVyykRe@yg

"`2bbv-g�X-g:`QK�B`2-gJX@*X-gGQ`;2Qmt-g*X-ga��/-gJX-gG2`Qv-g6X-g*?2##Q-g:X-gkyRkXghQ@
r�`/bgi?2g/2i2`KBM�iBQMgQ7g�MgQTiBK�Hgb+�H2g7Q`gbiQ`Kr�i2`g[m�HBivgK�M�;2K2Mi,g
JB+`QTQHHmi�MibgBMg�gbK�HHg`2bB/2MiB�Hg+�i+?K2MiXgq�i2`g_2b2�`+?-gaT2+B�HgAbbm2gQMg
aiQ`Kr�i2`g BMg m`#�Mg �`2�bg 9e-g edNNĜe3RyXg
?iiTb,ff/QBXQ`;fRyXRyRefDXr�i`2bXkyRRXRkXyRdg

"_:J-gMX/XgAM7Qh2``2g(qqqg.Q+mK2Mi)Xgl_Gg?iiTb,ffBM7Qi2``2X#`;KX7`fg

"`BKQ-gEX-gPmp`�`/-gaX-g>QmQi-gaX-gG�7QHB2-g6X-g:�`MB2`-gSX-gkyR3XgJQ/2HHBM;gi?2g7�i2gQ7g
S�>g�//2/grBi?g+QKTQbibgBMg�K2M/2/gbQBHg�++Q`/BM;giQgi?2gQ`B;BMgQ7gi?2g2tQ;2MQmbg
Q`;�MB+g K�ii2`Xg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig eReĜeRd-g e83Ĝee3Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyRdXRyXkeNg

"`Qm;?iQM-g SXGX-g kykyXg JQ`T?Q;2M2bBbg �M/g KB+`Qbi`m+im`2g Q7g +QM+`2i2@/2`Bp2/g +�H@
i?2KBi2bXg1MpB`QMg1�`i?ga+BgdN-gk98Xg?iiTb,ff/QBXQ`;fRyXRyydfbRkee8@yky@y3N3k@Ng

"`QrM-gCXLX-gS2�F2-g"XJX-gkyyeXgaQm`+2bgQ7g?2�pvgK2i�Hbg�M/gTQHv+v+HB+g�`QK�iB+g?v@
/`Q+�`#QMbgBMgm`#�MgbiQ`Kr�i2`g`mMQ77Xga+B2M+2gQ7gi?2ghQi�Hg1MpB`QMK2MiXg

"`QrM-gCX_X-g6B2H/-g_X�X-g:QH/biQM2-gJX1X-gG2bi2`-gCXLX-gS2``v-g_X-gRNNeXgSQHv+v+HB+g�`Q@
K�iB+g?v/`Q+�`#QMbgBMg+2Mi`�HgGQM/QMg�B`g/m`BM;gRNNRg�M/gRNNkXga+B2M+2gQ7gh?2g
hQi�Hg1MpB`QMK2MigRdd-gdjĜ39Xg?iiTb,ff/QBXQ`;fRyXRyRefyy93@NeNdUN8Vy93ee@Ng

"m`/B;2-g.XCX-gEHBM2-g aXqX-g*?2M-gqX-g kyy9Xg6HmQ`2b+2Mig/BbbQHp2/g Q`;�MB+gK�ii2`g BMg
K�`BM2gb2/BK2MigTQ`2gr�i2`bXgJ�`BM2g*?2KBbi`v-g*.PJgBMgi?2gP+2�M,g*?�`�+i2@
`Bx�iBQM-g .Bbi`B#miBQMg �M/g h`�Mb7Q`K�iBQMg 3N-g k3NĜjRRXg
?iiTb,ff/QBXQ`;fRyXRyRefDXK�`+?2KXkyy9XykXyR8g

"m`2F-gSX-ga�iQ?-guX-g6Ab?2`-g:X-gE�?BH-gJXhX-ga+?2`x2`-g�X-gkyReXgq�i2`g7mim`2bg�M/g
bQHmiBQM@7�bigi`�+FgBMBiB�iBp2XgAMi2`M�iBQM�HgAMbiBimi2g7Q`g�TTHB2/gavbi2Kbg�M�HvbBbXg

"m`Mb-gaXCX-g6H2BiK�MM-g.X-gJ�ii2`-g�X-gL277-glX-gJ�M;BMB-g�X-gkyyRXgaT2H2Qi?2Kg2pB/2M+2g
7`QKgPK�Mg7Q`g+QMiBM2Mi�HgTHmpB�Hg2p2Mibg/m`BM;gBMi2`;H�+B�HgT2`BQ/bXg:2QHgkN-gekjXg
?iiTb,ff/QBXQ`;fRyXRRjyfyyNR@deRjUkyyRVykNIyekj,a16P6*=kXyX*Pckg
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"m``B-gLXJX-gq2�i?2`H-g_X-gJQ2+F-g*X-ga+?B`K2`-gJX-gkyRNXg�g̀ 2pB2rgQ7gi?`2�ibgiQg;`QmM/@
r�i2`g[m�HBivgBMgi?2g�Mi?`QTQ+2M2Xga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2Mige39-gRjeĜ
R89Xg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyRNXy8Xkjeg

*g
*�#`2`BxQ-g�X-gh2D2/Q-gSX-g.�+?b-g CX-g"2M�v�b-g CX-g kyReXg�Mi?`QTQ;2MB+g �M/g#BQ;2MB+g

?v/`Q+�`#QMbgBMgbQBHbg�M/gp2;2i�iBQMg7`QKgi?2gaQmi?ga?2iH�M/gAbH�M/bgU�Mi�`+iB+�VXg
a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig 8eNĜ8dy-g R8yyĜR8yNXg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyReXyeXk9yg

*�++?BQ-gSX-g*QMi2MiQ-g_X-g1`+QH2-g*X-g*�TTm++BQ-g:X-gJ�`iBM2x-gJXSX-gG2TB/B-g�X-gkyy9Xg
AMpQHp2K2MigQ7gJB+`QQ`;�MBbKbgBMgi?2g6Q`K�iBQMgQ7g*�`#QM�i2gaT2H2Qi?2KbgBMgi?2g
*2`pQg *�p2g UGǶ�[mBH�@Ai�HvVXg :2QKB+`Q#BQHQ;vg CQm`M�Hg kR-g 9NdĜ8yNXg
?iiTb,ff/QBXQ`;fRyXRy3yfyR9Ny98y9Ny333RyNg

*�+?�/�-g�X-gS�iQ-gSX-g_Q+?�@a�MiQb-ghX-g/�gaBHp�-g1X6X-g.m�`i2-g�X*X-gkyRkXgG2p2Hb-g
bQm`+2bg �M/g TQi2MiB�Hg ?mK�Mg ?2�Hi?g `BbFbg Q7g Q`;�MB+g TQHHmi�Mibg BMg m`#�Mg bQBHbXg
a+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2Mig9jy-gR39ĜRNkXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyRkXy9Xyd8g

*�HHûM-gJXaX-g /2g H�g*`mx-gJXhX-gGƦT2x-g CXJX-gJ�bi`�H-g�XJX-g kyRRXgS�>g BMg �B`#Q`M2g
T�`iB+mH�i2gK�ii2`X,g*�`+BMQ;2MB+g+?�`�+i2`gQ7gSJRygb�KTH2bg�M/g�bb2bbK2MigQ7gi?2g
2M2`;vg;2M2`�iBQMgBKT�+iXg6m2HgS`Q+2bbBM;gh2+?MQHQ;v-gAAAgAMi2`M�iBQM�Hg*QM;`2bbg
QMg 1M2`;2iB+g 1M;BM22`BM;g �M/g 1MpB`QMK2Mig Nk-g RdeĜR3kXg
?iiTb,ff/QBXQ`;fRyXRyRefDX7mT`Q+XkyRyXy8XyRNg

*�KT#2HH-gJX-gJ+.QMQm;?-g GX-g h`2#H2-g SX*X-g "�F2`-g �X-g EQb�`�+-g LX-g *QH2#Q`M-g EX-g
qvMM-gSXJX-ga+?KBii-g�XEX-gkykjXg�g_2pB2rgQ7gaT2H2Qi?2Kbg�bg�`+?Bp2bg7Q`gS�@
H2Q7B`2g S`QtB2b-g qBi?g �mbi`�HB�Mg *�b2g aim/B2bXg _2pB2rbg Q7g :2QT?vbB+bg eR-g
2kykk_:yyydNyXg?iiTb,ff/QBXQ`;fRyXRykNfkykk_:yyydNyg

*�Q-guX-gq�M;-gCX-gsBM-gJX-gq�M;-g"X-gGBM-g*X-gkyk9XgaT�iB�Hg/Bbi`B#miBQMg�M/gT�`iBiBQMg
Q7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>bVgBMgi?2gr�i2`g�M/gb2/BK2MigQ7gi?2gbQm@
i?2`Mg"Q?�Bga2�,gu2HHQrg_Bp2`g�M/gS�>gT`QT2`ivgBM7Hm2M+2bXgq�i2`g_2b2�`+?gk93-g
Rky3djXg?iiTb,ff/QBXQ`;fRyXRyRefDXr�i`2bXkykjXRky3djg

*�`i2`-g*XqX-gam772i-gAX>X-gRN3jXgAMi2`�+iBQMbg#2ir22Mg/BbbQHp2/g?mKB+g�M/g7mHpB+g�+B/bg
�M/gTQHHmi�Mibg BMg �[m�iB+g 2MpB`QMK2MibXg6�i2g Q7g*?2KB+�Hbg BMg i?2g1MpB`QMK2Mig
kR8ĜkkNXg

**J1-gkyRyXg*�M�/B�MgaQBHgZm�HBivg:mB/2HBM2bg7Q`g*�`+BMQ;2MB+g�M/gPi?2`gSQHv+v+HB+g
�`QK�iB+g >v/`Q+�`#QMbg U1MpB`QMK2Mi�Hg �M/g >mK�Mg >2�Hi?g 1772+ibVXg a+B2MiB7B+g
*`Bi2`B�g.Q+mK2MigU`2pBb2/VXg*�M�/B�Mg*QmM+BHgQ7gJBMBbi2`bgQ7gi?2g1MpB`QMK2MiXg

*2`MB;HB�-g*X1X-gRNNkXg"BQ/2;`�/�iBQMgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgR3Xg
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*?�HKBM-g1X-gS2``2ii2-guX-g6�M;2i-g"X-gambBMB-gCX-gkyRjXgAMp2biB;�iBQMgQ7gP`;�MB+gJ�ii2`g
1Mi`�TT2/gBMgavMi?2iB+g*�`#QM�i2bě�gJmHiBK2i?Q/g�TT`Q�+?XgJB+`Qb+QTvg�M/g
JB+`Q�M�HvbBbgRN-gRjkĜR99Xg?iiTb,ff/QBXQ`;fRyXRyRdfaR9jRNkdeRkyRjddjg

*?2M-gaX-gAMbF22T-gqXSX-gqBHHB�Kb-gaX�X-g*�HHBb-gSX_X-gRNN9Xg6HmQ`2b+2M+2gGB72iBK2gJ2�@
bm`2K2MibgQ7g6HmQ`�Mi?2M2-gR@L�T?i?QH-g�M/gL�T`QT�KB/2gBMgi?2gS`2b2M+2gQ7g.Bb@
bQHp2/g >mKB+g �+B/Xg 1MpB`QMXg a+BXg h2+?MQHXg k3-g R83kĜR833Xg
?iiTb,ff/QBXQ`;fRyXRykRf2byyy83�yy3g

*?2M-gqX-gw?�M;-gwX-gw?m-guX-gq�M;-gsX-gq�M;-gGX-gsBQM;-gCX-gZB�M-gwX-gsBQM;-gaX-gw?�Q-g
_X-gGBm-gqX-gam-gZX-gw?Qm-gCX-gw?Qm-g>X-gZB-gaX-gCQM2b-gEX*X-gkykkXg.Bbi`B#miBQM-g
bQm`+2bg�M/gi`�MbTQ`igQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>bVgBMgF�`bigbT`BM;g
bvbi2Kbg 7`QKg q2bi2`Mg >m#2B-g *2Mi`�Hg *?BM�Xg *?2KQbT?2`2g jyy-g Rj98ykXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQbT?2`2XkykkXRj98ykg

*?2M;-g>X-gG�r`2M+2g1/r�`/b-g_X-ga?2M-g*X@*X-gSQHv�F-goXCX-g�bK2`QK-guX-gqQQ/?2�/-g
CX-g>2HHbi`QK-gCX-gq�M;-guX-gEQM;-gsX-gaTƺiH-g*X-gq�M;-gsX-g*�HpBMg�H2t�M/2`-g1X-g
kyRjXgAKT`Qp2K2MibgBMgkjyh?g/�iBM;-gkjyh?g�M/gkj9lg?�H7@HB72gp�Hm2b-g�M/glĜh?g
BbQiQTB+gK2�bm`2K2Mibg#vgKmHiB@+QHH2+iQ`gBM/m+iBp2Hvg+QmTH2/gTH�bK�gK�bbgbT2+i`Q@
K2i`vXg 1�`i?g �M/g SH�M2i�`vg a+B2M+2g G2ii2`bg jdRĜjdk-g 3kĜNRXg
?iiTb,ff/QBXQ`;fRyXRyRefDX2TbHXkyRjXy9Xyyeg

*?BQm-g*XhX-gJ+:`Q//v-gaX1X-gEBH2-g.X1X-gRNN3XgS�`iBiBQMg*?�`�+i2`BbiB+bgQ7gSQHv+v+HB+g
�`QK�iB+g>v/`Q+�`#QMbgQMgaQBHbg�M/ga2/BK2MibXg1MpB`QMXga+BXgh2+?MQHXgjk-gke9Ĝ
keNXg?iiTb,ff/QBXQ`;fRyXRykRf2bNdyeR9+g

*?`BbiK�M-g_X6X-gS7�2M/2`-g6XEX-gkyyeXgJQH2+mH�`gBKTHB+�iBQMbgQ7g?v/`QT?Q#B+gQ`;�MB+g
T�`iBiBQMBM;g i?2Q`vXg �+i�g ?v/`Q+?BKB+�g 2ig ?v/`Q#BQHQ;B+�g j9-g jedĜjd9Xg
?iiTb,ff/QBXQ`;fRyXRyykf�?2?Xkyy8yyejeg

*Ah1S�-gkykjXg:�xg¨g2772ig/2gb2``2g2igTQHHm�Mibg�iKQbT?û`B[m2bXg"BH�Mg/2bgûKBbbBQMbg2Mg
6`�M+2g/2gRNNyg¨gkykkgU_�TTQ`iga2+i2Mgû/XgkykjVXg

*HûK2Mi-g�X-gh?QK�b-g:X-gkyReXg�iH�bg/mgS�`BbgbQmi2``�BM,gH�g/Qm#Hm`2gbQK#`2g/2gH�goBHH2g
HmKBĕ`2X-gS�`B;`�KK2Xg2/XgS�`BbXg

*Q#H2-gSX:X-gRNNeXg*?�`�+i2`Bx�iBQMgQ7gK�`BM2g�M/gi2``2bi`B�Hg.PJgBMgb2�r�i2`gmbBM;g
2t+Bi�iBQM@2KBbbBQMg K�i`Btg bT2+i`Qb+QTvXg J�`BM2g *?2KBbi`vg 8R-g jk8Ĝj9eXg
?iiTb,ff/QBXQ`;fRyXRyRefyjy9@9kyjUN8Vyyyek@jg

*QH2K�M-gSXCX-gG22-g_X:XJX-g�H+Q+F-g_X1X-gCQM2b-gEX*X-gRNNdXgP#b2`p�iBQMbgQMgS�>-g
S*"-g�M/gS*..f6gh`2M/bgBMglXEXgl`#�Mg�B`-gRNNRƐRNN8Xg1MpB`QMXga+BXgh2+?MQHXg
jR-gkRkyĜkRk9Xg?iiTb,ff/QBXQ`;fRyXRykRf2bNeyN8j[g

*QHb�2i-g�X-gG�m`�Mb-guX-gG2p`2H-g>X-gkyR3Xgq?�ig/`Bp2bgH�M/gi�F2g�M/gm`#�MgH�M/g2t@
T�MbBQM\g �g bvbi2K�iB+g `2pB2rXg G�M/g lb2g SQHB+vg dN-g jjNĜj9NXg
?iiTb,ff/QBXQ`;fRyXRyRefDXH�M/mb2TQHXkyR3Xy3XyRdg
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*QK#2i-g1X-gC�`Qbx-gCX-gJ�`iBM@"Qmv2`-gJX-gS�im`2H-gGX-ga�#2`-g�X-gRNNjXgJ2bm`2gT�`g
bT2+i`Q7HmQ`BKûi`B2ga?TQHǶbFBBg/2bg2KBbbBQMbgmMBi�B`2bg2Mg>�Sg/2gjygpû?B+mH2bgHû;2`bg
¨g2bb2M+2g2ig/B2b2Hbgb2HQMg?mBig+v+H2bg`2T`ûb2Mi�iB7bXga+B2M+2gQ7gh?2ghQi�Hg1MpB`QM@
K2MigRj9-gR9dĜReyXg?iiTb,ff/QBXQ`;fRyXRyRefyy93@NeNdUNjVNyj9d@Ng

*Qm+?Qm/-gAX-gkyy3XgG2bgbTûHûQi?ĕK2b-g�`+?Bp2bg/2bgp�`B�iBQMbgT�HûQ2MpB`QMM2K2Mi�H2bXg
[m�i2`M�B`2gk88Ĝkd9Xg?iiTb,ff/QBXQ`;fRyX9yyyf[m�i2`M�B`2X99Rkg

*QmbBMb-gAXhX-g"2+F-g�XCX-gCQM2b-gEX*X-gRNNNXg�g`2pB2rgQ7gi?2gT`Q+2bb2bgBMpQHp2/gBMgi?2g
2t+?�M;2gQ7gb2KB@pQH�iBH2gQ`;�MB+g+QKTQmM/bgUaoP*Vg�+`Qbbgi?2g�B`ĜbQBHgBMi2`7�+2Xg
a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig kk3-g 8Ĝk9Xg ?iiTb,ff/QBXQ`;fRyXRyRefayy93@
NeNdUNNVyyyR8@dg

*mB-gwX-gq�M;-guX-g.m-gGX-gum-guX-gkykkXg*QMi�KBM�iBQMgH2p2H-gbQm`+2b-g�M/g?2�Hi?g`BbFg
Q7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgbm#m`#�Mgp2;2i�#H2g7B2H/gbQBHbgQ7g*?�M;+?mM-g
LQ`i?2�big*?BM�Xga+Bg_2TgRk-gRRjyRXg?iiTb,ff/QBXQ`;fRyXRyj3fb9R8N3@ykk@R8k38@8g

.g

.2gG�ghQ``2@_Q+?2-g_XCX-gG22-gqX@uX-g*�KTQb@.ő�x-g aXAX-g kyyNXgaQBH@#Q`M2gTQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMbgBMg1HgS�bQ-gh2t�b,g�M�HvbBbgQ7g�gTQi2MiB�HgT`Q#H2KgBMgi?2g
lMBi2/gai�i2bfJ2tB+Qg#Q`/2`g`2;BQMXgCQm`M�HgQ7g>�x�`/QmbgJ�i2`B�HbgRej-gN9eĜN83Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXD?�xK�iXkyy3XydXy3Ng

.2HHBM;2`-gJX-g>BHiQM-g_X:X-gLQr2HH-g:XJX-gkykRXg6`�+iBQM�iBQMgQ7g`?2MBmKgBbQiQT2bgBMg
i?2g J�+F2MxB2g _Bp2`g #�bBMg /m`BM;g QtB/�iBp2g r2�i?2`BM;Xg 1�`i?g �M/g SH�M2i�`vg
a+B2M+2gG2ii2`bg8dj-gRRdRjRXg?iiTb,ff/QBXQ`;fRyXRyRefDX2TbHXkykRXRRdRjRg

.2HK�b-gJX-g*2`/�M-gPX-g*?2pB`QM-g"X-gJQm+?2H-gCXJX-gkyRRXg_Bp2`g#�bBMgb2/BK2Mig7Hmtg
�bb2bbK2MibXg >v/`QHQ;B+�Hg S`Q+2bb2bg k8-g R83dĜR8NeXg
?iiTb,ff/QBXQ`;fRyXRyykf?vTXdNkyg

.2MBb-g1X>X-ghQM2v-gCXGX-gh�`QxQ-g_X-ga+Qiig�M/2`bQM-g_X-g_Q�+?-gGX.X-g>m�M;-guX-gkyRkXg
SQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg US�>bVg BMg H�F2g b2/BK2Mibg `2+Q`/g ?BbiQ`B+g 7B`2g
2p2Mib,go�HB/�iBQMgmbBM;g>SG*@7HmQ`2b+2M+2g/2i2+iBQMXgP`;�MB+g:2Q+?2KBbi`vg98-g
dĜRdXg?iiTb,ff/QBXQ`;fRyXRyRefDXQ`;;2Q+?2KXkyRkXyRXyy8g

.2MMBbiQM-g_X6X-g:QMx�H2x-gGX�X-g�bK2`QK-guX-g"�F2`-g_X:X-g_2�;�M-gJXEX-g"2iiBb-g1X�X-g
RNNNXg1pB/2M+2g7Q`gBM+`2�b2/g+QQHgb2�bQMgKQBbim`2g/m`BM;gi?2gKB//H2g>QHQ+2M2Xg:2QHg
kd-g3R8Xg?iiTb,ff/QBXQ`;fRyXRRjyfyyNR@deRjURNNNVykdIy3R8,16A*aJ=kXjX*Pckg

.2`2t-gCX@JX-gRNNdXg>BbiQB`2g/mg"QBbg/2goBM+2MM2b ,gH�g7Q`āig/mg`QBg2igH2g#QBbg/mgT2mTH2g
/2gS�`BbXgGǶ>�`K�ii�MXg

.2b�mH2b-g�X-g�KK�MM-gaX-g"HmK-g6X-g"` M/HB-g_X*X-g"m+?2HB-ghX.X-gE2HH2`-g�X-g kyy3Xg



g

kyjg

S�>g�M/gS*"gBMgbQBHbgQ7garBix2`H�M/ěbi�imbg�M/g+`BiB+�Hg`2pB2rXgCXg1MpB`QMXgJQ@
MBiXgRy-gRke8Xg?iiTb,ff/QBXQ`;fRyXRyjNf#3ydkyeDg

.BghQ`Q-g.XJX-gRN38Xg�gT�`iB+H2gBMi2`�+iBQMgKQ/2HgQ7g̀ 2p2`bB#H2gQ`;�MB+g+?2KB+�HgbQ`TiBQMXg
*?2KQbT?2`2gR9-gR8yjĜR8j3Xg?iiTb,ff/QBXQ`;fRyXRyRefyy98@e8j8U38VNyyy3@eg

.QKőM;m2x@oBHH�`-g.X-g"�F2`-g�X-g6�B`+?BH/-gAXCX-g1/r�`/b-g_XGX-gkyRkXg�gK2i?Q/giQg�M@
+?Q`g 7HQ�iBM;g +?`QMQHQ;B2bg BMg �MMm�HHvg H�KBM�i2/g bT2H2Qi?2KbgrBi?glĜh?g/�i2bXg
Zm�i2`M�`vg :2Q+?`QMQHQ;vg R9-g 8dĜeeXg ?iiTb,ff/QBXQ`;fRyXRyRefDX[m�@
;2QXkyRkXy9XyRNg

.Q`�H2-gCX�X-g1/r�`/b-g_XGX-g�H2t�M/2`-g1X*X-ga?2M-g*X@*X-g_B+?�`/b-g.X�X-g*?2M;-g>X-g
kyy9Xgl`�MBmK@a2`B2bg.�iBM;gQ7gaT2H2Qi?2Kb,g*m``2Migh2+?MB[m2b-gGBKBib-g�g�T@
THB+�iBQMb-gBM,ga�bQrbFv-gAX.X-gJvH`QB2-gCXgU1/bXV-gaim/B2bgQ7g*�p2ga2/BK2MibXgaT`BM@
;2`gla-g"QbiQM-gJ�-gTTXgRddĜRNdXg?iiTb,ff/QBXQ`;fRyXRyydfNd3@R@99RN@NRR3@3nRyg

.Q`�H2-gCX�X-g:QMx�H2x-gGX�X-g_2�;�M-gJXEX-gSB+F2ii-g.X�X-gJm``2HH-gJXhX-g"�F2`-g_X:X-g
RNNkXg�g>B;?@_2bQHmiBQMg_2+Q`/gQ7g>QHQ+2M2g*HBK�i2g*?�M;2gBMgaT2H2Qi?2Kg*�H+Bi2g
7`QKg*QH/gq�i2`g*�p2-gLQ`i?2�bigAQr�Xga+B2M+2gk83-gRekeĜRejyXg

.`2v#`Q/i-gqX-gRNNNXg*?2KB+�HgFBM2iB+b-gbT2H2Qi?2Kg;`Qri?g�M/g+HBK�i2Xg"Q`2�bgk3-gj9dĜ
j8eXg?iiTb,ff/QBXQ`;fRyXRRRRfDXR8yk@j338XRNNNXi#yykk9Xtg

.`2v#`Q/i-gqX-gRN3RXgh?2gFBM2iB+bgQ7g+�H+Bi2gT`2+BTBi�iBQMg7`QKgi?BMg7BHKbgQ7g+�H+�`2Qmbg
bQHmiBQMbg�M/gi?2g;`Qri?gQ7gbT2H2Qi?2Kb,g_2pBbBi2/Xg*?2KB+�Hg:2QHQ;vgjk-gkjdĜk98Xg
?iiTb,ff/QBXQ`;fRyXRyRefyyyN@k89RU3RVNyR9e@dg

.`2v#`Q/i-gqX-gRN3yXg.2TQbBiBQMgQ7g+�H+Bi2g7`QKgi?BMg7BHKbgQ7gM�im`�Hg+�H+�`2QmbgbQHmiBQMbg
�M/g i?2g ;`Qri?g Q7g bT2H2Qi?2KbXg *?2KB+�Hg :2QHQ;vg kN-g 3NĜRy8Xg
?iiTb,ff/QBXQ`;fRyXRyRefyyyN@k89RU3yVNyyyd@3g

.m-gCX-gCBM;-g*X-gkyR3Xg�Mi?`QTQ;2MB+gS�>bgBMgH�F2gb2/BK2Mib,g�gHBi2`�im`2g̀ 2pB2rgUkyykĜ
kyR3VXg 1MpB`QMXg a+BX,g S`Q+2bb2bg AKT�+ibg ky-g Re9NĜReeeXg
?iiTb,ff/QBXQ`;fRyXRyjNf*31JyyRN8"g

.m�M-gGX-gL�B/m-g_X-gh?�p�K�MB-gSX-gJ2�FHBK-gCX-gJ2;?�`�D-gJX-gkyR8XgJ�M�;BM;gHQM;@
i2`KgTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMg+QMi�KBM�i2/gbQBHb,g�g`BbF@#�b2/g�TT`Q�+?Xg
1MpB`QMga+BgSQHHmig_2bgkk-g3NkdĜ3N9RXg?iiTb,ff/QBXQ`;fRyXRyydfbRRj8e@yRj@kkdy@yg

1g
1Hg�HB-g�X-g"�`#BM-goX-g*�H�b-g:X-g*2`p2HH2-g"X-g_�Kb2v2`-gEX-g"Qm`QmH2+-gCX-gRNNjXgJMkY@

�+iBp�i2/gHmKBM2b+2M+2gBMg/QHQKBi2-g+�H+Bi2g�M/gK�;M2bBi2,g[m�MiBi�iBp2g/2i2`KBM�@
iBQMgQ7gK�M;�M2b2g�M/gbBi2g/Bbi`B#miBQMg#vg1S_g�M/g*GgbT2+i`Qb+QTvXg*?2KB+�Hg
:2QHQ;vgRy9-gR3NĜkykXg?iiTb,ff/QBXQ`;fRyXRyRefyyyN@k89RUNjVNyR8y@>g

1l-gkyy8Xg1MpB`QMK2Mi�HgZm�HBivgai�M/�`/bg@gam#bi�M+2g.�i�ga?22ig@gS`BQ`Bivgam#bi�M+2g
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LQXgk3,gSQHv�`QK�iB+g>v/`Q+�`#QMbgUS�>bVXg1m`QT2�MglMBQM-g"`mbb2HXg

6g
6�P-gkyyeXgqQ`H/g`272`2M+2g#�b2g7Q`gbQBHg`2bQm`+2b-gkyye,g�g7`�K2rQ`Fg7Q`gBMi2`M�iBQM�Hg

+H�bbB7B+�iBQM-g+Q``2H�iBQM-g�M/g+QKKmMB+�iBQM-gqQ`H/gbQBHg`2bQm`+2bg`2TQ`ibXg6QQ/g
�M/g�;`B+mHim`2gP`;�MBx�iBQMgQ7gi?2glMBi2/gL�iBQMb-g_QK2Xg

62`M�M/2x-gJX-gkyR3XgG�gbi`�i2g/mgbQHg/ǶmM2gKû;�TQH2 ,gQ#b2`p�iBQMbgHQ+�HBbû2bgbm`gHǶ�M@
i?`QTQ+ĕM2,gG2bg+Qm+?2bgBbbm2bg/2bgTû`BQ/2bgT`ûBM/mbi`B2HH2g2igBM/mbi`B2HH2g¨gS�`BbXg
;2Q+�``27Qm`gNkXg?iiTb,ff/QBXQ`;fRyX9yyyf;2Q+�``27Qm`XRkyReg

62``2B`�-gCX�X-gL�b+BK2MiQ-gPX_X-gJ�`iBM@L2iQ-gGX-gkyyRXg>v/`QT?Q#B+gAMi2`�+iBQMbg#2i@
r22MgaTBM@G�#2Hg8@a�aGg�M/g>mKB+g�+B/g�bg_2p2�H2/g#vg1a_gaT2+i`Qb+QTvXg1M@
pB`QMXga+BXgh2+?MQHXgj8-gdeRĜde8Xg?iiTb,ff/QBXQ`;fRyXRykRf2byyRyk8Rg

6Hƺ`F2-gJX-ga+?M2B/2`-g*X-gJ+.QM�H/-g_XAX-gkyR3Xgq�i2`g+QKT2iBiBQMg#2ir22Mg+BiB2bg�M/g
�;`B+mHim`2g /`Bp2Mg #vg +HBK�i2g +?�M;2g �M/g m`#�Mg ;`Qri?XgL�ig ambi�BMg R-g 8RĜ83Xg
?iiTb,ff/QBXQ`;fRyXRyj3fb9R3Nj@yRd@yyye@3g

6Q`/-g.X*X-gqBHHB�Kb-gSXqX-gRN3NXgE�`big:2QKQ`T?QHQ;vg�M/g>v/`QHQ;v-gGQM/QM,glMrBMg
>vK�MXg2/Xg

6`�b2`-gJXSX-g*�bb-g:X_X-gaBKQM2Bi-g"X_XhX-g_�bKmbb2M-g_X�X-gRNN3Xg�B`gZm�HBivgJQ/2Hg
1p�Hm�iBQMg.�i�g 7Q`gP`;�MB+bXg 8Xg*g egƐ*g kkgLQMTQH�`g �M/g a2KBTQH�`g�`QK�iB+g
*QKTQmM/bXg 1MpB`QMXg a+BXg h2+?MQHXg jk-g RdeyĜRddyXg
?iiTb,ff/QBXQ`;fRyXRykRf2bNdyj9Npg

6`22K�M-g.XCX-g*�ii2HH-g6X*X_X-gRNNyXgqQQ/#m`MBM;g�bg�gbQm`+2gQ7g�iKQbT?2`B+gTQHv+v+HB+g
�`QK�iB+g ?v/`Q+�`#QMbXg 1MpB`QMXg a+BXg h2+?MQHXg k9-g R83RĜR838Xg
?iiTb,ff/QBXQ`;fRyXRykRf2byyy3y�yRNg

6`BbB�-gaX-g"Q`b�iQ-g�X-gkyRyXg*?�Ti2`gegE�`bi-g BM,g�HQMbQ@w�`x�-g�XJX-gh�MM2`-gGX>Xg
U1/bXV-g.2p2HQTK2MibgBMga2/BK2MiQHQ;v-g*�`#QM�i2bgBMg*QMiBM2Mi�Hga2iiBM;b,g6�@
+B2b-g 1MpB`QMK2Mib-g �M/g S`Q+2bb2bXg 1Hb2pB2`-g TTXg keNĜjR3Xg
?iiTb,ff/QBXQ`;fRyXRyRefayydy@98dRUyNVyeRye@3g

:g
:�#Q`-g_X-g"�F2`-g�X-gJ+EMB;?i-g.X-gJBHH2`-gJX-gkyR9Xg6HmQ`2b+2M+2gBM/B+2bg�M/gi?2B`g

BMi2`T`2i�iBQM-g BM,g �[m�iB+gP`;�MB+gJ�ii2`g 6HmQ`2b+2M+2Xg *�K#`B/;2glMBp2`bBivg
S`2bbXg

:�`�;MQM-gCX-gS2``2ii2-guX-gL�77`2+?Qmt-g1X-gSQMb@"`�M+?m-g1X-gkykjXgSQHv+v+HB+g�`QK�iB+g
?v/`Q+�`#QMg`2+Q`/gBMg�Mgm`#�Mgb2+QM/�`vg+�`#QM�i2g/2TQbBigQp2`gi?2gH�bigi?`22g
+2Mim`B2bg US�`Bb-g 6`�M+2VXg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig Ny8-g Red9kNXg



g

ky8g

?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkykjXRed9kNg

:�`#�M-g"X-g"H�M+?Qm/-g>X-gJQi2H�v@J�bb2B-g�X-g*?2p`2mBH-gJX-gPHHBpQM-g.X-gkyykXg�i@
KQbT?2`B+g#mHFg/2TQbBiBQMgQ7gS�>bgQMiQg6`�M+2,gi`2M/bg7`QKgm`#�MgiQg̀ 2KQi2gbBi2bXg
�iKQbT?2`B+g 1MpB`QMK2Mig je-g 8jN8Ĝ89yjXg ?iiTb,ff/QBXQ`;fRyXRyRefaRj8k@
kjRyUykVyy9R9@9g

:�bT2`B-gCX-ga2#�biB�M-g*X-g_m#�M-goX-g.2H�K�BM-gJX-gS2`+Qi-gaX-gqB2bi-gGX-gJB`�M/2-g*X-g
*�mTQb-g1X-g.2K�`2-g.X-gE2bbQQ-gJX.XEX-ga��/-gJX-ga+?r�`ix-gCXCX-g.m#QBb-gSX-g
6`�ii�-g*X-gqQH77-g>X-gJQBHH2`QM-g_X-g*?2##Q-g:X-g*`2M-g*X-gJBHH2i-gJX-g"�``�m/-gaX-g
:`QK�B`2-gJX*X-gkyR9XgJB+`QTQHHmi�MibgBMgm`#�MgbiQ`Kr�i2`,gQ++m``2M+2-g+QM+2M@
i`�iBQMb-g�M/g�iKQbT?2`B+g+QMi`B#miBQMbg7Q`g�grB/2g`�M;2gQ7g+QMi�KBM�MibgBMgi?`22g
6`2M+?g +�i+?K2MibXg 1MpB`QMg a+Bg SQHHmig _2bg kR-g 8kedĜ8k3RXg
?iiTb,ff/QBXQ`;fRyXRyydfbRRj8e@yRj@kjNe@yg

:�i2mBHH2-g.X-gkyRjXg_ûK�M2M+2g2igi`�Mb72`ibg/2bg>v/`Q+�`#m`2bg�`QK�iB[m2bgSQHv+v@
+HB[m2bg/�MbgH2g#�bbBMg�KQMig/2gH�ga2BM2Xg

:�mi?B2`-ghX.X-ga2Bix-gqX_m/QH7X-g:`�Mi-g*XGX-gRN3dXg1772+ibgQ7gbi`m+im`�Hg�M/g+QKTQbB@
iBQM�Hgp�`B�iBQMbgQ7g/BbbQHp2/g?mKB+gK�i2`B�HbgQMgTv`2M2gEQ+gp�Hm2bXg1MpB`QMXga+BXg
h2+?MQHXgkR-gk9jĜk93Xg?iiTb,ff/QBXQ`;fRyXRykRf2byyR8d�yyjg

:2H/2M?mvb-g:X-gq�ii`mb-gJX-g6Q`#2b-gSX"X*X-gkykkXg:�bg�M/gT�`iB+H2gT?�b2gTQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMg2KBbbBQMg7�+iQ`bg7`QKg�g/B2b2Hgp2?B+H2g2M;BM2,g1772+igQ7gQT2@
`�iBM;gKQ/2bgBMg�g/2p2HQTBM;g+QmMi`vg+QMi2tiXg�iKQbT?2`B+g1MpB`QMK2Mi,gsgRj-g
RyyR83Xg?iiTb,ff/QBXQ`;fRyXRyRefDX�2�Q�XkykkXRyyR83g

:2Miv-g.X-g"�F2`-g�X-g"�`M2b-gqX-gRNNdXg*QKT�`�BbQMg2Mi`2gH2bgH�KBM2bgHmKBM2b+2Mi2bg2ig
H2bgH�KBM2bgpBbB#H2bg�MMm2HH2bg/2gbi�H�;KBi2bXg*QKTi2bg_2M/mbg/2gHǶ�+�/ûKB2g/2bg
a+B2M+2bg @g a2`B2bg AA�g @g 1�`i?g �M/g SH�M2i�`vg a+B2M+2g jk8-g RNjĜkyyXg
?iiTb,ff/QBXQ`;fRyXRyRefaRk8R@3y8yUNdV33k33@kg

:2Miv-g.X-g"�F2`-g�X-gJ�bb�mHi-gJX-gS`Q+iQ`-g*X-g:BHKQm`-gJX-gSQMb@"`�M+?m-g1X-g>�@
K2HBM-g"X-gkyyRXg.2�/g+�`#QMgBMgbi�H�;KBi2b,g+�`#QM�i2g#2/`Q+FgT�H2Q/BbbQHmiBQMg
pbXg�;2BM;gQ7gbQBHgQ`;�MB+gK�ii2`XgAKTHB+�iBQMbg7Q`gRjg*gp�`B�iBQMbgBMgbT2H2Qi?2KbXg
:2Q+?BKB+�g2ig*QbKQ+?BKB+�g�+i�ge8-gj99jĜj98dXg?iiTb,ff/QBXQ`;fRyXRyRefayyRe@
dyjdUyRVyyeNd@9g

:2Miv-g.X-g"H�K�`i-g.X-gPm�?/B-g_X-g:BHKQm`-gJX-g"�F2`-g�X-gCQmx2H-gCX-go�M@1ti2`-gaX-g
kyyjXgS`2+Bb2g/�iBM;gQ7g.�Mb;��`/ĜP2b+?;2`g+HBK�i2gQb+BHH�iBQMbgBMgr2bi2`Mg1m`QT2g
7`QKgbi�H�;KBi2g/�i�XgL�im`2g9kR-g3jjĜ3jdXg?iiTb,ff/QBXQ`;fRyXRyj3fM�im`2yRjNRg

:2Miv-g.X-gZmBMB7-guX-gRNNeXg�MMm�HHvgH�KBM�i2/gb2[m2M+2bgBMgi?2gBMi2`M�Hgbi`m+im`2gQ7g
bQK2g"2H;B�Mgbi�H�;KBi2bcgBKTQ`i�M+2g7Q`gT�H2Q+HBK�iQHQ;vXgCQm`M�HgQ7ga2/BK2Mi�`vg
_2b2�`+?g ee-g kd8Ĝk33Xg ?iiTb,ff/QBXQ`;fRyXRjyef.9ke3jR�@k"ke@RR.d@
3e93yyyRyk*R3e8.g
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kyeg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg 

g

:Q/QB-g�X6XGX-g_�pBM/`�-gEX-g:Q/QB-g_X>XJX-g�M/`�/2-gaXCX-ga�MiB�;Q@aBHp�-gJX-go�Mg
o�2+F-gGX-go�Mg:`B2F2M-g_X-gkyy9Xg6�big+?`QK�iQ;`�T?B+g/2i2`KBM�iBQMgQ7gTQHv+v@
+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMg�2`QbQHgb�KTH2bg7`QKgbm;�`g+�M2g#m`MBM;XgCQm`M�HgQ7g
*?`QK�iQ;`�T?vg�-gkei?gAMi2`M�iBQM�HgavKTQbBmKgQMg*�TBHH�`vg*?`QK�iQ;`�T?vg
�M/g1H2+i`QT?Q`2bBbgRykd-g9NĜ8jXg?iiTb,ff/QBXQ`;fRyXRyRefDX+?`QK�XkyyjXRyXy93g

:QMx�H2x-g�X-gJQBHH2`QM-g_X-g*?2##Q-g:X-gh?ûp2MQi-g.X_X-gkyyyXg.2i2`KBM�iBQMgQ7gSQHv@
+v+HB+g�`QK�iB+g>v/`Q+�`#QMbg BMgl`#�Mg_mMQ77g a�KTH2bg 7`QKg i?2g ǳG2gJ�`�BbǴg
1tT2`BK2Mi�Hg*�i+?K2MigBMgS�`Bbg*2Mi`2XgSQHv+v+HB+g�`QK�iB+g*QKTQmM/bgky-gRĜ
RNXg?iiTb,ff/QBXQ`;fRyXRy3yfRy9yeejyyy3yj9ddkg

:`BK�Hi-gCXPX-go�Mg.`QQ;2-g"XGX-g_B#2b-g�X-g62`M�M/2x-gSX-g�TTH2#v-gSX-gkyy9XgSQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMg+QKTQbBiBQMg BMgbQBHbg�M/gb2/BK2MibgQ7g?B;?g�HiBim/2g H�F2bXg
1MpB`QMK2Mi�HgSQHHmiBQMgRjR-gRjĜk9Xg?iiTb,ff/QBXQ`;fRyXRyRefDX2MpTQHXkyy9XykXyk9g

:`BKK2`-g:X-gC�+Q#-gCX-gL�mD�+F-gEXqX-g.2ii#�`M-g:X-gRN3jXg.2i2`KBM�iBQMgQ7gTQHv+v+HB+g
�`QK�iB+g+QKTQmM/bg2KBii2/g7`QKg#`QrM@+Q�H@7B`2/g`2bB/2MiB�HgbiQp2bg#vg;�bg+?`Q@
K�iQ;`�T?vfK�bbg bT2+i`QK2i`vXg �M�HviB+�Hg *?2KBbi`vg e-g 3NkĜNyyXg
?iiTb,ff/QBXQ`;fRyXRykRf�+yyk8d�yR3g

:mBHH2pB+-g6X-g�`M�m/-g6X-g_QbbB-gJX-gSQmH2M�`/-gCX-ga�#�iB2`-gSX-g.2p2HH2-g�X@GX-gZm�MiBM-g
*X-gJQMpQBbBM-g:X-gkykjXgh?2gH2;�+vgQ7gK2i�HHm`;B+�Hg�iKQbT?2`B+g+QMi�KBM�iBQMgBMg
�gKQmMi�BMQmbg+�i+?K2Mi,g�g/2H�v2/g̀ 2bTQMb2gQ7gS#g+QMi�KBM�iBQMXga+B2M+2gQ7gh?2g
hQi�Hg1MpB`QMK2Mig3N8-gRe8RkdXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkykjXRe8Rkdg

:mQ-g>X-gG22-gaX*X-g>Q-gEX6X-gq�M;-gsXJX-gwQm-gaX*X-gkyyjXgS�`iB+H2@�bbQ+B�i2/gTQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMbgBMgm`#�Mg�B`gQ7g>QM;gEQM;Xg�iKQbT?2`B+g1MpB`QMK2Migjd-g
8jydĜ8jRdXg?iiTb,ff/QBXQ`;fRyXRyRefDX�iKQb2MpXkyyjXyNXyRRg

:mQ-gqX-g>2-gJX-gu�M;-gwX-gGBM-g*X-gZm�M-gsX-gq�M;-g>X-gkyydXg.Bbi`B#miBQMgQ7gTQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMbgBMgr�i2`-gbmbT2M/2/gT�`iB+mH�i2gK�ii2`g�M/gb2/BK2Mig7`QKg
.�HB�Qg _Bp2`g r�i2`b?2/-g *?BM�Xg *?2KQbT?2`2g e3-g NjĜRy9Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQbT?2`2XkyyeXRkXydkg

:mQ-gwX-gGBM-ghX-gw?�M;-g:X-gw?2M;-gJX-gw?�M;-gwX-g>�Q-guX-g6�M;-gJX-gkyydXgh?2gb2/B@
K2Mi�`vg7Hmt2bgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgi?2gu�M;ix2g_Bp2`g1bim�`vg
+Q�bi�Hgb2�g 7Q`gi?2gT�big+2Mim`vXga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2Migj3e-gjjĜ9RXg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyydXydXyRNg

>g
>�M/�-ghX-gE�iQ-guX-gu�K�Km`�-ghX-gAb?BB-ghX-gJ�ibmb?Bi�-g>X-gRN3yXgAMgbBimg2KBbbBQMg

H2p2Hbg Q7g TQHvMm+H2�`g �`QK�iB+g ?v/`Q+�`#QMbg 7`QKg ;�bQHBM2g �M/g /B2b2Hg 2M;BM2g
p2?B+H2bgQMg�Mg2tT`2bbr�vXgCQm`M�HgQ7g1MpB`QMK2Mi�Hga+B2M+2g�M/g>2�Hi?gXgS�`ig�,g
1MpB`QMK2Mi�Hg a+B2M+2g �M/g 1M;BM22`BM;g R8-g 8djĜ8NNXg



g

kydg

?iiTb,ff/QBXQ`;fRyXRy3yfRyNj98k3yyNjd9N8Rg

>�M;2#`�m+F-g_XSX-gG2?K/2M-g.XCXoX-gJ22F2`-gCX1X-gRNedXgaQm`+2bgQ7gSQHvMm+H2�`g>v@
/`Q+�`#QMbgBMgi?2g�iKQbT?2`2-g1MpB`QMK2Mi�Hg?2�Hi?gb2`B2bXglXaXg.2T�`iK2MigQ7g
>2�Hi?-g1/m+�iBQM-g�M/gq2H7�`2g(L�iBQM�Hg*2Mi2`g7Q`g�B`gSQHHmiBQMg*QMi`QH)Xg

>�`iH�M/-g�X-g6�B`+?BH/-gAXCX-gG2�/-gCX_X-g"�F2`-g�X-gkyRyXg6HmQ`2b+2MigT`QT2`iB2bgQ7gQ`@
;�MB+g+�`#QMgBMg+�p2g/`BTr�i2`b,g1772+ibgQ7g7BHi`�iBQM-gi2KT2`�im`2g�M/gT>Xga+B2M+2g
Q7g h?2g hQi�Hg 1MpB`QMK2Mig 9y3-g 8N9yĜ8N8yXg ?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyRyXy3Xy9yg

>�`iH�M/-g�X-g6�B`+?BH/-gAXCX-gJɃHH2`-gqX-g.QKBM;m2x@oBHH�`-g.X-gkyR9XgS`2b2`p�iBQMgQ7g
LPJ@K2i�Hg +QKTH2t2bg BMg �g KQ/2`Mg ?vT2`�HF�HBM2g bi�H�;KBi2,g AKTHB+�iBQMbg 7Q`g
bT2H2Qi?2Kgi`�+2g2H2K2Mig;2Q+?2KBbi`vXg:2Q+?BKB+�g2ig*QbKQ+?BKB+�g�+i�gRk3-g
kNĜ9jXg?iiTb,ff/QBXQ`;fRyXRyRefDX;+�XkyRjXRkXyy8g

>�`iK�MM-g�X-g1B+?2-g1X-gL2mK�MM-ghX-g6Q?HK2Bbi2`-gCX-ga+?`ƺ/2`@_Bix`�m-g�X-gJ�M;BMB-g
�X-g>�`vQMQ-g1X-gkyRjXgJmHiB@T`Qtvg2pB/2M+2g7Q`g?mK�M@BM/m+2/g/27Q`2bi�iBQMg�M/g
+mHiBp�iBQMg7`QKg�gH�i2g>QHQ+2M2gbi�H�;KBi2g7`QKgKB//H2gC�p�-gAM/QM2bB�Xg*?2KB+�Hg
:2QHQ;vgj8d-g3ĜRdXg?iiTb,ff/QBXQ`;fRyXRyRefDX+?2K;2QXkyRjXy3Xykeg

>�bb2ii-gCXCX-gJ2�Mb-gCX*X-g"�Mr�`i-gqXGX-gqQQ/-gaX:X-gRN3yXgaQ`TiBQMgS`QT2`iB2bgQ7g
a2/BK2Mibg�M/g1M2`;v@`2H�i2/gSQHHmi�MibXg1MpB`QMK2Mi�Hg_2b2�`+?gG�#Q`�iQ`v-gP7@
7B+2gQ7g_2b2�`+?g�M/g.2p2HQTK2Mi-glXaXg1MpB`QMK2Mi�HgS`Qi2+iBQMg�;2M+vXg

>�mi�H�-g 1X@GX-g _2FBH -g _X-g h�`?�M2M-g CX-g _mmbF�M2M-g CX-g RNN8Xg .2TQbBiBQMg Q7g KQiQ`g
p2?B+H2g2KBbbBQMbg�M/grBMi2`gK�BMi2M�M+2g�HQM;g`Q�/bB/2g�bb2bb2/g#vgbMQrg�M�@
Hvb2bXg 1MpB`QMK2Mi�Hg SQHHmiBQMg 3d-g 98Ĝ9NXg ?iiTb,ff/QBXQ`;fRyXRyRefaykeN@
d9NRUNNV3yyye@kg

>2H�H2?-gJXAX>X-g�H@PK�B`-g�X-gLBb�`-g�X-g:2p�Q-g"X-gkyy8Xgo�HB/�iBQMgQ7gp�`BQmbg2ti`�+@
iBQMgi2+?MB[m2bg7Q`gi?2g[m�MiBi�iBp2g�M�HvbBbgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbg
BMgb2r�;2gbHm/;2bgmbBM;g;�bg+?`QK�iQ;`�T?v@BQMgi`�TgK�bbgbT2+i`QK2i`vXgCQm`M�Hg
Q7g *?`QK�iQ;`�T?vg �g Ry3j-g R8jĜReyXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?`QK�Xkyy8Xy8Xy38g

>BHH-g*X-g6Q`iB-gSX-gRNNdXg*�p2gJBM2`�HbgQ7gi?2gqQ`H/XgEASg�`iB+H2bXg

>BHH�B`2i-gCX-gRNdNXg*QMM�Bbb�M+2g/mgoB2mtgS�`BbXgS`BM+2bb2-gS�`BbXg

>Q/bQM-gCX-gqBHHB�Kb-gLX�X-gRN33Xgh?2g2biBK�iBQMgQ7gi?2g�/bQ`TiBQMg+Q277B+B2MigUEQ+Vg7Q`g
bQBHbg #vg ?B;?g T2`7Q`K�M+2g HB[mB/g +?`QK�iQ;`�T?vXg *?2KQbT?2`2g Rd-g edĜddXg
?iiTb,ff/QBXQ`;fRyXRyRefyy98@e8j8U33VNyy98@3g

>Q77K�M-g1XCX-gJBHHb-g:XGX-gG�iBK2`-gCXaX-gZmBMM-gCX:X-gRN39Xgl`#�Mg`mMQ77g�bg�gbQm`+2gQ7g
TQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgiQg+Q�bi�Hgr�i2`bXg1MpB`QMXga+BXgh2+?MQHXgR3-g83yĜ
83dXg?iiTb,ff/QBXQ`;fRyXRykRf2byyRke�yyjg
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g

>QHH2M/2`-gCX-gEQ+?-g"X-gGmi2`K�MM-g*X-g.Qii-gqX-gkyyjXg177B+B2M+vgQ7g.B772`2MigJ2i?Q/bg
�M/gaQHp2Mibg7Q`gi?2g1ti`�+iBQMgQ7gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbg7`QKgaQBHbXg
AMi2`M�iBQM�Hg CQm`M�Hg Q7g 1MpB`QMK2Mi�Hg �M�HviB+�Hg *?2KBbi`vg 3j-g kRĜjkXg
?iiTb,ff/QBXQ`;fRyXRy3yfyjyedjRykRyyyy8ydkjg

>QK�MM-gCX-gkykkXgGBMF2/g 7B`2g�+iBpBivg�M/g+HBK�i2gr?BTH�b?g BMg*�HB7Q`MB�g/m`BM;gi?2g
2�`Hvg>QHQ+2M2XgL�im`2g*QKKmMB+�iBQMbXg

>QK�MM-gCX-gE�`#�+?-gLX-g*�`QHBM-gaX�X-gC�K2b-g.X>X-g>Q/2HH-g.X-g"`2Bi2M#�+?-gaX6XJX-g
ErB2+B2M-gPX-g"`2MM2`-gJX-gS2`�x�gGQT2-g*X-g>Q77K�MM-ghX-gkykjXgS�big7B`2g/vM�@
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?iiTb,ff/QBXQ`;fRyXRyydfNd3@R@9d8d@jyeR@eg

G�M-gCX-gamM-guX-gum�M-g.X-gkyR3Xgh`�MbTQ`igQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMg�g



_û7û`2M+2bg#B#HBQ;`�T?B[m2bg
g
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g

?B;?HvgpmHM2`�#H2gF�`bigmM/2`;`QmM/g`Bp2`gbvbi2KgQ7gbQmi?r2big*?BM�Xg1MpB`QMga+Bg
SQHHmig_2bgk8-gj98RNĜj98jyXg?iiTb,ff/QBXQ`;fRyXRyydfbRRj8e@yR3@jyy8@xg

G�M/`mK-gSX6X-gLB?�`i-gaX_X-g1�/B2-g"XCX-g:�`/M2`-gqXaX-gRN39Xg_2p2`b2@T?�b2gb2T�`�iBQMg
K2i?Q/g 7Q`g /2i2`KBMBM;g TQHHmi�Mig #BM/BM;g iQg�H/`B+?g ?mKB+g �+B/g �M/g /BbbQHp2/g
Q`;�MB+g +�`#QMg Q7g M�im`�Hg r�i2`bXg 1MpB`QMXg a+BXg h2+?MQHXg R3-g R3dĜRNkXg
?iiTb,ff/QBXQ`;fRyXRykRf2byyRkR�yRyg

G�m`Bix2M-gaX1X-g6Q`/-g.X*X-ga+?r�`+x-g>XSX-gRN3eXg>mKB+gbm#bi�M+2bgBMg�gbT2H2Qi?2Kg
K�i`Bt-gBM,gS`Q+22/BM;bgQ7gi?2gNi?gAMi2`M�iBQM�HgaT2H2QHQ;B+�Hg*QM;`2bbXg"�`+2HQM�-g
TTXgddĜdNXg

G2?K�MM-g�X-gai�?`-gEX-gkyydXgL�im`2g�M/gbB;MB7B+�M+2gQ7g�Mi?`QTQ;2MB+gm`#�MgbQBHbXgCg
aQBHbga2/BK2Mibgd-gk9dĜkeyXg?iiTb,ff/QBXQ`;fRyXRye8fDbbkyydXyeXkj8g

G2?K�MM-gCX-gEH2#2`-gJX-gkyR8Xgh?2g+QMi2MiBQmbgM�im`2gQ7gbQBHgQ`;�MB+gK�ii2`XgL�im`2g
8k3-geyĜe3Xg?iiTb,ff/QBXQ`;fRyXRyj3fM�im`2ReyeNg

G2p2b[m2-gJX-gRNdkXg6HmQ`2b+2M+2g�M/g;2Hg7BHi`�iBQMgQ7g?mKB+g+QKTQmM/bXgaQBHga+B2M+2g
RRj-gj9eXg

G2pv-gqX-g S�M/2HQp�-gJX-g >2MF2HK�MM-g "X-g "2`M?ƺ7i-g aX-g 6Bb+?2`-g LX-g �Mi`Bii2`-g 6X-g
a+?`�KK-gEX@qX-gkyRdXgS2`bBbi2MigQ`;�MB+gTQHHmi�MibgBMgb?�HHQrgT2`+QH�i2/gr�i2`g
Q7gi?2g�HTbgE�`bigbvbi2KgUwm;bTBix2gbmKKBi-g:2`K�MvVXga+B2M+2gQ7gh?2ghQi�Hg1M@
pB`QMK2Mig8dN-gRkeNĜRk3RXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyReXRRXRRjg

G2rBixF�-g6X-gLB2bbM2`-g_X-gRNN8Xg�TTHB+�iBQMgQ7ghBK2@_2bQHp2/g6HmQ`2b+2M+2gaT2+i`Qb@
+QTvgQMgi?2g�M�HvbBbgQ7gS�>@*Q�i2/g�2`QbQHbXg�2`QbQHga+B2M+2g�M/gh2+?MQHQ;vgkj-g
989Ĝ9e9Xg?iiTb,ff/QBXQ`;fRyXRy3yfykd3e3kN8y3Ne8jk3g

GB-g:X-gamM-g:X@sX-g_2M-guX-gGmQ-gsX@aX-gw?m-guX@:X-gkyR3Xgl`#�MgbQBHg�M/g?mK�Mg?2�Hi?,g
�g `2pB2rXg 1m`QT2�Mg CQm`M�Hg Q7g aQBHg a+B2M+2g eN-g RNeĜkR8Xg
?iiTb,ff/QBXQ`;fRyXRRRRf2DbbXRk8R3g

GB-gCX-gw?�M;-g:X-gGB-gsX.X-gZB-gaX>X-gGBm-g:XZX-gS2M;-gsXwX-gkyyeXgaQm`+2gb2�bQM�HBivgQ7g
TQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>bVgBMg�gbm#i`QTB+�Hg+Biv-g:m�M;x?Qm-gaQmi?g
*?BM�Xg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig j88-g R98ĜR88Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyy8XykXy9kg

GB-g_X-g>m�-gSX-gw?�M;-gCX-gE`2#b-gSX-gkykyXg1772+igQ7g�Mi?`QTQ;2MB+g�+iBpBiB2bgQMgi?2g
Q++m``2M+2gQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMg�[m�iB+gbmbT2M/2/gT�`iB+mH�i2g
K�ii2`,g 1pB/2M+2g 7`QKg _?BM2g �M/g 1H#2g _Bp2`bXg q�i2`g _2b2�`+?g RdN-g RR8NyRXg
?iiTb,ff/QBXQ`;fRyXRyRefDXr�i`2bXkykyXRR8NyRg

GB-gqX@sX-gGmM/#2`;-gCX-g.B+FBM-g�XSX-g6Q`/-g.X*X-ga+?r�`+x-g>XSX-gJ+Lmii-g_X-gqBH@
HB�Kb-g.X-gRN3NXg>B;?@T`2+BbBQMgK�bb@bT2+i`QK2i`B+gm`�MBmK@b2`B2bg/�iBM;gQ7g+�p2g
/2TQbBibg �M/g BKTHB+�iBQMbg 7Q`g T�H�2Q+HBK�i2g bim/B2bXg L�im`2g jjN-g 8j9Ĝ8jeXg
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?iiTb,ff/QBXQ`;fRyXRyj3fjjN8j9�yg

GB##v-gqX6X-g�M/2`bQM-g1X*X-g�`MQH/-gCX_X-gRN9NXg�;2g.2i2`KBM�iBQMg#vg_�/BQ+�`#QMg
*QMi2Mi,g qQ`H/@qB/2g �bb�vg Q7g L�im`�Hg _�/BQ+�`#QMXg a+B2M+2g RyN-g kkdĜkk3Xg
?iiTb,ff/QBXQ`;fRyXRRkefb+B2M+2XRyNXk3kdXkkdg

GB;ipQ2i-gqX-g>BH/2`BMF-g>X-g"QmrK�M-g�X-gSmBD2M#`Q2F-gSX-gGm+�b-gSX-gqBiK2`-gJX-gkyR9Xg
hQr�`/bg�grQ`H/gQ7g+BiB2bgBMgky8yg@g�MgQmiHQQFgQMgr�i2`@g`2H�i2/g+?�HH2M;2bgU"�+F@
;`QmM/g̀ 2TQ`igiQgi?2glL@>�#Bi�ig:HQ#�Hg_2TQ`iVXgS"GgL2i?2`H�M/bg1MpB`QMK2Mi�Hg
�bb2bbK2Mig�;2M+vXg

GBm-gaX-gsB�-gsX-gu�M;-gGX-ga?2M-gJX-gGBm-g_X-gkyRyXgSQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMg
m`#�MgbQBHbgQ7g/B772`2MigH�M/gmb2bgBMg"2BDBM;-g*?BM�,g.Bbi`B#miBQM-gbQm`+2bg�M/gi?2B`g
+Q``2H�iBQMgrBi?g i?2g+BivǶbgm`#�MBx�iBQMg?BbiQ`vXgCQm`M�HgQ7g>�x�`/QmbgJ�i2`B�Hbg
Rdd-gRy38ĜRyNkXg?iiTb,ff/QBXQ`;fRyXRyRefDXD?�xK�iXkyRyXyRXyjkg

GQ+?Km2HH2`-g*X>X-ga��p2/`�-gaXaX-gRN3eXg*QM7Q`K�iBQM�Hg+?�M;2bg BMg�gbQBHg 7mHpB+g�+B/g
K2�bm`2/g#vgiBK2@/2T2M/2Mig7HmQ`2b+2M+2g/2TQH�`Bx�iBQMXg�M�HXg*?2KXg83-gRNd3Ĝ
RN3RXg?iiTb,ff/QBXQ`;fRyXRykRf�+yyRkk�yR9g

GQ`;2Qmt-g*X-gJQBHH2`QM-g_X-g:�bT2`B-gCX-g�v`�mHi-gaX-g"QMiû-gSX-gG27ĕp`2-gAX-gh�bbBM-g"X-g
kyReXgh2KTQ`�Hg i`2M/bgQ7gT2`bBbi2MigQ`;�MB+gTQHHmi�Mibg BMg/�i2/g b2/BK2Mig+Q`2b,g
*?2KB+�Hg 7BM;2`T`BMiBM;g Q7g i?2g �Mi?`QTQ;2MB+g BKT�+ibg BMg i?2g a2BM2g_Bp2`g #�bBM-g
S�`BbXg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig 89R-g Rj88ĜRjejXg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyR8XyNXR9dg

Jg
J�-guX@:X-gG2B-guX.X-gsB�Q-g>X-gq�MB�-g6X-gq�M;-gqX@>X-gkyRyXg*`BiB+�Hg_2pB2rg�M/g

_2+QKK2M/2/go�Hm2bg7Q`gi?2gS?vbB+�H@*?2KB+�HgS`QT2`ivg.�i�gQ7gR8gSQHv+v+HB+g
�`QK�iB+g >v/`Q+�`#QMbg �ig k8g ê*Xg CXg *?2KXg 1M;Xg .�i�g 88-g 3RNĜ3k8Xg
?iiTb,ff/QBXQ`;fRyXRykRfD2Nyy9ddtg

J�+?2H-g>X:X-gJ�bQM-g_X�X-gJ�`B�MQ-g�XLX-gJm++B-g�X-gRNNRXg*�mb2bg�M/g1KBbbBQMgQ7g
GmKBM2b+2M+2g BMg *�H+Bi2g �M/g.QHQKBi2-g BM,g "�`F2`-g *X1X-g "m``mbb-g _X*X-g EQTT-g
PX*X-gJ�+?2H-g>X:X-gJ�`b?�HH-g.XCX-gq`B;?i-gSX-g*QH#mK-g>XuXgU1/bXV-gGmKBM2b@
+2M+2gJB+`Qb+QTvg�M/gaT2+i`Qb+QTv,gZm�HBi�iBp2g �M/gZm�MiBi�iBp2g�TTHB+�iBQMbXg
a1SJg aQ+B2ivg 7Q`g a2/BK2Mi�`vg :2QHQ;v-g TXg yXg
?iiTb,ff/QBXQ`;fRyXkRRyfb+MXNRXk8XyyyNg

J�+F�v-g.X-ga?Bm-gqXuX-gRNddXg�[m2QmbgbQHm#BHBivgQ7gTQHvMm+H2�`g�`QK�iB+g?v/`Q+�`#QMbXg
CXg*?2KXg1M;Xg.�i�gkk-gjNNĜ9ykXg?iiTb,ff/QBXQ`;fRyXRykRfD2eyyd8�yRkg

J�;2-g .X-g PxQHBMb-g :X-g S2i2`bQM-g SX-g q2#bi2`-g �X-g P`i?Q72`-g _X-g o�M/2r22`/-g oX-g
:rvMM2-gJX-gRNNeXgl`#�Mg�B`gTQHHmiBQMgBMgK2;�+BiB2bgQ7gi?2grQ`H/Xg�iKQbT?2`B+g
1MpB`QMK2Mi-gamT2`+BiB2b,g1MpB`QMK2MigZm�HBivg�M/gambi�BM�#H2g.2p2HQTK2Migjy-g
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g

e3RĜe3eXg?iiTb,ff/QBXQ`;fRyXRyRefRj8k@kjRyUN8VyykRN@dg

J�`+?�H-gGX-g:�i2mBHH2-g.X-gL�77`2+?Qmt-g1X-g.2HBM2-gSX-g"�m/BM-g6X-g*H2K2Mi-gCX@*X-gSQm@
H2M�`/-gCX-gkykjXgSQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMg/vM�KB+bgBMgbQBHbg�HQM;gT`Q;H�+B�Hg
+?`QMQb2[m2M+2bg BMg i?2g �HTbXg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig Nyk-g Re8NN3Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkykjXRe8NN3g

J�``-gGX*X-g.x2TBM�-gEX-gCBK2M2x-gCXGX-g_2Bb2M-g6X-g"2i?2H-g>XGX-g�`2v-gCX-g:�77M2v-gCXaX-g
J�`H2v-gLX�X-gJQHBM�-gGXhX-gJQHBM�-gJXCX-gkyyeXgaQm`+2bg�M/gi`�Mb7Q`K�iBQMbgQ7g
T�`iB+H2@#QmM/g TQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg BMg J2tB+Qg *BivXg �iKQbT?2`B+g
*?2KBbi`vg�M/gS?vbB+bge-gRdjjĜRd98Xg?iiTb,ff/QBXQ`;fRyX8RN9f�+T@e@Rdjj@kyyeg

J�``-gGX*X-gEB`+?bi2ii2`-ghXqX-g>�`H2v-g_X�X-gJB;m2H-g�X>X-g>2`BM;-gaXoX-g>�KKQM/-g
aXEX-g RNNNXg *?�`�+i2`Bx�iBQMg Q7g SQHv+v+HB+g �`QK�iB+g >v/`Q+�`#QMbg BMg JQiQ`g
o2?B+H2g 6m2Hbg �M/g 1t?�mbig 1KBbbBQMbXg 1MpB`QMXg a+BXg h2+?MQHXg jj-g jyNRĜjyNNXg
?iiTb,ff/QBXQ`;fRyXRykRf2bN3RkkdHg

J�b+H2i-g SX-g "`2bbQM-g JX�X-g JQmpB2`-g :X-g RN3dXg SQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg
2KBii2/g#vgTQr2`gbi�iBQMb-g�M/gBM7Hm2M+2gQ7g+QK#mbiBQMg+QM/BiBQMbXg6m2Hgee-g88eĜ
8ekXg?iiTb,ff/QBXQ`;fRyXRyRefyyRe@kjeRU3dVNyRej@jg

J�b+H2i-gSX-gJQmpB2`-g:X-gLBFQH�Qm-gEX-gRN3eXg_2H�iBp2g/2+�vgBM/2tg�M/gbQm`+2bgQ7gTQHv@
+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbXg �iKQbT?2`B+g 1MpB`QMK2Mig URNedVg ky-g 9jNĜ99eXg
?iiTb,ff/QBXQ`;fRyXRyRefyyy9@eN3RU3eVNyy3j@Rg

J�bbQM@.2HKQii2-goX-ga+?mHx-gJX-g�#2@Pm+?B-g�X-g"22`-gCX-g:�MQTQHbFB-g�X-g:QMx�H2xg
_Qm+Q-g1X-gC�Mb2M-g1X-gG�K#2+F-gEX-gGmi2`#�+?2`-gCX-gL�Bb?-ghX-g_QD�b-gJX-gPb#Q`M-g
"X-gPiiQ@"HB2bM2`-ghX-gZmBMM-g_X-g_�K2b?-gJX-gkyRjXgAM7Q`K�iBQMg7`QKgS�H2Q+HBK�i2g
�`+?Bp2b-g BM,g*HBK�i2g*?�M;2gkyRj,gh?2gS?vbB+�Hga+B2M+2g"�bBbXg*QMi`B#miBQMgQ7g
qQ`FBM;g:`QmTgAgiQgi?2g6B7i?g�bb2bbK2Mig_2TQ`igQ7gi?2gAMi2`;Qp2`MK2Mi�HgS�M2Hg
QMg*HBK�i2g*?�M;2Xg*�K#`B/;2-lMBi2/gEBM;/QKg�M/gL2rguQ`F-gLu-gla�Xg

J�bm?�`�-g>X-ga?BQv�K�-g>X-ga�BiQ-ghX-g>�K�/�-gEX-gu�bQb?BK�-gaX-gJ�i�;�-gLX-gRN39Xg
6HmQ`2b+2M+2g[m2M+?BM;gK2+?�MBbKgQ7g�`QK�iB+g?v/`Q+�`#QMbg#vg+HQb2/@b?2HHg?2�pvg
K2i�Hg BQMbg BMg �[m2Qmbg �M/g Q`;�MB+g bQHmiBQMbXg CXg S?vbXg *?2KXg 33-g 83e3Ĝ83djXg
?iiTb,ff/QBXQ`;fRyXRykRfDR8yee3�ykeg

J�tBM-g*Xg`X-gEƺ;2H@EM�#M2`-gAX-gRNN8XgS�`iBiBQMBM;gQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbg
US�>VgiQgr�i2`@bQHm#H2gbQBHgQ`;�MB+gK�ii2`Xg1m`QT2�MgCQm`M�HgQ7gaQBHga+B2M+2g9e-g
RNjĜky9Xg?iiTb,ff/QBXQ`;fRyXRRRRfDXRje8@kj3NXRNN8Xi#yR3kdXtg

J+*�`i?v-gCX6X-gCBK2M2x-g"X.X-gRN38XgAMi2`�+iBQMbg#2ir22MgTQHv+v+HB+g�`QK�iB+g?v/`Q@
+�`#QMbg�M/g/BbbQHp2/g?mKB+gK�i2`B�H,g#BM/BM;g�M/g/BbbQ+B�iBQMXg1MpB`QMXga+BXgh2+?@
MQHXgRN-gRydkĜRydeXg?iiTb,ff/QBXQ`;fRyXRykRf2byyR9R�yy3g

J+.2`KQii-g6X-gkyy9XgS�H�2Q@+HBK�i2g `2+QMbi`m+iBQMg 7`QKgbi�#H2g BbQiQT2gp�`B�iBQMbg BMg
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bT2H2Qi?2Kb,g�g`2pB2rXgZm�i2`M�`vga+B2M+2g_2pB2rb-g AbQiQT2bg BMgZm�i2`M�`vgS�@
H2Q2MpB`QMK2Mi�Hg `2+QMbi`m+iBQMg kj-g NyRĜNR3Xg ?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B@
`2pXkyyjXyeXykRg

J+:�``v-g aBQ#?�Mg 6X-g "�F2`-g �X-g kyyyXg P`;�MB+g �+B/g 7HmQ`2b+2M+2,g �TTHB+�iBQMbg iQg
bT2H2Qi?2KgT�H�2Q2MpB`QMK2Mi�Hg`2+QMbi`m+iBQMXgZm�i2`M�`vga+B2M+2g_2pB2rbgRN-g
Ry3dĜRRyRXg?iiTb,ff/QBXQ`;fRyXRyRefaykdd@jdNRUNNVyyy3d@eg

J+:�``v-g aX6X-g *�b2H/BM2-g *X-g kyy9Xg aT2H2Qi?2KgS�HvMQHQ;v,g �Mg mM/2`p�Hm2/g iQQHg BMg
Zm�i2`M�`vg bim/B2bXg Zm�i2`M�`vg a+B2M+2g _2pB2rbg kj-g kj3NĜk9y9Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkyy9XyeXyydg

J+o22iv-g"X.X-g>Bi2b-g_X�X-gRN33Xg�iKQbT?2`B+g/2TQbBiBQMgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q@
+�`#QMbgiQgr�i2`gbm`7�+2b,g�gK�bbg#�H�M+2g�TT`Q�+?Xg�iKQbT?2`B+g1MpB`QMK2Mig
URNedVgkk-g8RRĜ8jeXg?iiTb,ff/QBXQ`;fRyXRyRefyyy9@eN3RU33VNyRNe@8g

J2�Mb-gCX*X-gqQQ/-gaX:X-g>�bb2ii-gCXCX-g"�Mr�`i-gqXGX-gRN3yXgaQ`TiBQMgQ7gTQHvMm+H2�`g
�`QK�iB+g?v/`Q+�`#QMbg#vgb2/BK2Mibg�M/gbQBHbXg1MpB`QMXga+BXgh2+?MQHXgR9-gR8k9Ĝ
R8k3Xg?iiTb,ff/QBXQ`;fRyXRykRf2beyRdk�yy8g

J2/BM�@�H+�B/2-g JX�X-g o�M/2p2H/2-g aX-g ZmBH2b-g �X-g SQMb@"`�M+?m-g 1X-g AMit�m`#2-g AX-g
a�M+?B/`B�M-gCXGX-go�HH�/�b-g>X-g.2H/B+[m2-g.X-g62``B2`-g*X-g_Q/`ő;m2x-g1X-g:�`�i2-g
.X-gkykjXgj8-yyygv2�`bgQ7g̀ 2+m``2MigpBbBibgBMbB/2gL2`D�g+�p2gU�M/�HmbB�-gaT�BMVg#�b2/g
QMg +?�`+Q�Hbg �M/g bQQig KB+`Q@H�v2`bg �M�Hvb2bXg a+Bg _2Tg Rj-g 8NyRXg
?iiTb,ff/QBXQ`;fRyXRyj3fb9R8N3@ykj@jk899@Rg

JûQi-ghX-gkyyNXgGǶBM/mbi`B2g�miQKQ#BH2g2Mg6`�M+2g/2TmBbgRN8y ,g/2bgKmi�iBQMbg̈ gH�g+?�ŗM2-g
GǶû+QMQKB2g7`�MÏ�Bb2g@g*QKTi2bg2ig/QbbB2`bXgAM22Xg

J2`/v-gSX-gh�`+?QmM�g:?�`#B-gGX-gJBHQ`B-g.XJXSX-g_B#2B`Q-g_X�XaX-gGm+�b-guX-gkyyNXg�g
M2rgK2i?Q/gmbBM;gH�b2`gBM/m+2/g7HmQ`2b+2M+2g[m2M+?BM;g7Q`gbim/vBM;gK2i�Hg+QK@
TH2t2bgBMgi?2gbQHB/gbi�i2g�TTHB2/giQg*`AAA-g*mAAg�M/gS#AAgBMgb�M/vgbQBHbXg:2Q/2`K�g
R8y-gRdNĜR3dXg?iiTb,ff/QBXQ`;fRyXRyRefDX;2Q/2`K�XkyyNXykXyy3g

JB;m2H-g�X>X-gEB`+?bi2ii2`-ghXqX-g>�`H2v-g_X�X-g>2`BM;-gaXoX-gRNN3XgPM@_Q�/g1KBbbBQMbg
Q7gS�`iB+mH�i2gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbg�M/g"H�+Fg*�`#QMg7`QKg:�bQHBM2g
�M/g .B2b2Hg o2?B+H2bXg 1MpB`QMXg a+BXg h2+?MQHXg jk-g 98yĜ988Xg
?iiTb,ff/QBXQ`;fRyXRykRf2bNdy8eerg

JBHH2`-gCX.X-gEBK-g>X-gED2H/b2M-ghX_X-gS�+FK�M-gCX-g:`2##v-gaX-g.2�`/2M-g_X-gkyR9Xg�b@
b2bbBM;gi?2gBKT�+igQ7gm`#�MBx�iBQMgQMgbiQ`Kg`mMQ77gBMg�gT2`B@m`#�Mg+�i+?K2MigmbBM;g
?BbiQ`B+�Hg +?�M;2g BMg BKT2`pBQmbg +Qp2`Xg CQm`M�Hg Q7g >v/`QHQ;vg 8R8-g 8NĜdyXg
?iiTb,ff/QBXQ`;fRyXRyRefDXD?v/`QHXkyR9Xy9XyRRg

JBxQ#2-guX-gAiQ-g>X-g>Bb�FB-g AX-gJBv�i�-gJX-g>�b2;�r�-guX-ghQ?M�B-gLX-gkyyeXg�gMQp2Hg
bi`�i2;vg7Q`g7HmQ`2b+2M+2g2M?�M+2K2MigBMgi?2gbQHB/@bi�i2,g�77Q`/BM;g`B;B/BivgiQg7HmQ@
`QT?Q`2bgT�+FBM;Xg*?2KXg*QKKmMXgkRkeXg?iiTb,ff/QBXQ`;fRyXRyjNf#8Rde3d2g
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g

JQDB`B-g�X-gw?Qm-gCXGX-gP?�b?B-g�X-gPx�FB-gLX-gEBM/�B+?B-ghX-gkyRNXg*QKT`2?2MbBp2g̀ 2pB2rg
Q7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgr�i2`gbQm`+2b-gi?2B`g2772+ibg�M/gi`2�iK2MibXg
a+B2M+2g Q7gh?2ghQi�Hg1MpB`QMK2Mig eNe-g RjjNdRXg ?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyRNXRjjNdRg

JQQ`2-g:XqX-g RN8kXg aT2H2Qi?2Kě�gM2rg +�p2g i2`KXgL�iBQM�Hg aT2H2QHQ;B+�Hg aQ+B2ivg Q7g
�K2`B+�-gL2rb-gRy-gkXg

JQ`BHHQ-g1X-g_QK2`Q-g�XaX-gJ�[m2/�-g*X-gJ�/`B/-gGX-g�DKQM2@J�`b�M-g6X-g:`+K�M-g>X-g
.�pB/bQM-g*XJX-g>m`bi?Qmb2-g�XaX-goBHH�p2`/2-gCX-gkyydXgaQBHgTQHHmiBQMg#vgS�>bgBMg
m`#�MgbQBHb,g�g+QKT�`BbQMgQ7g i?`22g1m`QT2�Mg+BiB2bXgCXg1MpB`QMXgJQMBiXgN-gRyyRĜ
Ryy3Xg?iiTb,ff/QBXQ`;fRyXRyjNf"dy8N88>g

JQbi2`i-gJXJX_X-g�vQFQ-g:X�X-gEQFQi-gaX-gkyRyXg�TTHB+�iBQMgQ7g+?2KQK2i`B+bgiQg�M�HvbBbg
Q7g bQBHg TQHHmi�MibXg h`�*g h`2M/bg BMg �M�HviB+�Hg *?2KBbi`vg kN-g 9jyĜ998Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXi`�+XkyRyXykXyyNg

JQi2H�v@J�bb2B-g�X-gPHHBpQM-g.X-g:�`#�M-g"X-gh2BH-gJXCX-g"H�M+?�`/-gJX-g*?2p`2mBH-gJX-g
kyy9Xg.Bbi`B#miBQMg�M/gbT�iB�Hgi`2M/bgQ7gS�>bg�M/gS*"bgBMgbQBHbgBMgi?2ga2BM2g_Bp2`g
#�bBM-g 6`�M+2Xg *?2KQbT?2`2g 88-g 888Ĝ8e8Xg ?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQb@
T?2`2XkyyjXRRXy89g

JQmMB2`-gaX-gS�i2H-gLX-gZmBHB+B-gGX-g"2M�BK-gCXuX-g"2M�KQm-g*X-gRNNNXg6HmQ`2b+2M+2gj.g
/2gH�gK�iBĕ`2gQ`;�MB[m2g/BbbQmi2g/mg7H2mp2g�K�xQM2,gUh?`22@/BK2MbBQM�Hg7HmQ`2b@
+2M+2gQ7gi?2g/BbbQHp2/gQ`;�MB+g+�`#QMgBMgi?2g�K�xQMg`Bp2`VXgq�i2`g_2b2�`+?gjj-g
R8kjĜR8jjXg?iiTb,ff/QBXQ`;fRyXRyRefayy9j@Rj89UN3Vyyj9d@Ng

JQv�-g�X-g:B`�m/-g6X-gJQHBMB2`-goX-gS2``2ii2-guX-g*?�`H2i-gGX-go�Mg.`B2bb+?2-g�X-g62`@
M�M/2x@J�`iBM2x-g�X-gkykjXg1tTHQ`BM;g+�`#QM�i2g̀ Q+Fgr2ii�#BHBivg�+`Qbbgb+�H2b,g_QH2g
Q7g U#BQVKBM2`�HbXg CQm`M�Hg Q7g *QHHQB/g �M/g AMi2`7�+2g a+B2M+2g e9k-g d9dĜd8eXg
?iiTb,ff/QBXQ`;fRyXRyRefDXD+BbXkykjXyjXRNdg

JɃHH2`-g�X-gƹbi2`HmM/-g>X-gJ�`b�H2F-gCX-goBFH�M/2`-gJX-gkykyXgh?2gTQHHmiBQMg+QMp2v2/g#vg
m`#�Mg`mMQ77,g�g`2pB2rgQ7gbQm`+2bXga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2MigdyN-gRjeRk8Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyRNXRjeRk8g

JmHH2`-gJX-gJBHQ`B-g.XJX"XSX-g.ûHû`Bb-g aX-g ai2v2`-g CX@SX-g.m/�H-guX-g kyRRXgaQHB/@T?�b2g
7HmQ`2b+2M+2gbT2+i`Qb+QTvgiQg+?�`�+i2`Bx2gQ`;�MB+gr�bi2bXgq�bi2gJ�M�;2K2MigjR-g
RNReĜRNkjXg?iiTb,ff/QBXQ`;fRyXRyRefDXr�bK�MXkyRRXy8XyRkg

g
Lg
L�x22`-gJX-gh�#�bbmK-glX-g�H�K-gaX-gkyReXg1MpB`QMK2Mi�HgSQHHmiBQMg�M/gambi�BM�#H2g



g

kRdg

.2p2HQTK2MigBMg.2p2HQTBM;g*QmMi`B2bXgh?2gS�FBbi�Mg.2p2HQTK2Mig_2pB2rg88-g83NĜ
ey9Xg

L2HbQM-g.XqX-gaQKK2`b-gGX1X-gRNNeXghQi�Hg*�`#QM-gP`;�MB+g*�`#QM-g�M/gP`;�MB+gJ�i@
i2`-g BM,gJ2i?Q/bg Q7g aQBHg�M�HvbBbXgS�`ig jXg*?2KB+�HgJ2i?Q/Xg eddg aXg a2;Q2g_/X-g
J�/BbQM-gqAg8jdRR-gla�-gTTXgNeRĜRyRyXg

L;�#2-g"X-gkyyyXgSQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgbiQ`Kg̀ mMQ77g7`QKgm`#�Mg�M/g+Q�b@
i�Hg aQmi?g *�`QHBM�Xg h?2g a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig k88-g RĜNXg
?iiTb,ff/QBXQ`;fRyXRyRefayy93@NeNdUyyVyy9kk@3g

LB+QHQ/2HHB-g:X-gh�/BMB-g�XJX-gLQ;m2B`�-gJXaX-gS`�i�pB2B`�-g aX-gJQmMB2`-g aX-g>m�K�M-g
CXGX*X-g.Qbga�MiQb-g*X>X-gJQMi2b-g*X_X-gJBHQ`B-g.XJX"XSX-gkyRdXg6HmQ`2b+2M+2gHB@
72iBK2g2p�Hm�iBQMgQ7gr?QH2gbQBHbg7`QKgi?2g�K�xQMg`�BM7Q`2biXg�TTHXgPTiXg8e-geNjeXg
?iiTb,ff/QBXQ`;fRyXRje9f�PX8eXyyeNjeg

LB2Hb2M-ghX-gCǠ`;2Mb2M-g>X1X-gG�`b2M-gCX*?`X-gSQmHb2M-gJX-gRNNeXg*Bivg�B`gTQHHmiBQMgQ7g
TQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg �M/g Qi?2`gKmi�;2Mb,g Q++m``2M+2-g bQm`+2bg �M/g
?2�Hi?g 2772+ibXg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig R3NĜRNy-g 9RĜ9NXg
?iiTb,ff/QBXQ`;fRyXRyRefyy93@NeNdUNeVy8R3N@jg

LBFQH�Qm-gEX-gJ�b+H2i-gSX-gJQmpB2`-g:X-gRN39XgaQm`+2bg�M/g+?2KB+�Hg`2�+iBpBivgQ7gTQHv@
Mm+H2�`g�`QK�iB+g?v/`Q+�`#QMbgBMgi?2g�iKQbT?2`2gěg�g+`BiB+�Hg`2pB2rXga+B2M+2gQ7g
h?2ghQi�Hg1MpB`QMK2Migjk-gRyjĜRjkXg?iiTb,ff/QBXQ`;fRyXRyRefyy93@NeNdU39VNyRk8@
eg

LQm?B-g�X-g>�DDQmH-g>X-g_2/QM-g_X-g:�;Mû-gCXSX-gJQmMB2`-gaX-gkyR3XghBK2@`2bQHp2/gH�b2`g
7HmQ`2b+2M+2gbT2+i`Qb+QTvgQ7gQ`;�MB+gHB;�M/bg#vg2m`QTBmK,g6HmQ`2b+2M+2g[m2M+?BM;g
�M/gHB72iBK2gT`QT2`iB2bXgaT2+i`Q+?BKB+�g�+i�gS�`ig�,gJQH2+mH�`g�M/g"BQKQH2+mH�`g
aT2+i`Qb+QTvgRNj-gkRNĜkk8Xg?iiTb,ff/QBXQ`;fRyXRyRefDXb��XkyRdXRkXyk3g

Pg
PǶ"`B2M-g"XCX-gRN8eXgǳ�7i2`@;HQrǴgQ7g+�p2g+�H+Bi2Xg"mHH2iBMgQ7gi?2gL�iBQM�HgaT2H2QHQ;B+�Hg

aQ+B2ivg8yĜ8RXg

P;`BÍ-gJX-g.2HHBM;2`-gJX-g:`�Mi-gEX1X-g:�Hv-goX-g:m-gsX-g"`�MiH2v-gaXGX-g>BHiQM-g_X:X-g
kykjXg GQrg `�i2bg Q7g `Q+Fg Q`;�MB+g +�`#QMg QtB/�iBQMg �M/g �Mi?`QTQ;2MB+g +v+HBM;g Q7g
`?2MBmKgBMg�gbHQrHvg/2Mm/BM;gH�M/b+�T2Xg1�`i?gam`7�+2gS`Q+2bb2bg�M/gG�M/7Q`Kbg
93-gRkykĜRkR3Xg?iiTb,ff/QBXQ`;fRyXRyykf2bTX889jg

PHBp2B`�-g*ûb�`-gJ�`iBMb-gLX-gh�p�`2b-gCX-gSBQ-g*X-g*2`[m2B`�-gJX-gJ�iQb-gJX-gaBHp�-g>X-g
PHBp2B`�-g*`BbiBM�-g*�KǤ2b-g6X-gkyRRXgaBx2g/Bbi`B#miBQMgQ7gTQHv+v+HB+g�`QK�iB+g?v@
/`Q+�`#QMbgBMg�g`Q�/r�vgimMM2HgBMgGBb#QM-gSQ`im;�HXg*?2KQbT?2`2g3j-gR833ĜR8NeXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQbT?2`2XkyRRXyRXyRRg
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g

PHHBpQM-g.X-g"H�M+?Qm/-g>X-gJQi2H�v@J�bb2B-g�X-g:�`#�M-g"X-gkyykXg�iKQbT?2`B+g/2TQbB@
iBQMgQ7gS�>bgiQg�Mgm`#�MgbBi2-gS�`Bb-g6`�M+2Xg�iKQbT?2`B+g1MpB`QMK2Migje-gk3NRĜ
kNyyXg?iiTb,ff/QBXQ`;fRyXRyRefaRj8k@kjRyUykVyyy3N@9g

PHHBpQM-g.X-g:�`#�M-g"X-g*?2bi2`BFQ77-g�X-g RNN8Xg�M�HvbBbg Q7g i?2g/Bbi`B#miBQMg Q7g bQK2g
TQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgb2/BK2Mibg�M/gbmbT2M/2/gK�ii2`gBMgi?2g_Bp2`g
a2BM2g U6`�M+2VXg q�i2`g �B`g aQBHg SQHHmig 3R-g Rj8ĜR8kXg
?iiTb,ff/QBXQ`;fRyXRyydf"6yy9ddkeRg

PHHBpQM-g.X-gG�`+?2`@hBT?�;M2-gEX-g:�`#�M-g"X-gkyyeXgh`�Mb72`ig/Ƕ>v/`Q+�`#m`2bg�`Q@
K�iB[m2bgSQHv+v+HB[m2bgU>�SV ,g2�mtg/2gbm`7�+2g2ig`2iQK#û2bg�iKQbT?û`B[m2bg?m@
KB/2bXgSB`2M@a2BM2-gS�`BbXg

Sg
S�`F-gEXaX-gaBKb-g_X*X-g.mTQMi-g_X_X-g.Qm+2ii2-gqXCX-gJ�ii?2rb-gCX1X-gRNNyXg6�i2gQ7g

S�>g+QKTQmM/bgBMgirQgbQBHgivT2b,gAM7Hm2M+2gQ7gpQH�iBHBx�iBQM-g�#BQiB+gHQbbg�M/g#BQ@
HQ;B+�Hg �+iBpBivXg 1MpB`QMK2Mi�Hg hQtB+QHQ;vg �M/g *?2KBbi`vg N-g R3dĜRN8Xg
?iiTb,ff/QBXQ`;fRyXRyykf2i+X8ekyyNyky3g

S�`H�MiB-g1X-gqƺ`x-gEX-g:2Q77`Qv-gGX-gG�KQii2-gJX-gkyyyXg.BbbQHp2/gQ`;�MB+gK�ii2`g7HmQ@
`2b+2M+2g bT2+i`Qb+QTvg�bg�g iQQHg iQg 2biBK�i2g#BQHQ;B+�Hg �+iBpBivg BMg�g +Q�bi�Hg xQM2g
bm#KBii2/g iQg �Mi?`QTQ;2MB+g BMTmibXg P`;�MB+g :2Q+?2KBbi`vg jR-g Rde8ĜRd3RXg
?iiTb,ff/QBXQ`;fRyXRyRefayR9e@ej3yUyyVyyRk9@3g

S�``Bb?-gwX.X-gq?Bi2-gCX*X-gAbH2v2M-gJX-g:2Mi-gJXSXLX-gA�MMm++B@"2`;2`-gqX-g1Bix2`-g"X.X-g
E2Hb2v-gCXqX-gJ�iiBM�-gJXAX-gkyyeXg�++mKmH�iBQMgQ7gr2�i?2`2/gTQHv+v+HB+g�`QK�iB+g
?v/`Q+�`#QMbgUS�>bVg#vgTH�Mig�M/g2�`i?rQ`KgbT2+B2bXg*?2KQbT?2`2ge9-geyNĜeR3Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQbT?2`2Xkyy8XRRXyyjg

S�m+?�`/-g�X-g�;m�vQ-gJX-gS2Ƣ�-g1X-gl``miB�-g_X-gkyyeXgJmHiBTH2g2772+ibgQ7gm`#�MBx�iBQMg
QMgi?2g#BQ/Bp2`bBivgQ7g/2p2HQTBM;g+QmMi`B2b,gh?2g+�b2gQ7g�g7�bi@;`QrBM;gK2i`QTQHBi�Mg
�`2�g U*QM+2T+BƦM-g *?BH2VXg "BQHQ;B+�Hg *QMb2`p�iBQM-g l`#�MBx�iBQMg Rkd-g kdkĜk3RXg
?iiTb,ff/QBXQ`;fRyXRyRefDX#BQ+QMXkyy8Xy8XyR8g

S2`2B`�-gqX1X-g>Qbi2iiH2`-g6X.X-gGmQK�-gaXLX-go�Mg:22M-g�X-g6mHH2`-g*X*X-g�MBK�-g_XCX-g
RNNNXga2/BK2Mi�`vg`2+Q`/gQ7g�Mi?`QTQ;2MB+g�M/g#BQ;2MB+gTQHv+v+HB+g�`QK�iB+g?v@
/`Q+�`#QMbg BMg a�Mg 6`�M+Bb+Qg "�v-g *�HB7Q`MB�Xg J�`BM2g *?2KBbi`vg e9-g NNĜRRjXg
?iiTb,ff/QBXQ`;fRyXRyRefayjy9@9kyjUN3Vyyy3d@8g

S2``2ii2-guX-g.2H�MMQv-gCX@CX-g"QHpBM-g>X-g*Q`/QMMB2`-gJX-g.2biQK#2b-gCX@GX-gw?BHBMbF�v�-g
1X�X-g�#QmF�Bb-g�X-g kyyyXg*QKT�`�iBp2g bim/vg Q7g �g bi�H�;KBi2g b�KTH2g#vg bi`�iB@
;`�T?v-gH�b2`gBM/m+2/g7HmQ`2b+2M+2gbT2+i`Qb+QTv-g1S_gbT2+i`QK2i`vg�M/g̀ 27H2+i�M+2g
BK�;BM;Xg *?2KB+�Hg :2QHQ;vg Rek-g kkRĜk9jXg ?iiTb,ff/QBXQ`;fRyXRyRefayyyN@
k89RUNNVyyyeN@3g



g
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S2``2ii2-g uX-g .2H�MMQv-g CX@CX-g .2bK2i-g JX-g GB;MB2`-g oX-g .2biQK#2b-g CX@GX-g kyy8Xg
aT2H2Qi?2KgQ`;�MB+gK�ii2`g+QMi2MigBK�;BM;Xgh?2gmb2gQ7g�g6HmQ`2b+2M+2gAM/2tgiQg
+?�`�+i2`Bb2gi?2gK�tBKmKg2KBbbBQMgr�p2H2M;i?Xg*?2KB+�Hg:2QHQ;vgkR9-gRNjĜky3Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2K;2QXkyy9XyNXyykg

S2``2ii2-guX-gSQmH2M�`/-gCX-g.m`�M/-g�X-gZmB2`b-gJX-gJ�H2i-g1X-g6�M;2i-g"X-gL�77`2+?Qmt-g
1X-gkyRjXg�iKQbT?2`B+gbQm`+2bg�M/gbQBHg7BHi2`BM;gQ7gS�>g+QMi2MigBMgF�`bigb22T�;2g
r�i2`bXg P`;�MB+g :2Q+?2KBbi`vg e8-g jdĜ98Xg ?iiTb,ff/QBXQ`;fRyXRyRefDXQ`;;2Q@
+?2KXkyRjXRyXyy8g

S2``2ii2-guX-gSQmH2M�`/-gCX-ga�#2`-g�X@AX-g6�M;2i-g"X-g:mBiiQMM2�m-gaX-g:?�H2#-g"X-g:�@
`�m/22-gaX-gkyy3XgSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbgBMgbi�H�;KBi2b,gP++m``2M+2g�M/g
mb2g 7Q`g �M�HvxBM;g T�big 2MpB`QMK2MibXg *?2KB+�Hg :2QHQ;vg k8R-g edĜdeXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?2K;2QXkyy3XykXyRjg

SB2b-g*X-g>Q77K�MM-g"X-gS2i`QrbFv-gCX-gu�M;-guX-gh2`M2b-ghX�X-g>Q7K�MM-ghX-gkyy3Xg*?�@
`�+i2`Bx�iBQMg�M/gbQm`+2gB/2MiB7B+�iBQMgQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgUS�>bVg
BMg`Bp2`g#�MFgbQBHbXg*?2KQbT?2`2gdk-gR8N9ĜReyRXg?iiTb,ff/QBXQ`;fRyXRyRefDX+?2KQb@
T?2`2Xkyy3Xy9XykRg

SQ/QHH-g_XhX-gA`rBM-gEX*X-gC�#2`gS�`Bb?-g>X-gRN3NXg.vM�KB+gbim/B2bgQ7gM�T?i?�H2M2gbQ`T@
iBQMgQMgbQBHg7`QKg�[m2QmbgbQHmiBQMXg*?2KQbT?2`2gUPt7XVgR3-gkjNNĜk9RkXg

SQMb@"`�M+?m-g1X-g�v`�mHi-gaX-g_Qv@"�`K�M-gJX-g"Q`/B2`-gGX-g"Q`bi-gqX-g"`�M+?m-gSX-g
.QmpBHH2-g1X-g.mKQMi-g1X-gkyR8Xgh?`22g+2Mim`B2bgQ7g?2�pvgK2i�HgTQHHmiBQMgBMgS�`Bbg
U6`�M+2Vg`2+Q`/2/g#vgm`#�MgbT2H2Qi?2KbXga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2Mig8R3Ĝ
8RN-g3eĜNeXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyR8XykXydRg

SQMb@"`�M+?m-g1X-g"�`#�`�M/-gCX-g*�77v-gAX-g.�TQB;Mv-g�X-g.`m;�i-gGX-g.mKQmHBM-gCXSX-g
J2/BM�g�H+�B/2-gJX�X-gLQm2i-gCX-ga�M+?B/`B�MghQ`iB-gCXGX-ghBbMû`�i@G�#Q`/2-gLX-g
CBKûM2xg/2g*BbM2`Qb-g*X-go�HH�/�b-g>X-gkykkXgl@b2`B2bg�M/g`�/BQ+�`#QMg+`Qbbg/�iBM;g
Q7gbT2H2Qi?2Kbg7`QKgL2`D�g*�p2gUaT�BMV,g1pB/2M+2gQ7gQT2Mgbvbi2Kg#2?�pBQ`XgAKTHB@
+�iBQMg 7Q`g i?2g aT�MBb?g `Q+Fg �`ig +?`QMQHQ;vXg Zm�i2`M�`vg a+B2M+2g _2pB2rbg kNy-g
Rydej9Xg?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkykkXRydej9g

SQMb@"`�M+?m-g1X-g"2`;QMxBMB-gGX-ghBbMû`�i@G�#Q`/2-gLX-g"`�M+?m-gSX-g.mKQMi-g1X-gJ�b@
b�mHi-gJX-g"mHi2x-g:X-gJ�HM�`-g.X-gE�HiM2+F2`-g1X-g.mKQmHBM-gCX-gLQ`2i-g�X-gS2HH2iB2`-g
LX-g_Qv@"�`K�M-gJX-gkyR3XgR9g*gBMgl`#�Mga2+QM/�`vg*�`#QM�i2g.2TQbBib,g�gL2rg
hQQHg 7Q`g 1MpB`QMK2Mi�Hg aim/vXg _�/BQ+�`#QMg ey-g RkeNĜRk3RXg
?iiTb,ff/QBXQ`;fRyXRyRdf_.*XkyR3Xk8g

SQMb@"`�M+?m-g1X-g.QmpBHH2-g1X-g_Qv@"�`K�M-gJX-g.mKQMi-g1X-g"`�M+?m-gSX-gh?BH-g6X-g
6`�MF-gLX-g"Q`/B2`-gGX-g"Q`bi-gqX-g kyR9Xg�g;2Q+?2KB+�HgT2`bT2+iBp2gQMgS�`BbB�Mg
m`#�Mg?BbiQ`vg#�b2/gQMglĜh?g/�iBM;-gH�KBM�2g+QmMiBM;g�M/gvii`BmKg�M/g_11g+QM@
+2Mi`�iBQMbgQ7g`2+2Mig+�`#QM�i2bgBMgmM/2`;`QmM/g�[m2/m+ibXgZm�i2`M�`vg:2Q+?`Q@
MQHQ;vgk9-g99Ĝ8jXg?iiTb,ff/QBXQ`;fRyXRyRefDX[m�;2QXkyR9Xy3XyyRg
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_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg 

g

SQMb@"`�M+?m-g1X-g_Qv@"�`K�M-gJX-gC2�M@aQ`Q-gGX-g:mBHH2`K2-g�X-g"`�M+?m-gSX-g62`M�M@
/2x-gJX-g.mKQMi-g1X-g.QmpBHH2-g1X-gJB+?2HQi-gCX-gS?BHHBTb-g�X-gkyRdXgl`#�MBx�iBQMg
BKT�+ig QMg bmH7m`g +QMi2Mig Q7g ;`QmM/r�i2`g `2p2�H2/g #vg i?2g bim/vg Q7g m`#�Mg
bT2H2Qi?2K@HBF2g/2TQbBib,g*�b2gbim/vgBMgS�`Bb-g6`�M+2Xga+B2M+2gQ7gh?2ghQi�Hg1MpB@
`QMK2Mig8dN-gRk9ĜRjkXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyReXRyXkj9g

S`�#?mFmK�`-g:X-g"?mT�H-g:XaX-gS�;BHH�-gEX_X-gkyR8XgG�#Q`�iQ`vg1p�Hm�iBQMgQ7gaQ`TiBp2g
6BHi`�iBQMg J2/B�g JBtim`2bg 7Q`g h�`;2i2/g SQHHmi�Mig _2KQp�Hbg 7`QKg aBKmH�i2/g
aiQ`Kr�i2`Xg q�i2`g 1MpB`QMK2Mig _2b2�`+?g 3d-g d3NĜdN8Xg
?iiTb,ff/QBXQ`;fRyXkRd8fRyeR9jyR8sR9jek3e8kkekjNg

S`û/ûHmb-g.X-gG�bb�#�i2`2-gGX-gGQmBb-g*X-g:2?�M-g>X-g"`B+?�`i-ghX-gqBMB�`bFB-ghX-g�M;mHQ@
C�`�KBHHQ-g_X-g kyRdXgL�MQT�`iB+H2g i`�MbTQ`ig BMgr�i2`@mMb�im`�i2/gTQ`QmbgK2/B�,g
2772+ibg Q7g bQHmiBQMg BQMB+g bi`2M;i?g �M/g 7HQrg `�i2Xg Cg L�MQT�`ig _2bg RN-g Ry9Xg
?iiTb,ff/QBXQ`;fRyXRyydfbRRy8R@yRd@jd88@9g

S`Qmiv-gLX:X-g_Q�`F-g1X"X-gEQ2MB;-g�X1X-g.2KQTQmHQb-g�XqXCX-g"�iBbi�-g6X*X-gEQ+�`-g
"X.X-g a2H#v-g.X-gJ+*�`i?v-gJX.X-gJB2MBb-g6X-g_Qbb-g aXqX-g kyR9Xg.22T@b2�g +Q`�Hg
`2+Q`/gQ7g?mK�MgBKT�+igQMgr�i2`b?2/g[m�HBivgBMgi?2gJBbbBbbBTTBg_Bp2`g"�bBMXg:HQ#�Hg
"BQ;2Q+?2KB+�Hg*v+H2bgk3-gkNĜ9jXg?iiTb,ff/QBXQ`;fRyXRyykfkyRj:"yy9d89g

Sm`+�`Q-g:X-gSB+�`/Q-gJX-g"�`T-gGX-gJQ`2i-gaX-g*QMi2-gGXaX-gkyRjXg.B`2+i@BKK2`bBQMgbQHB/@
T?�b2gKB+`Q2ti`�+iBQMg+QmTH2/giQg7�big;�bg+?`QK�iQ;`�T?vgK�bbgbT2+i`QK2i`vg�bg�g
Tm`B7B+�iBQMgbi2Tg7Q`gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbg/2i2`KBM�iBQMgBMgQHBp2gQBHXg
CQm`M�Hg Q7g *?`QK�iQ;`�T?vg �g Rjyd-g ReeĜRdRXg
?iiTb,ff/QBXQ`;fRyXRyRefDX+?`QK�XkyRjXydXye3g

Zg
ZB�Q-gsX-gw?2M;-g"X-gGB-gsX-gw?�Q-gsX-g.BQMvbBQm-g.X.X-gGBm-guX-gkykRXgAM7Hm2M+BM;g7�+iQ`bg

�M/g?2�Hi?g`BbFg�bb2bbK2MigQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMg;`QmM/r�i2`gBMg
*?BM�Xg CQm`M�Hg Q7g >�x�`/Qmbg J�i2`B�Hbg 9yk-g Rkj9RNXg
?iiTb,ff/QBXQ`;fRyXRyRefDXD?�xK�iXkykyXRkj9RNg

ZmB2`b-gJX-gkyR8Xgh`�+2m`bgQ`;�MB[m2bg/�MbgH2bgbTûHûQi?ĕK2b,g�TT`Q+?2g2tTû`BK2Mi�H2g2ig
�TTHB+�iBQMg�mgT�HûQ2MpB`QMM2K2Mig?QHQ+ĕM2g/mgJ�bbB7g/2bg"�m;2bXg

ZmB2`b-gJX-gS2``2ii2-guX-g*?�HKBM-g1X-g6�M;2i-g"X-gSQmH2M�`/-g CX-g kyR8Xg:2Q+?2KB+�Hg
K�TTBM;gQ7gQ`;�MB+g+�`#QMgBMgbi�H�;KBi2bgmbBM;gHB[mB/@T?�b2g�M/gbQHB/@T?�b2g7HmQ@
`2b+2M+2Xg *?2KB+�Hg :2QHQ;vg 9RR-g k9yĜk9dXg ?iiTb,ff/QBXQ`;fRyXRyRefDX+?2K@
;2QXkyR8XydXyRkg

_g
_�Kb2v2`-gEX-gJB�MQ-ghXJX-g.ǶQ`�xBQ-goX-gqBH/#2`;2`-g�X-gq�;M2`-ghX-g:2Bbi2`-gCX-gRNNdXg



g

kkRg

L�im`2g�M/gQ`B;BMgQ7gQ`;�MB+gK�ii2`gBMg+�`#QM�i2bg7`QKgbT2H2Qi?2Kb-gK�`BM2g+2@
K2Mibg �M/g +Q`�Hg bF2H2iQMbXg P`;�MB+g :2Q+?2KBbi`vg ke-g jeRĜjd3Xg
?iiTb,ff/QBXQ`;fRyXRyRefayR9e@ej3yUNdVyyyy3@Ng

_�pBM/`�-gEX-g"2M+b-gGX-gq�mi2`b-g1X-g/2g>QQ;-gCX-g.2mib+?-g6X-g_Q2F2Mb-g1X-g"H2mt-gLX-g
"2`;?K�Mb-gSX-go�Mg:`B2F2M-g_X-gkyyeXga2�bQM�Hg�M/gbBi2@bT2+B7B+gp�`B�iBQMgBMgp�@
TQm`g �M/g �2`QbQHg T?�b2gS�>bg Qp2`g 6H�M/2`bg U"2H;BmKVg �M/g i?2B`g `2H�iBQMgrBi?g
�Mi?`QTQ;2MB+g �+iBpBiB2bXg �iKQbT?2`B+g 1MpB`QMK2Mig 9y-g ddRĜd38Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX�iKQb2MpXkyy8XRyXyRRg

_�pBM/`�-gEX-gaQF?B-g_X-go�M;`B2F2M-g_X-gkyy3Xg�iKQbT?2`B+gTQHv+v+HB+g�`QK�iB+g?v/`Q@
+�`#QMb,gaQm`+2g�ii`B#miBQM-g2KBbbBQMg7�+iQ`bg�M/g̀ 2;mH�iBQMXg�iKQbT?2`B+g1MpB`QM@
K2Mig9k-gk3N8ĜkNkRXg?iiTb,ff/QBXQ`;fRyXRyRefDX�iKQb2MpXkyydXRkXyRyg

_2//v-gEX_X-gsB2-ghX-g.�bi;?2B#B-gaX-gkyR9XgS�>bg_2KQp�Hg7`QKgl`#�MgaiQ`Kgq�i2`g
_mMQ77g#vg.B772`2Mig6BHi2`gJ�i2`B�HbXgCQm`M�HgQ7g>�x�`/Qmb-ghQtB+-g�M/g_�/BQ�+iBp2g
q�bi2gR3-gy9yR9yy3Xg?iiTb,ff/QBXQ`;fRyXRyeRfU�a*1V>wXkR8j@88R8Xyyyykkkg

_2;�iiB2`B-g1X-gw�M+?2ii�-g:X-gAbQH�-gAX-gw�M2HH�-g1X-g.`vb/�H2-g_XLX-g>2HHbi`QK-gCX*X-gw2`@
#QMB-g�X-g.�HH�B-g GX-gh2K�-g1X-g G�M+B-g GX-g*Qbi�-g1X-gJ�;`Ţ-g 6X-g kyRNXg>QHQ+2M2g
*`BiB+�HgwQM2g/vM�KB+bgBMg�Mg�HTBM2g+�i+?K2MigBM72``2/g7`QKg�gbT2H2Qi?2KgKmHiB@
T`Qtvg `2+Q`/,g /Bb2Mi�M;HBM;g +HBK�i2g �M/g ?mK�Mg BM7Hm2M+2bXg a+Bg _2Tg N-g Rd3kNXg
?iiTb,ff/QBXQ`;fRyXRyj3fb9R8N3@yRN@8j83j@dg

_2BK2`-gSXCX-g"�`/-g1X-g"�vHBbb-g�X-g"2+F-gCXqX-g"H�+Fr2HH-gSX:X-g_�Kb2v-g*X"X-g"m+F-g
*X1X-g*?2M;-g>X-g1/r�`/b-g_XGX-g6`B2/`B+?-gJX-g:`QQi2b-gSXJX-g:mBH/2`bQM-ghXSX-g
>�7HB/�bQM-g>X-g>�D/�b-gAX-g>�iiû-g*X-g>2�iQM-ghXCX-g>Q77K�MM-g.XGX-g>Q;;-g�X:X-g
>m;?2M-gEX�X-gE�Bb2`-gEX6X-gE`QK2`-g"X-gJ�MMBM;-gaXqX-gLBm-gJX-g_2BK2`-g_XqX-g
_B+?�`/b-g.X�X-ga+Qii-g1XJX-gaQmi?QM-gCX_X-gai�77-g_X�X-ghm`M2v-g*XaXJX-gSHB+?i-gCXg
p�Mg/2`-g kyRjXg AMi*�HRjg �M/gJ�`BM2Rjg_�/BQ+�`#QMg�;2g*�HB#`�iBQMg*m`p2bg yĜ
8y-yyyg u2�`bg +�Hg "SXg _�/BQ+�`#QMg 88-g R3eNĜR33dXg
?iiTb,ff/QBXQ`;fRyXk983f�xmnDbn`+X88XReN9dg

_2v@a�H;m2B`Q-gGX-gJ�`iőM2x@*�`#�HHQ-g1X-g:�`+ő�@6�H+ƦM-gJXaX-gaBK�H@:�M/�`�-gCX-gkyy3Xg
1772+ibgQ7g�g+?2KB+�Hg+QKT�Mvg7B`2gQMgi?2gQ++m``2M+2gQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q@
+�`#QMbg BMg TH�Mig 7QQ/bXg 6QQ/g *?2KBbi`vg Ry3-g j9dĜj8jXg
?iiTb,ff/QBXQ`;fRyXRyRefDX7QQ/+?2KXkyydXRyXy9kg

_B+FBM;-gJX-ga+?mHx-g>X@JX-gkyykXgS�>@T`Q7BH2bgBMgb2/BK2Mig+Q`2bg7`QKgi?2g"�HiB+ga2�Xg
J�`BM2g SQHHmiBQMg "mHH2iBMg 99-g 8e8Ĝ8dyXg ?iiTb,ff/QBXQ`;fRyXRyRefayyk8@
jkesUykVyyyek@yg

_BM;m2i-gCX-g�H#BM2i-g�X-gG2Qx@:�`xB�M/B�-g1X-g"m/xBMbFB-g>X-goBHH2M�p2-g1X-gkyRkXg.Bm`@
M�HfMQ+im`M�Hg+QM+2Mi`�iBQMbg�M/gbQm`+2bgQ7gT�`iB+mH�i2@#QmM/gS�>b-gPS�>bg�M/g
LS�>bg�igi`�77B+g�M/gbm#m`#�MgbBi2bg BMgi?2g`2;BQMgQ7gS�`BbgU6`�M+2VXga+B2M+2gQ7g
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g

h?2g hQi�Hg 1MpB`QMK2Mig 9jd-g kNdĜjy8Xg ?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyRkXydXydkg

_BTT2M-g:X-gAH;2Mbi2BM-gJX-gEHƺT772`-gqX-gSQ`2KbFB-g>X@CX-gRN3kXga+`22MBM;gQ7gi?2g�/bQ`T@
iBQMg#2?�pBQ`gQ7gM2rg+?2KB+�Hb,gL�im`�HgbQBHbg�M/gKQ/2Hg�/bQ`#2MibXg1+QiQtB+QHQ;vg
�M/g 1MpB`QMK2Mi�Hg a�72ivg e-g kjeĜk98Xg ?iiTb,ff/QBXQ`;fRyXRyRefyR9d@
e8RjU3kVNyyR9@3g

_Q+?2`-goX-g�xBKB-gaX-gJQBHH2`QM-g_X-g*?2##Q-g:X-gkyy9Xg>v/`Q+�`#QMbg�M/g?2�pvgK2i�Hbg
BMgi?2g/B772`2Migb2r2`g/2TQbBibgBMgi?2gǵG2gJ�`�BbǶg+�i+?K2MigUS�`Bb-g6`�M+2V,gbiQ+Fb-g
/Bbi`B#miBQMbg �M/g Q`B;BMbXg a+B2M+2g Q7g h?2g hQi�Hg 1MpB`QMK2Mig jkj-g RydĜRkkXg
?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyyjXRyXyRyg

_mb?/B-g�X-gl-g*X-gJBt-g�X-g1`b2F-goX-g aBKQM2Bi-g"X-g*?2M;-g>X-g1/r�`/b-g_X-g kyRRXg
*QKTQbBiBQMbg�M/gbQm`+2bgQ7gHBTB/g+QKTQmM/bgBMgbT2H2Qi?2Kg+�H+Bi2g�M/gi?2B`gTQ@
i2MiB�Hg7Q`gT�H2Q@2MpB`QMK2Migbim/B2bXg1MpB`QMK2Mi�Hg2�`i?gb+B2M+2bXg

ag
a�Mib+?B-gSX>X-gG2M?�`i-gCXCX-g>QM2vK�M-g"X.X-gRNNdXg>2i2`Q;2M2QmbgT`Q+2bb2bg�772+iBM;g
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g

h?QKTbQM-g:XJX-gGmKb/2M-g.XLX-gq�HF2`-g_XGX-g*�`i2`-gCX�X-gRNd8Xgl`�MBmKgb2`B2bg/�@
iBM;gQ7gbi�H�;KBi2bg7`QKg"H�M+?�`/gaT`BM;bg*�p2`Mb-glXaX�Xg:2Q+?BKB+�g2ig*QbKQ@
+?BKB+�g�+i�gjN-gRkRRĜRkR3Xg?iiTb,ff/QBXQ`;fRyXRyRefyyRe@dyjdUd8VNyRk3@jg

h?m`K�M-g1XJX-gRN38XgP`;�MB+g:2Q+?2KBbi`vgQ7gL�im`�Hgq�i2`b-g.2p2HQTK2MibgBMg"BQ@
;2Q+?2KBbi`vXgJ�`iBMmbgLBD?Q77f.`XgqgCmMFgSm#HBb?2`b-g.Q`/`2+?iXg

hBbbB2`-g:X-gS2``2ii2-guX-g.xBFQrbFB-gJX-gSQmH2M�`/-gCX-g>Q#Hû�-g6X-gJ�H2i-g1X-g6�M;2i-g
"X-gkyRjXga2�bQM�Hg+?�M;2bgQ7gQ`;�MB+gK�ii2`g[m�HBivg�M/g[m�MiBivg�igi?2gQmiH2igQ7g
�g7Q`2bi2/gF�`bigbvbi2KgUG�g_Q+?2ga�BMig�H#�M-g6`2M+?g�HTbVXgCQm`M�HgQ7g>v/`Q@
HQ;vXg

hQ#Bbx2rbFB-gJX-gL�KB2ȐMBF-gCX-gkyRkXgS�>g/B�;MQbiB+g `�iBQbg 7Q`g i?2g B/2MiB7B+�iBQMgQ7g
TQHHmiBQMg 2KBbbBQMg bQm`+2bXg 1MpB`QMK2Mi�Hg SQHHmiBQMg Rek-g RRyĜRRNXg
?iiTb,ff/QBXQ`;fRyXRyRefDX2MpTQHXkyRRXRyXyk8g

hQib+?2-gEX-g.�Mx2`-gCX-gEƺ;2H@EM�#M2`-gAX-gRNNdXg.BbbQHp2/gP`;�MB+gJ�ii2`@1M?�M+2/g
_2i2MiBQMgQ7gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbgBMgaQBHgJBb+B#H2g.BbTH�+2K2Mig1t@
T2`BK2MibXg CQm`M�Hg Q7g 1MpB`QMK2Mi�Hg Zm�HBivg @g Cg 1LoA_PLg Zl�Gg keXg
?iiTb,ff/QBXQ`;fRyXkRj9fD2[RNNdXyy9dk9k8yykeyyy9yykRtg

hmQKBM2M-gC�`BX-ga�HQK��-gaBbFQX-gSvvb�HQ-g>2BFFBX-gaFvii�-g1BD�X-ghBFF�M2M-gG22M�X-gLm`@
K2H�-ghmQKQX-gaQ`b�-gJ�`D�X-gSQ?DQH�-go2BDQX-ga�m`B-gJ�`F2ii�X-g>BK#2`;-gEBKKQX-g
RN33XgSQHvMm+H2�`g�`QK�iB+g+QKTQmM/bg�M/g;2MQiQtB+BivgBMgT�`iB+mH�i2g�M/gp�TQ`g
T?�b2bgQ7g�K#B2Mig�B`,g2772+igQ7gi`�77B+-gb2�bQM-g�M/gK2i2Q`QHQ;B+�Hg+QM/BiBQMbXg1M@
pB`QMXga+BXgh2+?MQHXgkk-gRkk3ĜRkj9Xg?iiTb,ff/QBXQ`;fRyXRykRf2byyRd8�yRdg

hmbb2�m@omBHH2KBM-gJX@>X-g:Qm`H�v-g*X-gGQ`;2Qmt-g*X-gJQm+?2H-gCX@JX-g"mxB2`-g_X-g:BH@
#BM-g_X-ga2B/2H-gCX@GX-g1H#�x@SQmHB+?2i-g6X-gkyydXg.BbbQHp2/g�M/g#BQ�p�BH�#H2g+QMi�@
KBM�MibgBMgi?2ga2BM2g`Bp2`g#�bBMXga+B2M+2gQ7gh?2ghQi�Hg1MpB`QMK2Mi-g>mK�Mg�+iB@
pBivg�M/gK�i2`B�Hg7Hmt2bgBMg�g`2;BQM�Hg`Bp2`g#�bBM,gi?2ga2BM2g_Bp2`gr�i2`b?2/gjd8-g
k99Ĝk8eXg?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQi2MpXkyyeXRkXyR3g

lg
lF�HbF�@C�`m;�-g�X-gaK`2+x�F-g"X-gkykyXgh?2gAKT�+igQ7gP`;�MB+gJ�ii2`gQMgSQHv+v+HB+g

�`QK�iB+g>v/`Q+�`#QMgUS�>Vg�p�BH�#BHBivg�M/gS2`bBbi2M+2gBMgaQBHbXgJQH2+mH2bgk8-g
k9dyXg?iiTb,ff/QBXQ`;fRyXjjNyfKQH2+mH2bk8RRk9dyg

lMBi2/g L�iBQMb-g .2T�`iK2Mig Q7g 1+QMQKB+g �M/g aQ+B�Hg �77�B`b-g kykkXg h?2g ambi�BM�#H2g
.2p2HQTK2Mig:Q�Hbg_2TQ`igkykkXglLXg

lMBi2/gL�iBQMb-gSQTmH�iBQMg.BpBbBQM-g kyRNXgqQ`H/gl`#�MBx�iBQMgS`QbT2+ib,gh?2gkyR3g
_2pBbBQMXglMBi2/gL�iBQMb-g.2T�`iK2MigQ7g1+QMQKB+g�M/gaQ+B�Hg�77�B`b-gL2rguQ`FXg
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lMBi2/gai�i2bg1MpB`QMK2Mi�HgS`Qi2+iBQMg�;2M+vgUlag1S�V-gRN38Xg1p�Hm�iBQMg�M/g1biB@
K�iBQMg Q7g SQi2MiB�Hg *�`+BMQ;2MB+g _BbFbg Q7g SQHvMm+H2�`g �`QK�iB+g >v/`Q+�`#QMbg
US�>VXgS`2b2Mi2/g�igi?2gAMi2`M�iBQM�Hg*?2KB+�Hg*QM;`2bbgQ7gS�+B7B+ga�bBMgaQ+B2iB2b-g
P77B+2gQ7g>2�Hi?g�M/g1MpB`QMK2Mi�Hg�bb2bbK2MiXg

lag 1S�-g RNNeXg aQBHg a+`22MBM;g :mB/�M+2,g h2+?MB+�Hg "�+F;`QmM/g .Q+mK2MiXg lMBi2/g
ai�i2bg1MpB`QMK2Mi�HgS`Qi2+iBQMg�;2M+v-gq�b?BM;iQMXg

og
o�Mg"2KK2H2M-gCXJX-gR3NyXgɂ#2`g/B2g"2biBKKmM;g/2bgq�bb2`b-g/2bg>mKmb-g/2bga+?r2@

72Hb-g/2`gBMg/2Mg+QHHQś/�H2MgaBHBF�i2Mg;2#mM/2M2MgEB2b2Hb m`2-g/2bgJ�M;�MbgmXbXgrXg
BKg�+F2`#Q/2MXg.B2gG�M/rB`i?b+?�7iHB+?2Mgo2`bm+?b@ai�iBQM2Mgjd-gkdNĜkNyXg

o�Mg"2vM2M-gSX-g"Qm`#QMMB2`2-g_X-g6Q`/-g.X-ga+?r�`+x-g>X-gkyyRXg*�mb2bgQ7g+QHQm`g�M/g
7HmQ`2b+2M+2g BMg bT2H2Qi?2KbXg *?2KB+�Hg :2QHQ;vg Rd8-g jRNĜj9RXg
?iiTb,ff/QBXQ`;fRyXRyRefayyyN@k89RUyyVyyj9j@yg

o�M/2p2H/2-gaX-g"`Q+?B2`-gCXúX-gS2iBi-g*X-gaHBK�F-gGX-gkyRdXg1bi�#HBb?K2MigQ7gQ++mT�iBQMg
+?`QMB+H2bgBMg:`Qii2gJ�M/`BMgmbBM;gbQQi2/g+QM+`2iBQMb,g_2i?BMFBM;gi?2gJB//H2giQg
lTT2`g S�H2QHBi?B+g i`�MbBiBQMXg CQm`M�Hg Q7g >mK�Mg 1pQHmiBQMg RRk-g dyĜd3Xg
?iiTb,ff/QBXQ`;fRyXRyRefDXD?2pQHXkyRdXydXyReg

o2++?B�iQ-gJX-g"�`#�Mi2-g*X-g"�`#�`Q-g1X-g"m`;�v-g6X-g*�B`Mb-gqX_GX-g*�HH2;�`Q-g�X-g
*�TT2HH2iiB-g.X-g.�HHQ-g6X-g.Ƕ�KB+Q-gJX-g62Hi`�++Q-gJX-g:�HH2i-gCX@*X-g:�K#�`Q-g�X-g
G�`Qb2-g*X-gJ�772xxQHB-gLX-gJ�xxQH�-gJX-ga�`iQ`�iQ-gAX-ga+QiQ-g6X-ghm`2ii�-g*X-go�`/ĕ-g
JX-gsB2-gwX-gaTQH�Q`-g�X-gkyk9Xgh?2gb2�bQM�Hg+?�M;2gQ7gS�>bgBMgap�H#�`/gbm`7�+2g
bMQrXg 1MpB`QMK2Mi�Hg SQHHmiBQMg j9y-g Rkk3e9Xg
?iiTb,ff/QBXQ`;fRyXRyRefDX2MpTQHXkykjXRkk3e9g

o2bT2`-g.X-gGQQT-gq?Bi2-gkyyjXg*QMi�KBM�Migi`�MbTQ`igBMgF�`big�[mB72`bXgaT2H2Q;2M2bBbg
�M/g1pQHmiBQMgQ7gE�`big�[mB72`bXg

oQmFF�HB-g AX-gS�T�KB+?�2H-g AX-g GQBxB�-gSX-gwQ`T�b-g�X�X-g kykjXgl`#�MBx�iBQMg �M/g bQHB/g
r�bi2g T`Q/m+iBQM,g T`QbT2+ibg �M/g +?�HH2M;2bXg 1MpB`QMg a+Bg SQHHmig _2bXg
?iiTb,ff/QBXQ`;fRyXRyydfbRRj8e@ykj@kdedy@kg

oQrH2b-gSX.X-gJ�MiQm`�-g_X6X*X-gRN3dXga2/BK2Mi@r�i2`gT�`iBiBQMg+Q277B+B2Mibg�M/g>SG*g
`2i2MiBQMg 7�+iQ`bg Q7g �`QK�iB+g ?v/`Q+�`#QMbXg *?2KQbT?2`2g Re-g RyNĜRReXg
?iiTb,ff/QBXQ`;fRyXRyRefyy98@e8j8U3dVNyRR9@dg

qg
q�FbK�M-gaX�X-gRNjeXg>mKmbgP`B;BM-g*?2KB+�Hg*QKTQbBiBQM-g�M/gAKTQ`i�M+2gBMgL�im`2Xg

aQBHga+B2M+2g9R-gjN8Xg
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g

q�FbK�M-gaX�X-gai2p2Mb-gEX_X-gRNjyXg�g+`BiB+�Hgbim/vgQ7gi?2gK2i?Q/bg7Q`g/2i2`KBMBM;g
i?2g M�im`2g �M/g �#mM/�M+2g Q7g bQBHg Q`;�MB+g K�ii2`Xg aQBHg a+B2M+2g jy-g NdĜRReXg
?iiTb,ff/QBXQ`;fRyXRyNdfyyyRyeN9@RNjyy3yyy@yyyykg

q�M;-gqX-g>m�M;-gJX-gE�M;-guX-gq�M;-g>X-g G2mM;-g�XPXqX-g*?2mM;-gEX*X-gqQM;-g
JX>X-g kyRRXgSQHv+v+HB+g �`QK�iB+g?v/`Q+�`#QMbg US�>bVg BMgm`#�Mg bm`7�+2g/mbig Q7g
:m�M;x?Qm-g*?BM�,gai�imb-gbQm`+2bg�M/g?mK�Mg?2�Hi?g`BbFg�bb2bbK2MiXga+B2M+2gQ7g
h?2g hQi�Hg 1MpB`QMK2Mig 9yN-g 98RNĜ98kdXg ?iiTb,ff/QBXQ`;fRyXRyRefDXb+BiQ@
i2MpXkyRRXydXyjyg

q�MB�-g6X-gJ�+F�v-g.X-gRNNeXgh`�+FBM;gi?2g.Bbi`B#miBQMgQ7gS2`bBbi2MigP`;�MB+gSQHHm@
i�MibXg1MpB`QMXga+BXgh2+?MQHXgjy-gjNy�@jNe�Xg?iiTb,ff/QBXQ`;fRyXRykRf2bNekjNN[g

q2MxH-ghX-gaBKQM-g_X-g�MFH�K-g1X-gEH2BM2`-gCX-gkyyeXg�M�HviB+�HgK2i?Q/bg7Q`gTQHv+v+HB+g
�`QK�iB+g?v/`Q+�`#QMbgUS�>bVgBMg7QQ/g�M/gi?2g2MpB`QMK2MigM22/2/g7Q`gM2rg7QQ/g
H2;BbH�iBQMgBMgi?2g1m`QT2�MglMBQMXgh`�*gh`2M/bgBMg�M�HviB+�Hg*?2KBbi`vgk8-gdReĜ
dk8Xg?iiTb,ff/QBXQ`;fRyXRyRefDXi`�+XkyyeXy8XyRyg

q?Bi2-gqX"X-gRNNdXgS`2+Bb2gK2�bm`2K2MigQ7gHmKBM2b+2M+2g#�M/BM;gT`Q7BH2bgBMgbT2H2Qi?2Kbg
7Q`gT�H2Q+HBK�iB+gBMi2`T`2i�iBQMX-gBM,gS`Q+22/BM;bgQ7gi?2gRki?gAMi2`M�iBQM�Hg*QM;`2bbg
Q7g aT2H2QHQ;vXg S`2b2Mi2/g �ig i?2g Rki?g AMi2`M�iBQM�Hg *QM;`2bbg Q7g aT2H2QHQ;v-g G�g
*?�mtg/2g6QM/b-garBix2`H�M/-gTTXg3NĜNkXg

q?Bi2-gqX"X-g"`2MM�M-g1XaX-gRN3NXgGmKBM2b+2M+2gQ7gbT2H2Qi?2Kbg/m2giQg7mHpB+g�+B/g�M/g
Qi?2`g�+iBp�iQ`b-gBM,gS`Q+22/BM;bgQ7gi?2gRyi?gAMi2`M�iBQM�Hg*QM;`2bbgQ7gaT2H2QHQ;vXg
S`2b2Mi2/g �ig i?2g AMi2`M�iBQM�Hg*QM;`2bbg Q7g aT2H2QHQ;v-g"m/�T2bi-g>mM;�`v-g TTXg
kRkĜkR9Xg

qBH+F2-gqX-gkyyyXgauLPSaAagSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbgUS�>bVgBMgaQBHgěg�g
_2pB2rXg CQm`M�Hg Q7g SH�Mig Lmi`BiBQMg �M/g aQBHg a+B2M+2g Rej-g kkNĜk93Xg
?iiTb,ff/QBXQ`;fRyXRyykfR8kk@kek9UkyyyyeVRej,jIkkN,,�A.@CSGLkkN=jXyX*Pck@eg

qBH/-gaX_X-gCQM2b-gEX*X-gRNN8�XgSQHvMm+H2�`g�`QK�iB+g?v/`Q+�`#QMbgBMgi?2glMBi2/gEBM;@
/QKg2MpB`QMK2Mi,g�gT`2HBKBM�`vgbQm`+2gBMp2MiQ`vg�M/g#m/;2iXg1MpB`QMK2Mi�HgSQH@
HmiBQMg33-gNRĜRy3Xg?iiTb,ff/QBXQ`;fRyXRyRefykeN@d9NRUN8VNRy8k@Jg

qBH/-gaX_X-gCQM2b-gEX*X-gRNN8#XgSQHvMm+H2�`g�`QK�iB+g?v/`Q+�`#QMbgBMgi?2glMBi2/gEBM;@
/QKg2MpB`QMK2Mi,g�gT`2HBKBM�`vgbQm`+2gBMp2MiQ`vg�M/g#m/;2iXg1MpB`QMK2Mi�HgSQH@
HmiBQMg33-gNRĜRy3Xg?iiTb,ff/QBXQ`;fRyXRyRefykeN@d9NRUN8VNRy8k@Jg

qƈQ/�`+xvF-g CX-gEB2`/�bxmF-g"X-g kyyjXg AMi2`T`2i�iBQMg Q7g6HmQ`2b+2M+2g.2+�vbgmbBM;g �g
SQr2`@HBF2g JQ/2HXg "BQT?vbB+�Hg CQm`M�Hg 38-g 83NĜ8N3Xg
?iiTb,ff/QBXQ`;fRyXRyRefayyye@j9N8UyjVd98yj@kg

qQM;-g*XAX-g"`22+F2`-g.XPX-gkyR8Xg�/p�M+2K2MibgBMgi?2gmb2gQ7gbT2H2Qi?2Kbg�bg+HBK�i2g
�`+?Bp2bXgZm�i2`M�`vga+B2M+2g_2pB2rb-gLQp2Hg�TT`Q�+?2bgiQg�M/gM2rgBMbB;?ibg7`QKg
bT2H2Qi?2K@#�b2/g +HBK�i2g `2+QMbi`m+iBQMbg Rkd-g RĜR3Xg
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?iiTb,ff/QBXQ`;fRyXRyRefDX[m�b+B`2pXkyR8XydXyRNg

qQQ/-g�XGX-g"Qm+?�`/-g.X*X-g"`mbb2�m-gJXGX-g_�Q-gSXaX*X-gRNNyXg*QbQHp2Mig2772+ibgQMg
bQ`TiBQMg�M/gKQ#BHBivgQ7gQ`;�MB+g+QMi�KBM�MibgBMgbQBHbXg*?2KQbT?2`2gkR-g8d8Ĝ83dXg
?iiTb,ff/QBXQ`;fRyXRyRefyy98@e8j8UNyVNyykd@Zg

qQQ/#m`M-gEX"X-gG22-gGXaX-g_�Q-gSXaX*X-g.2H7BMQ-g CXCX-g RN3NXg*QKT�`BbQMgQ7g bQ`TiBQMg
2M2`;2iB+bg 7Q`g ?v/`QT?Q#B+g Q`;�MB+g +?2KB+�Hbg #vg bvMi?2iB+g �M/gM�im`�Hg bQ`#2Mibg
7`QKg K2i?�MQHfr�i2`g bQHp2Mig KBtim`2bXg 1MpB`QMXg a+BXg h2+?MQHXg kj-g 9ydĜ9RjXg
?iiTb,ff/QBXQ`;fRyXRykRf2byyR3R�yy9g

qQQ/?2�/-gCX-g>2HHbi`QK-gCX-gJ��b-g_X-g.`vb/�H2-g_X-gw�M+?2ii�-g:X-g.2pBM2-gSX-gh�vHQ`-g
1X-g kyyeXglĜS#g;2Q+?`QMQHQ;vgQ7g bT2H2Qi?2Kbg#vgJ*@A*SJaXgZm�i2`M�`vg:2Q@
+?`QMQHQ;vgR-gky3ĜkkRXg?iiTb,ff/QBXQ`;fRyXRyRefDX[m�;2QXkyyeXy3Xyykg

qm-gsX-g:�Q-gsX-gh�M-ghX-gGB-g*X-gu�M-g_X-g*?B-gwX-g62M;-guX-g:QM;-gSX-g6�M;-gCX-gw?�M;-g
sX-g�B?2K�BiB-gEX-gsm-g.X-gkykRXgaQm`+2bg�M/gTQHHmiBQMgT�i?gB/2MiB7B+�iBQMgQ7gS�>bg
BMg F�`big �[mB72`b,g �Mg 2t�KTH2g 7`QKgGBmHBMg F�`big r�i2`g bvbi2K-g MQ`i?2`Mg*?BM�Xg
CQm`M�Hg Q7g *QMi�KBM�Mig>v/`QHQ;vg k9R-g Ryj3RyXg ?iiTb,ff/QBXQ`;fRyXRyRefDXD+QM@
?v/XkykRXRyj3Ryg

qvMM-gSXJX-g"`Q+Fb-gCXCX-gkyR9Xg�g7`�K2rQ`Fg7Q`gi?2g2ti`�+iBQMg�M/gBMi2`T`2i�iBQMgQ7g
Q`;�MB+gKQH2+mH2bg BMg bT2H2Qi?2Kg +�`#QM�i2,g1ti`�+iBM;g �M/g BMi2`T`2iBM;g Q`;�MB+g
KQH2+mH2bg BMg bT2H2Qi?2KbXg _�TB/g *QKKmMXg J�bbg aT2+i`QKXg k3-g 398Ĝ389Xg
?iiTb,ff/QBXQ`;fRyXRyykf`+KXe39jg

ug
u�M;-g>X-g_Qb2-gLX-gkyy8Xgh`�+2g2H2K2MigTQHHmiBQMg`2+Q`/bgBMgbQK2glEgH�F2gb2/BK2Mib-g

i?2B`g?BbiQ`v-gBM7Hm2M+2g7�+iQ`bg�M/g`2;BQM�Hg/B772`2M+2bXg1MpB`QMK2MigAMi2`M�iBQM�Hg
jR-gejĜd8Xg?iiTb,ff/QBXQ`;fRyXRyRefDX2MpBMiXkyy9XyeXyRyg

u�M;-g>X@>X-gG22-gqX@CX-g*?2M-gaX@CX-gG�B-gaX@PX-gRNN3XgS�>g2KBbbBQMg7`QKgp�`BQmbgBM@
/mbi`B�Hg bi�+FbXg CQm`M�Hg Q7g >�x�`/Qmbg J�i2`B�Hbg ey-g R8NĜRd9Xg
?iiTb,ff/QBXQ`;fRyXRyRefayjy9@j3N9UN3Vyyy3N@kg

u�M;-gaXuXLX-g*QMM2HH-g.XqX-g>�rF2`-g.XqX-gE�v�H-gaXAX-gRNNRXgSQHv+v+HB+g�`QK�iB+g?v@
/`Q+�`#QMbgBMg�B`-gbQBHg�M/gp2;2i�iBQMgBMgi?2gpB+BMBivgQ7g�Mgm`#�Mg`Q�/r�vXga+B2M+2g
Q7g h?2g hQi�Hg 1MpB`QMK2Mig Ryk-g kkNĜk9yXg ?iiTb,ff/QBXQ`;fRyXRyRefyy93@
NeNdUNRVNyjRd@3g

u�bm/�-gEX-gh�F�?�b?B-gJX-gRNN3Xgh?2g1KBbbBQMgQ7gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbg
7`QKgJmMB+BT�HgaQHB/gq�bi2gAM+BM2`�iQ`bg/m`BM;gi?2g*QK#mbiBQMg*v+H2XgCQm`M�HgQ7g
i?2g �B`g �g q�bi2g J�M�;2K2Mig �bbQ+B�iBQMg 93-g 99RĜ99dXg
?iiTb,ff/QBXQ`;fRyXRy3yfRy9djk3NXRNN3XRy9ejeNkg
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g

uBHK�x-gLX-g.�pBb-gaXJX-gkykkXg.B2b2Hg#H2M/bgrBi?g?B;?g+QM+2Mi`�iBQMbgQ7g#BQ/B2b2Hg�M/g
M@#mi�MQH,g1772+ibgQMg`2;mH�i2/gTQHHmi�Mibg�M/gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbXg
S`Q+2bbg a�72ivg �M/g 1MpB`QMK2Mi�Hg S`Qi2+iBQMg Ree-g 9jyĜ9jNXg
?iiTb,ff/QBXQ`;fRyXRyRefDXTb2TXkykkXy3Xy9Rg

uBHK�x-gLX-g.QM�H/bQM-g"X-g kykkXg*QK#BM2/g 2772+ibg Q7g 2M;BM2g +?�`�+i2`BbiB+bg �M/g 7m2Hg
�`QK�iB+g +QMi2Mig QMg TQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg �M/g iQtB+BivXg 1M2`;vg
aQm`+2b-gS�`ig�,g_2+Qp2`v-gliBHBx�iBQM-g�M/g1MpB`QMK2Mi�Hg1772+ibg99-gNR8eĜNRdRXg
?iiTb,ff/QBXQ`;fRyXRy3yfR88edyjeXkykkXkRkN33yg

um-g"X-gsB2-gsX-gJ�-gGXZX-gE�M-g>X-gw?Qm-gZX-gkyR9XgaQm`+2-g/Bbi`B#miBQM-g�M/g?2�Hi?g`BbFg
�bb2bbK2MigQ7gTQHv+v+HB+g�`QK�iB+g?v/`Q+�`#QMbgBMgm`#�Mgbi`22ig/mbig7`QKghB�MDBM-g
*?BM�Xg1MpB`QMga+BgSQHHmig_2bgkR-gk3RdĜk3k8Xg?iiTb,ff/QBXQ`;fRyXRyydfbRRj8e@yRj@
kRNy@xg

umMF2`-gJX"X-gJ�+/QM�H/-g_XqX-goBM;�`x�M-g_X-gJBi+?2HH-g_X>X-g:Qv2ii2-g.X-gavHp2bi`2-g
aX-gkyykXgS�>bg BMg i?2g6`�b2`g_Bp2`g#�bBM,g�g+`BiB+�Hg�TT`�Bb�HgQ7gS�>g`�iBQbg�bg
BM/B+�iQ`bg Q7g S�>g bQm`+2g �M/g +QKTQbBiBQMXgP`;�MB+g:2Q+?2KBbi`vg jj-g 93NĜ8R8Xg
?iiTb,ff/QBXQ`;fRyXRyRefayR9e@ej3yUykVyyyyk@8g

wg
w?�M;-gqX-gw?�M;-gaX-gq�M-g*X-gum2-g.X-gu2-guX-gq�M;-gsX-gkyy3XgaQm`+2g/B�;MQbiB+bgQ7g

TQHv+v+HB+g �`QK�iB+g ?v/`Q+�`#QMbg BMg m`#�Mg `Q�/g `mMQ77-g /mbi-g `�BMg �M/g +�MQTvg
i?`Qm;?7�HHXg 1MpB`QMK2Mi�Hg SQHHmiBQMg R8j-g 8N9ĜeyRXg
?iiTb,ff/QBXQ`;fRyXRyRefDX2MpTQHXkyydXyNXyy9g

w?�M;-gsXGX-gh�Q-gaX-gGBm-gqXsX-gu�M;-guX-gwmQ-gZX-gGBm-gaXwX-gkyy8XgaQm`+2g.B�;MQbiB+bg
Q7gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMbg"�b2/gQMgaT2+B2bg_�iBQb,g�gJmHiBK2/B�g�T@
T`Q�+?Xg1MpB`QMXga+BXgh2+?MQHXgjN-gNRyNĜNRR9Xg?iiTb,ff/QBXQ`;fRyXRykRf2by8Rjd9Rg

w?�M;-gsXZX-gkyReXgh?2gi`2M/b-gT`QKBb2bg�M/g+?�HH2M;2bgQ7gm`#�MBb�iBQMgBMgi?2grQ`H/Xg
>�#Bi�igAMi2`M�iBQM�H-g>QmbBM;gi?2gSH�M2i,g1pQHmiBQMgQ7g:HQ#�Hg>QmbBM;gSQHB+B2bg
89-gk9RĜk8kXg?iiTb,ff/QBXQ`;fRyXRyRefDX?�#Bi�iBMiXkyR8XRRXyR3

g

g
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�MM2t2gRgĜgS`QiQ+QH2g/Ƕ2ti`�+iBQMg2ig/Qb�;2g/2bg>�Sg/�MbgmM2g+QM+`ûiBQMg+�H+�B`2g

kjjg

�MM2t2gRgĜgS`QiQ+QH2g/Ƕ2ti`�+iBQMg2ig/Qb�;2g/2bg>�Sg
/�MbgmM2g+QM+`ûiBQMg+�H+�B`2g

g
Matériel 
 

@� RgbT�imH2gQmgTBM+2g
@� "�HHQMbg2Mgp2``2g#Q`QbBHB+�iûg/2g8ygKGg
@� "B#2`QMbg
@� SBT2ii2bgT�bi2m`g
@� oB�Hbg/2g3gKGg
@� hm#2bg/2geygKGg
@� a2`BM;m2g2Mgp2``2gRygKGgYg�B;mBHH2bgD2i�#H2bg2MgKûi�Hg
@� SBT2ii2g�miQK�iB[m2gRyyyygƒG-g8yyygƒGg-gRyygƒGg2igRygƒGg
@� 6BHi`2bgSh61gYgb2`BM;m2gp2``2g
@� hm#2bg�p2+gBMb2`ig/2gkyygƒGg2ig#Qm+?QMbg72M/mbg

g
@� JB+`Q@b+B2gQmgb+B2g¨g7BHg
@� "�BMg¨glHi`�@aQMbgg
@� oQ`i2tg
@� úp�TQ`�i2m`givT2ghm`#Qp�Tg
@� >SG*g¨g/ûi2+iBQMg7HmQ`BKûi`B[m2g

g
@� .B+?HQ`QKûi?�M2-g[m�HBiûg>SG*g
@� �+B/2g+?HQ`?v/`B[m2gU>*GVgbmT2`gTm`gjdWgUT`û�H�#H2K2MigH�pûg�mg/B+?HQ`QKû@
i?�M2gbBgMû+2bb�B`2Vg

@� 1�mgl>Zg
@� L�kaP9gbQHB/2g
@� aQHmiBQMg /QT�Mi2g /Ƕ�Mi?`�+ĕM2g .Ry-g �+ûM�T?iĕM2g .Ryg 2ig #2MxQ(�)�Mi?`�+ĕM2g
.Rkg

@� .BK2i?vHbmH7Qtv/2gU.JaPVg
@� Jûi?�MQH-g[m�HBiûg>SG*g

g
g
g
g
g
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Préparation du matériel : 

Les outils et la verrerie sont préalablement lavés suivant 3 étapes : un bain de détergent 
chaud pendant au minimum 2 h, puis après rinçage à l’eau du robinet, un bain d’acide 
nitrique pendant au minimum 2 h, suivi d’un rinçage dans un bain d’eau osmosée. 

1. Échantillonnage et décontamination des échantillons

�X ú+?�MiBHHQMM2`gH2gbTûHûQi?ĕK2g̈ gHǶ�B/2g/ǶmM2gKB+`Q@b+B2gQmg/ǶmM2gb+B2g̈ g7BHg/B�K�Miû2
/2gK�MBĕ`2g¨gQ#i2MB`g/2bgKQ`+2�mtg/2g+�H+Bi2g/Ƕ2MpB`QMgRg;X

#X S2b2`g+?�[m2gû+?�MiBHHQMg2igMQi2`gH�gK�bb2g2t�+i2X
+X SH�+2`gHǶû+?�MiBHHQMg/�MbgmMg#�HHQMg2Mgp2``2g#Q`QbBHB+�iûg/2g8ygKGg�p2+gjgKGg/2

/B+?HQ`QKûi?�M2-gTH�+2`g H2g#�HHQMg/�Mbg H2g#�BMg¨gmHi`�@bQMbg/m`�MigjgKBMg¨gmM2
7`û[m2M+2g/2g8y@eygF>x-gmM2gTmBbb�M+2g/2gRyyygqg2igmM2gi2KTû`�im`2g/2gkygê*g/2
K�MBĕ`2g¨g/ûbQ`#2`gH2bg>�SgHBûbg¨gH�g+�H+Bi2X

/X _û+mTû`2`g H2g/B+?HQ`QKûi?�M2g/�MbgmMgim#2gTmBbg`ûTûi2`g/2mtg7QBbgHǶûi�T2gT`û+û@
/2Mi2X

2. Dissolution de la matrice cristalline

�X h`�Mb7û`2`gHǶû+?�MiBHHQMg/2g*�*PjUbVgT`û+û/2KK2MigM2iiQvûg�mg/B+?HQ`QKûi?�M2
/�MbgmMgim#2g/2geygKGgT`QT`2gUhRVX

#X .QT2`g HǶû+?�MiBHHQMg�p2+gRygƒGg/ǶmM2gbQHmiBQMg/2g>�S@/2miû`ûbgU�+ûM�T?iĕM2
.Ry-g�Mi`�+ĕM2g.Ry-g"2MxQ@�@�Mi?`�+ĕM2g.RkVg¨gRgƒ;fKG

+X �DQmi2`gR8gKGg/2g.*JgTQm`gmM2g/BbbQHmiBQMgBKKû/B�i2g/2bg>�Sg/�MbgH2gbQHp�Mi
/X �DQmi2`g8gKGg/Ƕ2�mgl>ZgTQm`gHBKBi2`gH�gpQH�iBHBb�iBQMg/2g+2`i�BMbg>�Sg2Mg`û@

/mBb�MigH2g+?Q+g/2gH�g`û�+iBQMg�p2+gHǶ�+B/2g+?HQ`?v/`B[m2X
2X 62`K2`gH2gim#2g�p2+gmMg#Qm+?QMgKmMBg/ǶmMgb2TimKX
7X RygKGg/Ƕ>*GgbmT2`@Tm`g¨gjdgWgUT`û@2ti`�Big�p2+g/mg/B+?HQ`QKûi?�M2gbBg#2bQBM

TQm`g ;�`�MiB`g HǶ�#b2M+2g /2g +QMi�KBM�Mibg Q`;�MB[m2bVg bQMig BMD2+iûg ¨g i`�p2`bg H2
b2TimKg¨gH^�B/2g/^mM2gb2`BM;m2g2Mgp2``2g�7BMg/2g/BbbQm/`2gH�g+�H+Bi2g2MgûpBi�MigH2b
T2`i2bg/2g>�SgT�`gpQH�iBHBb�iBQMX

;X JûH�M;2`g2Mg�;Bi�MigK�Mm2HH2K2MigDmb[mǶ¨g/BbbQHmiBQMg+QKTHĕi2gUTQm`gûpBi2`gH�
7Q`K�iBQMg/ǶmM2gûKmHbBQMgi`ĕbg7BM2g2ig+QKT�+i2g2Mi`2gH�gT?�b2g�[m2mb2g�+B/2g2i
H�gT?�b2gQ`;�MB[m2gb2gT`Q/mBb�MigbQmbg�;Bi�iBQMg�mgpQ`i2tVXglMg#�BMg¨gmHi`�@bQMb
T2migû;�H2K2Migāi`2gmiBHBbûgTQm`g�++ûHû`2`gH�g/BbbQHmiBQMg7BM�H2g2ig7�+BHBi2`gH�gbûT�@
`�iBQMg/2gH�gT?�b2gQ`;�MB[m2g2ig/2gH�gT?�b2g�[m2mb2g�+B/2X



�MM2t2gRgĜgS`QiQ+QH2g/Ƕ2ti`�+iBQMg2ig/Qb�;2g/2bg>�Sg/�MbgmM2g+QM+`ûiBQMg+�H+�B`2g

kj8g

g
3. Extraction  

 
�X� 8gKGg/2g H�gT?�b2gQ`;�MB[m2gbQMig2ti`�Bibg¨g HǶ�B/2g/ǶmM2gTBT2ii2g�miQK�iB[m2g2ig

i`�Mb7û`ûbg/�MbgmMgim#2gT`QT`2g/2geygKGgUhkVXgg
#X� �DQmi2`g8gKGg/2g/B+?HQ`QKûi?�M2g¨gH�gT?�b2g�+B/2g+?HQ`?v/`B[m2g/2ghRg2ig�;Bi2`g

K�Mm2HH2K2MiXgg
+X� _ûTûi2`g2M+Q`2g/2mtg7QBbgH2bgûi�T2bgT`û+û/2Mi2bgUBX2Xg�mgiQi�Hgjg2ti`�+iBQMbgHB[mB/2b@

HB[mB/2bg/2g8gKGg+?�+mM2gbQMig`û�HBbû2bVXgg
/X� �DQmi2`gmM2gTBM+û2g/2gL�kaP9g�mtgR8gKGg/Ƕ2ti`�Big7BM�HgTQm`gbû+?2`gH�gT?�b2gQ`;�@

MB[m2Xg
g
En cas de faibles concentrations, ces deux étapes (dissolution et extraction) peuvent être 
réalisée sur 2 ou 3 séries en parallèle, soit sur 2 ou 3 fois 1 g de calcite. La phase 
organique ainsi récupérée dans T2 correspond donc à 2 ou 3 fois 15 mL.  
g

4. Concentration des extraits  
g

�X� h`�Mb7û`2`gHǶ2ti`�Big/�MbgmMgim#2gwBK�`FgT`QT`2Xg
#X� SH�+2`gH2gim#2g/�MbgmMgûp�TQ`�i2m`g�miQK�iBbûgTQm`gbQmbg7Hmtg/Ƕ�xQi2g¨g9ygê*gTQm`g

+QM+2Mi`2`gH2bg>�Sg/�MbgmMgpQHmK2g7BM�Hg/2g/B+?HQ`QKûi?�M2g/2g�gRgKGgU�ii2MiBQMg
#B2Mgbm`p2BHH2`Vg

+X� h`�Mb7û`2`g/�MbgmMgpB�Hg/2g3gKGg2Mg7BHi`�Mig�p2+gmMg7BHi`2gSh61gy-kkgƒKgTQm`g
ûHBKBM2`giQmi2gT�`iB+mH2g�p�MigH^�M�Hvb2g>SG*@6HmQXg

/X� _BM+2`gH2bgT�`QBbg/mgim#2g�p2+gmMgT2mg/2g/B+?HQ`QKûi?�M2g2igmM2gTBT2ii2gT�bi2m`g
2Mi`2g+?�[m2gi`�Mb72`iXg

2X� �DQmi2`gRyygƒGg/2g.JaPgUTQm`g ûpBi2`g H2bgT2`i2bg/2bg>�SgH2bgTHmbgpQH�iBHbgT�`g
ûp�TQ`�iBQMg¨gb2+g/mg/B+?HQ`QKûi?�M2VgTmBbg7BMB`g/Ƕûp�TQ`2`gbQmbgmMgHû;2`g+Qm`�Mig
/^�xQi2gDmb[mǶ¨g�ii2BM/`2gRyygƒGXg

7X� _2T`2M/`2g�p2+gRyygƒGg/2gJûi?�MQHgTQm`gQ#i2MB`gmMgpQHmK2g7BM�Hg/2gkyygƒGXg
;X� 62`K2`g2igbiQ+F2`g�mg`û7`B;û`�i2m`g2Mg�ii2Mi2g/Ƕ�M�Hvb2Xg

g
5. Concentration des extraits  

g
�gHǶ�B/2g/ǶmM2gTBT2ii2g�miQK�iB[m2-gT`ûH2p2`gRyygƒGg/2gHǶ2ti`�Big+QM+2Mi`ûg2igi`�Mb@
7û`2`g/�MbgmMgim#2g�p2+gBMb2`ig/2gkyygƒGgKmMBg/ǶmMg#Qm+?QMg72M/mg2igTH�+2`g/�MbgH2g
T�bb2m`g/Ƕû+?�MiBHHQMgTQm`gHǶ�M�Hvb2gT�`g>SG*@7HmQXg
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Pre-nettoyage acide chlorhydrique 

Matériel 

@ �KTQmH2gk8ygKGgYgbmTTQ`i
@ �+B/2g+?HQ`?v/`B[m2gjdgW
@ .B+?HQ`QKûi?�M2-g[m�HBiûg>SG*
@ "2+?2`
@ 6H�+QM
@ SBT2ii2g�miQK�iB[m2g8yyygƒG
@ aT2+i`QT?QiQKĕi`2g2ig+mp2g2Mg[m�`ixg�/�Tiû2

Procédure 

�X _BM+2`gHǶ�KTQmH2g�p2+g8KGg/2g/B+?HQ`QKûi?�M2g2igD2i2`X
#X �DQmi2`geygKGg/Ƕ>*Gg/�MbgHǶ�KTQmH2g2igkygKGg/2g/B+?HQ`QKûi?�M2X
+X 62`K2`gHǶ�KTQmH2g�p2+gmMg#Qm+?QM-g#B2MgK�BMi2MB`g2ig�;Bi2`g[m2H[m2bgKBMmi2bg2M

/û;�x�MigUQmp2`im`2g/mg`Q#BM2ig2MgiQm`M�MigH2gĿgTB2/gŀg/2gHǶ�KTQmH2gp2`bgH2g?�miV
`û;mHBĕ`2K2MiX

/X G�Bbb2`g/û+�Mi2`g2Mg/2mtgT?�b2b-gQmp`B`gH2g`Q#BM2ig2igD2i2`gH�gT?�b2g/B+?HQ`QKû@
i?�M2gTmBbg`û+mTû`2`gHǶ�+B/2g/�MbgmMg#û+?2`gT`QT`2X

2X oû`B7B2`g HǶ�#b2M+2g/2gKQHû+mH2bgQ`;�MB[m2g2MgK2bm`�Mig H2gbB;M�Hg/2g 7HmQ`2b+2M+2
log/2gHǶ�+B/2gbm`gmMgbT2+i`QT?QiQKĕi`2g¨gHǶ�B/2g/ǶmM2g+mp2g2Mg[m�`ixg/2gRygKK
/2gH�`;2g`BM+û2gjg7QBbg¨gHǶ2�mgl>ZXg�BMbB-g`û�HBb2`gmM2g�M�Hvb2g/2gH�g7HmQ`2b+2M+2
bm`gmMg#H�M+gU2�mgl>ZV-gbm`gHǶ>*Gg�p�MigM2iiQv�;2g2ig�T`ĕbg+?�[m2gM2iiQv�;2X

7X _2+QKK2M+2`g/2TmBbgH�gT`2KBĕ`2gûi�T2g�mi�Mig/2g7QBbg[m2gMû+2bb�B`2X
;X GQ`b[m2gHǶ>*Gg2bigT`QT`2-gH2gi`�Mbp�b2`g/�MbgmMg7H�+QMgTQm`gbiQ+F�;2X



�MM2t2gkgĜgS`QiQ+QH2g/2gHBtBpB�iBQMg/2bgbQHbg2ig/2g/Qb�;2g/2bg>�S-gK2bm`2bgLSP*g2igGS6g

kjdg

�MM2t2gkgĜgS`QiQ+QH2g/2gHBtBpB�iBQMg/2bgbQHbg2ig/2g
/Qb�;2g/2bg>�S-gK2bm`2bgLSP*g2igGS6g

g
Matériel 
g

@� 6H�+QMbgp2``2bgkgGg�p2+g#Qm+?QMbg
@� hm#2bg9ygKGg#`mHûbg
@� hm#2bgeygKGgg
@� hm#2bg¨g+2Mi`B7m;2`g
@� �KTQmH2g¨g/û+�Mi2`gkgGg
@� �KTQmH2g¨g/û+�Mi2`gk8ygKGg
@� úT`Qmp2ii2g;`�/mû2g8ygKGg
@� "B#2`QMbg
@� oB�Hbg�p2+gBMb2`ibgTQm`g�M�Hvb2bg>SG*g
@� aT�imH2bg
@� 6BHi`2bg7B#`2bg/2gp2``2gy-98gƒKgT`û�H�#H2K2Mig#`ȿHûbg¨g88ygê*g
@� *mp2g[m�`ixgjgKGg
@� SBT2ii2g�miQg8yyygƒGg2igRyygƒGg
@� SBbb2ii2g2�mgl>Zg
@� :H�+Bĕ`2gYgT�BMbg/2g;H�+2g

g
@� "�H�M+2gg
@� h�#H2g/Ƕ�;Bi�iBQMg
@� T>@Kĕi`2g2ig+QM/m+iBKĕi`2g
@� avbiĕK2g/2g7BHi`�iBQMgbQmbgpB/2g
@� aT2+i`QT?QiQKĕi`2go�`B�Mg*�`vg1+HBTb2g
@� hm`#Qgo�Tg
@� >SG*@6HmQgS2`FBMg

g
@� aQHmiBQMg/QT�Mi2g�*1@.Ry-g�Lh@.Ryg2ig"��@.Rk-g*g4gRyygM;XKG@Rg
@� .B+?HQ`QKûi?�M2g
@� SQm/`2gL�kaP9g�M?v/`2gUT�bbûg�mg7Qm`g88ygê*gkg?Vgg
@� Jûi?�MQHg
@� .BK2i?vHbmH7Qtv/2g

g
1. Lixiviation des sols 

g
Les outils et la verrerie sont préalablement lavés suivant 3 étapes : un bain de détergent 
chaud pendant au minimum 2 h, puis après rinçage à l’eau du robinet, un bain d’acide 
nitrique pendant au minimum 2 h, suivi d’un rinçage dans un bain d’eau osmosée.  
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kj3g
1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g

_2+QMbiBimiBQMbgT�`gH^ûim/2g/2gKQHû+mH2bgQ`;�MB[m2bg/2bg+�`#QM�i2bg

• Jûi?Q/2gT�`g�;Bi�iBQM

A lancer le matin tôt pour pouvoir faire les analyses le lendemain (24 h). 

�X .�MbgmMg7H�+QMg2Mgp2``2gT`QT`2gTH�+2`gmM2gK�bb2gag/2gbQHgb2+-gT`û�H�#H2K2Migi�KBbûg¨
kgKKg2igmMgpQHmK2gGg/Ƕ2�mgl>Zg2Mg`2bT2+i�MigmMg`�iBQgGfag/2gRyfRgU2X;Xg,gRg;g/2
bQHg/�MbgRygKGg/Ƕ2�mVX
A+B-gmiBHBb2`gR8yg;g/2gbQHgTQm`gR-8gGg/Ƕ2�mgl>ZgT`û�H�#H2K2MigH�Bbbû2g¨gHǶ�B`gHB#`2gTQm`
/BbbQm/`2gH2g*Pkg�iKQbT?û`B[m2g2igQ#i2MB`gmMgT>g8-eg2MpB`QMgU4gT>gTHmB2VX
Y 7�B`2gmMg#H�M+gU7H�+QMgpB/2g�p2+g2�mgl>ZVX
J2bm`2`gH2gT>g2igH�g+QM/m+iBpBiûg/2gHǶ2�mg�p�MigBMi`Q/m+iBQMg/mgbQHX

#X SH�+2`gH2g7H�+QMg72`Kûgbm`gmM2gi�#H2g/Ƕ�;Bi�iBQMg2iglaisser agiter pendant 24 hg/2
K�MBĕ`2g¨g+2g[m2gH2gbQHg#Qm;2X

+X aûT�`�iBQMg/2bgT?�b2bg,gH�Bbb2`g/û+�Mi2`gU+2Mi`B7m;2`gbBg#2bQBMV
/X 6BHi`2`gbQmbgpB/2gH2gbm`M�;2�Mig¨gHǶ�B/2g/2g7BHi`2bg2Mg7B#`2bg/2gp2``2gy-98gƒKXgJ2bm`2`

H2gT>g2igH�g+QM/m+iBpBiûg/mgHBtBpB�iX

2. Mesure de la fluorescence liquide

L’analyse de fluorescence UV en phase liquide est réalisée sur un spectrophotomètre Va-
rian Cary Eclipse avec une cuve en quartz adaptée de 10 mm de haut (contenance d’en-
viron 3 mL).  

�X Pmp`B`gH2gHQ;B+B2HgTmBbg7�B`2gmMg#H�M+g�p2+g/2gHǶ2�mgl>Z-gTQm`g+2H�g2Mi`2`gH2bgT�`�@
Kĕi`2bgbmBp�Mibg,

#X J2bm`2`g H^�#bQ`#�M+2g /2g HǶû+?�MiBHHQMbg T�`g H�gKûi?Q/2g/2bg jg HQM;m2m`bg /ǶQM/2g UBX2X
+�H+mHg/2gH^�#bQ`#�M+2g+Q``B;û2g¨gk3ygMKg�p2+gmM2gHB;M2g/2g#�b2g`2+iBHB;M2g2Mi`2gH2b
p�H2m`bg/^�#bQ`#�M+2gK2bm`û2bg�mtgkgHQM;m2m`bg/^QM/2gkk8g2igjRygMKVgTQm`gb^�bbm`2`
[m2gH2g7BHi`2gBMi2`M2g2bigMû;HB;2�#H2X

c. Une dilution avec de l’eau UHQ sera réalisée si l'absorbance est supé-
rieure à 0,1 u.a.

JQ/2g
j.g

1t+Bi�@
iBQMg
ai�`ig

1t+Bi�iBQMg
aiQTg

1KBbbBQMg
ai�`ig

1KBbbBQMg
aiQTg

S�bg 1t+B@
i�iBQMg

G�`;2m`g /2g
72Mi2g JQ/2g

MKg MKg MKg MKg MKg MKg

MQMg k8yg @ k88 eyyg @ 8 aGP@
q1ahg



�MM2t2gkgĜgS`QiQ+QH2g/2gHBtBpB�iBQMg/2bgbQHbg2ig/2g/Qb�;2g/2bg>�S-gK2bm`2bgLSP*g2igGS6g

kjNg

/X� SmBb-g`û�HBb2`gH2bgK2bm`2bg/ǶûKBbbBQMg/2g7HmQ`2b+2M+2g2MgmiBHBb�MigH2bgT�`�Kĕi`2bgbmB@
p�Mibg,g

g

JQ/2g
j.g

1t+Bi�@
iBQMg
ai�`ig

1t+Bi�iBQMg
aiQTg

1KBbbBQMg
ai�`ig

1KBbbBQMg
aiQTg

S�bg 1t+B@
i�iBQMg

G�`;2m`g /2g
72Mi2g JQ/2g

g MKg MKg MKg MKg MKg MKg g
PmBg keeg j88g kdyg eyyg 3Ng 8g aGPqg
PmBg kjyg j8yg k8yg eyyg Ryg 8g aGPqg
g g g g g g g g
2X� 1Mi`2g+?�[m2gû+?�MiBHHQM-g`BM+2`gH�g+mp2ii2g¨gHǶ2�mgl>Zgjg7QBbXgg
7X� 1M`2;Bbi`2`gH2bg/QMMû2bgbQmbgX/�i�g2igX+bpg
g

3. Analyse NPOC  
g
Les outils et la verrerie sont lavés avec un bain de détergent chaud au minimum 2 h, 
rinçage à l’eau du robinet, puis rinçage dans un bain d’eau osmosée.  
La verrerie est ensuite passée au four à 525 °C pendant 2 h de manière à 
éliminer toute trace de contamination organique résiduelle. 
g
�X� 1Mg7QM+iBQMg/2bg`ûbmHi�ibg/2gH�gK2bm`2g/Ƕ�#bQ`#�M+2-g/BHm2`gH2gHBtBpB�iXgg
#X� h`�Mbp�b2`gjygKGg/2gHBtBpB�ig/�MbgmMgim#2g/2g9ygKG-g�DQmi2`gy-d8gKGg/Ƕ>*HgyXjgWg

UT`QiQ+QH2g/2g+QMb2`p�iBQMgAbh2``2VXgA/û�H2K2Mi-g`2KTHB`gjgim#2bgTQm`g�pQB`gmMgi`B@
THB+�iXgg

+X� aiQ+F2`g�mg7`B;Qg�p�Mig�M�Hvb2bgURgb2K�BM2gK�tVXg
/X� h`�MbTQ`ig/�Mbg;H�+Bĕ`2g�p2+gT�BMbg/2g;H�+2Xg
2X� �M�Hvb2bgLSP*g¨gAbh2``2g:`2MQ#H2Xg:�KK2g/2g+�HB#`�iBQMg2MgLSP*g,gyX8g@gk8g

K;XG@Rg
g

4. Dosage des HAP (1L d’eau minimum) 
g
Les outils et la verrerie sont lavés suivant 3 étapes : un bain de détergent chaud de 
minimum 2 h, puis après rinçage à l’eau chaude du robinet, un bain d’acide nitrique de 
minimum 2 h, suivi d’un rinçage dans un bain d’eau osmosée.  
g
�X� .�MbgmM2g�KTQmH2g¨g/û+�Mi2`gT`QT`2gU#B2MgT2Mb2`g¨g72`K2`gH2g`Q#BM2iV-g�DQmi2`gR-jgGg

/mgHBtBpB�ig�[m2mtXg
#X� _û�HBb2`g/2mtg2ti`�+iBQMbgHB[mB/2fHB[mB/2gbm++2bbBp2bg�p2+gjygKGg/2g/B+?HQ`QKûi?�M2g

¨g+?�[m2g7QBbXg�DQmi2`gjygKGg/2g.*Jg/�MbgH2bgR-jgGg/2gHBtBpB�iXg�;Bi2`gK�Mm2HH2K2Mig
/2gK�MBĕ`2gpB;Qm`2mb2gU4g+`û2`gmM2gûKmHbBQMg/2g.*Jg/�MbgHǶ2�mVg/m`�Mig8gKBMmi2bg
2Mg/û;�x�MigUQmp2`im`2g/mg`Q#BM2ig2MgiQm`M�MigH2gĿgTB2/gŀg/2gHǶ�KTQmH2gp2`bgH2g?�miVg
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k9yg1661hg.1gG^l_"�LAa�hAPLgal_gG�gZl�GAh1g.1gG^1�lg.1gal"@al_6�*1g1LgoAGG1g
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iQmi2bg H2bgKBMmi2bXg G�Bbb2`g `2TQb2`g HǶ�KTQmH2g p2`iB+�H2K2Mig TQm`g bûT�`2`g H�g T?�b2g
�[m2mb2g 2ig H�gT?�b2g.*JgU.*Jg2Mg/2bbQmbVXgPmp`B`g H2g `Q#BM2igTQm`g `û+mTû`2`g H�g
T?�b2g.*Jg2igHǶûKmHbBQMgMQMg/ûT?�bû2g/�MbgmMgim#2g/2geygKGgTmBbgi`�Mbp�b2`g/�Mbg
mM2gb2+QM/2g�KTQmH2g¨g/û+�Mi2`Xg�DQmi2`g¨gMQmp2�mgjygKGg/2g.*Jg/�MbgH2bgR-jgGg
HBtBpB�ig2ig`ûTûi2`gHǶ�;Bi�iBQMf/û+�Mi�iBQMf`û+mTû`�iBQMg2Mg2bb�v�Mig/2gbǶ�``āi2`gDmbi2g
¨gHǶBMi2`7�+2g2�mf.*JgHQ`bg/2gH�g`û+mTû`�iBQMg/2gH�gT?�b2gQ`;�MB[m2g.*JXgg

+X _û+mTû`2`gH2bg7`�+iBQMbgQ`;�MB[m2bg+QMi2Mm2bg/�MbgH�g/2mtBĕK2g�KTQmH2g¨g/û+�Mi2`
/�MbgmMgim#2g/2geygKGX

/X *2Mi`B7m;2`g HǶûKmHbBQMg `2bi�Mi2g T2M/�Mig RygKBMg ¨g Reyyg iQm`bfKBMg TQm`g bûT�`2`g H�
T?�b2g�[m2mb2g/mgbQHp�MigTmBbgi`�Mbp�b2`gH�gT?�b2gQ`;�MB[m2g/�MbgH2gim#2g/2geygKGX

2X oB/2`g H�gT?�b2g�[m2mb2g¨g HǶûpB2`-gTmBbg#B2Mg`BM+2`g H2bg�KTQmH2bg¨g/û+�Mi2`g�p2+g/m
.*Jg2ig`û+mTû`2`g�p2+gH2bg7`�+iBQMbgQ`;�MB[m2bgT`û+û/2Mi2bX

7X �DQmi2`gmM2gbT�imH2g/2gL�kaP9g�M?v/`2gTQm`gûHBKBM2`giQmi2gi`�+2g/^2�mg/�MbgH�gT?�b2
.*JX

;X �DQmi2`g�+ûM�T?iĕM2@.Ry-g�Mi`�+ĕM2@.Ryg 2ig"2MxQ@�@�Mi`�+ĕM2@.Rkg TQm`g Q#i2MB`
mM2g+QM+2Mi`�iBQMg/2gRyygM;XKH@Rg/�Mbg H^2ti`�Big 7BM�Hg U/QM+g bBg 2ti`�Big 7BM�HgkyygƒG-
�DQmi2`gkygM;g/2g+?�[m2g>�Sg/2miû`û-gbQBigkyygƒGg/2gbQHmiBQMg*g4gRyygM;XKG@RV

?X h`�Mbp�b2`g/�MbgmMgim#2gwBK�`F-g2Mg`BMÏ�Mig#B2MgH2gim#2g�p2+g/mg/B+?HQ`QKûi?�M2-
TmBbgûp�TQ`2`g�mghm`#Qo�TgDmb[m2gog4gRgKG

BX h`�Mbp�b2`g/�MbgmMgpB�Hg/2g3gKGg2Mg`BMÏ�MigH2g#B#2`QMg�p2+gJ2P>-gTmBbg�DQmi2`gRyy
ƒGg/2g.JaPXgA ce stade, conserver au frigo si besoin et analyser rapidement.

DX �p�Mig�M�Hvb2-gûp�TQ`2`gbQmbgHû;2`g+Qm`�Mig/Ƕ�xQi2gDmb[m2gog4gRyygƒGgTmBbg�DQmi2`
RyygƒGg/2gKûi?�MQHgUoig4gkyygƒGVX

FX �gHǶ�B/2g/ǶmM2gTBT2ii2g�miQ-gT`ûH2pûgRyygƒGg2igBMbû`2`g/�Mbg/2bgpB�Hbg�p2+gBMb2`igTQm`
>SG*g2ig#Qm+?QMbg72M/mbX

HX �M�Hvb2`gbm`g>SG*@6GlPX
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• JPL@*@yd

Nom du Projet : Huniwers  

Lieu de Prélèvement :  Carrière de Montrouge (Techni-

centre SNCF) 

Nom de l’échantillon : MON-C-07 

dGB " kjL� k9J; 8k*` 38_# a` 3Nu RyN�; "� "� S# kj3l
1+?�MiBHHQM *Ƭi2g(KK) TTK TTK TTK TTK TT# TT# TT# TT# TT# TTK TT# TT# TT#
JPL*dnyR R@k y-eRgggg R-9ygggg R3R-9Rgg j ReN-N9g Rkd-d8ggg 3-3eggg RNR-Njg R8-d9gg y-3yg Re-d3gg Re ddN-d9g 3j-j3ggggg R j9R-dygg
JPL*dnyk� k@9 y-9kgggg R-3kgggg R93-jNgg R 33e-dNg Rj9-dyggg Rk-RNg kkj-Nyg RN-e9gg R-ddg kj-k9gg kj k9k-yyg Rjd-38ggg R N3N-kygg
JPL*dnyj 9@8 y-8ygggg R-kNgggg R9N-Rjgg R dj9-kkg R89-9Nggg jk-yeg kR3-33g 93-93gg k-jkg k8-98gg k8 98j-3yg R yyy-8kg R Nyk-Ndgg
JPL*dny9� e@d y-83gggg R-k8gggg R3k-Rdgg R 3RN-98g Rj8-R3ggg Rd-k8g RNy-88g R9-ejgg y-8Rg k9-ykgg k9 yky-jjg kyj-keggg R 3R8-89gg
JPL*dny8 3 y-edgggg R-jygggg Rj9-98gg R edy-jRg Rdk-Rjggg R9-d8g R3j-kRg j3-Nygg k-ykg k8-ekgg k8 ekj-kjg Re9-RNggg R ejd-eNgg
JPL*dnye�g Ry y-d8gggg R-N9gggg R33-dygg R Nyy-ekg R3d-jeggg jj-k8g RN8-3Rg 8e-Rdgg R-edg jk-y9gg jk yj8-3Ng 9RR-yyggg R 88e-ydgg
JPL*dnyd Rk y-3jgggg R-eegggg kkj-R3gg R 39N-eRg Rye-8eggg 3-deggg RNN-kNg kR-N9gg y-38g jj-33gg jj 33k-R9g RRy-3eggg R d99-e9gg
JPL*dny3�g Rj@R9 y-8Rgggg k-93gggg Rd8-R9gg R 9R8-ejg ky8-yRggg Rj-jeg kjR-kNg ke-3dgg y-3yg jN-33gg jN 33k-89g RNe-9kggg R dRd-eegg
JPL*dnyN R8@Re y-ekgggg k-jdgggg R3k-89gg R e89-edg R jRk-3Rg Re-yjg kyd-3kg kN-k3gg R-N9g jk-3Ngg jk 3NR-j3g k83-Nyggg R 38e-y9gg
JPL*dnRy�g Re@Rd y-d8gggg R-yjgggg RNR-jjgg k y89-33g Ry8-9Nggg Rj-9jg ReR-9dg ky-jdgg R-9Ng kk-Negg kk N88-y8g kd8-9eggg R edN-8dgg
JPL*dnRR R3@RN y-83gggg k-8ygggg Rk3-edgg R ek3-eNg R39-Rkggg RR-dNg RNj-yjg k8-R9gg y-edg k8-yRgg k8 yye-ydg kyy-33ggg R 3Ry-kkgg
JPL*dnRk� ky@kR y-eRgggg j-3ygggg Rkk-jNgg R e89-9eg j 3kR-3eg 8e-kjg RNk-R3g RRj-9Rg 9-yjg k8-89gg k8 8j8-deg R yRd-8kg R 8de-R8gg
JPL*dnRjg kk@kj y-8Ngggg k-RNgggg R8N-yNgg R eej-3Ng 3y9-R3ggg 8j-dkg R33-k8g NN-Rkgg 8-kRg jj-9egg jj 98e-Reg 3yR-jNggg R 8ek-38gg
JPL*dnR9�gg k9 y-8kgggg R-3kgggg k9y-y3gg R d98-eyg 8N9-j8ggg 8y-e3g kRR-e3g Ry9-k9g j-j3g 8d-kNgg 8d k38-3kg de9-eRggg R 9R3-ekgg

RjNG� R9y*2 R9RS` L/ R9daK R8d:/ R8Nh# .v 1` ReNhK u# Rd8Gm
1+?�MiBHHQM *Ƭi2g(KK) TT# TT# TT# TT# TT# TT# TT# TT# TT# TT# TT# TT#
JPL*dnyR R@k Re-39gg kd-RNgg 9-9dggggg R9-ykggggg k-N3ggggggg k-8eggg y-9egggg R-eegggg y-N3g y-Rdggg y-N8ggggggggg y-Regggggg
JPL*dnyk� k@9 Rd-8egg kN-j3gg 9-3Rggggg Rd-88ggggg k-8kggggggg j-9jggg y-8Rgggg k-9kgggg R-8kg y-RNggg R-ykggggggggg y-R9gggggg
JPL*dnyj 9@8 8d-8ygg 3N-Rdgg R9-Rdggg 88-y9ggggg N-NRggggggg 3-eNggg R-jegggg e-Rygggg j-dNg y-83ggg k-9kggggggggg y-jkgggggg
JPL*dny9� e@d RR-kRgg Rd-3dgg k-Njggggg RR-RRggggg k-3Nggggggg k-j3ggg y-jNgggg R-8Ngggg R-y8g y-R9ggg y-dkggggggggg y-yNgggggg
JPL*dny8 3 Rd-edgg k3-RRgg 9-RRggggg Re-3Nggggg j-jNggggggg j-83ggg y-ekgggg k-3kgggg k-keg y-jdggg R-dRggggggggg y-kkgggggg
JPL*dnye�g Ry 9d-e8gg 39-eNgg RR-ykggg 99-dkggggg N-ekggggggg d-N8ggg R-99gggg 8-NNgggg j-3Ng y-89ggg j-Rkggggggggg y-9dgggggg
JPL*dnyd Rk Rk-93gg Rd-9kgg k-9Nggggg Ry-39ggggg R-N8ggggggg R-89ggg y-kNgggg R-8dgggg R-yjg y-Reggg y-3Nggggggggg y-R3gggggg
JPL*dny3�g Rj@R9 ky-Njgg j9-dRgg 8-Rdggggg ky-89ggggg j-3Rggggggg 9-j3ggg y-ejgggg k-djgggg k-yyg y-kRggg R-Rjggggggggg y-kygggggg
JPL*dnyN R8@Re ky-3kgg jk-eRgg 9-ddggggg RN-8yggggg 9-kRggggggg j-3jggg y-8Rgggg k-38gggg R-Nkg y-k3ggg R-j3ggggggggg y-kRgggggg
JPL*dnRy�g Re@Rd Re-ddgg jR-8ygg 9-kkggggg R8-Ndggggg j-kRggggggg j-kkggg y-8kgggg R-3Rgggg R-Rkg y-kdggg y-Ndggggggggg y-Rjgggggg
JPL*dnRR R3@RN RN-e3gg kN-kegg 9-89ggggg Rd-kRggggg j-jjggggggg j-Ryggg y-93gggg k-98gggg R-edg y-jyggg R-RNggggggggg y-kRgggggg
JPL*dnRk� ky@kR Ryk-ddg ReN-d8g k8-dNggg Ryy-jyggg R3-3jggggg RN-yyg j-ydgggg Rk-dRgg 3-8yg R-R8ggg e-ejggggggggg y-Negggggg
JPL*dnRjg kk@kj Nk-RRgg R89-yRg kk-e9ggg 3d-3kggggg Rd-kjggggg Rd-R3g k-38gggg Rk-yjgg e-3Ng R-yjggg 8-98ggggggggg y-djgggggg
JPL*dnR9�gg k9 NR-jjgg R8y-88g kj-9kggg 39-e9ggggg Rd-Rdggggg R8-3eg k-8Ngggg RR-k3gg d-8Ng R-ykggg 8-yjggggggggg y-Negggggg
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• "_�@*@y8

dGB " kjL� J; 88JM 33a` 3Nu */ Rjj*b "� RjNG� R9y*2 R9RS`
LQK *Ƭi2g(KK) TT# TTK TTK TTK TTK TTK TT# TT# TT# TT# TT# TT# TT#
"_�*8@yR# R N3d-jygggg k-yNgggg 8dN-R9gg k ede-3Rg R8-N8ggg 9k9-k9ggg d9j-k3ggggg R key-8eg Rd-38ggg 9y d39-e9gg 3jd-Rk Rj9e-3k RNy-kR
"_�*8@yk j R kdR-ydgg k-e8gggg 93j-kkgg k NeR-Njg kj-3yggg 9Re-NRggg N33-yjggggg NkR-jRggg k9-Rjggg jy 3kk-yNgg N83-j9 R8y8-9d kRR-93
"_�*8@yj# 9 8dj-Rkgggg y-e9gggg eye-k8gg k 9eR-R3g 9-Regggg jjk-kNggg jyy-9Rggggg R R9y-e8g d-3eggggg 9y jdN-9jgg jk9-3d 88R-ye d3-ey
"_�*8@yj# 9 99N-93gggg R-yNgggg 8y3-e3gg k yky-8eg 9-9egggg jek-3eggg jjd-Rdggggg R y98-kkg 3-ekggggg 98 y98-dNgg j88-kj 8Ny-jR 3j-9k
"_�*8@y9 e R ejd-9jgg 9-ydgggg 98d-dkgg j Ryd-R8g 9N-RRggg 8Ry-38ggg R 9kd-N8ggg 3dk-3eggg kN-kjggg 9k 389-RRgg ReyN-ye k3Rd-RN je8-R9
"_�*8@y9 e R djj-k9gg 9-Rkgggg 9d9-89gg j k8e-8Ng 93-eyggg 8yj-83ggg R 9yj-j3ggg 3Nj-ddggg kN-N9ggg 9k RNj-jRgg Rey9-8k k3Rk-je jee-y8
"_�*8@y8# d 9ky-Regggg y-Nygggg 9ye-jegg k k3N-33g k-8jgggg kNN-ekggg Rde-9eggggg R Rkd-8dg 9-d8ggggg jN 3RR-Ndgg R89-3j k93-Rk jd-9R
"_�*8@ye N R kj3-y8gg j-ykgggg 83y-jkgg k dde-k3g kj-Nkggg 9Nk-9eggg R yNj-k8ggg dNd-yyggg kd-38ggg ey jRR-yegg RjdR-ed kkeR-jy jR3-Ne
"_�*8@yd# RR R 9dd-88gg j-ykgggg ek9-kygg j y33-e9g kk-RRggg 939-R9ggg R y83-ykggg 3R8-e3ggg kd-Reggg 8e 8Nd-Rdgg Rj98-98 kR3j-e3 jy3-93
"_�*8@yd# RR R Rkd-dNgg k-k8gggg 9eR-N9gg k 883-yjg kR-eNggg j8N-33ggg dek-3yggggg R R9N-d3g 9y-8dggg 9y 83N-99gg d98-ke Rkyk-yd R3k-je
"_�*8@y3 Rj R R88-yNgg k-Regggg 9j8-9ygg k 88j-8eg Rd-jyggg jN9-y9ggg 3jN-yNggggg R 9kN-jdg 9e-kjggg 99 NjR-ddgg Ryyk-Rd Re93-kN kjd-8N
"_�*8@yN# R9 9dk-N9gggg y-d3gggg 9yk-Rjgg k 9ky-j8g 8-Regggg jyR-y8ggg kNk-NNggggg R Nd9-deg e-d3ggggg 9R 8y8-eNgg kRd-dd j93-jd 93-dk
"_�*8@Ry Re R Rkj-8Ngg k-99gggg 9k3-ddgg k d93-9eg jd-kNggg 9j9-d3ggg R j39-R9ggg k dk8-99g kd-kNggg 89 N3d-8dgg R8Rk-3k kkNk-kj j99-jk
"_�*8@RR# R3 ejd-8ygggg R-jRgggg 9yR-d9gg k jNN-j3g N-eRgggg jjy-NNggg jNk-8yggggg R ejR-keg Rk-8yggg 8e yNd-Rjgg 9yy-e3 e8e-Rj Nj-98
"_�*8@Rk RN edR-dRgggg R-ejgggg 9y9-jRgg k 9k8-9yg R8-eRggg jeN-NNggg e8N-8eggggg R jjk-jeg Rk-R3ggg ek NRy-ekgg ed3-93 NRe-ye R93-9d
"_�*8@Rj# kR R R93-k3gg k-ykgggg 983-d8gg k dyj-N9g Re-yRggg jNe-Neggg 3yk-8dggggg R dd3-39g ke-93ggg 8e jeN-Rygg Nd9-9y R8NN-83 kRN-9j
"_�*8@R9 kk e8j-yNgggg R-y8gggg j33-9kgg k j93-Neg R9-kyggg jky-N9ggg 9R3-N9ggggg R N38-y3g Rk-Reggg 8R 39k-j8gg 9jk-83 eR3-8j NN-R9
"_�*8@R8 kj 9ey-93gggg y-d8gggg 9k3-kjgg k kdy-ddg Ry-eRggg kdk-jeggg k83-jNggggg j jde-eyg e-Rdggggg e8 999-dNgg RNk-3R kN8-dy 9j-y8
"_�*8@Re k8 j 9N3-89gg 8-j8gggg 933-kygg j yee-j8g jd-keggg 9NN-e9ggg R 89y-j3ggg N8j-jRggg R83-NRgg 8k j8R-8Ngg R3Rk-d8 kNNk-3N 9R9-3R

L/ R9daK R8d:/ R8Nh# Rej.v Re8>Q ReNhK u# Rd8Gm S# kjkh? kj3l
LQK *Ƭi2g(KK) TT# TT# TT# TT# TT# TT# TT# TT# TT# TT# TT# TTK
"_�*8@yR# R dRe-8j Rj3-Rj Rkj-Negg RN-eRggggg Ry9-8eg RN-33ggggg 3-8Ngggggggg 3-8Ngggggg e-Rjggggg d-jegggggggg Rjy-RNggg k-ejgggggg
"_�*8@yk j dNj-Nj R8y-93 Rj8-kRgg kj-88ggggg RkN-Rkg k8-yNggggg Ry-y3gggggg Ry-y3gggg d-RNggggg 3-e9gggggggg Rdj-3kggg k-99gggggg
"_�*8@yj# 9 kd3-e3 89-8j 9e-jkggg 3-dkgggggg 9R-y9ggg d-N8gggggg j-Rygggggggg j-Rygggggg j-jdggggg j-k9gggggggg 8k-8dggggg k-dygggggg
"_�*8@yj# 9 jkk-9R eR-Nd 89-R9ggg 3-Negggggg 9e-NNggg N-y3gggggg j-jegggggggg j-jegggggg k-djggggg j-y8gggggggg 8N-9yggggg k-Ndgggggg
"_�*8@y9 e Rj38-R9 ke9-je kj3-kNgg jd-NRggggg kyR-jNg j3-RRggggg R8-k9gggggg R8-k9gggg RR-d8ggg Rj-8yggggggg kej-k9ggg k-d3gggggg
"_�*8@y9 e Rjee-y8 k83-8e kjd-eRgg j3-jRggggg RN8-edg 9y-yjggggg R8-3jgggggg R8-3jgggg RR-99ggg Rj-e9ggggggg k8R-83ggg k-d8gggggg
"_�*8@y8# d R9y-d9 kd-k3 k9-Rkggg 9-k9gggggg kR-d3ggg 9-Njgggggg k-yygggggggg k-yygggggg R-89ggggg R-ddgggggggg kj-eRggggg k-d3gggggg
"_�*8@ye N RR3N-ej kk8-RR RN8-8egg jR-3jggggg R8N-jjg jR-keggggg RR-Negggggg RR-Negggg N-kyggggg Ry-83ggggggg kyd-j3ggg k-dRgggggg
"_�*8@yd# RR RR99-y9 kky-jj RN8-9kgg jR-N9ggggg R8k-8kg jy-e3ggggg Rk-jygggggg Rk-jygggg 3-d8ggggg Ry-8kggggggg kyj-d3ggg k-8dgggggg
"_�*8@yd# RR dyR-RR Rj3-kd Rkj-NRgg kk-kjggggg RR9-kdg kk-d3ggggg Ry-k3gggggg Ry-k3gggg 3-yNggggg N-RNgggggggg Rjk-ekggg k-Nkgggggg
"_�*8@y3 Rj Ny3-je Red-ye R9e-dRgg k9-dkggggg Rkk-Nyg kj-e9ggggg N-99gggggggg N-99gggggg e-3kggggg 3-Rjgggggggg RyR-ekggg k-3kgggggg
"_�*8@yN# R9 R3d-9d je-8y j8-Neggg e-Rkgggggg jj-y8ggg e-d3gggggg j-98gggggggg j-98gggggg k-Reggggg k-3ygggggggg k3-yjggggg k-N8gggggg
"_�*8@Ry Re Rk3j-ke kj8-yN kkR-3egg j8-y3ggggg R38-kjg j8-dkggggg R9-kRgggggg R9-kRgggg RR-y9ggg Rk-ejggggggg R8N-Neggg j-jkgggggg
"_�*8@RR# R3 j89-dk ee-y8 ej-R3ggg Ry-93ggggg 89-kyggg Ry-jdggggg 9-jkgggggggg 9-jkgggggg j-k8ggggg j-d3gggggggg 83-yNggggg 9-RRgggggg
"_�*8@Rk RN 8ey-Rk RRe-k8 Nd-38ggg Re-dkggggg 39-Rkggg Rd-3Nggggg e-Nygggggggg e-Nygggggg 8-jeggggg e-Rjgggggggg 3d-R8ggggg 9-Ndgggggg
"_�*8@Rj# kR 3k9-33 R8d-NN RjN-djgg kk-Njggggg RRd-3yg kk-dRggggg 3-ddgggggggg 3-ddgggggg d-y9ggggg d-NRgggggggg R9k-eeggg j-e3gggggg
"_�*8@R9 kk jde-83 eN-3j ej-NNggg Ry-9Nggggg 89-jRggg Ry-8Nggggg 9-9Rgggggggg 9-9Rgggggg j-e9ggggg 9-yjgggggggg dk-9eggggg 9-3Rgggggg
"_�*8@R8 kj Rej-ky jy-d3 kN-dkggg 8-8jgggggg jy-9kggg 8-3ygggggg k-9jgggggggg k-9jgggggg R-NRggggg k-Rdgggggggg ke-9dggggg 8-ydgggggg
"_�*8@Re k8 R83y-e3 jR9-jj kdR-kygg 98-3Nggggg k99-8dg 9e-Rjggggg RN-jdgggggg RN-jdgggg R8-89ggg Rd-98ggggggg jj8-99ggg k-djgggggg

Nom du Projet : Huniwers  

Lieu de Prélèvement : Carrière de la Brasserie 

Nom de l’échantillon : BRA-C-05 
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dGB " kjL� k9J; 8k*` 38_# a` 3Nu "� RjNG� R9y*2 R9RS`
G�#2H *Ƭi2g(KK) TTK TTK TTK TTK TT# TT# TT# TT# TTK TT# TT# TT#

_lL9nyRgg R k-kkgggg k-ddgggg 33k-jjggg R 98d-yjg Rd3-eegggg 3y-89gg N9N-8Nggg Rj9-NRggg RRd-ejg Re-deggggggg ky-8Nggggg 9-j9gggg
_lL9nykg j@9 k-jjgggg k-jkgggg 3j8-yeggg R 8y3-y8g jy8-jegggg 8k-N3gg N99-j9ggg Nk-Ndgggg RRd-keg Rj-jRggggggg R9-yjggggg k-Njgggg
_lL9nyjgg 8@e k-9Ngggg k-degggg 338-kkggg R eRj-9yg j8k-99gggg 8R-yNgg N8e-N3ggg e3-kdgggg RR8-j9g Rd-kdggggggg RN-Njggggg j-8egggg
_lL9ny9g 3 k-k3gggg j-jRgggg 3je-Njggg R 8j3-9Ng jj8-8Rgggg 9N-98gg NN3-Reggg 3d-d8gggg Rkk-ykg R8-yNggggggg Rd-98ggggg 9-yegggg
_lL9ny8gg Ry R-Negggg k-39gggg d9d-jNggg R ke9-3eg jeR-eegggg Nk-Ndgg R y8e-dNg kye-dRggg R9y-39g kN-83ggggggg 98-kNggggg 3-k3gggg
_lL9nyegg RR k-RRgggg k-9jgggg dk9-33ggg R 9ke-j9g kNj-3egggg eN-3kgg NdN-jyggg Rd9-edggg Rk9-9Rg kk-y9ggggggg kd-keggggg 8-ddgggg
_lL9nydgg Rj k-Rdgggg k-jRgggg dR3-kjggg R k8N-Neg 9RN-dkgggg 3R-kRgg N33-k8ggg j yd8-Ryg Rj3-NRg R3e-39gggggg eN-kjggggg 8j-y3gg
_lL9ny3gg R8 k-ydgggg k-9kgggg dke-3yggg R kNd-d9g k9y-88gggg 88-Rdgg Nee-j8ggg dke-yyggg Rjd-jeg 93-e9ggggggg kd-3dggggg Rj-yRgg
_lL9nyN�gg Rd k-RNgggg k-jjgggg eNk-y3ggg R jyd-e3g 93R-eygggg d3-kRgg NR9-djggg 8 d8R-R3g Rj8-jyg j3N-8kgggggg 3j-Ryggggg RRj-dNg
_lL9nRygg RN k-jdgggg k-9jgggg dR8-y8ggg R jyk-kRg 9ky-8Ngggg d8-Rdgg NjR-y9ggg k e39-9Rg Rj9-8eg R8k-eRgggggg 9d-eRggggg 98-Rjgg
_lL9nRRggg ky k-8ygggg k-k9gggg d8d-dNggg R 8y9-ykg jRk-8Ngggg j3-eegg Nj3-y9ggg e9y-jdggg Rk8-kdg kN-ydggggggg R8-8Nggggg 3-jkgggg
_lL9nRkg kk k-98gggg k-jygggg d93-3kggg R 9ed-yeg j9N-k3gggg 98-edgg N99-Rdggg 9dd-NNggg Rjy-j9g kd-9Nggggggg R3-keggggg d-yegggg
_lL9nRj�g k9 k-j8gggg k-kkgggg d98-R3ggg R 9Nk-88g j8j-e8gggg dR-Rygg N83-y8ggg jRd-9Nggg R9k-39g jN-kjggggggg 9e-dyggggg N-3Ngggg
_lL9nRj�g k9 k-yygggg k-9kgggg dyk-Njggg R k98-RRg kN9-j9gggg ej-yjgg R yjj-R9g 8ky-eeggg R9j-eRg jj-kdggggggg k9-yjggggg 3-Nygggg
_lL9nRj� k9 k-kegggg k-9kgggg dk3-Nyggg R j8N-yyg j8k-Negggg ey-3ygg NNk-Nyggg 8y3-R8ggg Rj3-keg jk-ejggggggg k8-33ggggg 3-83gggg
_lL9nR9g ke k-83gggg k-Regggg d9R-R9ggg R 8RN-3kg j8j-38gggg 89-RRgg NyN-3eggg dN9-d8ggg Rke-jRg 93-kdggggggg k8-y9ggggg R9-jRgg
_lL9nR8gg kN k-jjgggg k-jRgggg dyk-Neggg R jy3-yNg 9 j8k-3jg 83-dkgg N8y-3Rggg R 9k3-yNg Rjd-jjg 3d-N9ggggggg jd-kyggggg ke-3ygg
_lL9nRe�gg jR k-R9gggg R-NNgggg eeR-k3ggg R jkN-N8g R R93-d9g dd-k3gg N9y-98ggg R 33j-R8g RjN-NRg Rkd-dygggggg 8j-jeggggg jd-j3gg
_lL9nRd j9 k-kdgggg k-Regggg edR-3kggg R jdR-98g 989-ejgggg R8d-9eg Nj8-8jggg k RR3-93g R9j-yeg Rd9-98gggggg Ry9-Neggg 8k-eegg
_lL9nR3gg je k-Regggg k-RRgggg ejk-Njggg R j8R-keg 93R-9kgggg R3j-Neg NRk-Rdggg k dje-k3g Rj3-j3g k9R-88gggggg R9y-ejggg eN-N3gg
_lL9nRNgg 9y k-y9gggg R-dygggg 8NR-jkggg R ked-deg 98R-3jgggg dj-8kgg 3Nk-8kggg j k98-88g RjR-dyg k9k-kRgggggg Nk-Reggggg dk-Rkgg
_lL9nkyggg 9j k-y3gggg R-dRgggg 83R-k9ggg R ked-8yg 9NR-3kgggg 8d-kegg 33e-dkggg j jye-jkg Rjy-Rkg k93-dNgggggg dd-dyggggg dk-Njgg
_lL9nkRgg 9e k-RNgggg R-dkgggg e9R-9Nggg R jjd-d9g 93e-e8gggg 8N-eRgg 393-yRggg R 98N-39g Rkd-dNg 33-kyggggggg 9e-kyggggg k8-9kgg
_lL9nkkg 93@9N k-kNgggg R-89gggg ej3-NRggg R 8k8-yjg 93d-e3gggg RR8-Rjg dey-39ggg 9y9-8dggg RR8-keg ey-edggggggg d3-jjggggg Re-kjgg
_lL9nkjg 8y@8R R-dRgggg R-9Rgggg 9eN-eeggg R 3yy-RRg 98d-9dgggg jjR-Ndg dk3-e3ggg k88-8jggg d9-Ndgg Rke-eRgggggg kR3-e9ggg jj-djgg
_lL9nk9gg 8j@89 k-y9gggg R-88gggg 8jd-dyggg R 8N8-deg R ke9-kdg 9Ny-9kg eN8-9yggg 8Nd-9dggg Ry8-83g R8y-jNgggggg kdN-NNggg 9j-3dgg
_lL9nk8�gg 88@8e R-3Ngggg R-kkgggg 8Ny-39ggg R 9R3-jeg R R8y-R3g dN-eNgg djy-j9ggg R8N-Rdggg Rke-N8g 99-N8ggggggg 8e-jeggggg Ry-Ndgg
_lL9nkegg 8d@83 R-3dgggg R-kkgggg 8e8-y9ggg R j9y-NNg R keN-RRg ek-N3gg dky-R8ggg j9R-9kggg Rjj-38g 9N-y9ggggggg 9N-Ryggggg Rk-3jgg
_lL9nkdgg ey@eR R-N9gggg R-9kgggg 8yR-3Rggg R jyR-yNg k y89-99g Ne-eRgg eNy-k3ggg 99d-edggg Rjy-8Rg 8k-8Rggggggg 8N-3yggggg R8-Rjgg
_lL9nk3gg ej@e9 R-Ndgggg R-djgggg 8jN-yNggg R jde-8dg R d9R-8eg R39-d3g dyN-d3ggg 9ye-jdggg Rke-98g 3k-kdggggggg RkR-R8ggg kk-Rkgg
_lL9nkNgg ee k-R9gggg R-9jgggg 8e9-j9ggg R 9dk-R9g N3y-d9gggg kjN-Njg dRd-e9ggg jNe-y9ggg RRj-d9g NR-yRggggggg R9k-dNggg kj-3dgg

Nom du Projet : Huniwers  

Lieu de Prélèvement :  Aqueduc Médicis, Regard n°XIII 

Nom de l’échantillon : RUN-C-04 
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L/ R9daK R8d:/ R8Nh# .v 1` ReNhK u# Rd8Gm S# kj3l
G�#2H *Ƭi2g(KK) TT# TT# TT# TT# TT# TT# TT# TT# TT# TT# TT#

_lL9nyRgg R kR-NRgg d-dNgggg N-8jgggggg R-j8gggggg d-9Rggggggg 3-kNgggg R-8Rgggggg N-jdgggggg k-9kgggg 8 RNj-y9gggg R 3Nd-N3g
_lL9nykg j@9 R8-Rjgg 8-3Ngggg e-99gggggg y-3Ngggggg 9-NRggggggg e-e9gggg R-yegggggg e-Nygggggg R-ddgggg 9 j9N-dkgggg R 3RN-9kg
_lL9nyjgg 8@e Re-e3gg 9-9kgggg 8-j9gggggg y-degggggg 8-kRggggggg 8-kNgggg y-38gggggg 8-k9gggggg R-R8gggg 9 dde-Nygggg R Njd-jdg
_lL9ny9g 3 R8-yRgg 8-e3gggg e-ydgggggg y-3dgggggg 8-jjggggggg 8-38gggg y-N9gggggg e-kRgggggg R-d3gggg 9 dy8-3dgggg R Nje-N8g
_lL9ny8gg Ry jN-99gg Ry-jRggg Rj-Rjgggg R-d8gggggg Ry-k8ggggg Rk-88gg k-y3gggggg Rj-Rdgggg j-8Rgggg j dd9-8ygggg R NkR-jNg
_lL9nyegg RR k3-d8gg 3-3kgggg Ry-8Ngggg R-8kgggggg 3-NRggggggg Ry-3jgg R-eNgggggg RR-ejgggg j-y9gggg j j8R-9Ngggg R NR9-NNg
_lL9nydgg Rj j9d-d9g 3N-39ggg R9e-yRggg ky-jjggggg RR8-Rygggg R8j-Nkg k9-ydggggg R8j-j9ggg j3-39gg 9 3ek-39gggg R e8d-83g
_lL9ny3gg R8 38-R9gg kk-9Rggg jd-Njgggg 9-NNgggggg kd-9Nggggg j3-yNgg e-eNgggggg 9R-ekgggg Ry-jkgg k 93N-kegggg R 3RN-jyg
_lL9nyN�gg Rd d98-k3g RN8-kdg jy8-3eggg jN-3yggggg kkd-NNgggg kNR-98g 98-jRggggg k3R-88ggg e8-3dgg 8 yke-3kgggg R 938-kyg
_lL9nRygg RN k3N-edg dj-3Nggg Rk9-Nkggg Re-93ggggg N3-keggggg Rjy-Njg kk-R3ggggg R9R-dkggg j8-k3gg j 8yd-Ndgggg R 8NR-yyg
_lL9nRRggg ky 8k-d9gg Re-yNggg ke-eygggg j-dygggggg kk-R9ggggg jj-33gg 8-8Ngggggg jN-jkgggg N-3jgggg 9 8y8-9egggg R ddk-yRg
_lL9nRkg kk 9e-yygg Rk-jRggg kR-Nygggg j-RRgggggg R3-yjggggg k8-3Rgg 9-kRgggggg kN-jygggg d-Nygggg 9 R8d-Regggg R d8y-8Rg
_lL9nRj�g k9 8j-ykgg R9-R8ggg R3-N3gggg k-e3gggggg R9-RRggggg Rd-9jgg j-jygggggg RN-e3gggg 8-k9gggg Rj 9jN-kegg R d8R-RNg
_lL9nRj�g k9 88-3Ngg R8-e3ggg k9-Rygggg j-Rdgggggg RN-yyggggg k3-9Rgg 9-edgggggg jR-Nygggg 3-RNgggg d kdy-N8gggg R dRe-ydg
_lL9nRj�gg k9 89-9Ngg Re-dkggg k9-e8gggg j-yNgggggg RN-3Nggggg kd-yegg 9-d3gggggg jy-NRgggg 3-kkgggg Rk Rye-9jgg R d3j-j9g
_lL9nR9g ke 33-kygg k8-9kggg 9y-k3gggg 8-Rygggggg jR-yRggggg 9R-kNgg e-Nygggggg 9d-yNgggg Rk-k9gg j kNj-9ygggg R djR-jyg
_lL9nR8gg kN Red-deg 98-keggg e8-83gggg N-38gggggg 89-Njggggg dk-jkgg Rk-39ggggg dd-k9gggg RN-Ndgg j j8R-yegggg R dRe-99g
_lL9nRe�gg jR kj8-jdg ej-ydggg Nj-3kgggg Rk-NNggggg d9-NRggggg Nd-jdgg R8-eyggggg N3-y9gggg k9-Nkgg d e8e-e9gggg R eNk-88g
_lL9nRd j9 jky-3eg 3k-dyggg RRd-kNggg Re-kjggggg Ny-jjggggg RRk-y8g Rd-d8ggggg RRR-jNggg ke-N3gg 3 RNd-y8gggg R 3Re-d3g
_lL9nR3gg je 9ky-3kg Ry9-j9g Rej-jeggg kR-33ggggg Rky-8dgggg R9e-edg kj-kRggggg R9y-kkggg jk-NRgg RR 8jk-Nkgg R 3yk-kkg
_lL9nRNgg 9y 998-kyg RRR-R3g Rde-y9ggg kk-NNggggg Rje-e3gggg Re9-yjg k8-j9ggggg R83-8kggg jd-ydgg R9 NNk-j3gg R d98-edg
_lL9nkyggg 9j 9e9-e3g RR3-jjg R39-89ggg k8-kyggggg R9y-degggg Rdk-RNg kd-9kggggg Re9-3Rggg 9y-yNgg Rj 9jd-j9gg R 3eN-eyg
_lL9nkRgg 9e R83-3Rg jN-83ggg eN-kdgggg N-jRgggggg 8k-8dggggg dR-9Ngg RR-jyggggg d9-3kgggg Rd-d9gg R3 jy8-8kgg R 3y8-9dg
_lL9nkkg 93@9N de-9ygg RN-3Rggg kj-93gggg j-ekgggggg RN-N8ggggg kk-8Ngg j-kjgggggg kj-RNgggg 8-Rygggg dk 9e8-kdgg R NyN-djg
_lL9nkjg 8y@8R Rjj-k3g jR-jeggg jy-ddgggg 8-98gggggg k9-k8ggggg Rd-dygg k-33gggggg R8-8Rgggg k-N8gggg kd9 jed-93g k N8R-ykg
_lL9nk9gg 8j@89 RNy-99g 9j-8yggg 93-k9gggg d-Regggggg jd-ejggggg j9-9egg 8-99gggggg jk-3kgggg d-jNgggg jRN 338-jyg R 3de-kjg
_lL9nk8�gg 88@8e 9N-R3gg Rk-9jggg Re-yRgggg k-yegggggg RR-Ndggggg Ry-e8gg R-ddgggggg Ry-83gggg k-9dgggg kj kek-ekgg R N8y-kyg
_lL9nkegg 8d@83 ek-3ygg Re-jRggg kR-8egggg j-Rjgggggg Rd-yRggggg RN-9ygg k-Njgggggg RN-93gggg 9-8kgggg R9 ejR-89gg R d9e-kNg
_lL9nkdgg ey@eR de-93gg R3-eyggg ke-eygggg j-djgggggg R3-3yggggg k8-ydgg j-Njgggggg k8-d9gggg e-Rygggg Rk 93e-ddgg R 3ek-ejg
_lL9nk3gg ej@e9 Ryy-R3g k8-N3ggg kd-N9gggg 9-k8gggggg kj-Neggggg k9-ejgg j-ddgggggg kj-eygggg 8-3kgggg R3 jdj-9Ngg R 398-R8g
_lL9nkNgg ee RRR-j8g ke-9dggg kN-33gggg 9-8ygggggg kk-kdggggg kj-edgg j-e3gggggg k9-k8gggg 8-89gggg k8 N3N-y3gg R N8j-3Rg



�MM2t2g9gĜgS`2KBĕ`2gT�;2g�`iB+H2gSQHv+v+HB+g�`QK�iB+g>v/`Q+�`#QMg̀ 2+Q`/gBMg�Mgm`#�Mgb2+QM/�`vg+�`#QM�i2g
/2TQbBigQp2`gi?2gH�bigi?`22g+2Mim`B2bgUS�`Bb-g6`�M+2Vg

k98g

�MM2t2g9gĜgS`2KBĕ`2gT�;2g�`iB+H2gPolycyclic Aromatic 
Hydrocarbon record in an urban secondary carbonate 
deposit over the last three centuries (Paris, France)g





g g

 

Titre : Effet de l'urbanisation sur la qualité de l'eau de sub-surface en ville. Reconstitutions par l'étude de 

molécules organiques des carbonates secondaires des souterrains parisiens 
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Résumé : La préservation de la ressource en eau 

constitue une préoccupation environnementale 

majeure dans le contexte actuel d’intense pression 

anthropique. Cette thèse vise à étudier l’impact de 

l’urbanisation sur la qualité de l’eau de proche surface 

à Paris, avec un focus sur l’étude des hydrocarbures 

aromatiques polycycliques (HAP), polluant 

principalement émis par les activités anthropiques. Les 

HAP, mais aussi le carbone organique et les matières 

organiques (MO) sont étudiés dans des dépôts de 

carbonates secondaires, formés dans des aqueducs et 

carrières souterraines. Pour y parvenir, une approche à 

la fois temporelle et spatiale a été adoptée afin de 

déterminer l’origine, les facteurs et les tendances (au 

cours des dernières décennies voir derniers siècles) des 

transferts de polluants organiques depuis les zones en 

surface vers le sous-sol à travers les sols anthropisés. 

Des échantillons (dépôts carbonatés et sols), prélevés 

sur trois sites parisiens présentant un gradient 

d’urbanisation, ont été étudiés. L’analyse des molécules 

organiques a été réalisée à l’aide de méthodes de   

chimie analytique (HPLC-Fluo, COT-mètre) couplées 

à des méthodes de spectroscopie UV (LIF, TRES) 

nécessitant une part importante de développement. 

Ces données ont également été croisées avec les 

signaux en éléments traces inorganiques (ICP-QMS). 

Les résultats obtenus ont mis en lumière des 

variations en HAP, tant en quantité qu’en qualité, et 

en MO dans les eaux d’infiltration lors des 

différentes phases d’urbanisation au cours des trois 

derniers siècles pour le site étudié au Nord de Paris. 

Ainsi, un changement de source de HAP a également 

été observé à partir du milieu du XXème siècle avec 

un enrichissement en HAP de hauts poids 

moléculaires, connus comme étant les plus toxiques. 

Les propriétés de sorption des HAP sur la MO sont 

le principal moteur de leurs transferts. Néanmoins, 

ces travaux ont également souligné le rôle crucial du 

sol, car son imperméabilisation entrave la rétention 

des HAP, facilitant ainsi leur mobilité avec les eaux 

de ruissellement.   

 

 

Title: Impact of urbanization on sub-surface water quality. Study of the organic molecules of secondary 

carbonate deposits from Parisian undergrounds 
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Abstract: Water resource preservation is a major en-

vironmental concern in the current context of intense 

anthropic pressure.  The aim of this thesis is to inves-

tigate the impact of urbanization on sub-surface water 

quality in Paris through the study of polycyclic aro-

matic hydrocarbons (PAHs), contaminants mainly pro-

duced by human activities. PAHs but also organic car-

bon and organic matter (OM) were studied in second-

ary carbonate, deposited in aqueducts and under-

ground quarries.  

A temporal and spatial study was carried out to 

determine the origin, factors, and trends (over the last 

few decades or centuries) in the transfer of organic 

contaminants from surface areas. Natural samples 

(carbonate deposits and soils) from three Parisian sites 

with an urbanization gradient were studied. Organic 

molecules were analyzed using analytical chemistry 

methods (HPLC-Fluo, COT-meter) coupled with UV 

spectroscopy methods (LIF, TRES) requiring a 

significant amount of development, and cross-

referenced with inorganic trace element signals (ICP-

QMS). Variations in both the quantity and quality of 

PAHs and OM in seepage water were recorded during 

the different phases of urbanization over the last 

three centuries for the site studied in Northern Paris. 

A change in source has also been observed since the 

second half of the XXth century, with an increase in 

high-molecular-weight PAHs, known to be the most 

toxic. The sorption properties of PAHs onto OM are 

the main driver of their transfer. However, this work 

has also shown the important role played by organic 

soil, as its sealing hinders the retention and storage 

of PAHs, and thus facilitates their mobility with runoff 

water. 
 




