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Résume

RESUME

Cette thése présente la caractérisation géochimawematérielle particulaire de [Iair
respirable (PM10 et PM2.5) du Santiago du Chiliodjéctive principal de I'étude, est
l'identification des sources polluantes a travees dracages d’éléments chimiques afin
d’identifier leur origine et les processus de gatién principaux. Ceci passe par I'analyse des
concentrations en éléments majeurs et traces, lanations entre sites, saisonnieres et
interannuelles. Il s’agit d’'un pré-requis pour ede I'impact de ces polluants en terme de
santé publique, et fournir des outils pour faireléer les politiques publiques.

Ce présent travail, a permis aussi, de quantéigmniveaux et variations des concentrations en
éléments chimiques potentiellement toxiques quiveet impacter sur le taux de mortalité

lies a pathologies cardiagues ou respiratoires.

Mot clés : Géochimie, pollution, air, sources, matéparticulaire (PM10, PM2.5), santé

publique.

ABSTRACT

This thesis is a geochemical characterization @atirable particulate matter (PM10 et
PM2.5) in Santiago, Chile. The principal objectigethe identification sources trhough of
determination of tracers elements origins and gen@ascess. Major and traces elements has
been analyzed in terms of the variation conceminatbetween different sites, seasonality and
years. The chemical characterization of some el&mnsmecessary in order to understand the
impact on the human health and improve the qualitair according with public politics.
Therefore, this works also allows to quantified @amtrations level of some potential toxic

elements that could be impact on the mortality eapigcardiac and respiratory iliness.

Keys words: Geochemistry, pollution, air, sourdd®,10, MP2.5, Human Health.
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Présentation du manuscrit

Structure du Manuscrit

Le manuscrit est divisé en six parties présentéas forme de chapitres, de publications et

d’articles en cours de préparation.

L’ introductionprésente la problématique centrale du cadre détlal pollution urbaine et les
principaux polluants existants dans l'atmospherenmoe les polluants gazeux (oxydes
d’azote, oxydants photochimiques, hydrocarbureg, gabonique et composés organiques
volatils) et solides. Les particules solides ssubdivisées en 2 groupes : organique et
minérales. Ce sont les particules minérales et ¢eacentration en métaux sont I'objectif

central de cette thése.

Le chapitre 1 «Présentation du cadre de [Iétudedéveloppe les difféerents axes
principaux suivants, qui tous jouent un réle daassltuation actuelle de la pollution

atmosphérigue a Santiago du Chili:

- Le contexte géographique, géologique, climatieuedgétal de la ville.

- Le contexte météorologique, qui est décrit ancomprendre la relation entre les jours de
pollution maximale, et certaines configurations éoéblogiques spécifiques dépendant de la
pression et de la température.

- L’évolution des lois et mesures environnementdieda part de I'Etat au cours des années
afin de diminuer le niveau de pollution observéudepe début des années 80.

- Dans le cadre du plan antipollution de SantiagoGdili, la liste des différentes sources
polluantes, identifiées sont exposées méme comsn@rilecipaux poéles industriels a Santiago
et autour de la ville, caractérisés selon leuetgfactivité. La pollution mesurée le long des
principaux axes routiers de Santiago via des staitile mesure de la qualité de I'air, est
présentée ici sous forme de carte.

- La présentation de travaux antérieurs : I'étude deux fractions (PM10 et PM2.5) d’'un

point de vue minéralogique et chimique.
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Le chapitre 2 « i&es, Matériels et Méthodesse divise en 5 parties:

- La localisation des 4 stations de surveillan@Plaz, Las Condes, Teatinos et Macul.

- La description de I'environnement urbain et indesdes 4 stations de surveillance.

- La méthodologie d’échantillonnage.

- Les techniques analytiques utilisées: PIXE (Blrinduced X-ray emission or proton-
induced X-ray emission), MEB (Microscope Electrareq du Balayage) et ICP-MS
(Inductively Coupled Plasma Mass Spectrometry).

- Les différentes techniques utilisées dans l¢stmaent de la base de données.

Le chapitre 3 Minéralogie» comporte deux parties:

- La premiére est une publicatioddrata et al.,2008) présentant les résultats minéralogiques
et géochimiques obtenus sur des échantillons @elem 2004 dans les stations de Teatinos et
de Macul (voir page 70-84).

- La deuxiéme partie porte sur les échantillonnagaksés en 2005 et 2006 dans les stationes
de La Paz et Las Condes. Cette partie complétecmdtats exposés dans la publication
Morata et al., 2008

Le chapitre 4 « Géochimie » est un projet de pabbo « Geochemical features on urban

aerosols in Santiago de Chile from time-seriesyamab

- Ce chapitre, apres avoir présenté le contextérgéde la pollution a Santiago (voir chapitre
1) présente la base de données géochimiques asguides échantillons prélevés a La Paz et
Las Condes. Elle porte sur 48 éléments analysés2i#héchantillons.

- Analyse géochimique classique (concentrationstetas d’enrichissement) et discussions
des données en termes de sources et de processus.

- Des correlations avec les données météorologispratsprésentées

- Des outils statistiques sont utilisés pour dreaner les éléments d’origine naturelle de ceux
d’origine anthropogénique et pour déterminer epmciser les associations éléementaires liées

aux caracteristiques des différentes sources ligapts.
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- Une exploration du potentiel présenté par leeserares en terme de tracage de sources est
réalisée. Des rapports €lémentaires (ex La/Sm,d,d/@/V) semblent spécifiguement adaptés
pour tracer des sources telles (pétrochimie, etc.)

- Ces résultats sont comparés avec les étudesderéadent effectuées a Santiago ou dans la

région

Le chapitre 5 ®iscussion et Conclusion essaie d’intégrer toutes les informations okgsnu
et de proposer des interprétations des donnéesrere tde provenance des différentes

particules.

- Une fois connues leurs origines respectivessdesces polluantes présentes dans la ville de
Santiago et autour d’elle sont classées selomiaiure : naturelle ou anthropogénique et aussi
en terme d’échelle de leur impact: régional oulloca

- Les facteurs météorologiques (systemes d’haubmste pression et température et vitesse
de vents) et couplés aux émissions des sourcegoliigtion identifiées précédemment
peuvent expliquer les hautes concentrations eneglfsndangereux pour la santé pas que
ceux-la, tous les éléments considérés.

- Les niveaux de pollution a Santiago sont comparéseux observés dans certaines
mégapoles d’Amérique Latine et du reste du mondemBme ils sont comparés aux normes
émises par des organismes internationaux pourimertaétaux particulierement toxiques,
afin d’évaluer l'efficacité des diverses politiquesplémentées au cours du temps par I'état
chilien et montrer les perspectives a suivre damspilogramme de décontamination

atmosphérique de Santiago du Chili.

Le chapitre «Bibliographie »comprend toutes les références bibliographiquetecoes dans

la these, excepté les références citées danslkapiibliée (Morata et al., 2008).

L'annexe A «mpact sur la santé publigue est un second projet de publication
« Associations between Cause-Specific Mortality &heimental Concentrations of Ambient
Particles (PM2.5) in Santiago, Chilex».

- La présente étude correspond a un travail d’agfpin réalisé a partir d’'une base de données

robuste regroupant des données chimiques et épmtidgitjues a Santiago, obtenus par le



Présentation du manuscrit

Ministére de la Santé de Santiago. A travers oilfa nous évaluons I'impact de certains
éléments chimiques sur les taux de mortalité g@paulation.

- Ce travail a été développé dans le cadre de daethen collaboration entre le GET,
Université de Toulouse, et le Département d’Epidéogie et Environnement de la Faculté de

Médecine de I'Université d’'Harvard.
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Introduction

La Pollution atmosphérique urbaine

Toutes les mégapoles et métropoles du monde soutfhene forte pollution atmosphérique,
visible quand on approche de ces villes surmonti@s « couvercle » atmosphérique peu
transparent et de couleur orangé. Cette pollutionosphérique est aussi physiquement
perceptible par des picotements plus ou moins seerdes yeux, du nez et de la gorge,
traduisant I'existence de réactions allergiguede E'exprime sous deux formes: des
concentrations trop €levées en gaz agressifs &fogues et en particules respirables dont
les effets exacts sont encore mal connus. Ce pnablde pollution urbaine est devenu un
enjeu majeur de santé publique, ceci d’autant gluesla majorité de la population mondiale
est de plus en plus concentrée dans des mégapalgmrticulier dans les pays en voie de
développement ou elles ont des croissances expeltesn

Des recherches récentes mettent en évidence deeplyslus clairement I'existence de
corrélations entre l'augmentation des concentratien polluants et l'augmentation des
admissions dans les hépitaux pour des problémesérgément respiratoires ou
cardiovasculaires (Delfino et al., 2005; Ostroleti®96).

Devant cet enjeu de santé publique, la majoritéademégapoles et de plus en plus de villes
de taille moyenne se sont dotées, ces dernierenaiés, d'organismes de surveillance d’un
certain nombre d’indicateurs de pollution afin deipoir émettre des bulletins d’alerte lors de
pics de pollution. Ces organismes constituent ailes bases de données temporelles trés
précieuses qui peuvent ensuite étre valoriséegpitigdes en relation avec des spécialistes de
la chimie de I'atmosphere, afin de comprendre lsses de ces pollutions, d’identifier leurs
sources et/ou mécanismes de formation et, a tatendisposer d’arguments pour définir des
politiques de réduction de ces polluants.

Les parametres généralement suivis en continuadysas automatiquement sont :

- Les polluants gazeux : teneurs en NO,NCD et CQ, O3, SO,

- Les aérosols solides de tailles inférieure a 1jlsrsont collectés sur des filtres, en général
sous forme d’un prélevement tous les 24h, et leidspde particules respirables est déterminé
(Lg/nT d'air), ainsi parfois, que leurs teneurs en Cipaldire.

Bien évidemment les conditions météorologiqueshygromeétrie, direction du vent, etc, sont
aussi mesurées.

Chaque pays a défini ses normes en termes de dasitgest des normes ont aussi été fixées

par 'OMS. Les concentrations des polluants mesupgEmettent, selon des péréquations
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spécifigues a chaque ville/pays, de calculer urnicendle pollution global, diffusé a la
population. Quand l'indice global et/ou un de casmetres mesure dépasse la norme locale,
des états de pré-alerte, puis d'alerte sont déaémclls se traduisent d’'abord par des
recommandations faites aux populations les plugilés, puis par des mesures coercitives
touchant: les vitesses de circulation et/ou le nende véhicules autorisés a circuler et les
activités industrielles, qui peuvent étre arrétées.

Mais toutes ces actions de prévention parent asessé et ne reglent pas les probléemes de
fond qui nécessitent de comprendre tous les prosasgpliqués dans le développement des

conditions de crise de pollution.

Les composants de la pollution atmosphérique

Les polluants gazeux

Les gaz polluants principaux sont:

- Les oxydes d’azote (NO et NJQ qui proviennent des gaz d’échappement des viglsicdes
centrales thermiques et électriques, des usindaldieation d’acide nitrique, d’explosifs et
d’engrais.

- Les oxydants photochimiques: I'ozone principa@in mais aussi les nitrates de
péroxyacétyle et les aldéhydes, qui se forment datrmosphére par réaction des oxydes
d’azote et des hydrocarbures avec la lumiére.dl$osment donc principalement durant les
périodes de grand soleil et grande chaleur.

- Les hydrocarbures (éthane, éthylene, propan@nbufpentane, acétylene) qui proviennent
des gaz d'échappement, des solvants, de I'élinoinaties déchets solides, et qui sont les
produits dérivés de nombreux processus industriels

- Le gaz carbonique (Cissu de toutes formes de combustion.

- Les composés organiques volatils (COV).

Tous ces gaz sont reconnus comme (CO) respongdblEsubles médicaux et certains sont
soumis a des recommandations de doses admissibéepas dépasser (Vovelle, 2000 ; Hester
and Harrison, 1998). Mais ces gaz ont des duréeded&es variables dans I'atmosphére,
depuis I'ozone qui est relativement instable epaliait relativement rapidement, le CH qui
peut rester 10 ans dans I'atmosphére et le 0§gu’a 120 ans. Ces durées de vie longues

diminuent bien sar I'efficacité des mesures prig@gr en réduire I'impact sur la santé.
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De nombreux programmes sont développés par les istbBn de I'atmosphére pour
comprendre ces réactions complexes qui se dévelbppdifférents niveaux de I'atmosphere
et conduisent a la formation de gaz secondairegjted I'ozone. Les effets de la pollution sur
le climat et sur les bilans radiatifs sont augsenbétudiés. Causes et effets des polluants
gazeux sont enfin bien suivis et compris a I'éeh&dtcale, en relation avec les organismes de
suivi et de recherche.

Les polluants gazeux ne seront abordés que tregimalgment dans ce travail, en relation
avec leur capacité a donner naissance a des pestide sels secondaires (Préndez, 1993;
Eisele and McMurry P.H, 1997; Zhang et al., 2004,)

Les particules solides

Les particules solides peuvent étre classées delanorigine : lithogénique, biogénique,
anthropogénique, ou selon leur mode de formatjmarticules primaires (déja individualisées
mécaniquement et chimiquement avant d'étre prisas da circulation atmosphérique), ou
particules secondaires (qui sont, comme les pdaugazeux secondaires, formées dans
'atmosphére, par des réactions entre composésetatet/ou anthropogéniques). Ces deux
modes de classement se recoupent, les partictiiegéniques et biogéniques font partie des
particules primaires, comme certaines particulesigine anthropogénique, issues du trafic
ou des industries. Les particules d'origine secoeda sont d'origine mixte ou
anthropogénique et jouent un réle important dangct de la pollution sur la santé.

Les particules primaires d’origine lithogénique:

Des particules de toutes tailles sont présentes It&in indépendamment de I'activité et de la
concentration humaine, provenant des sols et diépsrpar le vent (aérosols terrigenes ou
AT). De nombreuses études portent sur les soutdes eauses de remise en suspension de
particules du sol, sur leur capacité de disséminatles altitudes ou ces particules peuvent
étre trouvées dans I'atmosphere, sur leur rélei @msterme de bilan radiatif (Brasseur et al.,
1999).

Ainsi, on sait que le pourcentage de particulespguivent étre arrachées a un sol dépend de
nombreux facteurs, tels que la vitesse du vent,dgiti atteindre une valeur critique pour
déloger ces particules, la taille de ces particusaux d’humidité au sol, I'état du couvert
végétal et la composition minéralogique des paddgyprésentes a la surface du sol. Il est
connu aussi que les sources principales de poeassiprésentes dans |'atmosphére

appartiennent aux régions arides et semi aridésstgue le Sahara, le Moyen Orient, les
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déserts chinois. Mais toute région, telle que adléSantiago, a climat méditerranéen aride et
faible couvert végétal a les capacités a généreradeosols provenant du sol, ceci d’autant
plus que l'activité humaine peut amplifier les prssus d’arrachement au sol et de mise en
suspension (trafic routier sur pistes non asphal@arieres, déforestation, etc).

Les particules primaires d’origine biogénique

On trouve aussi dans l'air des particules d’orignégétale (grains de pollen principalement)
ou animale (fragments d’insectes, par exemplepréaence de pollen dans I'air présente des
pics au printemps et est cause de probléemes dieraiergique (asthme, cedeme.etc)

Les particules primaires d’origine marine

La présence de particules d’origine marine est genet présente dans I'air, méme a des
distances assez éloignée du rivage si les ventdaeorisent le transport. Ce sont
principalement des petits grains de NaCl, maispi#ts microorganismes ont déja aussi été

identifiés.

Les particules d’origine anthropogénique

A cela s’ajoutent les particules dues a I'activiigmaine, elles aussi de tailles variables et
dispersées par le vent. Elles peuvent provenir ggises, dont les fonderies et les
incinérateurs, des carriéres et cimenteries, desguastions de bois (brdlis en milieu rural ou
chauffage des maisons) de charbon et de fioul uftge individuel ou collectif), du trafic
(émission des pots d’échappement — catalytiquesooy, usure des pneus et des chaussées).
Certains types de sources correspondent a desyestide signature géochimique spécifique,
tel est le cas pour la combustion du bois, pourinemérateurs et le trafic, (voir table 3)
(Dictuc, 2007; Moreno et al., 2010, Engellbrechtakt 2009; Artaxo et al., 1999). Mais
certaines autres sources ont chacune leur signaitopee, tel est le cas des usines, des hauts-
fourneaux et d’'autres des signatures « larges »plex@s, avec la présence d’éléments
chimiques communs a plusieurs sources polluantesi €omplique lidentification des

différentes sources au sein d’'une pollution urbgiobale qui intéegre toutes ces composantes.

Taille des particules et temps de résidence

L'intensité, la dangerosité d’'une pollution sontssiucontrblées par sa durée, elle méme

tributaire du temps de résidence des particulepaptient cette pollution.
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Les temps de séjour des particules dans l'atmosplaient suivant leur taille. Ainsi les
petites particules (0.001-0.08) ont un temps de résidence inférieur a une heareelles
coagulent et précipitent rapidement. Les particdlad la taille est comprise entre 0,08 et
1um ont des temps de résidence compris entre 4 jeud® quand celui des particules de taille
a 1um est de quelques heures. On peut voir qu’'une fomtlyportée par des particules entre
0,08 et 1 um sera plus nocive dans la mesure euestera disponible plus longtemps.

La longueur du voyage qu’effectueront ces partewdst inversement proportionnelle a leur
taille (Warneck, 2000). Les grosses particules (rnd sédimentent rapidement et ne se
déplacent pas au dela de 500 km, méme si, lorgd&wents particuliers comme les fronts
atmosphériques tropicaux, de telles particules @etfaire plus de 5000 km. C’est le cas des
poussieres (aluminosilicates) sahariennes que H&irouve en Europe et dont la taille
moyenne est de 10m (Wallace and Hobbs, 1977). Les particules plasgipeuvent étre
transportées sur de plus longues distances, c'estqpoi on retrouve des traces de
contamination anthropique par les métaux dans leseg de l'arctique et de l'antarctique
(Wolff et Suttie, 1994 ; et article de synthéseBoaitron et al., 1994).

Aprés leur transport, les particules finissent par déposer, soit par dépbt sec continu
(sédimentation ou impaction sur des obstacles) Emitdépots humides lors des épisodes
pluvieux ou neigeuxelles qui peuvent se sédimenter rapidement swl leosit les « free fall
particles » (FFP). Leur effet polluant ne doit @&i® négligé. En effet, des particules assez
grosses sortant de cheminées d’usine et retombaniés sols environnants sont sources de
pollution potentielle de ces sols, des culturesspidéveloppent, des eaux libres. Mais elles

ne seront pas abordées dans ce travail.

Les particules solides respirables

Les particules qui nous préoccupent ici sont call@ssont respirées par les humains, parce
gue leur durée de résidence en suspension dangstaielativement important en raison de
leur taille. Les particules solides respirablest ssiassées par commodité en 2 groupes : les
particules de taille aérodynamique inférieure apif (PM10) et les particules de taille
aerodynamique inférieure a 2,5um (PM2,5).

On pressent que le réle des nano particules pesitirf@portant, quelle que soit leur nature
chimique, car elles sont trés petites donc péniemendans I'arbre respiratoire. Elles peuvent
contribuer a disséminer des métaux adsorbés susleface. Il vient d’étre montré qu’elles

jouent un role catalytique dans la synthese depgézurseurs de I'ozone et contribuent a la
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dissémination de ce gaz (Journal du CNRS, 2010¢s puent enfin, mais c’est hors de notre
propos, un role dans les bilans radiatifs de I'aph@re. Il faudra dans un avenir proche s’en
préoccuper mais il n'existe pas actuellement deesys pour les prélever simplement en
routine. Il faut mentionner spécifiguement les naparticules carbonées, provenant
principalement des pots d’échappement de tous éegcwles, mais aussi des combustions
dans l'industrie ou les foyers domestiques et deufe des pneus. Ce sont ces particules qui
recouvrent complétement tous les filtres en miligeain.

Toutes ces particules dites respirables (PM10, BMBAano particules) entrent l'arbre
pulmonaire et peuvent, selon leur taille, étre b&ss par le mucus a différents niveaux de cet
arbre : nez, gorge, trachée, bronches, et sin@indte, pour les plus fines, le fond des
alvéoles. A chaque niveau elles causent, lorsquies leoncentrations sont importantes, des
probléemes de santé publique.

Bien évidemment, toutes les origines listées précddent dans le paragraphe général sur les
aerosols solides se retrouvent présentes dansdaeckpécifique des particules respirables.
Les proportions des différentes origines (lithogéei biogénique, etc) peuvent étre
contrblées par la taille des particules, mais apsezde travail existe la dessus (Morata et al,
2008).

Les particules respirables et leur impact surlasa  nté

Les particules qui se retrouvent dans le corps iungae ce soit dans I'arbre respiratoire ou
dans le systeme digestif (par ingestion des muomgepant de I'arbre respiratoire), agressent
'organisme de deux manieres différentes :

- Mécanisme physique : les particules irritentdé&rents niveaux de I'arbre respiratoire et,
pour les plus petites, finissent au niveau desoédgcavec deux effets possibles : colmatage
(et développement d’insuffisance respiratoire) éidn au niveau des cellules (cancers liés a
'amiante par exemple).

- Mécanisme chimique : les particules sont, del@ar composition chimique propre ou par
leurs propriétés adsorbantes, porteuses d’élénctitsques qu’elles véhiculent a l'intérieur
du corps. Quand il s’agit d’éléments toxiques, tple As ou Pb, la respiration et I'ingestion
de ces particules peut contribuer au développedepathologies.

Mais pour linstant, les épidémiologistes en saulement a noter les corrélations entre les
nombres d’admission a I'hdpital pour probleme aandhsculaire ou respiratoire et les

concentrations en particules respirables dans Paisez peu d’études vont au dela en mettant

14



Introduction

en évidence des corrélations entre 'augmentateotadoncentration d’'un élément chimique

et 'augmentation de certains risques sanitairekif@k et al., 2009; Ostro et al., 1996). Ceci

montre a I'évidence le besoin crucial d’'une meiéeaonnaissance de la nature, physique et
chimique, de ces particules respirables. Cettellenee connaissance sera utilisée de deux
manieres :

- Les médecins utiliseront directement les caraatons physiques mais surtout chimiques
pour mieux comprendre le role des particules desmsrlaladies observées.

- L'identification fine des sources, quand elle psssible, permettra aux organismes en

charge de développer les actions ciblées de priéwveett de lutte contre la pollution.

Il'y a donc un besoin criant de données minéraloggget géochimiques statistiquement
significatives sur chaque ville/région polluée. Est I'enjeu majeur abordé dans ce travalil,

appligué au probléme aigu de la pollution atmosphérde Santiago du Chili.

Objectifs de la thése

Le travail présenté ici repose sur I'acquisitionl'sgtterprétation de données géochimiques
exhaustives obtenues sur des échantillons préldads deux sites sélectionnés de cette
mégapole pour leur représentativité, 'un étantrélieu populaire urbain dense, mélangeant
habitat et industrie, I'autre étant en milieu résitiel des classes aisées, faiblement urbanisé et
bien végétalisé, sans industrie, et seulement fhértpar de grands axes routiers. De plus le
premier site est au centre ouest de la conurbajicand le deuxiéme est au pied de la
cordiliere andine, a I'extrémité orientale de I'&mgération. Ces positions relatives auront
toute leur importance quand il sera tenu compteddestions les plus frequentes des vents.
Dans chacun de ces deux sites un échantillonnagaedeuux ans a été fait, afin d’étre
représentatif & la fois des jours et saisons les @l les moins pollués. Les concentrations en
une quarantaine d’éléments chimiques ont été détéaw sur ces échantillons. Des données
complémentaires ont été acquises par microscoBi@ayage (MEB) en couplage avec de la
spectrométrie (EDS), afin de proposer des inteagiodts minéralogiques des particules
observées.

Grace a cet ensemble de données, l'objectif préleisce travail est d'une parte la
caractérisation minéralogique et géochimique duénwtparticulaire (PM2.5 et PM10) et
l'identification de sources émettrices de cesyaoits afin de diminuer leurs émissions et,
ainsi, diminuer leur impact sur la population.
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Les objectifs sont abordés en trois axes principaux

1. La caractérisation minéralogique et géochimighe.0 et PM2.5. qui comprend:

- Le Monitoring (suivi en continu) géochimique de8I10 et PM2.5 pour comparer les deux
sites de prélévement, les deux granulométries.

- La caractérisation minéralogique et morphologides fractions PM10 et PM2.5.

- La quantification les niveaux de concentrationrdtertain nombre d’éléments, durant les
épisodes de pollution et en situation normale diss deux sites, ceci dans les deux
granulométries, PM10 et PM2,5.

2. L'identification de sources qui est basée sgrgignatures géochimiques avec:

- La discrimination de sources anthropogéniques @tirelées en utilisant le concept de

« facteur d’enrichissement » pour quantifier lewighissements anormaux en certains
éléments chimiques par rapport a la contributitmtiénique moyenne provenant de l'usure
et I'altération de la crodte continentale.

- L'identification des sources dans un signal comglgrace a des traitements statistiques,
seuls capables d’interpréter de grosses bases rd@e® multiparamétres par identifier des
associations remarquables d’éléments chimiqueteepnéter en termes de sources.

- Les signatures géochimiques des sources par lglag®i des informations géochimiques
extraites dans les points précédents, avec leprgtations minéralogiques et 'utilisation des
signatures en Terre Rares (nouveaux traceurs) lpooonnaissance des sites de pollution
potentiels, et celle des vents pour proposer desrprétations a tel ou tel épisode de

pollution.
3. Evolution temporelle des concentrations chimsgaieourt et a long terme:
A court terme (2004-2005) on détermine :

- des variations saisonnieres et annuelles

- le réle des conditions météorologique
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A long terme (1996-2004/2005) on évalue:
- 'impact des politigues publiques en matiere el contre la pollution en comparant les

données acquises avec celles déja publiées suagant
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CHAPITRE 1: PRESENTATION DU CADRE DE L'ETUDE
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Chapitre 1: Présentation du cadre de I'étude

1.1 Introduction

L’introduction du manuscrit, a présenté les géii@&sabkur les particules respirables présentes
dans le matériel particulaire (MP) en suspensiomsdé#air: leurs origines diverses
(lithogéniques, biogénigues ou anthropogéniquegaoques ou inorganiques)), leurs temps
de résidence, etc. Il est important maintenantafaaitre, spécifiquement pour la région de
Santiago, tous les paramétres particuliers qui @auinfluer sur l'origine, la quantité, la

répartition spatiale de ces particules respirables.

Ainsi, pour comprendre et interpréter correctenteat essai de caractérisation des particules
d’'origine lithogéniques, il est important de comiche [I'environnement géologique,
pédologique et végétal qui va conditionner la regturforigine et les conditions de
dissémination de ces patrticules.

La génération de particules anthropogéniques lature et leur distribution dépendent, entre
autres facteurs, du type et de la répartition désiges industrielles, des routes et des sources
polluantes spécifiques comme les mines, les hautsi¢aux, les raffineries, les incinérateurs,

les centrales thermiques.

Enfin, la distribution spatiale et la concentrataes aérosols dépendent de temps de résidence
des particules dans I'air, qui lui-méme dépendateslitions météorologiques spécifiques, et
de lintensité et des directions des vents. Unesgrtation synthétique du contexte

météorologique et des régimes d’évents est ainpigz€e.

D’autre part, notre étude, limitée aux années 2602005, ne peut pas étre interprétée et
commentée sans tenir compte des actions menéss@agences gouvernementales depuis les
années 1980 pour réduire la pollution. De plugideeloppement de réseaux MACAM dans
les années 1990 a permis, de constituer une badenté&es de mesures d’un certain nombre
de parametres (concentrations en différents gazMntotales, etc.) qui seront précieuses

dans notre étude et intégrées a nos interprétations

L’objectif du présent chapitre est donc de fouanirlecteur toutes ces informations.
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Chapitre 1: Présentation du cadre de I'étude

1.2 General Context

The large economic growth of the city of Santiagdhe last decades has been accompanied
by the expansion of all residential, commercial anttlistrial areas (Romero et al., 1999). The
subsequent dispersion and increase of pollutantcesuthave damaged the quality of the
environment. Santiago thus presents a very highl &vpollution.

One of the major environmental problems is theltiegupoor air quality within the city and
its suburbs. This situation causes many healthlpmud and several authors have pointed out
the relationship between air pollution and moryatgspiratory and cardiovascular problems
being the principal causes (Ostro et al., 199@ata et al., 1999; Cifuentes et al., 2000; Pino
et al., 2004; Roman et al., 2004; Prieto et al072@akmak et al., 2007, O’Neill et al., 2008).
Besides the role played by different gases thalt val listed but not be considered in this
specific study, particulate matter (PM) appearpl&y a critical role in these pollution-related
health problems.

If the size and concentrations of particulate nmg®M) have been associated with adverse
health outcomes, the specific components that amafal are not well characterized and their
role, in Santiago as well as in major pollutedestiis not yet clearly understood (Bell et al.,
2005). It is only recently that appeared articlesndnstrating the incidence between an
increase of metal concentrations (i.e. Ni, Zn) andncrease in cardiovascular and respiratory
mortality (Cakmak et al., 2009; Valdes et al., iegaration, appendix A).

It is in this context that our study on the minegatal and geochemical characterization of
breathable particulate matter has been conductexder to quantify metals concentrations in
the PM10 and PM2.5 fractions, and to attempt aadtarization of the potential sources of

these metals.

1.3 Topography

Santiago de Chile, the capital of Chile, is locat¢®83.5° latitude S and 70.8° longitude W
(fig 1). More than 7 millions inhabitants, correspang to 43 % of the population of Chile are
living in this metropolis, located in a confinedsbabetween the Andes Mountains to the east

and the Coastal range to the west (fig 2).
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Figure 1: General location of Santiago (modifiedrfr Sernageomin geological map 1:100000; 1999)
with mention of the main roads, cities, mines anélgers.

In fact, the geographical context at Santiago &ratterized by geomorphologic units that are,
from west to east: the Coastal Mountains, CentegrBssion and Andes Mountains, the later
divided in “Andes Precordillera” and “Andes Cordria”.

The “Andes Precordillera” starts at the outskift$Santiago city and riches 3000 m.a.s.l. with
the Cerro San Ramon (approx. 3200 m). The Andeageor is recent and hosts both active,
inactive and extinct volcanoes, the altitude ofcekhis increasing eastward, with the San Jose
(5.856 m), Tupungatito (5.913 m), and Tupungatd4{6.m) volcanoes, not to mention the
non volcanic Aconcagua, highest peak of South Atagi6.962m) which is only 100 km N-E
of Santiago. The Maipo and Mapocho valleys cutAnees Mountains, south and north of
Santiago respectively. The Maipo valley begins te foot of Maipo volcano and the
Mapocho river is built by the confluence of tBan FranciscandMolina rivers, around 33°S

and 70°W. Both run west ward and cross Santiago €he regime of these rivers is fluvial-

sSnow.
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The Coastal Mountains reach 2000 meters and aréyctihe Maipo Valley which allows
oceanic contributions to reach the city. They actaa“climatic wall” that influences the
weather at Santiago by limiting the effect of wrest winds.

Santiago is localized in the Central Depressiomwbeh the Coastal Mountains and the Andes
Mountains. Besides these two important topographieights, Santiago basin is also
bordered by lower reliefs that are: the Chacabuommiains to the north and the Angostura
and Chada Hills to the south (both < 1.500m) (jig 2

Tupungato

i San Jose
Aconcagua volcano

Volcano

{3
{-Sermra

{ Chacabugco

Distance
{km)

Figure 2: Principal topographical features of thariago basin (modified from Dept. Geophysic.,
Univ. Chile)

Santiago basin extends on 70-80 km N-S and 30-4&#m (Sandoval et al., 1993) (fig 2 and
3). Altitude of Santiago city varies from 400m k.t the west and the coastal range, to 800
m towards the Andes foothills. Santiago basin isgiwated by island hills, such as Lonquén
(1028 m), Chena (950 m) and Renca (903 m) (figA3nountain chain penetrates the city
itself, with the Manquehue (1650m) and San Cridt¢®80m) hills. The basin is crossed by
rivers and streams generally running down the Arnde&rds the Pacific Ocean. The most
important are the Mapocho river to the north and Waipo to the southeast. All these

morphological features will play a key role in @@nospheric circulation over Santiago area.

1.4 Geology

Santiago basin is emplaced on Middle to Upper ®leghe alluvial deposits (fig 3). To the

east, these deposits intergrowth with colluvial atidvial deposits (Qc and Qap), while to the
24
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west they grade to lakes deposits (QI). These diispare composed of gravels and sands with
a minor contribution of fine sediments (sands, namd clays) which increases westwards.
Andesitic to basaltic lavas (28-20 Ma) with intgdes of calcareous rocks outcrop in the
northeastern part of Santiago basin (OIMa; figT3)ese formations occur also as intrusions
(20-19 Ma) such as the above-mentioned ManqueHue Tihe Pudahuel ignimbrites (Qip,
Middle Pleistocene) outcrop to the west of Santibgein, ending at the eastern border of
Coastal Mountains and spreading southwards towisfaipu city (fig 3). This formation
overlays the cretaceous (Kivn) Veta Negra Formafporphyritic and aphanitic andesites
lavas with calcareous interlayers) and other valesedimentary sequences (Kivn, Kilp), that
are intruded by granitoides dated between 80-10@daand Kmd).

As mentioned in figure 3, the Cretaceous volcanid @olcano sedimentary formations from
the Coastal Mountains eastern border host oresatigabr have been exploited. These N-S
metallic ores are principally gold, iron and coppeposits and in a second order ore of Pb
and Zn. On the contrary, the presence of metatkc®poor in the Andes Mountains. Indeed,
there are only some known veins of copper-gold dipavhich were sites of small scale
mining in the past. As an exception, 150 km te tlorth east of Santiago, an important
center of mining activity exists and will be prethin detail later (see 1.8.2). Many quarries
(limestones, volcanic rocks for construction, gypsuclays) exist in the sedimentary
formations at the foothills of the two mountaingas and in the central basin.

Additionally, figure 3 shows the location of artifal deposits, organic and inorganic (urban,
industrial, mining activities deposits, etc). Thae potential pollutant sources and will be

listed in more details later.
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Figure 3: Schematic geological map of the Santiagga (35°) (from geological map of Sernageomin,2.99100000)
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1.5 Climate and vegetation

Climate in this central part of Chile is typical dierranean semi arid, with annual average
rainfall around 400 mm, and average temperaturgea® 10°C (winter) to 20°C (summer).
The associated original vegetation in the centealirbis mostly composed of spiny bushes
and small trees (Acacia Caven (espinos), Prosopiensis, Proustia ilicifolia (huafil),
Maytenus boaria (maitén), Salix babylonica L (sauEscallonia alpina (fiipa)). Grass cover
and annual flowers exist only at springtime, witille rest of the year, natural areas do not
have any continuous vegetation cover. This obsenvat important for solid aerosol genesis,
as it will be seen later.

On the mountain-side of Andes Mountains, vegetatiomiddle and low altitude (500-1000
m) is composed of Lithraea caustica (litre), Quallaaponaria (quillay), Colliguaja odorifera
(colliguay), Peumus boldus (peumo), Chusquea dailala), Triglochin_spp (coironcillo),
Aristotelia chilensis (maqui), etc. Flowers sushRasithea coerulea (azulillo), Alstroemeria
angustifolia (lirio del campo) and Mutisia (clawi#l campo) are also present and constitute
the typical vegetations observed in this eastemh glaSantiago. On the coastal mountains
side, there are isolated forests characterized Byara petiolaris (maquicillo), Schinus
montanus (litrecillo), Nothofagus macrocarpa (eolde Santiago), Guindilia trinervis
(guindillo), Acacia caven (Espinillo) and also Chusa Quila (quila), Peumus boldus
(Peumo), Quillaja saponaria (quillay), and theytdbnte to create a localized micro climate

around of Santiago.

Between 1989 and 1998, Santiago surface increased38.958 to 52.333 ha (Romero et al,
1999). This expansion was developed in all direstjalimbing up ravines and rivers at the
Andean foothills. To the south and southwest ftatienes, the expansion was on the farm
and natural areas. As said before, soils aroundigg@nhave a high agricultural capacity,

good permeability and sufficient organic materia. 1998, 34400 ha were constructed,
among which more than 56% were taken off agricaltwoils and 42% off the dense

vegetation areas. On the contrary, the use ofsamgth scarce vegetation, typical from

Mediterranean and semi arid of central Chile, gpoads only to 20% of the total.
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1.6 Meteorology

The general atmospheric circulation that affectat@é Chile is controlled by a major N-S
(tropical-polar) exchange, on which a E-W (mouniaiean) exchange is superimposed.
These main circulation factors, together with regloand local factors such as local
topography will control the spatial and temporahtéees of pollution over Santiago. The
main concepts displayed in this section are takem fUIriksen (1993), Rutllant and
Garreaud (1995), Merino (personal communicatiod02@nd Sandoval (1993).

1.6.1 Large scale atmospheric circulation

In the general N-S atmospheric circulation (Ulknisd993), all year round the upward
branch (warm and moist) of a convection cell sitgrothe Equator while its downward
branch (cooler and dry) produces a high pressuséesy near 30° latitude (fig 4). As a
consequence, an anticyclone, known as the Semidpemh Pacific Anticyclone, with hot
and dry air, is continuously acting in front of tBeuth American subtropical coasts and over
the land, centered at 30° latitude. Nevertheléssoes not reach the earth surface, which is
covered by a cold and damp air mass, of variabtkrless (100 -1500 m) related to ocean
(and continent) evaporation processes. It inducélseamal inversion layer which blocks
mixing between the two air masses.

Meanwhile, cold air masses are sitting over theancand southernmost America at high
latitudes. In winter times, these cold air massed$ugther north, towards Central Chile and
the Semi Permanent Pacific Anticyclone region. e air masses interfere in a transition
zone called “polar front” which fluctuates betwe#dr-60° lat S but will reach 30°lat S in
winter. It is a zone of horizontal whirlwind or degsions with abundant cloudiness,

precipitations, strong winds, and storms.
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90° 60° 30° 0°
18 km —
Down flow Tilted ascent branch Down flow
(Cooling) in the polar front zone (Cooling) -
upflow

Hot air 6 —
SANTIAGO

Cold Polar Air

0 —]
Polar Extratropical Subtropical Thermal
Zone cyclones and anticyclones Equator
S anticyclones N

Figure 4: General N-S circulation, showing the piosi of Santiago with respect to the main
atmospheric zones. (modified from Sandoval e 883).

1.6.2 Local flow

As, most of the year, the Semi-Permanent Pacifiics&cone remains over Central Chile
and the thermal inversion layer is present, thigore displays a moderate wind regime. Air
circulation in Santiago basin is thus controlledintyaby local, low-velocity winds, among
which the ground solar heating which creates varigr motions within the mixing layer

over the basin.

1.6.2.1 Seasonal variations

Applying the GEOrient 9.4.0 program to the DGACalbase_(www.meteochile)clwe have

plotted the wind directions measured for 2004 a@@d52(fig 5). Wind direction varies from
NW to NE and from NW to SE during cold months (Apo September) while south winds
are dominant during warm months (October to Marg)s feature could play a role in the
pollutants dispersion over the basin within the imgdayer, during the cold month, as these
north winds will carry southward all pollutants ¢tad by the industrial district north of
Santiago (fig 11).
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4392 Data 3671 Data 3649 Data 1949 Data

avril-sept 2004 avril-sept 2005 oct-mars 2004 oct-mars 2005
Scale: tick interval = 2% [87.8 data] Scale: tick interval = 2% [73.4 data] Scale: tick interval = 2% [73.0 data] Scale: tick interval = 5% [97.5 data]
Maximum = 12.7% [556 data] Maximum = 10.4% [380 data] Maximum = 26.3% [959 data] Maximum = 18.1% [353 data]
[95% Confidence interval = +4°] [95% Confidence interval = +8°] [95% Confidence interval = +1°] [95% Confidence interval = +2°]

Figure 5: Frequency wind roses between cold (ApriBeptember) and warm (October to Mars)
seasons in 2004 and 2005. Diagrams for the cold@ezarest on 4392 data in 2004 and 3671 in
2005. For the warm seasons they rest on 3649 de2804 and 1494 in 2005. Each interval (tick)
corresponds to 2%. The maximum values are indidatedch diagram. This data set was taken from

DGAC data (www.meteochiley@dnd MACAM network.

1.6.2.2 Daily variations

The effect of local thermal breezes whose intenany direction vary during the day is
illustrated in figure 6a, while figure 6b showsttllais variation of wind velocity is strongly
correlated with the thickness of the mixing layley With a maximum between 11 a.m. and 4

p.m. daily.
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Figure 6: a) variation of thickness of the mixiryér over Santiago; b) Hourly variation of
atmosphericboundary layer. (from CENMA, 2009).

In order to check the effect of these hourly vasiag upon pollutant masses dispersion during
winter time, we analyzed the main wind directionsilg three time periods of the day: 00-
05 a.m., 6-11 a.m. and 2-6 p.m. for 3 months (Maye and July) that are representative of
winter conditions. From 00:00h — 5:00h, when wirgdogity is around 0.5 m/s (fig 6a), the
principal directions in decreasing order are fro NSE, SW and NE (fig 7a) with a
frequency percentage of: ~50%, 20%, 16% and 14%pexively. During the morning
(6:00h — 11:00h) when the wind velocity is aroumd/4. (fig 6a) NE winds are reinforced
(~23%). During the afternoon (14:00h - 18:00h) pnmcipal wind direction is SW (~65%)
with a minor contribution of wind from the North YW and WE) (fig 7a). These statistical
observations are consistent with daily observatiass shown in figure 7b. These air
movements from downtown to mountain during the dag the opposite way during the

night have already been mentioned (Gramsch e2@08; Ulriksen, 1993).
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Figure 7: Data on wind directions in winter durirdgtime intervals: 0 to 5 am, 6 to 11am and 2 to
6pm. a) Statistical data on May 2004 and May 2@)%lata for 2 days of May 2004.
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As a consequence of these wind changes during dkie lbth in intensity and direction,
pollutants influence is not limited to their closarrounding as they undergo significant

transfer at the basin scale while being blocketiwithe mixing layer.

1.6.3 Definition of episodes of contamination.

The level of contamination is determined from timeoant of breathable particles (PM 10)
present in the air. The scale ranging from 0 to 50T has 6 levels from fair to emergency

(table 1) to which regulations to traffic and inttiess are defined by local authorities.

ICAP ICAP scale PM10 pug/im  |level Episode

denomination (24 h)

0-100 Good 0 0 0 /

101-200 Regulaf 100 150 0 /

201-300 Bad 200 195 1 Alert

301-400 Critical | 300 240 2 Pre-
emergency

401-500 400 285 2 Pre-

Dangerous emergency

> 501 Exceed 500 330 3 Emergency

Table 1: Definition by the International Carbon #Awat Partnership program (ICAP) of the 6 levels of
pollution in function of the PM10 concentrationakign from Health Ministry (MINSAL),1988.
(www.asrm.cl).

As an example, figure 8 displays frequency histogrfor the number of days with alert, pre
emergency and emergency, between April 1 and Ségeted of the years 1997 to 2009.
Actually it is worth noting the clear decreasingnd, even if not constant. Our samples were
collected in 2004 and 2005, where average condi@ntrin PM 10 was 80pg/fnand 77
ng/nt respectively. In addition, 2005 was one of the ygeaith the smallest number of

pollution episodes.
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Figure 8: Numbers of days per year with episodesootamination between 1997 to 2009 (from
CENMA, 2009).

1.6.4. Meteorological conditions associated with ep  isodes of contamination

Around 20-50 frontal systems (as described preWdusach central Chile in winter time
(2004: 26; 2005: 45 from CENMA, 2009). Each fronwjistem first induces a better
ventilation in Santiago basin and subsequently feva®ntamination levels. But, a coastal
(west) barometric low-pressure system is thus iaducharacterized by forced air subsidence
(downflow) in the occidental slopes of the Andesuvitains. This subsidence reestablishes
the thermal inversion layer then reduces againbhsn ventilation, which explains the
association between coastal lows and critical egsoof contamination (Rutllant and
Garreaud, 1995). These recurrent episodes of roghamination are associated with weak
winds, strong stability of the thermal inversiogdaand thin mixing layer.

Within this general scheme, different types of piidin episodes are identified by the
meteorologists, which correspond to variations his tE-W barometric system. They are
referred to as types H (high pressure), BPF (Beffwomtal System) or mixed H-BPF (table
2). H and BPF episodes represent 70% and 30% dbthewinter contamination episodes,

respectively. Mixed H-BPF episodes usually stattasd finish as BPF.
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Parameters BPF H H-BPF

P° low high mixing

T® low high mixing

HR midle low mixing

Wind midle midle mixing

Clouds high low mixing
Ventilation bad bad bad

Table 2: Abstract of specifique metreological cdindis at Santiago de chile. BPF: Before pre-

frontal system and H: High pressure H-BPF: combisgstem.

Episode H conditions

Around the latitude of Santiago (fig 9) a largeaad high pressure and temperature is
installed over the land, with its base being arob®dm over the ground. At the same time, at
lower levels, the coastal low propagates from nddhsouth, with a reduced vertical
thickness. At the front of this coastal low, Sagbigpresents clear skies, east winds, high
temperatures, and low humidity. The inversion laigerery stable, the mixing layer just
below it is quite thin and ventilation quite low.

At the final phase of the coastal low, the east poment weakens until its disappearance.
After that, west circulation is associated withamtent of the base of the subsidence thermal
inversion. It increases the thickness of the serfagxing layer allowing the marine air

advection to reaclSantiago basin.
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Figure 9: Location of High and Low Pressure centever South America and especially Central
Chile (from Sandoval et al., 1993). H: High press@enter; L: Low Pressure Center. The arrows
show the wind directions.

Episode BPF conditions

This type of episode is defined by its specificfmetal conditions. In the BPF configuration,
a Low Pressure Center is set to the east of the@Mbuntains while a High Pressure (cold)
Center moves between Eastern South America (Amgn@and the Atlantic Ocean. This
condition is usually associated with clouds and iemtilation. The mixing surface layer is
reduced, and the wind is almost non existent. Glomthibit the thermal breeze between
valley and mountain, and in addition, prefrontabaent winds from the northeast have a

tendency to stop the south-southwest winds duheglaily cycle.
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1.7 Inventory of the primary sources involved in ali r pollution in

Santiago: sources categories

This paragraph presents an exhaustive compilatibrallo primary pollution sources.
Following the consulting group who did it: DICTUCDifection of Scientific and
Technological Investigations of the “Pontificia Warsidad Catolica de Chile”), they are
presented as stationary, mobile and temporary esuta all sources, the different particle
groups listed in the introduction, that is to sktyrogenic (dust, gravel production), biogenic
(wood burning, agricultural activities, etc) andhanpogenic (the great majority) can easily
be identified. DICTUC also mentions sources of gasepollutants (as mentioned in table 3),
which will not be considered in this study as itlwhly focus on the breathable particles. But
a general view of all pollution sources was neagssefore focusing on PM.

The inventory of all emissions (gas, particles Ofsizes) of atmospheric contaminants
around Santiago was revised in 2005, in the framlewbthe Planning of Decontamination
of Metropolitan Region (PPDA). This inventory wagkily done right at the same period as
our study. Major sources in each category aredisigow in 4 tables taken and simplified
from “www.DICTUC.cl".

( STATIONARY SOURCES  )( MOBILE SOURCES

PUNCTUAL | (DISSEMINATED) ( ON ROAD 1( OFFROAD )

- Combustion (G, PM) | | - Residential (G, PM) - Bus and Trucks (G, PM) - Airports (G, PM)

- Evaporation (G) - Commercial (G, PM) || - Private and commercial vehicles - Agricultural and

- Forest fire (G, PM) (G, PM) contractor machinery
- Taxis (G, PM) (G, PM)
- Motorcycles (G, PM) - Bus terminals (G, PM)
- Railways network (PM)
. J U J
C TEMPORARY SOURCES )

Buildings and Roads (PM) Asphalted and dirt roads*

[CONSTRUCTION / DEMOLITION] [ RESUSPENDED DUST ]

Table 3: Major contributors to fixed, mobile andargorary sources (from DICTUC, 2007)
G: emission of toxic gas; PM: emission of particles
*: natural/lithogenic source (in opposition withlahe others that are anthropogenic)

Stationary Sourcesregroup sources with fixed locations either locatisseminated over a
surface. Local sources are well identified and hagk identified locations: a boiler, a power

plant, whereas disseminated sources regroup puncilease points such as chimneys
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(residential or from small industries), exhaustsnirvarious small industrial companies
(painting, repair shops) disseminated over the w/iedl, each being nearly negligible in the
pollution budget but all of them contributing sificantly to this budget. Stationary sources

are listed below in table 4.

38



Chapitre 1: Présentation du cadre de I'étude

STATIONARY SOURCES

INDUSTRY

(punctual/disseminated)

s

Surface treatments
Cement, lime and plaster production
Fused glass production and
Brick and ceramic production
Asphalt production
Asbestos production
Chemical industry
Manufacture of tires
Paper production and recycling
Grain Processing
Bakeries
Food manufacture
LPG Production and packaging

Fabrics printing and dyeing

residential heating®*

.
( WOOD BURNING J [
-

( OTHERS RESIDENTIAL USES j

( VOLATILES )

Residential combustion of:
LPG, GP, natural gas , kerosene

Private use of solvents
Building painting
Glues, adhesives
Residential production of NH3

Power plants

Industrial boilers

Central heating systems

Waste Incinerators
Electricity-generators

Production of: Iron and steel, copper and
bronze , zinc, aluminum, lead
Residential leaks of LPG }

Industrial surface covering
Application of asphalts

Commercial leaks of Liquefied Petroleum Ga
\_

Distribution of fuels
Laundries
Vehicle Painting
S

( AGRICULTURAL BURNING ) (authorized and illegal agricultural burning**

(OTHER DISSEMINATED SOURCES)

-
Forest and urban fires

Cigarettes
Production of handcrafted bricks
Biogenic** (vegetable species)

Fertilizers and pesticides
Upbringing animal**
Sanitary landfills**
Used water treatment plants™*

\

Table 4: Lists of stationary sources. Taken frol®TWC, 2007.
**piogenic sources

Mobile sources(table 5) could either follow the road network ag butside of it and are

listed below (from DICTUC). They are, per defioiti all anthropogenic sources.
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( ALL BUSES

Public buses (rural and intercities)
Private buses

) [Public Buses transport (urban network)]

On road ]

( ALL TRUCKS ) ( Light, Medium, Heavy trucks )

Private cars (sedan, station wagon) )

-
GASOLINE CARS (AND LIGHT TRUCKS) Ronted cars and taxds
WITH OR WITHOUT CATALYTIC Collective taxis

Commercial vehicles

EXHAUST PIPE (jeep, truck, light truck)

-

Commercial vehicles

(' DIESEL POWERED LIGHT VEHICLES ) oo tront Tioht tack)

-

N
J

Rented Vehicles and taxis

( GAS POWERED LIGHT VEHICLES ) Collective taxis

Commercial vehicles
(jeep, truck, light truck)

MOBILE SOURCES

. J

( MOTORCYCLES ) ( 2 cylinders / 4 cylinders engines )

Airport shuttles
Airport m?chitiery a}r;d trucks
Agricultural machinery
C VEHICLES OFF ROAD ) Consiruction machinery
Sanitary landfill machinery and trucks
Gravel plants machinery and trucks

[Off road

Table 5: Lists of mobile sources. Taken from DICTR@7.

The temporary sourcesbelong to two groups, the first one is linked tstruction and
destruction of building, roads, bridges, etc. Dastgenerated will come from building (and
road) materials such as concrete, asphalt, asb@stthsopogenic sources), but also from the
soils nearby (natural/lithogenic sources). The sdcgroup deals with all processes which
tend to induce natural dust re suspension, eitheoemf roads and street
(anthropogenic/lithogenic) of from the soils thrbug agricultural  activity
(lithogenic/biogenic). Such sources are listed Wwalotable 6.
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M - 2
Building construction
. (CONSTRUCTION AND DEMOLITION ) Road constructions
e Gravel production*
® . )
)
8 Paved street sweeping )
and cleaning program*
- C RE SUSPENDED DUST ) e
§ 9 Gravel roads* §
8 e . A
S Small farm activity**
= | (AGRICULTURAL LAND PROCESSING) Industrial crops**
Vegetables and fruit growing™®*
\ ) . _J

Table 6: Lists of temporary sources. SimplifiedrfrDICTUC, 2007.
*: lithogenic source

Table 7 and figure 10, also taken from this reparg displayed in order to quantify the

respective influences of the different sourcesparticles. They show their total emissions
and the percentage contribution of the differet¢garies.

The principal contributions for PM10 and PM2.5 stationary sources with 2937.1 ton/year
and 2437.7 ton/year, respectively (table 7). Inglaisactivities represent ~30% of this source
(fig 9). The principal temporary sources contribos (table 8) to particulate matter are, in
decreasing order: re suspended dust (91.3% (PMi®d)98.2% (PM2.5), construction and

demolition (1.5% and 7.6 % for coarse and finetfoacrespectively) then agricultural land

processing (1% (PM 10) to 3% (PM 2.5)). This isagreement with the observations
previously made by Artaxo et al, (1999) and Mosittal., (2008) who mention re suspended

soil and traffic emissions as the main aerosolsgharsources.
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2005 Annual inventory of emission, Metropolitan Reg

Stationary and mobile sources

Category of sources| PM10 |PM 2,5 CO NOx Ccov SOx NH3
ton/year | ton/year | ton/year |ton/year |ton /year |ton/year | ton/year
Industry 1266,9 |994 77445 |12332,1|7541,6 |12829,3|217,4

Residential woo@d693,1 673,6 8235 84,8 7465,6 [11,8 71
Combustion

Other Residential78,9 69,6 338,3 1160,9 |41241,6 |294,2 |3800,4

sources

Commercial 0 0 0 0 7910,6 |O 0
Agricultural burning | 246,54 |234,75 |2139,19 |101,55 |171,4 11,73 11,54
Others 651,5 |465,8 |5249 135,9 [18608,7 |0 277249
Total stationary 2937,1 |2437,7 23706 |13815,2|82939,6 |13146,9|31825,2
sources

Public buses 2214 196 1436,6 |5866,7 |714,6 21,6 1,9
Other buses 94,9 82,1 515,1 2507,3 |235,2 9,2 1,2
Trucks 763,2 |670,6 |3514,8 |11179,5/2199,3 (43,5 6,5
Light vehicles 189,9 |0 64837,9 |10152,7|5524,8 |50,8 1002,3
(w. catalytic)

Light vehicles 40,1 0 107269,3 7249,5 |8943,3 |11,8 6

(w.out catalytic)

diesel light vehicles [282,8 |248,9 |1167,2 |948,8 |218,1 7 0,9

gas light vehicles |1,7 0 949,9 71,5 105,6 0 NE
Motorcycles 1,8 0 39714 |24,6 706,5 0,4 0,3

Off road vehicles |154,5 142 2215,2 |973,3 |320,3 45,5 31,6

Total mobile source§ 1750,3 |1339,7 |185877,4 38973,8|18967,7 |189,8 1050,7

Total mobile anq4687,4 |3777,4 |209583,452788,9|101907,3 13336,7 |32875,9
stationary sources

Table 7: 2005 Annual inventory of stationary andbiteoemission, Metropolitan Region, (from
CONAMA-DICTUC, 2007).

42



Chapitre 1: Présentation du cadre de I'étude

v Off road
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Figure 10: Contribution (in %) of main fixed cate@s of sources.
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2005 Annual inventory of emission, Metropolit
Region

Temporary Sources

Category o|PTS PM10 PM 2,5
sources ton/year |[ton/year |ton/year
Building 2362,5 1157,8 47,2
construction

Road constructior 85,6 55,5 1,3
Gravel production 1067 380,9

Total constructiof 3515 1594,2 48,5
and demolition

Paved street/road 75407,9 |[14560,5 |2073,7
Dirt Street /road [16861,1 |4608,4 681,2
Total re suspendq 92269 19168,9 ([2754,9
dust

Small farm 116,4 85 34,9
activities

Industrial crops |0,2 0,2 0,1
vegetables 163 119 48,9
Fruit growing 27,4 20 8,2
Total agricultural307,1 224,2 92

land processing

Total temporary96091,2 |20987,3 |2895,5
sources

Table 8: 2005 annual inventory of temporary emissMetropolitan Region (from DICTUC, 2007).

1.8 Location of the major industrial and mining act Ivities and major

roads around and within Santiago

1.8.1 Major industrial centers and roads

All along its development, the town has hosted mamall/medium size industries and

workshops. Then, from 1989 and latter emerged newsistrials clusters. The most
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important one developed north of Santiago, closthéoPanamerican highway and Santiago
International Airport (fig 11). All the others arlocated west of the town, on flat

(agricultural) lands, easy to construct (fig 11).

irport E= Rural area Wetland
Industrial [ Farmland/plantations Open Spaces
[ ] Urbanization B8 Dense vegetal cover [ Dry vegetation area|

Figure 11: Location of the major industrial aredbe urbanized areas and the different vegetation
covers. Vegetation cover, north, west and souBantiago is mostly agricultural land. The eastern
part, more rugged, has a either a dense (trees+g)rasver or nearly bare soil, in function of the

altitude.

In the last ten years, the highway and major avemetwork developed together with the
city, ending with the scheme depicted in figure IThe recently completed Americo
Vespucio Avenue is a circular highway which conseall major radial avenues of the
metropolis. Main ones are: a) the N-S Panamericghway, b) the SW-NE Av .Bernardo
O’Higgings — Providencia — Av. Las Condes urbarhhigy, a 2x5 lanes avenue cutting the
center of Santiago and used by ~50 bus lines anthey major avenues such as Av Grecia,

(fig 12).
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Figure 12: Principal highways and avenues in Sagaiawith mention of the four stations studied
here (modified from geological map of Sernageod®99, 1:100000).
+: stations from the MACAM network: stations set up by the University of Chile.

1.8.2 Major mining and smelting facilities

Refined copper production from the central regiamirdy 2004/5 was: Teniente mine -
437,393 tons of Cu and 5,249 tons of Mo; Andinaanir248,137 tons of Cu and 3,244 tons
of Mo (www.codelco.com); El Soldado mine - 66,4804 of Cu; Chagres (copper smelter) -
138,063 tons; Los Bronces mine - 227,268 tons of@d 2,123 tons of Mo (annual report
2005 Anglo American Chile).

The major-mine related centers have to be cormidas they may play a key role in the
pollution budget, even if they are located 100 8 Rt far from Santiago.

El Teniente copper mine and its smelter plant, ©aks, (fig 1) is already known as a major
source of air contamination in the region. Indetekdais been detected at La Leonera, 13 km
south of the smelter, that S, Cu, Zn and As weitegnriched in particulate matter during
working days when compared to strike periods (Ré&tmmger et al., 1994). In 1994
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Caletones area was declared zone of saturatiorOgfaSd particulate matter and, 4 years
later, a decontamination plan started. Despite ithitgative, the role of Caletones smelter
emissions was pointed out in order to explain #rgd amounts of As, Cu and Zn found in
aerosols from Linares, 230 km south of Caletonexifiérg et al., 2005).

The Andina is an underground mine and Los Bronoesp&n-pit (SurSur). Both mines have
a molybdenum floatation plant but Los Bronces aises a sulfide treatment plant.

Ventana and Chagres industrial facilities (fig 140 km north of Santiago, including copper
smelters, are known as As, Cu and Mo emitters, spécific emission of Bi in Chagres and
Ag, Pb and S in Ventanas (Hedberg et al., 2005¢s&hwo smelters are fed by the mines
located in the Andes (Andina, El Teniente) (fig 1)

Numerous metallic ores, principally gold and copgeposits (fig 3) outcrop in the eastern
border of Coastal Mountains, some of them displayiitness of past mining activity. Their

associated wastes disposals might contribute tbrémthable particles collected in Santiago.

1.8.3. Quarries, cement and plaster industries

Outcrops of non metal resources and industrialg@tlch as limestone are found in the Las
Chilcas (Kilc) and Lo Prado Formations (Kilp) (fig) and they are used for cement
fabrication in Polpaico Hill (30 km NNW of Santiggand at La Plata Gully, 50 km north of
Santiago center.

Andesites belonging to the Lo Valle (Kslv) and Alwanformations (Olma) (fig 3) are
extracted for ornamental uses at Colina Hill, (eds€hacabuco Mountains), Las Canteras,
Conchali Hills and San Cristobal Hill. The Pudahughimbrite (Qip), 10 km west of
Santiago, is an important source for puzzolane lamsts many quarries. The fluvial and
alluvial deposits that form Santiago basin are s#yeexploited as sources of sands and
gravels for construction activities. Associatedaice deposits, clay minerals are exploited for

brick fabrication at Huechuraba and Batuco, 35 karimof Santiago.

1.8.4. Other major industries

The recently developed industrial areas (fig 1Mehlbeen already mentioned. But industrial
activity is also densely and homogeneously spreagl ¢the city. The most important
plants/factories/industries, specially those cltuzs¢he 4 stations studied here, are displayed
on figure 13. They are boilers (industrial or heslteovens (industrial or bakery), power

plants, power generators, crematorium, paint faesaand painting workshops, dry cleaning
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etc. The more numerous are the power generatonspdreeneously distributed over Santiago,
as any important building, any industry, any haspis so equipped in prevention of the

frequent power failures.
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1.9 The government survey program and the effect of the last

regulations.

Since the mid eighties, the Ministry of Health imaplemented a national network in order to
control air quality. This network first monitoredvR0 and pollutants like CO, SONO,, O
then a few years later PM2.5 and lead were addéldetdist. In the early nineties, new cars
were required to have catalytic converters, staheanissions were fixed for industrial and
non industrial pollution sources as well as foridestial heating, and an emission trading
program was set up (Koutrakis et al., 2005). In6lS@ntiago de Chile was declared zone of
saturation for ozone, breathable particulate mgsiee < 10um), particles in suspension and
carbon monoxide, and latent zone for nitrogen diexwith the subsequent creation of the
decontamination plan of Santiago (PPDA) (Lentd.e2806).

Mobile sources contribution to PM2.5 budget hashbdiedi in the last 10 years, whereas
stationary sources contribution to the same buldgeteen reduced by half of its level in the
early 1990s (Jorguera et al., 2002). Indeed in 20@7A/ehicle availability reached a total of
1.200.000 units, so rules were set which reducati bee number of vehicles and their
individual pollution level. As an example, througiie TranSantiago program launched in
2007, the fleet of buses which counted 13.000 withe beginning of the 90s, was reduced
to 8000 buses nowadays (retrospective Analysis -P8@7) and old buses were forbidden
(Jorguera et al., 2002).

Pb, Br and S concentrations in PM2.5 decrease miggg from 1998 to 2003 (Sax, et al.,
2007) as a consequence of the elimination of leadadoline in 2001. Then the
desulfurization of diesel and petroleum was deciogie@004 with a maximum authorized
level of 50 ppm and 30 ppm of sulphur, respectiyBlgtrospective Analysis 1997-2007).
Infortunately, since 2004, Argentine gas exportsCtule have fluctuated between 20-50
percent below the volumes fixed by contract betwt#entwo countries, with natural gas
supplies ceasing completely for a brief time durthg bitter winters of 2006 and 2007
(Speicer R, 2007). Natural gas supply was replagddjuefied petroleum gas (LPG) and the
more pollutant diesel oil. In this period also thdoor heating has changed. Wood, which

had been banned by law, has been replaced by kerdsatural gas) and oil.

Because of all these past changes in pollutionlaégun, and in order to evaluate the ones

taken fairly recently, it was time to set up andepth geochemical study of the pollution
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carried by breathable particles, especially wigpezt to their toxic metals loads. We choose
to work on 2004-2005 samples which could be conthb&veprevious studies and could be
used in further studies in order to quantify, amotiger points, the benefits of all the drastic

decisions taken.

1.10 Previous studies performed on PM 10 and PM 2.5  fractions

from Santiago

In general, the studies related with PM at Santiagscribe their concentration tendencies,
seasonal variability and their behavior with respew the meteorological parameters
(Gramsch et al, 2004; CENMA, 2009). Other paransetérthe PM10 and PM2.5 have also
been studied. For example, Gramsch et al. (2004)itored elemental carbon and PM2.5
concentrations. Magnetic susceptibility was detagdi and compared with chemical
composition of aerosol in Santiago (Silva, 2005)s0A specific dispersion models for the
distribution of SQ within Santiago Basin were proposed by Olivaresalet(2002) and
Gallardo et al. (2002) and its impact in the adtioe was evaluated by Garcia-Huidobro et
al. (2001).

This review will focus on PM concentrations, miregy and metal concentrations, which

are the main point of this specific study.

1.10.1 Concentrations (ug/m 2air) in PM10 and PM2.5

Studies in the last 10 years have shown a progeessduction in concentrations in PM10
(fig 14). Reduction percentage appears to be snfallé®M2.5 than for PM10 (41.8 pghin
1998-1999 to 35.4 pgfrin 2002-2003 (Sax et al., 2007). High seasonaiabdity was
observed in PM2.5, while the pattern observed in Mvas similar between warm and cold
seasons (Koutrakis, et al., 2005). This decreaserglency cannot be explained by

meteorological factors, but is to be linked to ardase of PM emissions.
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Figure 14: Average concentrations of PM10 from Aprio September 17 of 1997 to 2009 (from
CENMA, 2009).

1.10.2 Mineralogy

The first study done on the physical aspect (diamahape) and mineralogy of the particles
was done by Préndez, (1993). The author combinéd &ttl electronic microwaves methods
on particles collected with an Anderson ImpactoiCatro San Cristobal, 30m above the
surface. The samples collected during the mornhmgved a relation between 3 pum size
particles and spheric shape; while most particletsvéen 1.4 and 2um displayed irregular
shapes. In addition, the authors observed a raldieiween irregular forms and elements
with crustal origin (Al, Si, K, Ca, Fe, Mn). In thmorning, spheric particles are associated
with Si, Fe, S, Cl, Zn, Ti, which, the author assgincould come from incinerators while
they associate irregular forms, found in the afterm with fuel combustion and incineration.
During the afternoon, large agglomerated parti€B28um) were less numerous than in the
morning aerosols, while the number of spheric awlilar shaped particles increased. These
characteristics are an evidence for gas to paittialesformations during the day and also for
secondary particle formations, as also demonstiatgdramsch et al. (2009).

Silva, (2005), used magnetic susceptibility on 2@@&tosols from Santiago. They could
identify specific ferromagnetic phases. Positived anegative signals of magnetic
susceptibility were observed in coarse (> 8um) famel fractions (0.4 — 8um), respectively.
These signals were related to mafic compositionthefcoarse fraction, with dominant Fe
and Ti, while Si and Al were dominant in the firradtion. In both fractions, magnetite was
recognized as a principal iron oxide phase.

Morata et al., 2008 studied a few filters collecie@004 in two sites (fig 12) with PIXE and
SEM techniques. Lithogenic particles such as pymexemphibole, plagioclase and feldspar
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were recognized, their origin supposedly relatedltdhe volcanic and volcano sedimentary
formations present around Santiago. These partigke better represented in the PM10
fraction than in the 2.5 ones. Particles with cleathropogenic signature were also identified,
the occurrence being more important in the PM2&ntim the PM10 fraction. Potential

sources were proposed for these particles, asamaaein Chapter 3.

1.10.3 Metal concentrations and source identificati on.

These previous studies used PIXE, ICP-MS, XRF aall $chniques in order to quantify
elemental concentrations in the PM, then proposdations with potential sources. We
present here their results, the potential sourcgsked (and their elemental signature),
following the sources classification proposed b€ DUC, 2007.

1.10.3.1 Stationary source

Oil and coal combustion (Power or Industrial plantentral heating systems)

Préndez, (1993) was able to identify spheric pagidblack and white, composed of Na, Al,
S, Si, C1, Ca, Fe, V and associated this to eilmastion.

Artaxo et al. (1999) identified residual oil combaa and /or industrial emissions with V,
Ni, Zn, Mn and CI. Arsenic and sulfur emission l@en considered independent of sulfate
source. The latter has been related to S, Se, KPaadd this source included secondary
aerosol formation from oxidation of $Qwith the observation being consistent with Morata
et al. (2008).

Moreno et al. (2010) using XRF on PM 2.5 from aelteamples collected between 1998 and
2007, identified oil sources and correlate theninwin, Cu, Fe and Zn.

V and Ni are widely associated with oil combust{@elis et al., 2004; Pey et al., 2009) while

Cr is associated with coal combustion (Hedberd.e2@05).

Incineration Processes

Préndez, (1993) related Na, Al, S, Cl, K and Cawitineration processes.

Copper smelter

As previously mentioned, two major copper minesni&ete and Andina and their associated
smelters: Caletones; Ventanas and Chagres aretHass200km far from Santiago. To
determine their impact on the air quality of Sagmiawe considered the previous work in this

region.
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Romo-Kroger et al. (1994) used Particle induceda)X-emission (PIXE) on the aerosols
taken from La Leonera, and recognized Caleton@snaajor source of air contamination. The
copper smelter is related to S, Cu, Zn and As.

Artaxo et al. (1999) studied (with PIXE) the aerdgscompositions from Santiago and their
sources apportionment. Copper emissions coulddponsible for As and Cu.

Kavouras et al. (2001) used X-ray fluorescence (XRR PM2.5 and PM10 fractions
collected in five cities of Chile. According to shstudy, Cu, As and Zn concentrations were
much higher in Rancagua, Valparaiso and Viiia det fig 1) than those measured in
Temuco (617km south of Santiago) and Iquique (1K®Onorth of Santiago). This shows
that the central chile are most impacted by coppelting than southern Chile.

Gidhagen et al. (2002) using an ICP-MS, detecteth larsenic concentrations (up to 30.7
ng/nt) in PM10 sample from seven rural stations in Gerend Northern Chile, located tens
to hundred of kilometers far from the nearest cogpeold smelter.

Hedberg et al. (2005) used an ICP-MS, in ordedémiify the principal contributions to PM
10 and arsenic concentrations in the Central CHileey argue that Caletones smelter
emissions are characterized by As, Cu and Zn, wfeletana and Chagres smelters emit As,
Cu, Mo (and Bi in Chagres, Ag in Ventanas).

Sax et al. (2007) used XRF on the PM 2.5 aero$ier fsamples from Santiago (MACAM
network, Pargue O’Higgins station). They determirtbdt the trend in the elemental
composition of PM 2.5 in Santiago from 1998 to 2808ws a significant decrease of Pb, Br
and S concentrations, probably due to the elinonatif the leaded gasoline in 2001 and to
the desulfurization of diesel and petroleum sing@42

Finally as previously mentioned, Morata et al. @0proposed a relationship between S and

copper smelter.

Residential sources (Residential combustion ¢fGL.GP, natural gas, kerosene)

Ruiz et al. (2010) identify different indoor souscevhich have different geochemical
signatures. Br, Cl, Cr, K, Na, Pb and Se are faankkrosene homes, whereas LPG home -
atmospheres have in their composition Cl, K and@mmpressed natural gas (CNG) homes
only show Cu and K, whereas in all homes there weteor enrichments in Al, Ca, Cu, Mg
and Ti.
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1.10.3.2 Mobil Sources

Artaxo et al. (1999) define Br, Pb, BC, K and Sretmments which characterize vehicular
emissions.

Morata et al. (2008) characterized iron oxide pheti and proposed for them a vehicular-
traffic origin as put forward by Silva, (2005).

Sax et al. (2007) show a reduction in Pb, Br ancb&centrations probably related to the
street paving and cleaning programs or to the daotcoon of unleaded gasoline and low-S
diesel.

Moreno et al. (2010) identified motor vehicle sasby Br, Cl, Pb and K.

1.10.3.3 Temporary Source

Natural origin

- Rojas et al. (1990); Ortiz et al. (1981) haveoagged Fe, Mg and Mn with natural origin.

- Préndez et al. (1984 and 1989), Ortiz et al. (1 @®d Morales et al. (1983), affect a natural

origin to the elements Na, Al, Ca, Sc and Si.

- Préndez, (1993) and Morata et al. (2008) recaghsrjuare crystals of Na and CI (sea salt).
Indeed, Na and Mg are currently used as tracesse@fources (Hedberg et al., 2005; Kang et
al., 2009).

- Artaxo et al. (1999) defined soils dust by theneénts Ca, Si, Ti, Fe, Al and Sr

- Morata et al. (2008) consider that major elemexiiCa, Na, Fe and Mg and some trace

elements such as Zr, Ti, Sr and Rb are traceratafa origin.

- Moreno et al. (2010), identified soil source wih Si, Ti and Ca in both fractions, and Fe,

Ca and Mn in PMs.1ofraction.

Wood combustion

Even if also considered as having a crustal oriffins generally used as tracer of wood
combustion (Carvacho et al., 2004, Celis et al062Morata et al., 2008).

Traffic or mobile source

- Moreno et al.,, 2010, identified S and P as tmosff combustion in diesel vehicles,
generators and motors, even if these elementsisarba related with copper smelter around

of Santiago.
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1.11 Conclusion

The urban expansion and the consequent industgaéldpment produce a mixing of
pollutants sources that impact Santiago, amplifiydadverse meteorological conditions.
Over the last 20 years important decisions have baesn in order to improve the quality of
air in Santiago.

Different studies have been performed in Santiagorder to identify the patterns of PM10
and PM2.5. However, it is only in the last decallat tstarted the studies dedicated to the
identification of sources through their elementahaentrations. According to the works
mentioned before (in metal concentrations), theomapurces unambiguously identified in
previous works in Santiago can be summarized as:

- Natural (lithogenic) sources regrouping soilsesuspended dust and sea salt,

- Mobile sources related with motor vehicle emissio

- Industrial emission and oil combustion,

- Copper smelters (Chagres, Ventana and more gplyif Caletones) have also been

identified as pollution sources, even if locatedffam Santiago.
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Chapitre 2: Sites, matériels et méthodes

2.1 Introduction

Le chapitre 1 vient de présenter I'ensemble degedas climatiques, géologiques,
meéteorologiques, topographiques et de végétatiosani susceptibles de jouer un réle dans
la distribution et la concentration des polluants.

Mais il est évident que, en plus de ces facteurgsighes, d’autres facteurs, parfois
d’influence plus locale, sont liés a I'activité hame et a la concentration urbaine (émissions
des industries, incinérateurs, trafic, etc. Il @siportant de mesurer quelles sont les
différences (qualitativement et quantitativemerigibles entre sites soumis a ces derniers
facteurs. En effet, dans le cadre des premiersrgnmoges de réduction des niveaux de
pollution, des études de minéralogie et de chimiteété mises en place dés les années 1980
(Prendez 1993, Artaxo et al., 1999). Ces étudesmmnitré qu’il y avait des secteurs plus
affectés que d’autres par la pollution et que dacentration du matériel particule variait
d’'un endroit a l'autre.

Nous avons donc choisi de travailler sur 4 sitgségentatifs présentant des environnements
industriels et routiers différents, lesquels sepmésentés en détail. Ainsi, deux sites ont été
sélectionnés en centre ville, affectés par la pioluindustrielle et le trafic (La Paz et
Teatinos), et deux autres sites ont été sélectsodags des quartiers plutot résidentiels, donc
moins soumis a ces contaminations anthropiquesyMsad.as Condes).

Mais tout ce travail de caractérisation puis d'gsal chimique n’a de valeur que si les
données sont fiables. Tous les protocoles de mélent, de manipulation et d’analyse sont
donc donnés en détail, et permettent de quankHigabilité et les limites des observations et

analyses présentées ensduite.

2.2 Selection criteria for the four sites

Even if the industrial network is scattered oves thetropolis, as are the main roads and
highways, there are differences in the type of nidation between districts. In order to check
the influence of both local sources and effectspohution levels, we have selected four
stations. All four sites reflect fairly well Sangi@a diversity, as two are in residential areas
while the two others are in densely populated aréés could have chosen to study more
stations, but this would have prevented us fromckimg with a statistically significant

dataset the effect of the meteorological conditionstrace metal contents of the different
fractions. Indeed this would induce the analysis @bo huge amount of samples. During a
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preliminary study dedicated principally to minegital observations, we have selected 6
filters collected at the stations Macul and Teairfeor the main geochemical project we
have chosen 2 other sites, La Paz and Las Cormlde @ and fig 15), where complete time

series of samples were available.

2.3 Description of the sites and their surrounding S

The four chosen sites (see their location in figlige chapter 1) belong to two different
networks. The Macul and Teatinos stations belonipéoUniversity of Chile and are run for
pure research projects. The samples collectec time2004 were used in a preliminary
mineralogical study, published by Morata et a@®8.

The two other sites, La Paz and Las Condes ardyuhe MACAM (Monitory Quality of
Air Network, belonging to Metropolitan Regional NBterial Secretary) which surveys
pollution levels in the air of Santiago and is imaoge of public alerts. The MACAM network,
has 8 stations with automatic and semiautomaticitoxamg systems located in different
places in Santiago. In all the stations, concentmatof carbon monoxide, sulphur dioxide
and ozone, and the amount of breathable particotaterial are measured systematically. In
three of these stations, nitrogen oxides conceofr@tand physical parameters such as
temperature, humidity, solar irradiation and wingkction are also measured. Data are stored
in AIRVIRO data base, located on the National Gerdf the Environmental Department
(CENMA).

Monitoring_; station Type of equipment site characterisation of sites

Teatinos Gravimetric Urban Commercial/residential
Macul Gravimetric Urban Residential

La Paz (F) Gravimetric/ TEOM Urban Commercial/residential
Las Condes (M) Gravimetric/TEOM Urban Residential

Table 9:Compilation information of monitoring stations usadhe present study
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Figure 15: La Paz and Las Condes stations equipitieorh Berrios et al., 2006, MACAM report).

2.3.1 Teatinos Station (run by Univ. of Chile)

The Teatinos street is a ~ 1km long canon street.ldcated in the center of Santiago, 150 m
far from Av. Libertador O’Higgings (fig 12, chaptdy, a five-lane and one of the most
heavily used avenue of Santiago, lined by crowdeevwsalks. Avenue Makena is also quite
close (~ 700 m) to the station. This station isseld500 m) to the Moneda Palace
(Presidential Palace) and to the major square ofti&p (Plaza de Armas), in an

administrative district hosting ministries and bank is a commercial/offices area with a
very low vegetation density and high cars and buisdgic. Industrial activities close to the

site are reported in figure 16.
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Figure 16: Principal sources of pollution that imgid.a Paz and Teatinos stations: powerplant,
heating boiler of Hospital of Chile University, istrial contributors boiler and other minor
contributors as dry cleaners and power generattmpggraphical map from Sernageomin, 1999.
1:100000)

2.3.2 Macul Station (run by Univ. of Chile)

This station is set on the campus of the Facult$p@énces of the University of Chile (fig
17), on the eastern part of the city, in a residérarea with low building density and
numerous trees, but fairly bare soil. It is 300 wag from two major roads (Av. Grecia and
Macul) and 2 kilometers away from Vespucio Avenine, Santiago ring highway (fig 17).

Nearby potential pollution sources are reportedigure 17.
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map from Sernageomin, 1999. 1:100000)

2.3.3 La Paz station (part of the MACAM network)

The La Paz station is located in the central parthe city, 2 km north from the above
mentioned Teatinos station, 1 km north of the Mé&yogver and west of the San Cristobal
Hill (fig 3 chapter 1), covered by scant vegetatidhe surrounding is a mixed residential —
commercial - industrial area, densely construcfied16). With the exception of the General
Cemetery (which hosts a crematory) and the Blantpthee tree coverage of this area is very
low. This district is also cut by three importaraffic roads: Independencia, Santa Maria and
Ismael Valdés. It also hosts building heaters: r2tie University of Chile Hospital and one
for the Psychiatric Institute. Figure 16 shows ihdustrial heaters are located approximately
1 km east of the station, while an industrial dilgacer is plotted 1.5 km to the west. A
painting workshop and many electric generators lase been identified. Finally, 3.5 km to

the east there is an important electric power plaig alternatively coal or diesel.
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2.3.4 Las Condes station part of the (MACAM network )

The Las Condes station is located at the easteo€itly (fig 17), on a gentle slope (Andean
foothill), where the Mapocho river leaves the Cleda and its valley becomes larger. The
environment is residential and displays, unlike @ther stations, a high tree coverage.
Costanera Norte highway and Kennedy Avenue arendia avenues in this area. One of the
biggest shopping centers in Santiago is approximé&t&ilometers west of the station. The
main identified potential pollution sources arectie generators and heaters of residential
buildings, health and educational centers and kalspi The station Las Condes was selected
because it could represent the global urban pothutivithout the impact of clearly identified
industrial pollution sources (fig 17).

2.4 Filter collection and sampling

2.4.1 Teatinos and Macul Filters

Teatinos

This station was equipped with a stacked filtet (8FU). The sampler was placed on the top
of an eight-floor building, about 30m above grouexkel. The samples were collected during
a period of 12 weeks in winter 2004 (table 1 inptba 3 in Morata et al. (2008)). Three
samples per week were collected, each samplinigpda®4 hours. Seven samples (on Teflon
filters) were collected during one month in Julygst 2004. One critical day (ICAP
pollution level 244 pg/h(PM10) as defined table 1 chapter 1) was seleittexigh SF;
(17/07/2004) sampling.

Macul

The sampling was done with a double PM10-PM2.5ectdir, which was placed 2m above
ground level. Typical collection rates were arout®l I/min. The filters here were either
Teflon or polycarbonate both utilized in SEM an&y3J his sampling was performed for one
week in June 2004, during which 10 samples weraiioéd.

For both sampling, filters were weighted before after sampling with a £0.001 mg
microbalance in order to measure the amount ofecd particulate matter (table 1 in
chapter 3 in Morata et al. (2008)). Then they wetered in sterile Petri dishes in
temperature- and humidity- regulated chambers.
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2.4.2 La Paz and Las Condes filters (MACAM network)

Filters were collected with a Manual Dichotomus $&n "Sierra-Andersen 240”. It is a
semiautomatic, programmable (fig 18) sampler of slume (Berrios et al., 2006). This
equipment allows simultaneous collection of bothZZ3/and PM10 fractions. The design of
the inlet allows only particles smaller than 10 mors to enter the sampler, where they are
separated into two size fractions and collectednanTeflon filters (Pall Flex; Berrios et al.,
2006), the fraction named PM10 regrouping all pbes between 2.5 and 10 um and the
PM2.5 fraction only particles under 2.5 um. The BMhction receiver tube has a flow rate
of 1.67 liter per minute while the PM2.5 receivaibeé has a flow of 15 liter per minute.

Each year, sampling is done every day from ApriGeptember, every two days in October,
November and March and every three days from Deeerntb February. Indeed, pollution
peaks are in winter (April to September) while test of the year suffers less pollution.
Sampling is performed between 10:00 to 10:00 the W@y in autumn and winter and
between 00:00 to 00:00 in spring and summer.

Filters are weighed before and after sampling,qigirt0.001 mg microbalance and stored in
individual plastic boxes in dry chambers (fig 19igh provide a 50% controlled relative
humidity and temperature between 20°C and 25°Qeggaband 3 in chapter 4).

Figure 18: (a) Dichotomus sampler and installatifilter in the field by MACAM network
technician. (b and c) Filter fot fractions PM10 aR¥12.5.
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Figure 19: Gravimetric laboratory equipment fronethir quality monitoring network, (from
Departamento de Salud Publica sanitaria de Ministele Salud Region Metropolitan / Department
of Public Health, Metropolitan Region).

2.5 Analytical techniques

The techniques used in the project are: electrocrascope (SEM) for the mineralogical
identification, PIXE and ICP-MS for major and traelements analysis. These techniques
were, as much as possible, applied jointly to #es sample, for chemistry and mineralogy
correlations and sources identification. In ordeavoid any contamination problem, all the
filters we studied were manipulated in class 10@@rcrooms. First, photos were taken of all
filters, which were then weighted with our own bale. In order to cut the filters easily and
without any pollution, an -all Teflon- special desiwas made which allowed cutting the
filters in perfect quarters with a ceramic knifath@ut touching the filters (fig 20). All tools
(tweezers, knive, etc) were also made of Teflon eareéfully cleaned (MilliQ water, diluted
HCI bath) between each filter processing.

2.5.1 SEM analysis

They were performed using two different equipmefitsn two laboratories. The first
analyses were performed with a JEOL JSM 5900 LV-S&Nhe “Universidad Catolica del
Norte (Antofagasta, Chile) while the others weraawith an all automated JEOL JSM 6360
LV-SEM at the LMTG, University Toulouse IlI.

2.5.1.1 Sample preparation

Polycarbonate filters were studied in Antofagastiere different tests have been performed
in order to determine the best conductive coverbara or gold. We tested also analysis
without any cover, as the filters were generallyared by carbon nanopatrticles issued by
vehicles exhaust pipes. Imaging quality and sigtability were poor on these non covered
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filters whereas both carbon and gold covers allovgeddd observations and imaging
conditions. Thus a small piece of a filter was aotl glued with doubled sided tape on an
aluminum handle, and a thin carbon cover was agpliee Teflon filters from the MACAM
network were studied in Toulouse. They were preparel mounted the same way.

2.5.1.2 Data acquisition and processing

The two SEM used in this study were coupled witleaeargy-dispersive X-ray microanalysis
system (SEM- EDX). The first data in Antofagastaevecquired “manually”: grains on the
filters were selected and their EDS spectra andlyaefurther identification. This method is
biased for two reasons: first the analyst is mam@aeted by grains with striking shapes than
by plain irregular ones, second, data are notssizily valid as this method being time
consuming, only a few tens of grains are analyZata at LMTG were collected semi —
automatically: all grains with size 1 micron were selected on a (~400 fhsurface of the
filter. Then EDS spectra were analyzed automaticatis second method prevents from the
two above mentioned biases. These spectra weregnebitan the two types of filter:
polycarbonate and Teflon. Both contain chemical ponents that could interfere with the
particles spectra and bias the interpretation. dfbee clean filters were first analyzed in
order to obtain their chemical spectrum. Polycadberiilters have a very smooth surface in
which particles appear clearly, whereas on the ohefilters the fibrous surface could
sometimes cause confusion between very small fegtand globules from the Teflon lattice.
Moreover, Teflon filters always provide C and F kgethat can disturb the EDS spectrum of
very small grains (~ 1um) whereas polycarbonaterfilonly contribute to the C peak.
Presence and signal intensity for the followingmloal components were checked in each
individual grain: Si, Al, Ca, Na, Mg, K, Fe, S, dli, Ba, Cu, Zn, Mn, Pb, (O, C). From this
information, in most cases, hypothesis could be anad the mineralogical nature of most
grains. In some cases mineralogical determinatias quite sound and precise: large (6-
10um) well crystalized flat crystals would provisieectra very close to the standard ones for
a given mineralogical species. But in other casdyg a very general mineralogical group
could be proposed from the EDS spectrum, eitheaumssx of mixed grains, size of the grain
or position on the filter. In any case, biogeniaigs were recognized without ambiguity
while sometimes, grain nature and origin (geoldgiaathropogenic or atmospheric) were

impossible to decipher.
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2.5.2 Proton-induced X-ray emission (PIXE) analysis

Analyses were performed at the Physics Departme@hde University using a 2.2 MeV

protons flux produced by a KN3750 Van de Graaftetestatic accelerator.

2.5.2.1 Sample preparation

The polycarbonate filters which were analyzed b}EIid not need any preparation or
cutting. Analyse was performed on a 1.5 mm dianmtee, for statistical reliability.

2.5.2.2 Data acquisition and processing

Major element and some trace element compositidnpadiculate matter published in
Morata et al. (2008) were obtained with this tegoei Detection limits, detailed
experimental conditions and technical specificatiane given in Morales et al. (1995) and
Miranda et al. (2006). Data processing has beee thgrthe technical and is also detailed in

the articles mentioned here above.

2.5.3 ICP-MS analysis

They were performed on a Agilent 7500 equipped wittollision cell, at the LMTG.

2.5.3.1 Sample preparation

After cutting, each ¥4 Teflon filter was weightecethput in a Savillex beaker (10ml) with
100ul of triple distilled Methanol (the required mmum volume to wet the hydrophobic
filter) and 200l of double distilled concentrateéN HNO3. After a few tens of minutes in
an ultrasonic bath, beakers were left for 12 ttn@drs at 100°C on a hot plate. After addition
of 100ul suprapure 16N HF and 200ul concentrate EMND3, beakers were left for 48
hours at 150°C. Generally at this stage, filtersenghite. They were removed with tweezers
and rinced carefully with MilliQ water. The resaldiquids were evaporated slowly at 50°C
in order to avoid the loss of volatile elementseaNy dry residues were recovered with 50ul
concentrated HNO3, spiked with In-Re solution (ingé standards) and diluted with MilliQ
water for a HNO3 2.5%, 2ml final volume. The comelprotocol together with some photos
is given in figure 20. For quality control, a subsé samples was analyzed for the second
time as duplicates. Total manipulation and chemiskanks were associated with each series
of sample.
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Acid dissolution Protocol of the samples
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Figure 20:schematic representation of the protocol followadcbmplete acid dissolution ttie particulate.
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2.5.3.2 Data acquisition and processing

All trace elements were analyzed when possiblet deaat 2 isotopes and with two analytical
modes: with or without gas in the collision celhélelement In was used as internal standard
and Re as a control of the validity of the interatndardization. External calibration was
done with (non matrix-matched) artificial solutioasd the protocol applied for internal
standard and interference correction followed time aescribed in Aries et al. (2000).
Duplicates were run in order to control the whotalgtical process: homogeneity of the
grains spread on the filter, sample acid dissaytiGP-MS reproducibility.

The raw data used by the ICP-MS software and &ty the technician had to go through
a series of data processing before definitive daliaation which include:

- When concentrations were measured independerithytwo isotopes of the same element,
and two operating modes, selection was made obéise determination, taking into account
the specific potential interference, the countitatistics and the error attached with each
measurement.

- Elimination of the measured values that were lotvan the detection limit

- Blank corrections

Initial concentrations measured as ppb in the Zitn were converted finally into pgfm
taking into the account the weight of the filteadtion, the total weight of the filter, and the
air volume filtered for each sample (data from MA@Anetwork). Duplicates were
considered in order to appreciate our real accuaadyreproducibility.

Final selection of the measured elements: thosehwhiere either under the detection limits
or suffered too high blank corrections for most pkas were removed from the final table

and not discussed in chapter 4.

2.6 Treatments processing of geochemical data

When facing results on hundreds of samples, f@waténs of elements, collected on 2 sites,
for roughly 80 different days with different metetmgical conditions, one has to use
simplifying concepts and statistical methods ineortlb extract information that can be

interpreted. These concepts and methods are peesiealiow.

2.6.1 Enrichment factors (EF)

Enrichment factors (EF) help outline the influerafea contaminant source compared to a

reference one. All measured elemental concentimtaor normalized to a crustal element
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(typically Al, Zr or Th) chosen for its stabilitynimost environmental processes. Then these
normalized values are compared to their equivalerd representative natural geological
environment. The result: the EF, shows the levarsfchment of a given element compared
to the natural geological environment. Here we ukednean bulk crust as defined by Taylor
and Mc Lennan, (1995) as the reference naturabgesal environment.

EF are calculated as follows:

EF = (C/Cref)sample! (Ci/Cref)crust

where (G/Cref)sampleiS the ratio of concentration of an element xhe teference element in
the sample and (Cf)crust IS the same ratio in the typical crustal matetiédre, we have
chosen Al as the reference element. EF higher thaould show that part of the concerned
element originates from other sources than cruBtalit is assumed generally that EF has to
be above a threshold of 10 to be considered dsahleeproof of a non-crustal contribution to
the budget of one element (Parehk et al., 1989).

2.6.2 Pearson Matrix (used in Morata et al., 2008)

The correlation measures the linear relation betvie® variables and their directions (direct

or indirect). Therefore, the coefficient for a laraelation will be 1 or -1. When the value of

the coefficient is zero or nearly zero, either ¢hisrno relation between the two variables, or
the relation is not linear.

The Pearson correlation coefficient is obtainedchiculating the covariance between the

variables.

2.6.3 Factor Analysis (FA)

Principal Components Analysis (PCA) and Factor Asial (FA) attempt to identify
underlying variables, ofactors, that explain the pattern of correlations withinset of
observed variables (Reimann et al., 2008). Normélig used to reduce the original number
of variables in order to identify a small numberfattors that explain most of the variance,
which can be observed in the much larger numbeanébles. The difference between PCA
and FA is primarily that PCA accounts for maximu@rignce of all variables, while FA
accounts for maximum inter correlations (Reimanal 2008).

In PCA, the reduction of dimensionality is achievsdtransforming the group of original
variablesp into another group with a numberof uncorrelated variabl€g<p) which names

are Principal Components. If a large number ofaldes exist with high dependency between
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them it is probable that a smaller number of newabdes (< 20% of original variables) can
explain the majority of the original variability ere than 80%) (Filzmoser et al., 2003). For n
samples and p variables, the data set is a matnx = (n > p), where the columns are the
variables and the rows are the samples.

If the variables have the same importance it isebd¢b use a correlation matrix, but if the
variables have the same units and in addition car@smo emphasize each variable according
to its variability, it is better to use covarianceatrix. This criteria depends on the

investigator.

2.6.4 Principal Component Analysis

The new variable @principal component) has been obtained as a linear combination of the
original variables. The components are organized asiction of percentage of variability.
The direction in a variable space that best presetive relative distances between the objects
(samples) is a latent variable, which hmaximum variance of the scores (these are the
projected data values on the latent variable).ditection is called by definition the first
principal component (PC1).

PCA searches for the direction in the multivariaBlgace that contains the maximum
variability. In this way, the first component (PGAill be most important because it explains
the maximal variability of the data set. The secpnidcipal component (PC2) is orthogonal
to PC1 and contains the maximum amount of the m@mgidata variability (Reimann et al.,
2008).

All data points are orthogonally projected onto P@lsulting in new data points, that are
called scores of the first principal component. Baere represents each data point with a
single number along the new coordinate PC1. PGR ihe direction orthogonal to PC1,
again all data points are orthogonally projectetbdPC2, resulting in the score PC2. The
direction of each principal component is expredsgds loadings which convey the relation
to the original variables.

PCA is a decomposition of the covariance, matrixanrelation matrix into “eigenvectors”
and “eigenvalues”. The eigenvectors are the loadofgthe principal components spanning
the new PCA coordinate system. The amount of véitialrontained in each principal
component is expressed by the eigenvalues, whechkiamply the variances of the score.

The PCA will be used as exploratory methodology oider to find the number of

uncorrelated components that will be used as nummbéactors, which will be fixed in FA.
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But, before using FA, it is necessary to verifytttiee data set has a normal distribution and
the observations are independent. Indeed it iswelvknown amongst applied geochemists
that regional geochemical data practically nevemsh normal distribution (Reimann et al.,
2008). The presence of outliers values in the eatarvery common In this case it is
important that all the variables should come aselto normal distribution as possible
(Reimann et al., 2008). In this case it is necgsgareduce the impact of outliers applying
robust version of PCA or FA (Filzmoser, 1999; Pisgnal., 2003). The aim is to fit the
majority of data points, contrary to classical geaquare) estimation where all data values,
including the outliers are fitted. When using rabR€A or FA, the outliers can be identified
and interpreted by studying the scores on the tgirirscipal components factors.

PCA and FA require, in order to give stable daket tthere are a sufficient number of
samples compared to the number of variables. [@iffeempirical rules have been suggested
(Reimann et al., 2008), e.g., n > p2 + 3p + 1 (wheis the number of samples and p the
number of variable (reference). Even if it exisikes adapted to each situation, for “small”

data sets, PCA or FA should preferably not be ugddthe full set of elements.
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3.1 Introduction du chapitre

Santiago présente différents niveaux de pollutimnoaphérique qui dépendent, entre autre:
de facteurs météorologiques, de la position gébigmap a l'intérieur de la ville et des
émissions de sources naturelles et anthropogénijageésence des Andes, a I'Est, et de la
Cordillera de la Costa a l'ouest, dans un contditeclimatique de type méditerranéen
caractérisé par une faible couverture végétalegesegt une contribution lithogénique
importante dans le matériel particulaire. Néanmoiast une mégapole qui génere
d'importantes émissions d’origine anthropogéniqué ge surajoutent aux émissions

naturelles.

L‘étude minéralogiqgue a pour objectif de précisar rhorphologie et la composition
minéralogique des particules afin d’aider a la coghpnsion de leur provenance et de leur
formation. Ces informations seront tres utiles gquéus’agira de proposer des hypotheses sur
les diverses provenances des éléments chimiquesrpséet sur les processus de génération.
A la différence de nombreuses études consacréesninéralogie des particules respirables,
effectuées a Santiago ou ailleurs (Sandoval e®9@B,1Morata et al., 2008), qui se focalisent
souvent sur des grains remarquables, cette étudeemsur des filtres d’'aérosols a été
abordée d’'un point de vue statistique, et baséusarsélection aléatoire des particules de
taille supérieure & 1pm distribuées sur une suréieeviron 400mrfi.  Comme les filtres
sont trés chargés en matériel particule et en cuasike le nombre de particules analysées
par échantillon varie entre 100 et 70 pour les Mt pour les PM2,5.

A fin d’approfondir sur la provenance du matériattgculaire, nous avons travaillé sur deux

sites en centre ville, présentant un fort impathpique (industries) (Teatinos et La Paz) et
deux autres sites moins impactés en raison de ltmalisation dans des quartiers plus

résidentiels (Macul et Las Condes). De méme, aicatactériser et quantifier les différentes
sources de pollution et leurs contributions respest(en nombre de particules), nous avons
sélectionné des échantillons prélevés a différesdsons, et en particulier I'hiver, lors des

épisodes de pollution.
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Le présent chapitre comporte deux parties:

La premiere partie de ce chapitre est constituéeiparticle (Morata et al., 2008) présentant
les premiers résultats obtenus sur les échantitiessstations Macul et Teatinos. Ce travail
integre différentes techniques analytiques (PIXRXD mesures magnétiques) en couplage
avec des observations détaillées au MEB, pour @da caractérisation de la phase solide
des aérosols de Santiago du Chili et proposeraleses potentielles.

Durant ce travail, ma contribution a porté sur :

- lacquisition des échantillons et mesures as®sci€mesures gravimétriques, T°,
hygrométrie), conditionnement et stockage des ditlwaus, construction de la base de
données regroupant ces informations ainsi quanfesnmations météorologiques,

- 'acquisition des analyses par PIXE, sous ladfiog de Dina Torres (Université du Chili),

- l'interprétation minéralogique d’'une partie dggectres multi élémentaires obtenus sur le
MEB du LMTG (Toulouse), sous la supervision de Mlve,

- le classement et la construction d’histogrammeeprédsence de différentes phases minérales

proposeées.

La deuxieme partie de ce chapitre est un complémertarticle précédent (Morata et al.,
2005) , présentant une rapide interprétation des@ss chimiques obtenues au MEB sur
guelques échantillons additionnels, dans lesostatLa Paz et Las Condes, sur lesquelles
porte le travail de géochimie, ceci afin d’élargirde compléter les données précéedentes et
d’aider a | ‘interprétation des données géochinmsque

L'objectif central de cette partie est toujours riecherche de l'origine des particules
analysées.

En conséquence, a partir de I'étude morphologiqudeela composition chimique de ces
particules, on propose quelques hypotheses comtefear temps de résidence et leur
dynamique physico-chimique. Ceci permet d’enri¢hidiscussion sur la formation des sels
secondaires dans I'atmosphére et de préciser lesesopotentielles émettrices de Fe, Ba, Zn,
entre autres. Cette étude montre comment la caisaiién minéralogique peut aider a
distinguer entre une origine liée aux activitésxtf&ction miniere ou aux processus de

fonderies.
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Evidement un certaines nhombre de problemes anaégitimitent les possibilités de ce type
d’étude, comme, par exemple, la taille et la positdes particules incrustées dans la
membrane du filtre d’analyse. Ceci joue un rélesdanqualité des spectres, qui ne sont pas
toujours représentatifs d’'une phase minérale epquvent parfois préter a confusion, suite a
la présence d’une pellicule recouvrant la partiéumalyser. Néanmoins, I'étude donne aussi
un certain nombre de spectres fiables permettandidcuter la nature des particules

présentes dans l'air.
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3.2 Résumé de l'article Morata et al., 2008

Le but de cette étude préliminaire appliqguée a etit pombre de filtres était de faire une
caractérisation des différentes particules préseni@ns l'air respirable de Santiago et
d’obtenir une quantification de leurs proportioreatives. Deux sites différents, I'un,
Teatinos, en centre ville et 'autre, Macul, dém€ampus scientifique situé dans une zone
résidentielle moins densément peuplée, ont étésishdia comparaison des observations
faites sur chacun des sites et entre les deutidnscgranulométriqgues (PM10 et PM2.5) vise
a permettre de montrer les similitudes et les difiées dans les populations de particules
observées et d’essayer d’en tirer des conclusionsrenes de source.
Les analyses au MEB ont été effectuées sur 2 ajgpditérents, le premier a I'Université
Catholique du Nord (Antofagasta, Nord Chili) etdeuxieme au LMTG, Université de
Toulouse. Les études statistiques au MEB portentusucouple PM10-PM2.5 a Macul,
completé par un autre filtre PM10 du méme sitaietigux filtres PM10 de Teatinos.
Dans le méme temps, des analyses PIXE ont ététedtes au laboratoire de Physique de
I'Université du Chili sur 27 échantillons, 20 (181R0+10 PM2.5) provenant de Macul et 7
de Teatinos.
Les concentrations en éléments majeurs et métautxdemnées dans l'article, ainsi que les
histogrammes de répartition des différentes pdescwentre les différents sites et les 2
fractions.
Les observations générales sont les suivantes:
- Le total de ces concentrations, comparé a la endsgrosol sur le filtre, montre que les
eléments mesurés contribuent pour environ 50 Yot & Macul mais seulement pour 10 %
ou moins a Teatinos. Ceci montre que la majoritdadenasse retenue sur les filtres de
Teatinos n'est pas analysée, il s’agit tres cesgtaent du carbone élémentaire et de composés
carbonés organiques, qui rendent les filtres déif@acomplétement noirs (et conducteurs).
- Si on fait abstraction de la couverture de miartipules de C, on observe que, quelque soit
la taille des particules (PM10 ou PM2.5) les patts d’origine lithogéniques sont les plus
nombreuses (73% dans la fraction PM10). Cette whten a partir des données MEB (sur
des particules > 1 um) est confirmée par les daWPEXE (sur I'ensemble des particules).
Vient ensuite une catégorie de particules (oxyde$ed sulfates de Ca et Ba, par exemple)
sans forme significative et dont la formule chinggone permet pas de trancher sur leur
origine, lithogénique, atmosphérique ou anthropapén Enfin on observe des particules
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d’origine clairement anthropogéniques (avec parfbés formes remarquables, telles des
sphéres) et de tres rares particules d’origineédmagie.

- A Teatinos comme a Macul, ce sont les silicapgsokxene, plagioclase, amphibole, argiles,
quartz) et oxydes de fer qui dominent au sein @escples d’origine lithogénique. Viennent
ensuite des sulfates et chlorures, les sulfatest @las fréquents a Teatinos qu'a Macul.
Enfin, les particules d’origine anthropogénique,det composition parfois exotique, sont
surtout présentes dans la fraction fine.

- Afin de quantifier la contribution de ces partesid’origine anthropogénique, des facteurs
d’enrichissement ont été calculés, en utilisant cdimme élément de référence et en
comparant a la composition chimique de la croltgingentale moyenne telle qu’estimée par
Taylor et McLennan, (1995). Si on ne considere cemsignificatif que les facteurs
d’enrichissement supérieurs a 10, on en déduiSiue, K, Ti, Ca et Fe ne sont apportés que
par les particules lithogéniques, alors que SOEI,Cu et Zn sont portés en majorité par des
particules d’origine anthropogénique. Mais les dacs d’enrichissement sont moindres a
Macul qu’a Teatinos ce qui est en accord aveclissmwations faites au MEB.

- La pourcentage élevé de particules lithogéniqaess typique des zones a climat
meéditerranéen semi aride a faible couvert végétales particules de sol nu sont mobilisées
par le vent. De plus, les particules observées BB gont typiques du cortege de minéraux
présent dans les produits d’altération des roclwsamiques environnantes. Ces particules
présentes aussi dans les parcs et les rues nomogogds, sont constamment remobilisées
par le trafic automobile et par I'habitude locake lshlayage journalier des trottoirs et allées.
Ces patrticules maintenues dans l'air a cause dedahe d’inversion tres basse I'hiver, n’en
sont retirées que lors d’épisodes pluvieux.

- Origine des oxydes de fer.

Les oxydes de fer existent dans les deux sitessetiéux fractions granulométriques. Ces
oxydes de fer peuvent étre soit des magnétitesepeoit des roches magmatiques, soit des
goethites secondaires développées dans les solaltpaaition des roches, soit enfin des
particules anthropogéniques provenant de la dégoadales barreaux métalliques, des
tubulures diverses utilisées dans l'industrie, dets d’échappements etc. Aucune de ces
particules ne présente de forme cristalline peanetiie leur supposer une origine primaire
magmatique. Au contraire elles se présentent soursef de grains mal ou non cristallisés.
Des études des propriétés magnétiques de filtresremd que les oxydes de fer sont des

magnétites, lesquelles ont aussi été observéedesufiltres, avec des aspects et des tailles
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compatibles avec nos observations. Nous supposuores gle la majorité des oxydes de fer
présents sont dorigine anthropogénique (et praven@rincipalement des pots
d’échappement), ce qui n'exclue pas la possiblsgmée d'oxydes de fer provenant de
I'altération des roches magmatiques.

- Origine des carbonates et sulfates de calcium.

Ces particules peuvent étre d’origine soit lithagae (intercalations sédimentaires), soit
anthropogénique (carrieres, cimenteries, carrigtesgypse). Mais ces intercalations
sédimentaires étant rares et les carrieres et itfodms diverses de calcaire et de gypse
beaucoup plus nombreuses aux alentours de Santett® derniére origine est plus probable.
- Source de quelques particules d’origine anthrépagie.

Les éléments S, Cl, Cr, Mn, Cu et Zn présentent faeseurs d’enrichissement tres
importants, certainement dus a des processus tlieranthropiques. De tels enrichissements
avaient déja été observés pour Cr, Mn, Cu et Zitebués a une grande variété de sources
anthropogéniques : centrales thermiques, émissies \kEhicules, industrie de [lacier,
combustion des ordures, hauts fourneaux etc. Lifigation de sources précises ne peut se
faire ici, avec les outils usuels de la géochimléanmoins quelques pistes méritent d’étre
mentionnées. Par exemple S présente des EF imfmortiams les deux sites, et sans
correlation avec Cu ou Zn, on peut dés lors éctatpossibilité que S provienne d’'un sulfure
naturel, il est plus probablement dans des phagdéges, observés d’ailleurs au MEB. Ces
phases proviendraient des 3 raffineries de cuitteées a moins d’une centaine de km de
Santiago.

Cl aussi est anormalement enrichi dans les aérdeo&antiago et il faut écarter I'hypothese
d’'une origine marine car nous avons observé tresdeegrains de NaCl au MEB, mais, en
'absence d’analyse des concentrations en Na iliffstile d’aller plus loin, tout en retenant

une probable origine anthropogénique liées auxsmihs chimiques, a confirmer.

3.2.1 Conclusions

Cette étude préliminaire a montré que le couplage @onnées géochimiques et obsevations
minéralogiques se révele, méme s’il est imparére un bon outil qui permet d’obtenir des
informations originales sur l'aspect, la taille l&rigine des particules respirables et leur
association avec certains éléments chimiques. Marala contribution importante sinon
majoritaire des particules de carbone, il est eggant de noter que les particules d’origine

lithologiques sont les secondes contributricesikn lylobal. Le couplage entre observation,
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détermination minéralogique, propriétés magnétiqaeseneurs en éléments majeurs permet
de proposer des origines pour un certain nombrgadéeules d’origine discutable. Le calcul
des facteurs d'enrichissement, en couplage avec desnées géochimiques et la
caractérisation minéralogique permet de susp€cteégihe de particules liées a des activités
anthropiques typiques de Santiago. Mais sans denpeises sur les concentrations en

meétaux toxiques, il n’est pas possible de faidéele avec les problemes épidémiologiques.

84



Chapitre 3: Minéralogie

3.3 Article

Environ Geol (2008) 56:81-05
DOI 10.1007/500254-007-1141-8

ORIGINAL ARTICLE

Characterisation of aerosol from Santiago, Chile:
an integrated PIXE-SEM-EDX study

D. Morata - M. Polvé - A. Valdés - M. Belmar -
M. L. Dinator - M. Silva - M. A. Leiva -
T. Aigouy * J. R. Morales

Received: 31 August 2007/ Accepted: 13 November 2007 / Published online: 5 December 2007

© Springer-Verlag 2007

Abstract Santiago de Chile is a big city with huge air
quality problems, being one of the most polluted cities in
the world. This is aggravated during winter by the topog-
raphy and meteorological conditions of the city. Although
public policies have been developed to minimise the
atmospheric aerosol pollution, there is a lack of adequate
knowledge and poor characterisation of these aerosols
(in its PM, 5 and PM, fractions). In this study we sampled
atmospheric particles during winter in two distinct areas of
Santiago: downtown (Teatinos Street) and in a more resi-
dential area (Macul). Major (Si, Al, Fe, Ca and K)
and some trace element (S, Cl, Ti, P, Cr, Cu and Zn)
compositions were obtained by proton-induced X-ray
emission (PIXE). Morphological, type and chemical char-
acterisation was also performed using scanning electron
microscopy (SEM) coupled with an energy dispersive
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X-ray microanalysis system (SEM-EDX). Besides the
carbon particles, the contribution of which can be quite
important in the atmospheric aerosol, especially in down-
town, unambiguously lithogenic (i.e. of geological origin}
particles and elements are the second highest contributors.
Enrichment factor calculation, together with particle iden-
tification and element correlation allow the origin of some
elements and particles to be traced, revealing anthropo-
genic origins for some of them that are specific to the
Santiago area.

Keywords Atmospheric aerosol - Particle analysis -—
Mineralogy - Geochemistry - Environmental pollution

Introduction

All mega and big cities in the world suffer from heavy
atmospheric pollution, both from more or less toxical gases
(NO, CO, O3, etc.) and from very small solid particles
inhaled by humans. This has become a major health issue
and most megacities are now developing survey programs
in order to identify these pollutants with the aim, of first,
being able to forecast pollution peaks and ultimately, to
attempt to reduce their amount. Recent research has shown
a clear connection between high levels of atmospheric
particles and adverse effects on human health (see refer-
ences in Moreno et al. 2003, 2004b, Yadav and Rajamani
2004, among others). Therefore it becomes very important
to characterise solid aerosols as best as possible, both
mineralogically and chemically and to determine their
sources.

The inhalable particulate matter suspended in the
atmosphere is heterogeneous in size, composition and
origin. Typically, any sample collected in a city with a
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problem of particalate matter pollution would contain
different types of salts (mostly ammonium and calcium
sulphates, ammonium nitrates, sodium chlorides) organic
and elemental carbon (mainly derived from road traffic),
biological components (pollen and micro-organisms), iron
and other metal compounds derived from industrial pro-
cesses, and minerals and rocks fragments derived from the
surrounding geological formations. They can be defined as:
organic and/or inorganic, natural (biological/geological)
and/or anthropogenic, and primary and/or secondary. This
diversity makes it difficult to identify pollutant sources as
well as to model the particulate matter distribution in
relation to meteorological parameters. Because of this
diversity, estimation of the mass alone of the particle
matter and its carbon content provides insufficient infor-
mation about its origins and its potential health effects
(Moreno et al. 20(4a).

Typical geological analytical techniques for the identi-
fication of mineral phases and their chemical char-
acterisation (e.g. scanning electron microscopy (SEM)
coupled with microanalysis, X-ray diffraction and chemical
analyses) have been recently applied in order to trace
the origin of particulate matter in the atmosphere {e.g.
Kasparian et al. 1998; Boix et al. 2001; Moreno et al. 2003,
20044, b, ¢, 2005; Celis et al. 2004; Kroger et al. 2004;
Yadav and Rajamani 2004; Suzuki 2006, etc) and provide
valuable information both for scientists tracing the sources
of these aerosols and for civil servants in charge of
pollution reduction.

Santiago is one of the most polluted cities in the world,
which is aggravated during winter by the topography and
meteorological conditions of the city. Previous studies of
particulate matter in the air of Santiago have been focussed
on the application of optical techniques (e.g. Trier 1997,
Gramsch et al. 2004; Koutrakis et al. 2005) or gravimetric
methods for determination of the particle mass (Jorquera
2002) followed by the elaboration of statistical models to
define its distribution and the establishment of atmospheric
monitoring networks (Morel et al. 1999; Pérez and Reyes
2003; Silva and Quiroz 2003). However, no information
has been available concerning the types of particles present
in the air, and their origins. As previously shown by the
other geologists (e.g. Moreno et al. 2004a, b, ¢, 2003),
SEM, together with proton-induced X-ray emission {PIXE)
are useful tools for the identification of the different par-
ticle types (e.g. Miranda and Andrade 2005; Cong et al.
2007) and the quantification of their relative proportions in
particulate atmospheric matter. Here we applied these
techniques to the particulate matter of Santiago, which
allowed us to characterize and list all the different types of
particles present, together with their variation between the
two sites in relation to meteorological conditions. This
preliminary study is part of a larger program, including
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chemical and isotopic analysis and magnetic characteriza-
tion of the particles in a set of atmospheric samples
collected in Santiago, Chile.

Geographical, meteorological and geological context

Santiago (33.5°S, 70.8°W), the capital of Chile, a city with
almost 6,000.000 inhabitants (37.5% of the national pop-
ulation, http://www.ine.cl), is located on a gentle slope
(from 450 m above sea level in the west to more than
750 m in the east) in a geographically confined basin (the
Central Valley) between the Andean Cordillera {(altitude
>4,500 m) to the east and the coastal range (altitude up to
2,000 m), to the west (Fig. 1la, b). Due to its subtropical
latitude, the vertical exchange of air during most of the
year is controlled by permanent subsidence and the for-
mation of a thermal inversion layer, caused by the South
Pacific sub-tropical anticyclone. This results in a semiarid
climate with temperatares ranging between —2 and 35°C
(average values around 14°C) and an average rainfall of
350 mm per year but large interannual variability (Rutland
and Garreaud 1995). The prevailing wind direction over the
city is southwesterly throughout the year. The thermal
mversion subsidence layer lies at about 400 m above the
ground during winter and autumn and at 1,000 m during
spring and summer. During these thermal inversion peri-
ods, the vertical ventilation is highly restricted and air
pollution increases dramatically as a mass of cold air is
trapped below warmer air. Consequently, the geography
and climate of the Santiago basin are, in general, unfa-
vourable for the diffusion of air pollutants. Extreme events
of air pollution occur frequently during the high pollution
season, extending from April to August (Rutland and
Garreaud 1995). Moreover, the urban area is showing rapid
growth, concentrating most of the new services, housing
and industries as compared to the rest of the country
{Romero et al. 1999), thus reinforcing the magnitude of this
pollution problem.

Geologically, Santiago is located in a basin filled by
quaternary alluvial sediments mostly derived from the
chemical and mechanical erosion of the Cenozoic inter-
mediate and basic volcano-sedimentary formations of the
Andes (Fig. 1c). Three steep hills inside the city are
composed of dacitic domes or necks covered by the same
Quaternary alluvial material. The 450 4+ 60 ka old Pu-
dahuel rhyolitic tuff (e.g. Stern 2004) crops out aleng the
western side of the town. Both the alluvium and rhyolitic
tuff are unconsolidated and covered by scarce vegetation,
which becomes dry in summer, leaving unprotected soils
during a large part of the year.

Some active copper mines are present in the proximity
of Santiago, including the world class El Teniente Mine.
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Fig. 1 Location, tepography

and geclogy of the Santiago de (a) ZEw R Chile

Chile area (based on the
geological map of
SERNAGEOMIN 2003)
indicating the sampling sites.
Symbols in ¢ I pre-Mesozoic
rocks, 2: Mesozoic voleano-
sedimentary rocks; 3: Cenozoic
volcano-sedimentary rocks; 4:
Cretaceous granitoids;
Holocene-Quatermary in white.
Legend in d: T: Teatinos Street;

Pacific

Ocean

M: Macul site

Cu smelting industries are also located a few kilometres
from the town.

Sampling and analytical technigues

Aerosol samples were collected at two different sites in
Santiago (Fig. 1d), about 7 ki apart: (1) downtown Tea-
tinos Street, a canyon street used by many buses and lined
by crowded sidewalks. Moreover, it is located 150 m from
Alameda Street, a five-lane avenue (three of which are
dedicated to buses), one of the most heavily used roads of
Santiago; and (2) on the campus of the Faculty of Sciences
at the University of Chile, located on the east side of the
city in a residential area, 300 m away from two major
roads.

Sampling in Teatinos Street (only PM,, fraction) was
done using a stacked filter unit (SFU) sampler placed on
the top of an eight-floor building (ca. 30 m above ground
level). Samples were taken from 24 h, three times per
week, for a total period of 12 weeks during the winter of

. 2

2004 (Table 1). One day classified as critical by the air
guality national agency (ICAP value of 244, hitp:/fwww.
conama.cl, Table 1) was also sampled. On the campus
(sampling referred to as “Macul™), the double PM,;o-PM; 5
collector was placed 2 m above ground level. Typical
collection rates were around 18 L/min. Samples from
Macul were collected during one week in June (10 sam-
ples), and those from Teatinos during 1 menth in July—
August 2004 (7 samples).

All filters, whatever their type (Teflon, quartz or poly-
carbonate), were gravimetrically analysed before and after
sampling with a -+0.001 mg microbalance in order to
determine the amount of collected particulate matter
{Table 1). Sampling conditions and mass concentrations
are shown in Table 1. The filters were stored under stenle
Petri dishes and in constant humidity- and temperature-
regulated chambers. Following an integrated procedure of
characterization and identification of the particalate matter
using destructive and non-destructive analytical tech-
niques, each filier (47 mm diameter) was cut into four
Quarters with ceramic scissors in a clean room. One quarter
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Table 1 Meteorological (internal data from the Department of Geophysics, University of Chile) and gravimetric (or PM1q_5 s mass concen-

tration) data

Sample Sampling date Timing sampling 7Tyax — 7o (CC) Relative humidity (%) PMio weight (mg) PM; s weight (mg) ICAP
Macul

1-1147  03/06/04 12:00-18:00 238 - 174 309 - 0.479 91
2-1148 0.232 -

1-1149  04/06/04 5:00-11:00 134 - 8.1 61.2 - 0114 127
2-1150 0.349 -

1-1151  05/06/04 5:00-11:00 110 - 8.8 875 - 0.171 70
2-1152 0.130 -

1-1153  06/06/04 5:00-11:00 102 - 40  83.0 - 0.153 55
2-1154 0.120 -

1-1155  07/06/04 5:00-11:00 118 - 37 730 - 0.106 71
2-1156 0.106 -

1-1157  08/06/04 5:00-11:00 125 - g6 617 - 0.153 77
2-1158 0.446 -

1-115%  09/06/04 5:00-11:00 115 - 58 713 - 0.180 98
2-1160 0.239 -

1-1161  10/06/04 5:00-11:00 67 - 1.3 86.7 - 0.114 45
2-1162 0.164 -

1-1163  10/06/04 12:00-22:00 114 - 6.0 652 - 0.226 45
2-1164 0.440 -

1-1165  11/06/04 13:00-17:00 156 - 115 320 - 0.117 70
2-1166 0.113 -

Teatinos street

S14F1  10/08/04 24 h 172 - 73 759 2.766 - 60
S12F1  05/08/04 24 h 14.1 - 35 706 1.604 - 38
S10F1  30/07/04 24 h 243 — 47 544 1.677 - 89
S8F1 28/07/04 24 h 133 - 56 779 1.892 - 11
S6F1 23/07/04 24 h 168 - 6.6 590 2.601 - 62
S4F1 20/07/04 24 h 140 - 9.6 685 0.717 - 74
S2F1 17/07/04 24 h 180 - 6.9 o643 2.620 - 244

ICAP: particle air quality index (SEREMI-Salud Region Metropolitana, Chile)

was used for PIXE and then SEM analysis and the
remainder was kept for other analytical measurements
(magnetic characterization, chemical and isotopic analysis)
currently in progress.

Mean major element (8i, Al, Fe, Ca and K) and some
trace element (S, Cl, Ti, P, Cr, Cu and Zn) compositions of
particulate matter were obtained by proton-induced X-ray
emission (PIXE) using a 2.2 MeV protons flux produced by
a KN3750 Van de Graaff electrostatic accelerator at the
Physics Department of the University of Chile. Detection
limits (0.03-0.3 mg/em?) and detailed experimental con-
ditions and technical specifications are given in Morales
et al. (1993) and Miranda et al. (2006). Data are reported in
Table 2.

Characterization of the particles (morphology, type and
chemistry) was performed using SEM coupled with an
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energy-dispersive X-ray microanalysis system (SEM-
EDX). Some filters were examined at the Department of
Geology of the Catholic University of the North (Anto-
fagasta, Chile) with a JEOL JSM 3900 LV-SEM. Others
were studied at the LMTG in Toulouse (France) with a
JEOL JSM 6360 LV-SEM. As most filters, especially in
Teatinos, were covered by very small acrosol carbon par-
ticles, they did not need to be coated for conductivity.
However, we found, that a gold coating made the filters
more resistant to the effects of the flux. As the SEM in
Toulouse is adapted to environmental observation (biolog-
ical samples) no filters studied in Toulouse required any
preparation. In each studied sample, a square was randomly
selected in which all particles exceeding 2 u were analysed.
Secondary electron images (SEI) were obtained together
with their EDS spectra of the major chemical components
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Table 2 PIXE elemental concentrations (ug/mS) measured in aerosols from Santiago

Sample Si Al Fe Ca K Ti Cr Mn Cu Zn P s Cl
Macul

1-1147 1471 0.21% 0.809 0.420 0.151 - - - - - - 0.555 0.054
2-1148 4223 0.650 1.817 1.5%4 0.305 0.108 - - - 0.125 - 0.389 0.113
1-1145 1641 0.360 0.307 0.118 0.148 - - - - - 0.022 0.573

2-1150 7242 1.352 - 1.413 0.328 - - 1358 - - 0.071 0.683

1-1151 1.168 - 0.802 0.193 0417 - - - - - - 1.754

2-1152 6.574 1.279 0.654 1.184 0197 - - - - - 0.071 0856 -
1-1153 0423 - 0.359 0.134 0170 - - - - - - 0.725 -
2-1154 3.601 0.803 0.525 0416 0136 - - - - - 0.031 0.403 -
1-1155 1.031 - 0.526 0.250 0229 - - - - - - 0.591 -
2-1156 4824 0.794 0.965 0.301 0.188 - - - - - 0.036 0360 -
1-1157 1.282 0.200 0.637 0.295 0326 - - - - 0.13% - 0.562 -
2-1158 11.126 2.027 3876 2355 0.750 0.050 0.158 0.235 - - 0.049 1.362 0.149
1-115% 0486 - 0334 0.13% 0.258 - - - - 0.205 - 0.550 -
2-1160 8.208 1.674 1.892 1.373 0422 — - - - - 0.095 0.915 -
1-1161 0811 - 0.467 0.225 0146 - - - - - - 0.258 -
2-1162 8773 1.529 1.784 1.383 0.294 0118 - - - - 0.038 0.520 0.098
1-1163 0.881 - 0.601 0.280 0172 - - - - 0.132 - 0.416 0.050
2-1164 6727 0.961 2.828 2.140 0.413 0127 - 0.08¢ - - - 0.424 0.155
1-1165 1685 - 1.081 0.537 0216 — - - - - - 0.675 -
2-1166 5431 0.914 2439 1.760 0.343 0.138 - - - - - 0.393 0.107
Teatinos street

§14F1 18232 7379 20.547 14911 7733 1.894 1.370 0.888 0925 1.502 - 9.116 3.551
S12F1 25.547 10.426 27.251 19.479 9.069 2.048 1.348 1.198 0.760 1.501 - 8.127 4192
S10F1 4.133 1.384 5.420 3.6069 1.662 0369 0.303 0.197 0.084 0.200 - 0.967 0.441
S8F1 2.326 0.502 2.340 1.618 0.834 0.193 0.15% 0.100 0.071 0.197 - 0.753 0.494
S6F1 1441 0.504 1.541 1.007 0.599 0.104 0.106 0.06%9 0.067 0.072 - 0.546 0.787
S4F1 1.129 0.651 1.186 0.887 0.408 0.087 0.076 0.051 - 0.101 - 0.282 0.418
§2F1 2.067 1.234 2264 1.288 0.996 0.130 0.090 0.072 0.120 0.229 - 0.622 0.483

(—) Below detection limit

present in each individual grain. This information allowed,
in most cases, the identification of the grain and its origin
(geological, biogenic, anthropogenic or atmospheric).

Statistical data were obtained on two types of filter:
polycarbonate and Teflon. Both contain chemical compo-
nents that could interfere and bias the interpretation.
Therefore clean filters were first analysed in order to obtain
their chemical spectrum. Polycarbonate filters have a very
smooth surface in which particles appear clearly, whereas
on the Teflon filters the fibrous surface can scmetimes
cause confusion between very small particles and Teflon
glomerules on the lattice. Moreover, Teflon filters always
provide C and F peaks that can disturb the EDS spectrum
of very small grains (=1 u) whereas polycarbonate filters
only contribute to the C peak.

With the optical resolution of both SEM, particles
smaller than 1 g could not be analysed correctly. Unfor-
tunately, in many cases important geological information

was thus lost, so that all the observations and conclusions
are valid only for particles larger than 1 p. Further work
with HR-TEM will be needed to get information on these
smaller particles. This is of crucial importance because, as
we will see later, it seems that the type and origin of the
particles vary in relation to their size.

Here we present a preliminary classification of the
particle types we found, based on more than 300 grain
identifications collected in five samples—three from
downtown (Teatinos) and two from the campus (Macul).

Resulis
Gravimetric data

Particulate matter daily weights range from 0.1 to 0.45 mg
in Macul where sampling lasted an average of 6 h, and
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from 0.7 to 2.8 mg in Teatinos, where it lasted 24 h
(Table 1). In Macul, where two sizes were sampled, the
PM;y weights were heavier than those of the PM, s, with
the 03/06/04 sample being the exception. If calculated back
to the same sampling time (24 h), recalculated sample
weights in Macul vary from 0.424 mg (07/06/04) to
1.784 mg (08/06/04). In Teatinos they vary from 0.717 mg
(20/07/04) up to 2.766 mg (10/08/04). Clearly, the partic-
ulate matter content is higher in Teatinos than in Macul.
Due to the small number of samples studied, however, we
did not detect statistically significant relations between
sample weight and atmospheric and meteorological
conditions.

PIXE data

PIXE analyses were performed on 27 samples, 20 from
Macul (10 for the PM; 5 and 10 for the PM, 5 fractions) and
7 from Teatinos. Elemental concentrations (expressed as
ug/ma) are given in Table 2. We expressed the data in pg/
m™ because this is the unit traditionally used in atmo-
spheric chemistry and becaunse it is representative of what
is inhaled by the inhabitants, even if this concentration unit
is geologically non-significant. We consider the filter
deposit to be homogeneous and the data to be representa-
tive of the whole filter concentration. The total of these
concentrations compared to the sample mass showed that
the measured elements contribute up to roughly 50% of the
sample mass in Macul but less than 10% of the sample
mass in Teatinos. This means that most of the constituents
in Teatinos were not analysed; they are probably elemental
carbon and organic carbon compounds, as indicated by the
black colour of the filters.

In general, of the 13 analysed elements, Si, Al, Fe and
Ca (typical lithogenic elements) dominate. Si (Al), P, S and
Cl are present as anionic groups (silicate or Al-silicate,
phosphate, sulphide and/or sulphate and chloride, respec-
tively), whereas Fe, (Al}, Ca, K, Ti, Cr, Mn, Cu and Zn are
mostly present as cations in combination with the former
anion groups.

Element concentrations in filters from Teatinos were
always one order of magnitude higher than those from
Macul. This could simply reflect the heavier weight of the
Teatinos samples when compared to Macul due to the
longer sampling time together with higher particle con-
centration in the air in Teatinos. At the same time, the
measured element fraction from Teatinos is a small part of
the total matter. Thus no sound conclusions can be drawn
from these raw concentrations in pg/m>. As a consequence,
correlation matrix coefficients have been calculated
(Table 3) with the aim of understanding the chemical
composition of the particulate matter. Diagrams based on
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elements ratios have also been used as they allow sources
with different element ratios to be identified.

In the Macul samples, some important differences were
observed between the two size fractions analysed. In the
PM, 5 significant positive correlations were observed only
between Ca and Fe (Table 3a). Nevertheless, if elements
with only three analyses are considered in the statistics
(samples in italic in Table 3a}, a positive correlation
(r > 0.8) was found between Si and Al, as well as Al and S,
and a negative correlation between Al and Ca, Al and Fe,
Si and Zn, Ca and Zn, and Fe and Zn. A positive correla-
tion between Si and Al would be indicative of the presence
of Al-silicates, whereas a negative Fe—Zn correlation could
indicate the presence of Fe-oxide minerals. The positive
Ca—Fe correlation suggests ferromagnesian silicates, where
Ca is always present (pyroxene and/or amphiboles).

In the PM;y fractions of the Macul samples, positive
correlation was found between Si—Al, Si-S, Al-S, Si-K,
Cl-Ca, Cl-Fe, Ca-K, K-Fe and Ca-Fe, and a negative
correlation between S and Ti (Table 3b). Moreover, if
samples with only three data (values in italic in Table 3b)
are also considered, a negative Ca-Mn correlation is also
observed. The fact that a better correlation exits in the
PM, o fraction than in the PM, 5 fraction could be due to
either: (1) higher absolute element concentrations in PMg,
which allow higher measurements and, consequently,
improve the r factor; and (2) a higher quantity of discrete
minerals controlling the whole chemistry. Indeed, silicate
minerals are presumed to be present in this fraction as
evidenced by the high Al-Si-element ratios.

In the Teatinos samples, from which samples S14F1 and
S12F1 were excluded due to their very high elemental
concentrations, a very good correlation coefficient was
found between almost all elements except Cl, Cu and Zn
(Table 3c). This might indicate a better-defined mineralogy
for the particulate matter but could also reflect the higher
quality of the measurements due to higher concentrations.
The chemistry of these samples could be explained by the
presence of both felsic and mafic Al-silicates (as evidenced
by the good Al-Si and Si-lithophile and transitional ele-
ment correlations). Sulphate, and/or sulphide minerals are
probably present too, as evidenced by the good correlation
between S-K/Ca and S-transitional elements (Fe, Mn,
Cr, Ti).

The diagram Si/S versus Si/Al (Fig. 2a) shows that the
SifAl ratios in Macul samples (whatever the size fraction
considered) are always greater than those from Teatinos.
This implies the occurrence of a higher amount of poly-
merized silicates in Macul (probably tectosilicates) with
respect to Teatinos {which might have higher amounts of
inosilicates and/or phyllosilicates). Moreover, the Si/S
ratio in the PM;, fraction from Macul is 12 times the
value found in the PM;s from Macul or the Teatinos
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Table 3 Correlation matrix (Pearson’s coefficient) of elements measured by PIXE in the particulate matter from Santiago
(a} Macul Fraccion F1 (PM5)
Al Si S Cl K Ca Fe Zn
Al 1.000
Si 0.902 1.000
s 0.854 0.110 1.000
Cl - - 1.000
K —0.602 0.022 0.776 - 1.000
Ca —06.862 0.540 —0.149 - —0.058 1.000
Fe 0.575 0333 - 0.314 0.864 1.000
Zn —0.900 0810 0515 0.160 —0.975 —0.975 1.000
(by Macul Fraccion F2 (PM 1)
Al Si P S Cl K Ca Ti Mn Fe
Al 1.000
Si 0.958 1.000
P 0.442 0321 1.000
s 0.8%6 0.822 0.461 1.000
Cl 0.267 0371 - 0.450 1.000
K 0.714 0.800 0.231 0.738 0.703 1.000
Ca 0.440 0.624 0.301 0.439 0.926 0.851 1.000
Ti —0.645 —0.595 - —0.808 —0.341 —0.701 -0.377 1.000
Mn —0.047 —0.306 - —0.147 - —0.572 —0.948 - 1.000
Fe 0.544 0.700 0.156 0.526 0.800 0.943 0.956 —0473 - 1.000
(¢} Teatinos (without the two first samples with very high concentrations)
Al §i s Cl K Ca Ti Cr Mn Fe Ca Zn
Al 1.000
Si 0.831 1.000
S 0.73% 0.930 1.000
] —0.587 —0.348 —0.108 1.000
K 0.893 0.978 0.511 —0.318 1.000
Ca 0.760 0.983 0.864 —0.351 0.945 1.000
Ti 0.751 0.987 0.898 —0.352 0936 0.993 1.000
Cr 0.624 0.940 0.500 —0.270 0.853 0.945 0.974 1.000
Mn 0.717 0.981 0.891 —0.283 0.933 0.995 0.9%96 0.968 1.000
Fe 0.811 0591 0.884 —0.338 0.975 0.994 0.984 05921 0.986 1.000
Cu 0.768 0.256 0.113 —0.391 0457 0.171 0.113 —0.118 0.081 0.266 1.000
Zn 0.895 0.627 0.650 —0.585 0.680 0.497 0.530 0.456 0.46% 0.555 0721 1.000

(a) Macul samples, PM; 5 fraction. (b) Macul samples, PM, fraction. (¢} Teatinos samples, excluding S14F1 and S12F1. In all cases, only
variables with n > 3 have been considered. Variables with » = 3 are in italic

PM,, samples. The very high S content in the latter two
samples could be related to a high sulphide, sulphate or
sulphur content. Indeed, a highly positive correlation
value (r = 0.884) between S and Fe in the Teatinos
samples indicates the occurrence of pyrite (or any other
Fe-bearing sulphide). High correlation values between S
and K {(r = 0.776 in the Macul PM5 5 fraction; » = 0.738
in the Macul PM,, fraction and 0.911 in Teatinos PM,,

fraction) could be related to potassium sulphate, the origin
of which will be discussed later. The PMyy fractions of
Macul display high S/Cl ratios (from 3 to 6), as compared
to those of the Teatinos PM;y fraction (<2.5, Fig. 2b).
This could be explained by the relatively low chlorine
content in the first fractions. Nevertheless, the high Cl
content in the Teatinos samples, associated with the lack
of correlation between Cl and any other analysed element
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(Table 3), probably reflects its association with non-ana-
lysed elements (most probably Na).

SEM data

This preliminary result is based on statistical data obtained
from a couple of PM,,/PM; 5 filters from Macul, comple-
mented with data from another PM,, filter (samples 2-
1150). For Teatinos Street, statistical data were obtained
from two PMyg filters (S4F1 and S8F1), complemented
with observations on a third (S7F1, not listed in Table 1).
Meteorological conditions during sampling are summarised
in Table 1.

Even before any microscopic work, it is evident that all
filters from Teatinos (downtown area) are black, all cov-
ered with elemental (EC) or organic {(OC) carbon
nanoparticles, whereas filters from Macul (a more resi-
dential area) are beige. Moreover, in Teatinos, OC/EC
ratios have been measured on eight size fractions of two
samples (Leiva et al. 20035). Within each sample, variations
of the OC/EC are bimodal, with one peak at the 0.18 pm
fraction and the other peak between the 3.2 and 18 pm
fractions. The 0.18 pm OC/EC peaks of the two samples
reach 6.9 and 8.2, respectively, and those of the 3-18 pm
fractions have values of 5.5 and 2.5, respectively. These
figures are interpreted as typical of a secondary origin for
these very small (0.1-1 pm) carbon compounds {(Castro
et al. 1999), which could originate from the intensive
traffic. To summarize, Teatinos samiples are loaded with
more particles (for the same sampling time) than Macul
samples, among which many complex carbon particles
from exhaust pipes.

Most grains have irregular shapes where it is difficult to
recognize any mineral feature. They sometimes form
aggregates and very seldom show specific shapes, gener-
ally spheres, but also ovaloids, smooth tiles, etc. {(Fig. 3).
Grain abundance is higher in the Teatinos filters than in
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Macul, where the free filter surface can be observed
between grains.

SEM interpretations are mostly based on the EDS
chemical spectrum of the particles, which allows the dif-
ferent Al silicates, the ferro-magnesian minerals, and other
inorganic and organic phases to be characterised. However,
these spectra are disturbed by the fact that these minerals
do not expose their flat surfaces to the RX gum, as they are
grains randomly scattered on the filters. Therefore relative
peak heights are meaningless, sometimes leading to
ambiguous determinations noted as “non-characterised Al
silicates™, for example. Beside its chemical spectrum, the
shape of the particle is always considered as being very
regular, spherical for example, and even if associated with
a typical Fe oxide or an Al oxide formula, it would not be
interpreted as a geological feature. Moreover, CaSO,,
which corresponds to both natural gypsum and industrial
plaster, would be interpreted to reflect the regional geol-
ogy, but also of the occurrence of quarries or building
construction. Finally, there are cases where the ambiguity
in the interpretation cannot be solved; for example it is
difficult to decide if the many Fe oxides are natural or
anthropogenic, when corresponding grains have no specific
shape. All in all, errors in the interpretation might exist, but
this changes none of our general observations and
conclusions.

1. Nature of the particles and their distribution in both
sites: site effect.

The most striking observation is that, beside the C cover,
whatever the filter size and the site considered, geological
particles are the most numerous. Indeed, Fig. 4 shows that
on the two PMy, filters from Macul (sample 2-1164) and
Teatinos {sample S8F1) unambiguous minerals such as
plagioclase, pyroxene, phyllosilicates, clays and quartz
contribute 66-73% of the total of the identified particles.
Other inorganic compounds (Fe oxides, Ca and Ba
sulphates) corresponding to grains devoid of typical forms
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Fig. 3 SEM image of
particulate matter with
characteristic EDX spectra.
Particles 20 and 21 correspond
to titanite and barite,
respectively {(EDX spectra not
shown)

and which could be either of geological or atmospheric/
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account for the rest of the particles.
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In the two PM,, samples from the two sites, the frequency
of minerals decreases in the order pyroxene, plagioclase,
amphiboele, clay, silica, and iron oxides. Some discrepancics
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Fig. 4 Histogram frequency of air particles identified by SEM-EDX
on PM| filters from Macul (sample 2-1164, 115 analysed particles)
and Teatinos (sample S8F1, 97 analysed particles)

also occur between the sites. Epidote-group minerals exist
in Macul but not in Teatinos. CaCOj; occurs with a greater
percentage in Macul than in Teatinos, while CaSO, shows
an inverse pattern. CaCO5 and CaSO, spectra could corre-
spond to limestone and gypsum, respectively, but their
presence and concentration could also be related to human
activity (CaCOs5 quarries and plaster used in construction).
This also applies to iron oxides which are observed here but
could be either natural, from surrounding soils, or anthro-
pogenic. Only iron oxides, which appear as spheres are
clearly anthropogenic.

Pyroxenes and amphiboles generally display EDX
spectra (Fig. 3) showing no clear difference in composition
between the two sites. In Macul, 10 of 15 plagioclase
grains are albites, the rest being intermediate plagioclases,
and only 1 K-feldspar was identified. In Teatinos, half of
the grains are albites and half intermediate plagioclases.
All grains have weathered irregular surfaces and shapes,
which could suggest a secondary origin. Clays at both sites
are generally illites, but some grains have spectra closer to
that of montmorillonite.

(b) Other particles

Other particles include sulphates (KSO,4, NaSQO,4, BaSO,),
chlorides (CaCl,), exotic particles such as titanite (two
grains), carbon (EC or OC) grains with specific shapes
(spheres, tiles) and biogenic remains. They are nearly
inexistent in Macul but reach 14.6% of the total in Teati-
nos. Sulphates have either an anthropogenic or atmospheric
origin, while carbon is clearly anthropogenic. In addition to
the C spheres, we also found spheres of Fe oxide, alumina,
Cu alloy and Ti oxide. All exist as unique grains, but
confirm the great heterogeneity of these anthropogenic
particles. The combination of their low frequency and
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diversity will make the identification of each source diffi-
cult, but is worth noting.

Biogenic grains have been found in very small quantities
and only in Teatinos. They are not pollen, but insect more
probably remains. This agrees with the fact that our sam-
pling was done in winter when biogenic activity is at a
mininum.

2. The nature and distribution of the particles between
PM,, and PM; 5 fractions (Macul): size effect

A comparison between the nature of grains nature and their
frequency in the two fractions of a sample collected in
Macul is given in Fig. 5.

The nature and percentage of clearly geological particles
are different in the two fractions. Micas are not present in
the PM, ¢ fraction while epidote-group minerals are absent
from the PM, s fraction. Pyroxenes and amphiboles are
notably less numerous in the PM; 5 fraction than in that of
the PM,. This can be attributed to the mechanical resis-
tance of these minerals, which therefore survive as larger
grains throughout all transport processes, as opposed to
plagioclase and feldspar, which break more easily and
occur in roughly the same proportions in both fractions.
Silica behaves similar to plagioclase, which is an argument
for assuming that they are not quartz grains which have a
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Fig. 5 Histogram frequency of air particles identified by SEM-EDX
on PMyy and PM; 5 filters collected from Macul (sample 2-1164, 115
PM; analysed particles, SAMPLE 1163, 71 PM, 5 analysed particles)
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high mechanical resistance but more probably amorphous
silica. CaCO; also exists in the same proportions in the two
fractions, for the same reason or because of the same
anthropogenic influence on both fractions.

Strong differences exist in the respective proportions of
the non-geological particles between PM,, and PM, 5. The
latter has a higher global content in these particles together
with a greater diversity in their composition. This might
have strong implications for the health impact of PM; 5 as
compared to PM,, because both the sulphates, sulphides
and metal compounds can release chemicals more easily
than silicates.

3. The nature and distribution of the particles in relation
to the date (meteorological conditions)

Statistical data on two PM, filters from Teatinos, taken at
an interval of 1 week during the most polluted season are
plotted in Fig. 6. The most important feature concerns the
non-geological particles, where sample S4F1 contains
spheres of varlous compositions and NaCl grains of
atmospheric origin, while S8F1 contains more CaSOy
grains. Sample S4F1 also contains more Fe oxides, less
pyroxene and amphiboles and no clay compared to sample
S8F1.

Discussion
The PIXE and SEM analyses give convergent information

concerning both the general mineralogy of the particles and
their origins. Thus is important as the PIXE gives
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Fig. 6 Histogram frequency of air particles identified by SEM-EDX
on PMy filters collected at the same site (Teatinos Street) during two
different sampling days. Sample S8F1, 96 PM;, analysed particles;
sample S4F1, 54 PM, analysed particles)

information derived from all particle sizes in samples while
the SEM deals only with particles greater than 1-2 pm.
Both techniques confirm that besides C-bearing nanopar-
ticles, lithogenic minerals constitute an important to major
part of all particles.

Both the PIXE and SEM confirm that felsic Al-silicates
dominate in the Teatinos samples and are also present in
the Macul samples, associated with a more complex min-
eralogy. Sulphates and chlorines are also present at both
sites, with a higher content in S-bearing components in
Teatinos with respect to Macul as shown by both the S
content and SEM observations. Highly positive correla-
tions between S-transitional elements and S-lithophile in
Teatinos samples can be explained by a higher sulphide
and sulphate content.

The combined SEM-EDX study allows the identifica-
tion of both lithogenic and anthropogenic particles and
their potential origin, but it does not give many clues
concerning the origin of the chemicals. This problem also
arises when studying soils and potentially polluted water.
Calculating enrichments factors (EF) is a powerful tool
commonly used for tracing the anthropogenic contribution
in chemical budgets. Following the methodology described
in Cong et al. (2007), the EF of elements in aerosols rel-
ative to the upper crust composition is defined by the
expression:

( CX/ CR) aerosol
( Cx / CR) crust

where X represents the element to be considered, EFy is
the enrichment factor of X, Cy the concentration of X, and
Cg the concentration of a reference element. According to
this expression, elements with EF values close to unity
would indicate a strong crustal origin, while high EF values
could indicate a mon-crustal (including anthropogenic)
origin. In our study, because Al is abundant in crustal
materials and is not involved in anthropogenic particles, it
was used as the reference element and, consequently, EF 5y
will be 1.

Because the chemical composition of the different
lithologies present in the geological environment of San-
tiago does not necessarily have the same chemical
composition as the average Upper Continental Crust as
estimated by Taylor and McLennan {1995) and used for the
EF calculations, only elements with EF higher than ten
could be considered to have a high non-crustal (anthropo-
genic?) origin. Calculations of EF are represented in Fig. 7,
in which Si, P, K, Ti, Ca and Fe present EF values <10,
suggesting an origin dominated by geological sources {(soil
and dust). On the contrary, S, Cl, Cr, Cu and Zn {(and to a
lesser extent Mn) display EF >>> 10 and, consequently, a
variable and high contribution {100-1,000 times) of non-
crustal (anthropogenic?) origin would be proposed. It is

EFx =
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Fig. 7 Average enrichment factors of elements (PIXE determina-
tions) derived from the average Upper Continental Crust (Taylor and
McLennan 1995; § and Cl data from Rudnick and Gao, 2003) of the
aerosol particulate matter in Santiago, with Al as the reference
element

worth noting that the difference in EF in the Macul site for
Zn and S between the PMy s and PM,, fraction, being
higher in the first one, indicates an element partition based
on the particle size and origin, thus confirming the SEM
observations.

Sources of the particles

The air particles in Santiago are a mixture of lithologic,
biogenic and anthropogenic particles with proportions
varying with the location, the date and the particle size. If
lithogenic particles are clearly primary, some salts can
have a secondary origin, being synthesized in the atmo-
sphere from chemicals whose origin is generally related to
human activity. The relative contribution of each source
could be a function of dominant winds and location com-
pared to major pollation centres. Based on our
PIXE + SEM-EDX study, we have identified the particle
nature and estimated their relative percentages in the two
sampling sites. Some hypotheses can be proposed with
respect to the source of these different particles. Moreover,
specific chemicals have been found, through their high EF,
to be enriched in the particles mainly due to anthropogenic
activity.

Sources for the geological parficles
The high percentage of geological particles in the air is

typical of semi-arid climates where soils and rocks are not
protected by a dense vegetation cover and can bhe
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transported by the wind (e.g. Yadav and Rajamani 2004).
In fact, most of the geological particles identified on the
filters are typical of the surrounding volcanic rocks
(pyroxene, amphibole, plagioclase, feldspar) or their
alteration/weathering products (clay minerals, epidote-
group minerals, etc.). Parameters such as mineral resistance
and density would control the relative proportion of these
minerals at the different sampling sites. The high erosion
rate of the mountains arcund Santiago is favoured by the
low vegetation cover. These fine materials are also present
on the streets, the parks and sidewalks. They are perma-
nently remobilised by the intense traffic and, consequently,
the finer particles stay suspended in the air during low wind
circulation and fair weather conditions. Moreover, intense
daily sweeping of all dirt footpaths and alleys together with
the existence of dirt streets within the greater city exacer-
bate the problem. During winter, the inversion layer is at a
fairly low altitude over the city and acts as a lid, keeping all
these constantly remobilised particles in the air as long as it
does not rain. Only rain events will clean the air of all these
lithogenic particles.

Origin of Fe oxides

Fe oxides are ubiquitous, existing at both sites and in both
size fractions. Fe oxides could be primary magnetites from
the magmatic rocks, secondary goethite in the soils formed
during weathering of the rocks, or they could be anthro-
pogenic particles from the weathering of all Fe bars, tiles,
exhaust grating equipments or from vehicles, exhaust pipes.
None of the observed Fe oxide particles have crystal shapes
compatible with them being primary lithogenic magnetite.
On the contrary, they appear to be poorly to non-crystal-
lised, shapeless grains. The magnetic properties of the same
filters support the hypothesis of Fe oxides being magnetites
(Silva-Padilla 2005). Moreover, Matzka and Maher (1999)
and Muxworthy et al. (2001) also demonstrated the occur-
rence of magnetite in air particles, their sizes ranging
between 0.3 and 5 pm, whose assumed origin was from
vehicles exhaust pipes. Their observed sizes are compatible
with the present observations. Therefore most observed Fe
oxides are assumed to be poorly crystallised magnetites
with an anthropogenic (traffic-related) origin. However, we
cannot exclude the presence of some lithogenic alteration-
related Fe-bearing minerals.

Origin of CaCO; and CaSO, particles
CaCO; and CaSO, particles could have both lithogenic and

anthropogenic sources. Due the geological nature of the
studied area, which is dominated by basic to intermediate
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volcanic and/or volcaniclastic rocks with very few sedi-
mentary intercalations {which could be natural sources for
these particles), it is assumed that they are disseminated in
the same way as the silicates. However, cement industries
exist a few kilometres north of Santiago in the proximity of
a limestone quarry. As for CaSQO,, small gypsum quarries
are exploited in the Cordillera roughly 70 km northeast of
Santiago. Thus CaCOs5 and CaSQ, particles could have a
lithogenic origin, with their contribution to the general
budget being amplified by human activity. Another prob-
able origin for CaSO, could be related to the neo-formation
of salts in the atmosphere as a result of reactions between
sulphate (and carbonate?) amnions, themselves formed by
atmospheric SO, oxidation (Morales and Leiva 2006}, and
Ca?* (Ba") cations.

Sources of the different anihropogenic particles

High to extremely high EF values have been found for S,
Cl, Cr, Mn, Cu and Zn as shown in Fig. 7. Thus the
potential anthropogenic control on their origin and recy-
cling should be checked. Previous studies have shown that
Cr, Mn, Cu and Zn could be anomalously enriched in
aerosol particulate matter from a variety of anthropogenic
sources: emission from fossil fuel combustion, motor
vehicle emission, traffic-related sources, the steel industry,
solid waste dumping, industrial metallurgical processes and
waste incineration (Isakson et al. 1997; Toscano et al
2003; Chucinta et al. 2000; Rogge et al. 1993). Moreover,
Batonneau et al. (2004) identified PbSO,, ZnS and CdS as
the major phases generated by non-ferrous smelting oper-
ations. In addition, Cong et al. (2007) have shown that
these metals might be long-range transported by atmo-
spheric circulation. Consequently, their precise source
might not be traced using only plain trace element geo-
chemistry, so that isotopic research programs seem to be
necessary to determine the origin of the metals (e.g.
Grousset and Biscaye 2005; Dolgopolova et al. 2006).

In Santiago, S has a high EFy at both sites. A lack of a
good correlation between S and Cu or Zn (Table 3) pre-
cludes S being a primary sulphide phase. S appears more
likely in sulphate phases, as demonstrated by the SEM-—
EDX study. Its probable origin could be related to the
copper mining industry, which constitutes the most sig-
nificant source of ambient SO5 in central Chile (Gallardo
et al. 2000). Indeed, in central Chile, three industrial copper
smelters emit >3 tonnes of sulphur per day (Garcia-Hui-
dobro et al. 2001). However, two mathematical models by
Gallardo et al. (2000) and Garcia-Huidobro et al. (2001),
respectively, reached contradictory conclusions concerning
the impact of these smelters on the S budget of Santiago.
According to Garcfa-Huidobro et al.  (2001) SO,

concentrations in Santiago area are mostly controlled by
local urban and industrial emissions, with sporadic con-
tributions from the copper smelters. On the other hand,
Gallardo et al. (2002) and Olivares et al. (2002} argued that
a high contribution from one of these three Cu-smelters
(namely Caletones) is present in the Santiago basin. We
support an origin related to the copper smelters for S,
because of the very high EF for Cu and Zn in Teatinos, and
for Zn in Macul. However, due to cur limited sampling, we
cannot prove one or the other model.

Finally, the anomalously high Cl content is probably not
due to NaCl from marine salts, because very few NaCl
grains were observed during the SEM study. Unfortunately
this direct observation cannot be confirmed as the Na
content of the samples is unknown. Nevertheless, the origin
of Cl is probably anthropogenic and related to industrial
emissions. This aspect will have to be confirmed by further
studies.

Conclusions

This preliminary study focussed on some major element
chemistry and particle identification showed that these two
tools, even if imperfect, yield valuable information on the
solid particles and chemical elements present in the air of
Santiago. Besides the contribution of carbon particles,
which can be quite important, especially downtown,
unambiguously lithogenic particles and elements are the
second highest contributors. Major element and particle
identification together with magnetic properties show that
the origin of disputable particles, such as iron oxides, is
mostly anthropogenic magnetites. Enrichment Factors
together with particle identification and element correlation
indicate anthropogenic origins that are specific to the
Santiago area.

However, accurate data on metal concentrations are
needed to obtain a clearer insight into the cause of medical
diseases in relation to chemical components. Indeed, it
should be kept in mind that even lithogenic particles can
transport (through adsorption or reaction processes)
chemicals, including toxic metals. Therefore the toxic
metal content of these particles, in relation to their size,
type, sample date, location, etc. will have to be measured.
Moreover, as small particles are richer in anthropogenic
compounds, high-resolution techniques (TEM and FEG—
SEM) are necessary to understand the mineralogy and
chemistry of the <PM; 5 fractions.
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3.4 Mineralogical characterisation of the samples s  tudied in

geochemistry. La Paz and Las Condes samples from 20  04/2005.

The study realized in Toulouse with JEOL JSM 63803EM on ~500 particles, from four
pairs of PM2.5 - PM10 filters, three from La Pazlame from Las Condes. The sampling
was on august, 3, 2004 for;1007-FR1008 and M1011-M;1012 (03/08/2004). Filters
(F10971-K0972) and (F737-F738) have been collected in La Paz on June, 204 200
August, 2, 2005, respectively. In total we analys@8 particles, 352 in the coarse fractions

and 171 in the fine ones.

Through the EDS spectre for each particle idemtifie a given sample some mineralogical
phases was interpreted and the principal concluarenconsitente with those presented in
Morata et al, 2008:

- The percentage of lithogenic minerals variesdoutently is highest in PM10.

- The metallic elements (Cu, Fe, Al...) usually aneAM2.5 and some of them present
spheric forms related to process of high tempeeatur

- The specific study of this investigation from tresultants obtained from La Paz and Las
Condes will be treated subsequently.

We analyzed four pairs of PM2.5 - PM10 filters,earfrom La Paz and one from Las
Condes. We also analyzed a pair of filters fromhesiation collected the same day: on
August 3, 2004, i.e. samples1B07-K1008 from La Paz and M011-Mz1012 from Las
Condes. Filters (9971-KR0972) and (k737-F738) have been collected in La Paz on June,
20, 2004 and August, 2, 2005, respectively. Inltata analyzed 523 particles, 352 in the
coarse fractions and 171 in the fine ones.

As already mentioned by Morata et al. (2008), fdtt'om downtown Santiago (La Paz here)
present a black organic carbon coating, while & Candes filters are grey (as in Macul,
Morata et al. 2008). This difference is consisteith the contrasting traffic intensity between

these two areas.

3.4.1 Morphological Characteristics

The patrticles observed on a PM10 filter (F3-972)) appear as agglomerates (fig 1 and 2)
or as individual grains with diameters between pxd (fig 3 and 4) to 6x5 um (fig 5). In
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addition, it is possible to see spherical partieléth diameter that varies between 2um (fig 6
and 7) to 7x5 um (fig 8). As said before, even tfothere was some analytical restriction,
chemical compositions of particles allowed recagnitof silicate phases. In some case the
spectrum were very clear while in other they cofitdwith various types of silicates.
Unidentified alumino-silicates are classified as-SM while Na-Al-Si and Ca-Al-Si
associations are interpreted as sodic and calldsdars (fig 9). Crystals containing Na-Mg-
Al-Si-Ca are interpreted as pyroxenes or amphilficde10 and 11) if supported roughly by
elemental ratios and crystal aspects, Mg-K-Al-Stclay (fig 12) and Si-alone as quartz (fig
13 and 14). As in Morata et al. (2008), fine pdescusually contain iron, copper, zinc,
barium, calcium and lead. We interpreted Fe-ricth @a-rich particles (with nearly no other
elements) as Fe- oxide and calcite respectivedyl(fi and 16). Particles containing the Ba-S
(fig 17) or Ca-S associations are interpreted #ates, and particles with Cu-Fe-S, Fe-S and
Zn-S (fig 18) as sulphide phases, as these intatpyas are the more probable.

X axis represents energy (eV) and the Y axis r@mtssintensity of signal response for the

entire spectrum.

Si

Intensity

Ca
Al

Mg

Na cl . Fe

=]

0 2 4 6 10

Energy (ev)

Figure 1: SEM Image of F3-972 sample. Date of dangp02/08/2004, PM10 from La Paz station.
a) grain of Na-Mg-Al-Si-Ca-Fémphibole, pyroxene), fine layers with irregular surface, 6x6 um.
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Figure 2: a) Agglomerate morphologies with mixbgween Si-rich, Ca-rich, S and Cl.
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Figure 3: @) romboedric grain of Fe-rich, 5x5 um.
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Figure 5: a) Na-Mg-Al-Si-Ca (pyroxene), S and @idflayers).
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Figure 6: a) Fe-rich, spherical particle with 2 poh diameter.
0
Fe
C

10

=]

0
Energy (ev)

Figure 7: a) (Mn-Fe)-rich, Si-rich.
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Figure 9: a) (Na-Ca)-Al-Si with irregulars bordeasid 3x3 um.
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Figure 10: a) grain of Na-Mg-Al-Si-Ca-Famphibole, S, Cl, 3x3 um, with irregulars borders.
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Figure 11: a) Na-Mg-Al-Si-Ca-Fe (amphibole).
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Figure 13: a) Si-rich 6x5 pm, with sharp borders
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Figure 15: a) Ca-rich, Al-Si-Fe
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Figure 17: a) Al-Si, S, CI.
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Figure 18: a) Zn-rich, S and CI.

3.4.2 Comparison between La Paz and Las Condes

3.4.2.1 Major Contribution

In both stations (fig 19) the most frequently foussbociations are, in decreasing order: Al-
Si, Si-rich (quartz), Na-Al-Si or Ca-Al-Si, Na-MgHSi-Ca, Na-Mg-Al-Si-Ca-Fe. All these
associations, which correspond to different siécphases, represent 75% (PM10) and 80%
(PM2.5) at La Paz (fig 19a). Percentages are 73 &t the PM 10 particles and 56 % of all
PM2.5 particles at Las Condes (fig 19b). In addition Las Condes, contribution of
pyroxenes-amphiboles (15% in PM10 and 10% in PMi&.8)gher than in La Paz (fig 19b).
All these associations could be interpreted as naéigrderived minerals (Morata et al.,
2008) Feldspar, pyroxene and amphibole due momesepted in PM10 fractions than in the
fine one. These observations are consistent witisethalready observed by Morata et al.
(2008) at Macul and Teatinos. This behavior is tast with the hypothesis that the main
volcanic sequences (Abanico and Farellones Formgtiaround Santiago impact more in
Las Condes than in central Santiago due to théative geographic position. Indeed Las
Condes station is more affected by the local brekzeng the day due the down mountain
wind from northeast during the night, bringing d¢alsmaterial directly from the Andes.
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Moreover, the surroundings of La Paz are all cdecend the streets are paved, which

diminishes the natural source for dust.

3.4.2.2 Minor contribution

At La Paz station 25% of the total PM10 are represeby the following associations: Si-Al-
Mg (possible clays), Fe-rich, Ca-rich, Alkaline-Ba-S and usually some possible sulfate
phases such as Cu-Fe-S, Fe-S and Zn-S, are momtampin PM2.5 fractions (fig 19a
F11007). In some cases these associations can $mvel in 40% of samples dated
20/06/2004 (F1737) and 02/08/2005 (F1-0971) atdadRation (fig 21).

The presence of S and Cl is observed as Pb-CR¥jgPb-S and Zn-ClI (fig 18) associations
(sample: F1-1007 (03/08/2004)), is acknowledge, thatir contribution is statistically
negligible (one or two particles per analyzed sanphd have therefore not been included in

calculations.

Fe-rich (oxides)

Figure 19 shows that Fe-O association in PM2.&isriore frequent (27%) in Las Condes
than in La Paz (4%). Two types of Fe-O associaticars be found, which correspond to
different size and shapes. The first category 2pnsize has non characteristic, anhedral
morphologies over. The second category presentedeas< 1um (fig 20), often associated
with spherical morphology.

Figure 20 shows the histogram of the average sitéisese particles (51 in total), showing
the relationship between percentage of distributod diameters of each mineral phase.
Particle diameter distribution in PM2.5 and PM1@responds to nucleation or condensation
range (1nm-1um) and accumulation range (0.1-2 pespectively (Seinfield and Pandis,
1998). The origin of heavy metals fine particlescansidered to be formed and emitted
during combustion or industrial smelting procestigh temperature (Sandoval et al., 1993;
Morales, 2006). In fact, these metals can exis aslid and gaseous phases (Desboeufs, et
al., 2005). In addition, the residence time of éhparticles in the atmosphere is between 1-10
days (Seinfield and Pandis, 1998; Posfai and Mp@00), during which they can be fixed
by adsorption in preexistent particles. Therefoaed according with all of previous
antecedents, a potential origin for these Fe-riahtigies is combustion and/or smelter
process, while Morata et al. (2008) attributedadfitr origin for the spherical particles and a

lithogenic origin for the badly crystallized largée rich particles.
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Fe-S, Cu-Fe-S, Pb-S

The presence of particles with Fe-S, Ba-S (fig 28)d Cu-Fe-S (fig 24) and Pb-S (fig 25,
sample: F1-1007) also has been noted. Accordineio percentage of contribution and the
variation of diameters from 0.5 to 1.5 um for Ba®l 2 to 2.5 for Ca-S, the growing time
estimated for both minerals has been consideregeeet | to 10 days (Seinfield and Pandis,
1998), time necessary for some chemical reactibndsn ion Ca++, Ba++, Na+, K+ and S-.
Previous authors (Sandoval et al., 1993; Moralesl.et2006) has been considered sulfate
formation as products of S@xidation in presence of Fe and Mn. Therefore,tesence of
these chemical compositions (Ca-S and Ba-S) altovgsippose the existence of gypsum and
barite. On the other hand, gypsum can also beecklatth quarries and plaster industry.
While Pb-S could be generated by oxidation of Rb& rest of particles could be related with
double decomposition with one phase solid formeal .tl@ other hand, the presence of;SO
has been described by Gallardo et al. (2002) wimavet some evidence of an enhanced
contribution of Caletones, the largest copper sneit the area, to the load of SOx in the
Santiago basin, especially in the form of sulplzetsociated to fine particles (diameters < 2.5
mm) Gallardo et al. (2002).

NaCl

At Santiago de Chile the mass of air related witlvegtion process brings NaCl. The
presence of Na and S in some particles (fig 26prbably related with a secondary
formation. Therefore, one potential source for @uld be related with sea aerosols.
Nevertheless, the origin of €lcould be formed from solution with high conceritias of
chloride at high temperatures. This origin is ptdparelated with industrial processes
(Morata et al., 2008).
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Figure 19: Percentage of contribution of mineratgermined from analysis with SEM. Date of
sampling: 03/08/2004. The analyzed samples aj#067 (PM2.5)-£1008 (PM10) and M1011
(PM2.5) - M1012 (PM 25), from La Paz (above) and Las Condasosis (below), respectively. The
percentage was calculated on 55 particles in PMh8 130 particles in PM10 at La Paz. At Las
Condes it was calculated on 42 (PM2.5) and 143 (PME11007 are: Fe-S, Zn-S, Fe-Cu-S; Pb-S,
Pb-CI.
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30

PM 2.5, sample: F1-737 (20/06/2004). Neoy = 51
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Figure 20: Percentile distribution and correspongiparticles diameters determined from SEM
analysis (20/06/2004). The analyzed samples ar8Ffrom La Paz. The percentage and diameters
of particles were calculated on 51 particles in PBI2Na-Al-Si and Ca-Al-Si presents a high diameter
while Fe-rich present smaller particles. Accumuwatand mechanical generation classifications are

based in Morales et al., 2006.

117



Chapitre 3: Minéralogie
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Figure 21: Percentage of contribution determineahfranalysis with SEM. Date of sampling:
20/06/2004: samples;F37-F738 (above) and 02/08/2005: sample8371-F0972 (below).
In 2004, the percentage was calculated on 51 gadim PM2.5 and 25 particles in PM10, while in
2005 on 65 (PM2.5) and 197 (PM10) particles/ &7 are: Fe-S, Zn-S, Fe-Cu-S.
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Figure 22: Observed association: Pb-CI.
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Figure 23: Observed association: Ba-S and Fe-S.
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Figure 24: Observed association: Fe-Cu-S
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Figure 25: Observed association: Pb-S.
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Figure 26: Observed association: Na-S.

3.4.3 Conclusion

The analysis of SEM applied on 523 particles alldtes identification of the origin and
geochemical process associated with physical pdessne

The major percentage of contribution is from alusngiicates (probably feldspar-
plagioclases, pyroxenes, amphiboles) and in m@#scs associated with the coarse fraction
and could have crustal origins. On the other hamah, oxides, sulfate phases, sulfur and
sulfides are mostly concentrated in the fine fatti These observations were already
described by Morata et al. (2008).

Morata et al. (2008) preclude S as a primary sdiptphase and explain its presence as
principally related with sulfate phases, probabtjteed by Caletones. According to previous
studies (Gallardo et al., 2002 and Garcia-Huidadiral., 2001) there exists more than one S
emission source. According to Morata et al. (2008)the present study we suggest that
sulphide phases are related with copper smeltingaddition, we propose that sulphate
phases form as secondary particles, but this dadade the possibility that smelter emission
do not also provide some contribution.

Based on our observations and those of previouBesti{Sandoval et al., 1993), we support

two or more anthropogenic sources for FeO (combustir industrial smelting process).
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Morata et al. (2008) also attributed these pagitteanthropogenic origins (vehicular traffic)
but also suggest that some origins of FeO coulth belation to lithogenic alteration of Fe-
bearing minerals.

According to the smaller diameter in the FeO pkasicobserved, we suggest that Fe is
implicated in the formation of sulfate salts in #tenosphere.

During the SEM analysis the presence of Cl is atnsoastant. One of the potential sources
for Cl is marine aerosols related with westerly dgnthat transport NaCl. This is also
consistent with presence of Na during the analy& association of chlorides as a Zn-Cl,

Pb-Cl and Cu-Cl could be as interpreted as a secgridrmation.

122



CHAPITRE 4: GEOCHIMIE

123






Chapitre 4: Géochimie

4.1 Introduction

Comme indiqué dans les chapitres précédents, lériglaparticulaire présent dans I'air de
Santiago a des origines diverses. Dans un contégienal et local, les activités industrielles
ont un impact important, en particulier les acésiminieres, qui induisent I'accumulation de
polluants dans l'air de la ville. D’autre part,dastribution et concentration de contaminants
dépendent du climat et des caractéristiques phgsida Santiago.

A partir des années 1990, a commencé une polititamélioration de la qualité de I'air.
Diverses études ont été menées afin de combattrpollation atmosphérique. Pour
poursuivre et affiner les ajustements de politigublique en termes de rejets a I'atmosphere,
il est nécessaire de connaitre la nature du magaiéiculaire et son origine pour mettre en
ouvre mesures de réduction de la contaminationtédapes études de minéralogie ont
permis de préciser la nature du matériel particelabelon les résultats exposés dans le
chapitre 3, il existe une importante contributiomngimaire de la crodte terrestre (~70%),
normalement liée a la fraction majeure PM10, ce egli cohérent avec les conditions
topographiques, climatiques et géologiques natgeale Santiago. Néanmoins les résultats
montrent une contribution anthropogénique (~50%)stgxprime plus particulierement dans
la fraction fine PM2.5 et reconnue dans les statiplacées au centre ville, qui sont plus
impactées par ces sources anthropogéniques gsatems situées en domaine résidentiel.
Afin de compléter les résultats obtenus a partr @lgservations de minéralogie, en termes de
caractérisation et quantification de la contamoratet d’identification des sources, nous
avons travaillé sur des sites qui présentent dexctgaistiques urbaines similaires aux sites
analysés dans le chapitre 3. Il s’agit des stati@nRaz, située au centre ville et impactée par
les usines et le trafic, et Las Condes localispeoaimité des Andes, dans un domaine plus
résidentiel de Santiago.

C'est a partir de la moitié des années 1990 quepiemieres études de compositions
élémentaires apparaissent dans le but d’identiisr sources de pollution a Santiago et
d’évaluer les conséquences de la pollution suratdés Une décennie apres, est apparu le
besoin de posséder une base de données extensilas sioncentrations élémentaires des
fractions fines et grossiéres du matériel particejabase de données qui concernerait un

nombre élevé d’éléments chimiques et qui repossuaites séries temporelles longues, qui
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seules permettent de tracer I'impact sur la santiegrocéder a I'actualisation des sources
d’émissions et des processus associés a la g@médatimatériel particulaire.

Les résultats obtenus a partir d'analyses par ICPgdrmettent de répondre a ces objectifs
en utilisant des outils de traitement de donnéastdtir d’enrichissement, analyses de facteur,
rapports de terres rares, corrélations avec lesnpetres météorologiques) et a partir de la
comparaison avec des données publiées antérieuremen

L’ensemble des résultats et des observations,sé&sli dans les années 2004 et 2005 a
Santiago du Chili, sont exposés dans le présenpitthasous forme d'un projet de

publication.
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4.2 Résumé de l'article en préparation

L'objectif de la présente publication est I'ideid#tion des sources qui impactent la qualité
de l'air & Santiago du Chili et des mécanismescguitrélent leur variabilité temporelle et
spatiale. Ceci passe par l'analyse des concenmiggo €léments majeurs et traces dans la
fraction particulaire respirable ainsi que leuriaons entre sites mais aussi saisonnieres et

interannuelles.

Les deux stations sélectionnées appartiennent seawéde surveillance de la métropole
(réseau MACAM). |l s’agit de la station La Paz,dbsée au centre ville (soumise aux effets
des activités industrielles et du trafic automgbié¢ de la station Las Condes, située a
Santiago au pied des Andes, dans un quartier pkidantiel que la Paz . 202 échantillons,
prélevés durant les années 2004 et 2005, sontseayegifs, pour les deux sites étudiés, des
jours les plus pollués et les moins pollués de gbhamois. Les fractions fine (PM2.5) et
grossiere (PM10) on été analysées par ICP-MS au GMTIoulouse, France. Les résultats
montrent que les concentrations sont systématiquiepias élevées en hiver qu’en été, en
relation avec les mauvaises conditions de verditatégnant dans le bassin de Santiago
durant cette période froide. De plus on constate tpu pollution au centre ville est
systématiqguement plus élevée que dans les quartisidentiels.

Afin de discriminer entre origines lithogéniqueagitthropogénique, on utilise la notion de
facteur d’enrichissement (FE) par rapport a la oositpn d'un crolte continentale
andésitique moyenne. Les éléments qui présenteREad0 comme Mg, Y, Zr, U Sr, Ca, Ti,
V, correspondant a une origine principalement ataset ceux qui présentent un FE>10
comme Rb, K, Cs, Fe, P, Ba, Mn, Ni, Cr, Co, Zn, B, Cu, Mo, Cd, As, Ag, Sb ont une

origine principalement contrdlée par des activaggropiques.

Apres avoir effectué cette premiéere discrimination, utilise I'analyse factorielle afin de

caractériser et discriminer les différentes sour(®stout anthrogéniques) présentes a
Santiago. Les sources polluantes identifiées arpdes associations élémentaires ont été
vérifiées et comparées a celle reconnues dandudssantérieures. En conséquence, cette
étude permet de compléter et d’élargir la liste disments traces qui caractérisent les

principales sources polluantes a Santiago. On g@iest distinguer 5 sources principales: 1)
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source naturelle (lithogénique et marine) tracée AlaCa, Na, Mg, Fe et Ti, Sr, Zr; 2)
fonderies de cuivre (Cu, Mo, As, Zn et Pb); 3) costlon de pétrole et charbon tracée par
Ni, V, Cr ; (4) trafic automobile (Mn) et (5) com&tion de biomasse (K and Rb).

Néanmoins, les origines de certains éléments (lre,A8, Pb, Ba, Mn, K et Rb) sont
associées a diverses sources, lesquelles normadlemmgactent différenciellement les
stations. En effet, on observe des différencesaites: a La Paz, deux sources potentielles
de Feon été identifiées : l'une serait d'originatunelle, crustale, et l'autre avec une
contribution plus importante, serait liée aux pmssus de fonderie industrielle. A Las
Condes, la combustion de bois est responsablendissiens de K et de Rb, ce qui est un
marqueur caractéristique de ce quartier résidentiel

Par contre, dans les deux stations le Zn et I'Ag associées soit a la combustion de charbon

Soit aux activités miniéres.

L'utilisation de la composition en Terres rares BRFet des rapports La/Ce, La/Sm et La/V
permettent d’identifier différentes sources. Nosutiats ont été comparé avec des travaux
antérieurs menés a Washington, (Kowalczyk et 8B2), Philadelphia (Dzubay et al., 1988),
Delft (Nederland) (Wang et al., 2000), Houston &uhi et al., 2007) and Mexico (Moreno
et al., 2008). A Santiago, les rapports La/Ce éBtmdans les PM2.5 permettent le tragage
d’'une pollution par des catalyseurs utilisés dassprocessus de raffinage du pétrole (Fluid
Catalytic Crackers ou FCC) et la combustion degietans les centrales électriques, tandis
gue le rapport La/V trace la pollution provenaeatla combustion d‘hydrocarbures riches en

FCC. Cette pollution est significative a La Pazliargu’a Las Condes le signal est faible.

Les résultats confirment que la station La Pazpks « impactée » par I'activité industrielle
et le trafic automobile que la station Las CondBganmoins, dans des conditions
météorologiques spécifiques, la signature de Vaétiminiere observée a Las Condes est

significative.

L’ensemble des résultats démontre une décroissdeseconcentrations de la plupart des
éléments (majeurs et traces), au cours du teregglicconfirme I'efficacité des politiques en
matiére d’amélioration de la qualité de l'air. Néarins quelques éléments sont constants au

cours du temps et leur origine apparait liée soita acombustion de pétrole soit a la
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combustion de bois mais aussi probablement lieeaatixités minieres (mines, fonderie et
raffinerie). En particulier certains éléments — ooenl’arsenic - présents dans la fraction

PM2.5 conservent de hauts niveaux de pollutionpguifois dépassent les standards établis
par TOMS.
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4.3 Geochemical features on urban aerosols in Santi  ago de Chile

from time-series analysis

Valdés Ana, Polvé Mireille, Munoz Marguerite, Tantdean-Paul, Morata Diego

First draft of an article to be submitted to...
This explains that some of the informations dethile chapters 1 and 2 are recalled and

summarized here.
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Abstract

We analyzed 202 aerosol samples collected in 20@# 2005 in two sites (one in a
commercial-industrial area and one in a residemtiah) of Santiago (Chile). Fine (PM2.5)
and coarse (PM 10) fractions were analyzed by ICRPaMILMTG, Toulouse, France.
Seasonal gravimetric trends are obvious with higb@ncentrations in winter for both
fractions due to bad conditions of air circulatiddomparison between sites point out
systematic higher PM concentrations downtown tinaheé residential district.

Chemical elements Enrichment Factor (EF) calculatadlows to discriminate between
lithogenic (EF<10; Mg, Y, Zr, U Sr, Ca, Ti, V) amathropogenic (EF>10; Rb, K, Cs, Fe, P,
Ba, Mn, Ni, Cr, Co, Zn, Sn, Pb, Cu, Mo, Cd, As, Al) sources for these elements. Factor
analysis applied to major and trace elements cdrateons then allows the identification of
more specific potential sources of emission of ehelements. Three main sources are then
proposed: (1) a natural source (crustal - ocedai@yhich Al, Ca, Na, Mg, Fe and Ti, Sr, Zr
are related; (2) an industrial combustion sourdaiclv carries Ni, V, Cr and Fe; and (3) a
copper smelter source, characterized by high lesfe3u, Mo, As, Zn and Pb. Moreover, at
La Paz we identify two potential sources for Fembastion / industrial smelting processes
and crustal, meanwhile the presence of Mn couldetianleaded gas combustion. At Las
Condes, K appears associated with Rb, which coafticate an origin from wood
combustion, consistent with its residential chagadn both places Zn appears related with at
least two sources, copper smelter and oil/coal ctidn.

Among REE, some ratios are efficient tracers diezit-luid Catalytic Crackers (FCC), oil-
fired power plants, or catalytic exhaust system&/Sin ratios in PM2.5 trace a potential
pollution by FCC and/or oil-fired power plant whasehigh La/V ratios are compatible with
FCC pollution. This pollution is significant in LRaz site, while being nearly negligible in
Las Condes. Finally, at both sites, La/Ce ratiogelothan the mean crustal ratio can be
related to slight contributions of Ce-oxides rictatytic exhausts.

Comparisons performed between previously publistad (1998) and our data set display a
clear decreasing trend for most chemical elemegsan effect of the new environmental
policies. But some elements do not show this deeretihey are either related to oil/wood
combustion, due to restriction on less pollutargiduor related to copper industry (mines,

smelters, refineries) which has been booming ferdlist 15 years.
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As a conclusion, the study of major and trace elgmeoncentrations, enrichment factor
(EF) and factor analysis (FA) has allowed the redomn of the main pollution sources in
Santiago and their relative contributions in theo tatudied sites. The list of chemical
elements typical of each source has been confiromdpared to previous studies, and
enlarged to some specific trace elements. All @iwics, including REE show that La Paz
station appears to be more impacted by industriadgsses than Las Condes, except when
very specific meteorological conditions make theypm#Er smelters source significantly
detectable in Las Condes.

This coupled approach shows also the decreasingghrtime of pollution intensity, for most
elements. This confirms the efficiency of the eommental policies adopted by the

authorities.

Introduction

Santiago de Chile is a metropolis characterize@ lbgst urban, industrial and demographic
growth (Romero et al., 1999), which results in ihereasing exposure of its inhabitants to
various forms of atmospheric pollution. Such evemtstypical of Latin America mega cities
(Santiago, Sao Paulo, Mexico City) and result mosis impacts on population health. Due to
specific meteorological and topographical featuBsmtiago displays high levels of pollution
fluctuating through most of the year (mean valu@ fg/ni for PM10), with especially high
levels (up to 500 pg/Min winter (Jorquera et al., 1998, Artaxo et 5099).

Direct relationship between atmospheric pollutiord dauman respiratory - cardiovascular
diseases has been established (Ostro, et al., 18B&ca et al., 1999; Cifuentes et al., 2000;
Pino et al., 2004; Roman et al., 2004; Prieto et28l07; Cakmak et al., 2007, O’'Neill et al.,
2008). In particular, increases of children redpia diseases are reported following main
winter pollution events (Ostro et al., 1996). Thgksbal health effects have also a significant
economic impact (Cifuentes et al., 2005). Despuelent causal relationship, responsible
processes are not completely understood and a ideatification of harmful components
still lacks in Santiago context. Besides the walbwn role of gases and organic carbon, only
a few studies have been dealing with metallic tratmments concentrations in aerosols
(Artaxo et al., 1999; Hedberg et al., 2005), intesmif their suspected role in cardiovascular
and respiratory diseases (Ostro et al., 2007; Chlehal., 2009; Valdes et al., in appendix
A).
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Since the early eighties, the Santiago authoriti@ge built a two-levels strategy against
increasing pollution: they set up a monitoring asptweric air network (MACAM) surveying
particles and main anthropogenic gases concenigtand they seriously modified the local
policies about toxic emissions through a decontation program. It induced a severe
decrease of major pollutants (PM10; QIOx, SQ, CQO,) through the removal of fixed
sources (diesel generators, waste burning, largelv@od coal burning), improvement of the
transportation fleet, and introduction of catalyt@mnverters for new cars. Nothing was done,
however, against indoor heating kerosene and masadlevood burning (Gramsch et al.,
2006).

The above-mentioned facts suggest that the antbempo emissions to the Santiago
atmosphere are evolving continuously. Up to nowly aone study on trace elements
chemistry of the Santiago aerosols is availableair et al., 1999).

The main objective of this paper is to propose titkel geochemical (major and trace
elements) characterization of the urban aerosdbaitiago, with a focus on trace metal
contents. Two years (2004-2005) sample series ot@Pihd PM2.5 were collected at 2
selected sites. The data are discussed in termsoafces of aerosols (natural vs
anthropogenic) and sources of contaminants, suggborg the mineralogical study performed
previously (Morata et al., 2008). Chemical signesupbtained for this data set are also
compared with the data previously published on i&gat(Artaxo et al., 1998) and in central
Chile (Hedberg et al., 2005) to discuss about tealpehanges of the atmospheric

contamination over Santiago.

1 Main features of atmospheric metallic pollution i n Santiago

Air pollution in Santiago results from a combinatiof natural and anthropogenic (mobile,
stationary and fugitive) sources (Jorquera et 2002). Natural sources are mainly re-
suspended dust from eroded remote areas and frilgnsthin the city, ocean and biogenic
sources (pollens). Other sources are anthropogerabile sources, including on- and off-
road transport sources (car, buses, trucks, agp@uarts); stationary sources (industrial,
commercial and residential sources); and fugitmerees, including agriculture, construction
and both paved and unpaved road erosion. Majorstndu facilities, including copper

smelters and oil refineries, power plants, chemiegdustries and mining activities (among

which the world class El Teniente Mine) are locatewughout or close to the metropolitan
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area of Santiago (Tsapakis et al., 2002) (fig he Three copper smelters, Caletones (90 km
south of Santiago) and Ventanas and Chagres (1500kth of Santiago) are strong Sénd
volatile metals (Cu, Zn, As, Pb, Mo) emitters (RoKioger et al., 1994; Hedberg et al.,
2005) that affect large areas (Kavouras et al..12@livares et al., 2008; Gallardo et al.,

2002) with a significant impact on agriculture (GarHuidobro et al., 2001).
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Figure 1: General location of Santiago (from Segeamin geological map 1:100000; 1999) with
mention of the main roads, cities, mines and smselte

Limited chemical and mineralogical studies of PMARd PM2.5 allowed to identify the
contributing sources to atmospheric pollution innCal Chile (Kavouras et al.,, 2001;
Hedberg et al., 2005) and Santiago (Artaxo etl@99; Morata et al., 2008). They evidenced
extreme pollution events with total PM10 concefra reaching 430 pg T The main

sources were identified by Factor Analysis (FAptomainly soil dust (coarse particles) and
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traffic emissions (mainly in the fine fraction). ditional minor sources were also identified:
residual oil combustion, industrial sources, seatrom gas-particle conversion, and Cu-
smelters (Artaxo et al., 1999). They also pointed the difficulty to assess precisely the
origin of elements, many metals being tracers fresal sources. A more recent study
performed in the Metropolitan Region (DICTUC, 20Gtggested that the contributions to
the particulate matter budget were mainly from istetry source, in decreasing order:
industry, firewood burning from residential areagticulture burning and residential heating.
The change (nature, flux, chemical features) wittetof the contributing sources is likely to
induce global changes of particles composition antiago. For example, the relative
contributions of mobile and stationary sources M2F5 budget in the 1990s have increased
of 100% and decreased of 50%, respectively (Joagatial, 2002). Pb, Br and S patterns
have changed following the introduction of new cagslipped with catalytic devices and the
growing use of S-depleted diesel. Finally, the owdus evolution of the heating modes in
the last decades probably led to continuous changie anthropogenic loading of metals in

the atmosphere due to indoor heating (Ruiz etCdl0P

2 Santiago de Chile general context

2.1 Geography and climate

Santiago de Chile (33,5° S, 70.8° W) is a 7 milianhabitants metropolis which spreads
between 450 and 750 m a.s.| within a confined blasiated between the Andes Cordillera (>
4500 m a.s.l) and the Coastal Range (< 2000 m fgsl). Yearly rainfall are less than 312
mm  (www.meteochile.gl and temperatures range from -2° C to 35°C witbrage T°

around 10°C in winter and 20°C in summer. Highspuge, anticyclone conditions
prevailing in central Chile (between 27°S and 42&ay to stable warm and sunny summer
to cold and clear winter conditions over Santidgost days, an inversion layer prevents both
vertical air movements and mixing between air massepplying optimal conditions for the
accumulation of polluted air (Romero et al., 199R&gional NE-SW winds are dominant,
being much stronger during the day than during night and allowing the horizontal
transport of pollutants within the basin (Rutllamd Garreaud, 1995). Extreme events of air
pollution typically occur from April to August, whethe inversion layer is as low as 150 m
above the ground, with PM10 concentrations react#16-300 pg/rh (Adonis and Gil,

2000).
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2.2 Geology

Santiago is located in a sedimentary basin fillath vQuaternary coarse to fine alluvial
sediments derived from the erosion of the Cenozmicano-sedimentary formations
outcropping in the Andes (fig 2). Three steep hifiside the city are andesitic to dacitic
domes or necks covered by the same Quaternaryiallmaterial. The 450 £ 60 ka old
Pudahuel rhyolitic tuff (e.g. Stern 1984) crops alang the western side of the town. Both
the alluvia and rhyolitic tuffs are unconsolidataad covered by scarce vegetation, which
becomes dry in summer, leaving unprotected soilingua large part of the year. These
volcano-sedimentary formations host metallic oresme of which are or have been

exploited, as well as quarries.
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Figure 2: Schematic geological map of the Santiagea (35°) (from geological map of Sernageomirg2l9.:100000)
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3 Sampling sites and methods

The filters have been supplied by the Monitory @uabf Air Network (MACAM NET,
Santiago). MACAM operates 8 stations distribute@rothe metropolis with automatic and
semiautomatic monitoring systems for CO,>S0;, particles (PM10 and PM2.5), and, for 3
of them, with continuous measurement of N@mperature, humidity, solar irradiation and
wind direction. Aerosols investigated here werlected at the 2 sites of La Paz and Las
Condes, which are typical of contrasting conditioh§antiago (fig 3). La Paz station (LP) is
in the center of Santiago in a mixed (industrigilential/commercial) district. Its
surroundings display four main roads with heavyfitaa crematory and various boilers,
small-size industries and power-supply installatsiohas Condes (LC) station is in a
residential area partly covered with vegetationlyGn few polluting installations (boilers,
heaters, power generators) are located in its sodiags.

Samples were collected with a Dichotomous sam@mr(a Andersen 244, Smyrna, GA) on
4cm diameter Pall-Flex Teflon filters. This methadbws the collection of particle with sizes
lower than 2.5 um (fine fraction: PM2.5) and in thage 2.5-10 um (coarse fraction: PM10)
with a bulk flow rate of 16 — 18 | mh It is worth noting that, because of the filtratio
system, what is called PM10 here does not correfptthe generally admitted definition of
PM10 i.e. all particles with size under 10um. Thiss to be kept in mind when doing
comparison with other data. Sampling time is 2&rall samples. 202 samples from LC and
LP stations were selected among the filters catbah 2004-2005 by MACAM (3 to 5
samples per month, representing both the morelentess polluted days of a given month).
Filters were weighed before and after sampling itk 1ug microbalance, and stored in

sterile Petri dishes in dry chambers with contcbh&midity and temperature conditions.

4 Analytical techniques

Major and trace elements analyses have been pexfoanLMTG (University of Toulouse -
France) in a class 1000 clean room. Before analyifisrs were cut in 4 sections using
cleaned ceramic knife and Teflon tools, in ordekdep material for complementary analysis
while reducing contamination risks. Filter sectiovere digested in 7ml Teflon beakers using
the following procedure: 100ul of triple-distillddethanol and 200ul of double-distilled 14N
HNO; were first added to the sample and left on a kaiegor 12 to 24 hours at 100° C, after
being in an ultrasonic bath for 1/4h. 100 pl suj@ac 15N HF and 200ul 14N HNQvere
then added and beakers were left for 48 hours @tCLDigestion was usually complete, and
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the content was evaporated at 50°C. Dry residuieraeovered with 50ul 14N HNOIn-Re
internal standards solution then ultrapure waterewadlded giving 2ml of a 0,37N HNO
final solution, ready for ICP-MS analysis.

We used an Agilent 7500 ICP-MS equipped with aisiolh cell. Elements were analyzed
using at least 2 isotopes when possible, with taalygical modes: with or without gas in the
collision cell. Indium was used as internal staddand Re as a control of the validity of this
standardization. External calibration was done wiithme-made, non matrix-matched,
solutions The protocol applied for internal starndand interference correction was based on
Aries et al. (2000).

The 202 analyzed samples correspond to 101 PM2aplea from and 101 PM10 samples.
We kept for discussion the 48 elements which hddast 80% of measurements above the
detection limit (DL = 3x standard error of analglidlanks). They are the major elements
(Na, Mg, Al, K, Ca, Fe), trace elements (P, Sc,WiCr, Mn, Co, Ni, Cu, Zn, Ga, Ge, Mn,
As, Sr, Rb, Zr, Mo, Ag, Cd, Sn, Sh, Ba and Pb,Hf, W) and rare earth elements (from La
to Lu). The mean total blank contribution to eletaércontents is about 10% for most
elements. It reaches 15 % for Mg, Sc, Co, Sr, Md,ald Th. For 50 to 75% of the samples,
the blank contribution is in the range 20-80% ford2, Cr, Ni, Zn, Sb, Hf, W, U, which
makes the concentrations of these elements affegtadarger uncertainty.

To validate analysis, we performed 12 duplicatesasfdomly chosen samples: another
fraction of each filter went through the completealgtical process. Table 1 shows the
difference between the two analyses, expresseallaws/$:

((X-Y)*2/(X+Y))*100

where X is the concentration of an element in thelidate and Y is the concentration of this
given element in the first analysis. Concentratiohmajor elements (Na, Al, K, Ca and Fe)
differ by 50%, with the exception of Mg which hasbatter reproducibility (Table 1).
Discrepancies between duplicates for metals arenrfaveer, especially in PM2.5 where they
are as low as 17% (Zn) and 0% (As, Pb and Mo). blee at both stations, reproducibility
is better for fine fractions than for coarse fran. All these observations are better

explained by the greater heterogeneity of coarsicles than by any analytical problem.
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Figure 3: Principal highways and avenues in Santiagith mention of the four stations studied here
(modified from geological map of Sernageomin, 199800000).
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5 Results and discussion
5.1 PM concentrations in the air

5.1.1 Seasonal variations

Results of the 2 years monitoring of PM 2.5 and BVare displayed on table 2 and 3 and on
fig 4 for both stations. A seasonal trend is obsioas already observed (Gramsch et al.,
2006; Artaxo et al., 1999). Higher average conegioins are recorded in winter at both
stations, indicating that the main process is lhie global meteorological conditions rather
than to local source effects. Indeed the main sedsifect is probably the drastic reduction
of atmospheric turbulences and thinning of the ngxiayer in the colder months with the
subsequent reduction of pollutants dispersion. @ dontrary, high-temperature summer
months are characterized by strong vertical turizéds leading to active dispersion. Figure 4
shows that besides the regular seasonal trendsg-preod fluctuations can be observed,
with abrupt decrease of concentrations. They mayided to rainfall events that both
washout pollutants and decrease the re suspentiomacse particles from ground and soil
erosion. Such effect was also already observedrbyn€ch et al. (2006).

5.1.2 Variations between sites

Mean values of total breathable particles (PM2PW10) can be calculated over the 2 years-
sampling campaign. They are 90+55 and 66+41 [fgfan La Paz and Las Condes stations,
respectively (fig 4). Concentrations at La Pazsagaificantly higher than at Las Condes, in
2005. La Paz is in a central, highly urbanized avbih is likely to release pollutants and
logically displays the highest concentrations. Bhaserage concentrations are close to the
ones calculated for the same years by Moreno €2@10) in the MACAM station of Parque
O’Higgings. Both La Paz and Parque O’Higgins arevakown Santiago, while Las Condes
station is in a less densely built residential afd@ese differences are thus in accord with

their respective environments.

5.1.3 Variations through sampling period (2004-2P05

From 2004 to 2005, mean yearly concentrations asady 5% and 9 % at La Paz and Las
Condes, respectively. But the average value foond.&s Condes over 2004-2005 is lower
than the one reported by Artaxo et al. (1999) duthe 1996 period sampling (76.8 p&)m

If the trend from one year to the next can be duegdssible variations of the yearly

meteorological conditions (rainfall, winds), thend over ten years has to be linked to the
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general decreasing trend observed for PM10 at doyetation (Parque O’Higgings) between
1996 and 2006, (CENMA, 2009). This trend is largatlyibuted to the global decrease of the
polluting particles input in the atmosphere asrésilt of major policy inflexions.
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Figure 4: Aerosol mass concentrations for fine (PBJ2ind coarse (PM10) particles. Values are in
ng/mi. This figure shows time series of PM2.5-PM10 aPha and Las Condes stations.

5.1.4 Average concentrations compared to intermatimorms

The standard annual average values establishedHiy World Health Organization) are 20
ng/nt of PM 10 and 10 pg/Mmof PM 2.5, while the European Commission propc@s
pg/nt and 25 pg/rh as annual averages for coarse and fine fractinsual average
concentrations for total breathable particles (PMAM2.5) and for PM2.5 in Santiago are
higher than these recommended values. Howevere @r@sual concentrations are lower than
those observed in 2002 for the PM 10 in Sao Paul&4@ pg/m), Bogota (~220 pg/f),
Beijing (166 pg/m). Peak concentrations in Santiago can reach lesehigh as 500 pgin

to compare to the equivalent in Mexico (894 pdj/(Molina et al., 2004).
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5.1.5 Comparison between PM10 and PM2.5 concentrati

Time-series of PM 2.5/PM 10 ratios (fig 5) dispkylear seasonal trend with ratios higher
than 1 (PM2.5 > PM10) in winter (april-septembéFjends for bulk concentrations and
concentrations ratio are similar, suggesting thatsame process controls both variations. Fig
6-a and b display daily series of meteorologicalrapeeters (DGAC data in
www.meteochile.ceand MACAM network). High levels of concentratioasd PM2.5/PM10

ratios are correlated with low wind velocities (#&p). This phenomenon is typical of the
winters in central Chile (Sandoval et al., 1993;r8es et al., 2006), characterized by weak
vertical exchanges within a very thin mixing layerile a strong thermal inversion layer

blocks any upward ventilation.

Interactions between geographic, dynamic and mef@gical factors are likely to occur to

account for concentrations discrepancies betwesinss.

S 2004 : 2005 o

=<0 - las Condes

PM25/PM10

Jan-04 Apr-04 Jul-04 Oct-04 Jan-05  Apr-05 Jul-05 Oct-05

Figure 5: Time series of PM2.5/PM10 ratios.
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Figure 6: time-series of wind speed and rainfathfhy values), from La Platina station (South of
Santiago). Source: DGAC datenyw.meteochile.rland MACAM network.

5.2 Sources identification

5.2.1A methodology used to treat the data in order szdminate the sources

The urban pollution is a mixing between natural amthropogenic sources, therefore the
identification of each one of them is essentiabrder to diminish the level of pollution.

Three methodologies have been used:

First, enrichment factor in order to discriminattveeen natural and anthropogenic origin of
the elements analyzed. This methodology correspémdbe ratios of analyzed elements

which we will discuss in detail in 5.2.2 section.

In the second step the factor analysis has beahtasdentify the elemental association that
corresponds to specific sources. Through Factory&isa(FA) and Principal Components
Analysis (PCA) (table 5), we used the concentratiohthe above-mentioned elements in
order to identify underlying variables, or factotbat explain the pattern of correlations
within our set of observed variables (Reimann et 2008). The values (loading) in the
matrix represent the associations between eachbtarand each of the one retained factors.

The results allow the recognition of three printifsctors which explained 85% of total
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variance in La Paz and 89% in Las Condes. Eacbrf&ets been interpreted as one source
using the elements with loadirg0.6. Associated to each main source, we recogmEadr
contribution, which are identified using elementshwoading between 0.5 and 0.6. That is
consistent with a complex urban pollution, whichxes regional and local emissions,
controlled by meteorological processes (wind spaed directions). The principals results

obtained from here we will discuss in 5.2.3.

Finally based on the proportion of some Rare E&l#ments (La/Sm, La/Ce, La/V) the
identification of modern industrial processes asefinery of petrol is possible. We will

explain this point in detail in 5.2.4.5 section.

5.2.2 Natural versus anthropogenic source discration

All chemical analyses are given in tables 4 (ag,ld, e, f, g, h). It is nearly impossible to
comment on this huge amount of data and distinguesids and tendencies. Thus data will
be treated statistically. They will be first dissad through the concept of Enrichment Factor.
Here, Enrichment factors (EF) aim to emphasize itfiieence of the two main sources
(anthropogenicvs lithogenic). EF are calculated with respect toithobenic element
(typically Al, Zr or Th), and allow to show the pective level of enrichment of all elements
compared to the mean crust composition. EF areileaéx as follows:

EF = (C/Cref)sample! (Ci/Cref)crust

where (G/Cref)sampleiS the ratio of concentration of an element xhe teference element in
the sample and ({Cf)crust IS the same ratio in the typical crustal material.

We used here the bulk mean crust as defined byoTayld Mc Lennan, (1995). Al has been
chosen here as reference element because it ilyuasaumed to have no anthropogenic
source (Calvo et al., 2008) and to be resistamidst surface processes. EF higher than 1 is
typical of a contribution of sources other thanstal; but a threshold of 10 is considered to
be more reliable to discriminate between crustal aon-crustal origin for the elements
(Parehk et al., 1989; Morata et al., 2008).

The elements Mg, Y, Zr, U Sr, Ca, Ti, V displaytsysatically EF<10 for both fractions and
both sites in 2004 as well as 2005 (fig 7). Thdsments are typical lithogenic elements. One
must note than their EF are systematically higbeiPM2.5 than for PM10 at La Paz station,
whereas their enrichment level is similar betweaactfons at Las Condes. This may suggest

that different processes act in the two sites, pitimary lithogenic particles impacting in Las
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Condes area whereas finer lithogenic particles calected at La Paz station, probably
through the selective remobilization of sedimeniibdgenic particles.

Another class of elements (Rb, K, Cs, Fe, P, Ba, NinCr, Co, Zn) show medium EF (in
the ranges 10-£Gnd 10-18for PM2.5 and PM10, respectively). Finally, thgtiy enriched
elements (Sn, Pb, Cu, Mo, Cd, As, Ag, Sb) have &wéen 1801® in the PM2.5 fraction.

Fig 7 shows that the higher the EF, the higherdiserepancy between enrichment levels in
PM10 and PM2.5. This is clear at both stationsafbelements except Sb. This suggests that
anthropogenic contaminants are released mainlyings farticles, probably through high-
temperature processes as they favor small siz&lparias shown by Morata et al. (2008)
from SEM observations.

On the contrary, Sb shows the highest enrichmes lend, at the same time, displays only
slightly more enriched signature in PM2.5 than M1B. Sb might come from two different
anthropogenic sources: the first one, related tmsien processes of ore deposits would

provide coarse particles while the other, reladntiustrial processes would provide fine

ones.
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Figure 7: Enrichment factors for PM2.5 and PM1bath sites. Reference element is Al. The
enrichment factor is calculated with respect toiean crust (Taylor and Mc Lennan, 1995). a,c: La
Paz 2004,2005. b,d: Las Condes 2004,2005.
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5.2.3. Natural Source

Factor Analysis on the PM2.5 fractions at bothigtes, allow to recognized two sources with

a natural origin:

At la Paz thefirst factor displays high loadings>(0.6) (table 5) for the major elements Al,
Ca, K, Mg, Mo, Na, and the trace elements Rb, $STi\Zr, and loading between 0s5to <
0.6 for Ba, Cr, Fe and Zn. The major elements Al, Ee, K, Na and Mg and some trace
elements such as Ti, Sr and Mn are used as tra€eratural origin (Artaxo et al., 1999,
Morata et al., 2008, Moreno et al., 2010, Kavowetal., 2001). Na and Mg are classically
associated with salts of marine origin (Hedberglgt2005, Kang et al., 2009). But we can
add the elements Zr and Rb which also display logings in this first factor and can be

considered then as tracers of natural source.

5.2.3.1 Lithogenic Source

The major elements Al, Ca, Fe, K, Mg, Na, and treleenents such as Ti, Sr, Mn, Zr and Rb
have a crustal origin within Santiago, as showrhhboy EF and FA-CPA analysis. This
feature can be interpreted as the signaturean@ist-related sourcéphyllosilicates, feldspar,
pyroxene and amphibole, iron oxides) (table 5) isnd agreement with Morata et al. (2008)
on two others sampling sites in Santiago.
This confirms the works of Artaxo et al. (1999), Moo et al. (2010) in Santiago (table 6)
and Romo-Krdger et al. (1994), Kavouras et al. {3Gihd Hedberg et al. (2005) in nearby
towns (table 7). Both tables regroup the major seaiidentified as either regional or local,
natural or anthropogenic of particles in the ailSaintiago from PM10 and PM2.5 fractions
and corresponds to a set of chemical elementseatefig previous authors regrouped table n°
6 (for Santiago) and n° 7 (for other towns in Cah@hile). In these tables, elements which
were used in FA-PCA and are common to most autamrsunderlined, elements in black
have been considered by each author as typicafjofem source, while elements in grey are
secondary elements mentioned by the authors. Sowitebe considered now under their
type, local or regional and the signature we charered for them will be compared to the
elemental associations determined by other authors.
Beside this set of elements, we associated BaF€rMo, V and Zn to this crust-related
signature, while Artaxo et al. (1999) and Morenaakt(2010) do not associate these later
elements but recognize a crust-related origin for. Medberg et al. (2005) add Si to this list
of crustal elements, actually this seems obviosgha major part of the upper crust is made
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of silicates. In addition to the typical crust-dexil elements, in the coarse fraction from Vifia
del Mar, Br, As, Cu, Zn and Pb also appear to bsterelated (Kavouras et al., 2001), while
only Mn and Ba are thought to have a crustal origivalparaiso. Some of these elements
(Mn, Pb and P) were also associated to the crastakce defined within the fine fraction by
Artaxo et al. (1999) in Santiago. We will see freqtly this problem, when comparing
chemical signatures of the other sources. Indeattyrelements are related to more than one
source, and then one author will affect the elememine of these sources while others will
affect it to another source. We will not discussi@tails these variations and consider that the
first mentioned set of elements is soundly dematedr as tracing the lithogenic source in

Santiago area.

5.2.3.2 Marine Source

This natural source can carrynarine contribution, traced here by Na and Mg that present
the highest loading (0.91) in factor 1 (table ShisTmarine source has been suggested by
Hedberg et al. (2005) in Quillota and Linares, tiowns closer to the ocean than Santiago
(table 7).

We associate the elements Mg and Na to marine e®d@iolowing Moreno et al. (2010) who
argue that Na, Cl and Mg may be related to mararesals, carried by westerly winds to the
Santiago basin (table 6). The work of Hedberg et{(2005) supports this conclusion, but
without Cl| analyses in our data set, we cannotudiscthis point any further. Mg is a
constitutional element in some minerals such a®¥gme and amphibole (Morata et al.,
2008), so probably another origin for Mg is relatectrustal sources, however according to
Hedberg et al., 2005 and Moreno et al., 2010 NaMgdhave been used to trace marine
aerosols. Indeed the positive correlation (~0.88wken Mg and Na in both fractions

obtained using the Pearson matrix, allows this thgsis to be supported.

In factor one, a minor contribution mixed with ttreistal source could be suspected from Ba,
Cr, Fe, Mo, V and Zn (table 5). Although Ni is niotthis list as it presents a smaller loading
(0.38), we propose to consider it with V, as tracafroil combustion, while Cr is associated
with coal combustion in agreement with Hedberglef2905). Mo and Zn are confirmed to
be related with copper industry, which is indeetiswprizing as they are present in Cu ores
(Romo-Kroger et al., 1994). Ba, which belongs t® tminor mixed contribution, could be
present as BaS(s proposed by Morata et al. (2008). The origithid sulfate stays unclear
at it could be both natural (gypsum) of anthropagéplaster).
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5.2.4 Anthropogenic Source

Seven anthropogenic sources were identified ati&pmtFive of them correspond to a set of
chemical elements defined by previous authors gtéband 7). In this way, the elements as
Cu, Zn, As, Mo, Pb, Bi and Ag are currently usedrasers of copper smelter (Hedberg et al.,
2005, Romo-Kroger et al., 1994, Kavouras et al0120V and Ni are widely associated with

oil combustion (Celis et al., 2004; Pey et al., 208nd less frequently Zn appears related
also to this source (Artaxo et al, 1999 and Morehal., 2010). The elemental association Sb,
Pb, As, Zn and Co is associated with coal combugfitoreno et al., 2007) and Cr also has
been related to this source by Hedberg et al.,, 2B0% considered as a tracer of wood

combustion together with Rb (Carvacho et al., 2@32lis et al., 2006).

On the other hand, two additionally sources (prees®f refinery of petroleum industry and

the power plant) were traced using rare earth edéme

5.2.4.1 Copper smelters

Thesecond factordisplays elements with loadingd0.6 for Ag, As, Ba, Bi, Cd, Cu, Fe, Mo
and Pb, and minor associated loadings €lbadings < 0.6) for Rb, V, Ti (table 5). This
signature fits with copper smelters being the ppalc source (Kavouras, et al., 2001,
Batonneau et al., 2004; Morata et al., 2008) witimam lithogenic and oil combustion
contribution.

The elements used as tracers were: Cu, Zn, As,MpBi and Ag and the new elements

associated to this source in Santiago are: ZnBRI&\g, Ba, Cd, Fe, Mn.

According to our results, the association of eletmé¢@u, Zn, As, Mo, and Pb), is confirmed

as tracer of copper smelters. This list of elemastsociated to copper smelters is regional
(table 7), as it has also been recognized in ViélaMhr, Valparaiso, Quillota and Linares

(Kavouras et al., 2001, Hedberg et al., 2005). association of S to copper smelters has
been demonstrated by several authors (Romo-Krdgar,d994, Hedberg et al., 2005) and S
should be added to this signature, but we havemremisured S concentrations and cannot
discuss it. Ag, Bi are also associated to thistofacn agreement with Hedberg et al. (2005)
who relate Cu, Mo, As and to a lesser degree, AgZB, Pb to smelter sources at Quillota

and Linares. Actually, Hedberg et al., 2005 andans,ending with the same list of elements.
We only differ or their relative importance. We batgree on Cu, Mo and As as major ones

to which we add Zn and Pb. As minor elements wa fmind Ag and Bi.
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We also got Fe, Ba, Cd and Mn as first order elésnassociated to copper smelter source.
This is no surprising as these elements are gilesent in the copper ores or involved in the
refining processes. SEM studies can provide comgheany arguments in order to
discriminate between particles from copper ores @amticles generated in copper smelters.
The first ones will have irregular or in the beases, crystal shapes. On the contrary, the
morphological and chemical composition of particétsdied by SEM (Morata et al., 2008
and non published data) reveal the occurrence ledrggal particles, around 1 um diameter,
bearing usually some metal ( Fe, Zn, Cu). The origi such anthropogenic particles is

related to high temperature processes

5.2.4.2 Coal /Oil combustion

In the third factor (table 5) Co, Cr, Mn, Ni and Sb display loadings0.6 and Zn in the
range 0.5-0.6. This corresponds to coal combustiiamce as defined by Moreno et al. (2006
and 2007) with minor loading for As (0.21) and P26). The presence of Ni could trace a
oil combustion minor contribution, but as V doeg appears with a significant loading in
this third factor, the oil combustion source is sotindly demonstrated.

All authors agree that the association V - Ni teaoé combustion (table 6 and 7). Through
our study, we propose to add Sb, Pb, As, Zn, Cr @adas tracers of this source. This
association has already been found as representstivoal combustion in Spain (Moreno et
al., 2007). And, we propose to add REE-V as spraifid discriminant tracers of different oil
combustion processes (Fluid Catalytic CrackersaaAiites power plants) (see 5.2.4.5).

It is worthy to note that Pb, As, and to a lesséem® Zn, which are known to be dangerous

for human health, appear linked to this source.

5.2.4.3 Traffic

In La Paz station (table 5), the presence of Mthenthird factor, could trace combustion of
unleaded gas with Mn-bearing organic compound (yefhlopentadienyl-Tricarbonyl-
manganese) as anti-explosive (SESMA, 2002 in @elad., 2004).

From our study, traffic is from 2004 till now tratenainly by Mn, which is used, as said
earlier, as anti-explosive in the unleaded gasolxieother authors argued that traffic was
traced by the Br-Pb association. This is understhledfor data collected before 2001, date of
the final ban on leaded gas. Moreno et al. (2013eoved the end of this Pb signature in
October 2004, while we do not in samples colleate2D04 and 2005. Moreover, we propose

REE as tracers for catalytic exhaust pipes (traffidj pollution.
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5.2.4.4 Biomass/wood burning

Similar results are obtained at Las Condes statiable 5), with some difference in the

intensity of some sources, except for K (associatigal Rb) which has been considered as a
local source, because it is characteristic of ttegghbourhood. K and Rb display here a
significant loading (> 0.5) in the second factohisSTmay be related to wood burning, quite
frequently used for residential heating (Kovaurtalg 2001; Hedberg et al., 2005). We thus
propose to add Rb in association to K currentlyduas tracer of wood combustion in
Santiago (table 6). This association is suppdrieBavouras et al. (2001) in Rancagua, Vifia
del Mar and Valparaiso. The association betweeraith K is probably related to wood
burning (Hedberg et al., 2005) (table 7).

In both stations we confirm that Fe can be provided two potential sources: an
anthropogenic one, related with combustion or itrthissmelting processes (as demonstrated
through our FA analysis) and a natural lithogeme,oas already observed by Morata et al.
(2008). But when looking in more details, in La PRe appears more strongly associated
with others metals such as Cr, Mo, Zn, than wigmadnts of clear lithogenic origin (Al, Ca,
K, etc). Therefore we suggest that Fe, in La Pazmbstly anthropogenic and more
specifically related with copper smelters or metglic process. On the contrary in Las
Condes, the two sources, natural and anthropogeaidetectable and coexist.

In both places Zn also appears related with mae time source, copper smelter and oil/coal
combustion.

Treatments applied to PM10 data do not discrimirmgatips which could be related with
clear origins whatever the site. At both statiandy 2 principal factors are identified and the
differentiation between sources is not obvious. MElements are concentrated in the first
factor, while Co, Cr, Ni, Zn, Bi and Sb are maiuligplayed in the second factor. Based on
Moreno et al., (2007), Sb, Pb, As, Zn and Co aso@ated with coal source (table 8).
Therefore, even if the loadings of Pb and As amdyféow (0.4), the presence of Sb at Las
Condes in association with Zn and Co, might betedldao coal combustion. In fact, the
presence of Cr confirms this observation (Hedbdrgle 2005). The second elemental
association (As, Ba, Bi, Cd, Cu, Mo, Pb) with loaglibetween 0.4 to 0.5 suggest cooper
smelting contribution observed in the second faatdras Condes. This signal is not clear in

La Paz. In addition, Sb contribution it not obseriethe PM10 fraction of La Paz station.
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Finally the prescence of Zn in two factor with loags (0.5 to 0.7) in both stations, suggest
more than one source for Zn: copper smelter ardoail combustion process.
Mn is only present at La Paz and could indicateralwustion of unleaded gas with organic

manganese compound.

La Paz Las Condes
Loadings:
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
contributio]  Source | Cusmeter | - proces | €t Smelter! | Natural Souree [ €A
n crustal/sea (coal/oil) Crustal crustal/sea (coal/oil)
Minor oil/cogl crustal origin; oil/coal l?urning ij
contribution combustion, oil combustion combustion; blomaSS;,Oﬂ
copper smelter combustion
Ag 0.32 0.72 0.10 0.68 0.58
Al 0.89 0.26 0.22 055 0.70 017
As 0.18 0.8 0.21 0.86 0.20 031
Ba 0.52 0.76 0.18 0.87 038 023
Bi 0.30 0.83 0.35 0.89 0.29 027
Ca 0.82 0.42 021 0.85 025
Cd 0.34 0.84 0.30 0.90 021 030
Co 0.88 0.95
Cr 0.51 0.49 0.62 0.53 036 0.70
Cu 0.44 0.83 0.26 0.88 0.39 025
Fe 0.58 0.78 0.85 0.45 021
K 0.76 0.39 0.27 0.70 0.60 015
Mg 0.94 0.18 0.25 038 0.87 0.20
Mn 037 035 0.67 0.87 036 0.26
Mo 0.64 0.61 0.13 0.82 0.36 0.20
Na 0.91 0.19 0.34 0.91
Ni 0.38 0.42 0.73 0.45 0.26 076
Pb 0.32 0.88 0.13 0.90 0.25 025
Rb 0.71 0.55 0.19 0.78 0.56 o1l
Sb 0.14 021 0.89 0.19 0.94
Sr 0.81 0.19 0.48 0.57 0.78 0.17
v 0.70 0.56 0.15 0.76 0.51
Zn 0.55 0.36 0.54 0.5 0.40 0.63
Ti 0.76 0.58 0.68 0.59 0.19
Zr 0.74 0.48 0.14 0.74 057 0.11

Table 5: Main sources identified at Santiago froacter Analysis (FA) in PM2.5 fraction. Values
represent loading obtained from FA. Loadirxg8.6 correspond to natural sources (e.qg.
crustal/marine origin), copper smelting and combrsprocesses. Loadings < 0.6 correspond to a

minor contribution.
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I Natural Sources Combustion
Source Transport/ Sulfate/ Biomass/
Author ) automobil secondary Copper emissions Wood
and year of Dust Sea oil Coal emissions sulfate burning
sampling
PM ,:: PM,:: PM, . PM;,5-PM,s: |PM,5: PM, s: PM,:
Al, Ca, Fe, K, Rb, Sr, [Mg, Na. V, Ni. Sb, Pb, As,Zn  |Mn; REE. Cu, Zn, As, Mo, Pb, Bi, |K.
Valdes * V, Ti, Zr. Ba, Cr, Mo, and Co; Cr Ag, Ba, Cd, Fe, K, Mn.
2004, 2005 Zn. Al, Cr, Rb, Sr, V,Ti, Zr.
PM, ;: PM,;: PM, :: PM, :: PM,s: PM,s:
Artaxo (1996)2 Al, Ca, Fe, Si, Ti, Sr, V,Ni, S, Zn, Cl, Br, Pb, Cl, K and|S, Se, K, P. S, Cu, As, Mo, K, P. Zn, Cu.
Mn (Pb, As, P). Mn. Sn.
PM,g; 5-PM;5: PM,s: PM,g, 5-PM, 5: PM, ;: PM, ;:
s Al, Ca, Si, Ti. Na, CI. Mn, Cu, Fe, Zn, Br, Pb,Cl, K, S,P.
Moreno PMyg.s: PMyg., 5! Pb. (~s). ~g
(1998-2007)  |ge, Mn, Mg, Sr. Na, Cl, (Mg). |PMjg,s:
Ba, Cr.
PM;0.pm2 5: SEM: PIXE:
PIXE: Al, Ca, Fe, Si. FeO. S
. S-K/Ca
Morata S- (Fe,Mn, s
(2004) cr,Ti).
SEM: CaCO;,

CasO,, BaSO,

Notes: 'Valdes et al., (in preparation); Artaxo et al., 1999; *Moreno et al., 2010 and *Morata et al, 2008.

Table 6:Chemical signatures are compared for Santiago. &miare identified as either regional or local, ual or anthropogenic. Elements that are

common to all authors are underlined; elementsdld thave been considered by some author as typfaaliven source, while the elements in grey

represent secondary elements mentioned by thergutho
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Natural Source Combustion
Transport, Diesel emissions
P / Sulfate/ Wood/ .
ource automobil L. Iron or steel . (Truck or ship)
Author . secondary Copper emissions agricultural
Soil dust Sea salt oil Coal emissions/ sulfate Industry burnines and Local
and year motor vehicle & refinery
of sampling
R Krieert fine-coarse fraction: fine-coarse fine-coarse
193210(; Irotger Al, Ca, Fe, Si, K, Ti. fraction: fraction:
(Caletones S, Cu, Zn, As. K Ca,s.
La Leonera)
PMyg.2,5- PMy 5. PMyg.2,5PMy,5: PMyg.25.PM 55: PMyg.25-PMy 50 |PMyg 5 5-PMy s
Kavouras®  |Al, Ca, Fe, Si, K, T, Br, Pb (K, V, Fe, S, Cu, Zn, As, Mo. [Ti, Cr, Mn, Fe, |K, Ca, Fe, Rb, Br.
(1998) Sr, Mg. Ni, As, Cu, Mo Zn, Zr, Mo.
(Rancagua) and Zn).
PMyg;5-PM, 5 PMyg. 5! PMyg.p5- PMyg-55 - PMy50 [PMyg;5-PMys: |PMyg, 5-PM, 5t PMyg.z5-PMy5:  |PMyg,5-PM, 5
Kavouras’ AL Ca, Fe, Si,Tiand |Cl. PM,: Br, Pb. S (Cu, As, Cu, Zn, As, Mo, Pb. K Fe,Rb,Sr. |V, Ni™S.
1998 only for PMyg,5: Br, ~S, Zn,Pb,V,Ni).
(Vifia del Mar) JAs, Cu, Zn, Pb, K.
PMyg.,5-PM,5: PMig.,5: PMig.,5 - PMyg.,5-PMyg:  [PMygz5- PMy5. [PMyg ;5 - PM, 5 PMyg.55-PMy5:  |PMygy5-PM, 5
Kavouras® 1998 :_L&Q,E,B Mn, [CI. PM,5: ﬂ,d%(K, Ca, Sr |S, As. Cu, Zn, As, Mo, Pb. K, Ca, Br,Rb. |V, Ni/~S
(Valparaiso) a. S. and Ba)
Hedberg3 PM 44: PM,q: PM,q: PMyq: PMyq: PM,q:
1999-2000 |AL Ca, Fe, Si, Tiand |Mg, Na, Br, |Ni, V. c Br, Pb,V, N Cu, Zn, As, Mo, Bi, Kand Zn (Rb).
. r.
(QU”IOta, M' (NII Vlcrls)' Ag'
Linares)

Notes: 1Romo—Kréger et al., 1994, ’Kavouras et al., 2001; 3Hedberg, et al., 2005.

in grey represent secondary elements mentionedebguithors.

Table 7: Chemical signatures are compared for Cdrhile. As in table 7, sources are identifieceéther regional or local, natural or anthropogenand

elements that are common to all authors are undedj elements in bold are mentioned only by sorti@aas typical of a given source, while the eletsen
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Station La Paz Station Las Condes
Source Mixing of Source Mixing of
Crustal, Cu | cil/icoal/industry crustal, Cu | oil/coal/industry
Elements smelter, combustion | elements smelter, combustion
oil/coal oil/coal

Ag 0,43 Ag 0,42

Al 0,91 Al 0,95

As 0,88 As 0,81 0,42
Ba 0,92 Ba 0,87 0,44
Bi 0,81 0,53 Bi 0,79 0,52
Ca 0,90 Ca 0,92

Cd 0,89 0,40 Cd 0,83 0,47
Co 0,95 Co 0,90
cr 0,71 0,61 Cr 0,56 0,77
Cu 0,92 Cu 0,87 0,44
Fe 0,92 Fe 0,93

K 0,87 0,456 K 0.9

Mg 0,93 Mg 0,96

Mn 0,46 0,86 Mn 0,93

Mo 0,85 Mo 0,78 0,44
Na 0,78 0,48 Na 0,88

Ni 0,52 0,80 Ni 0,47 0,80
Pb 0,92 Pb 0,84 0,47
Rb 0,88 0,4 Rb 0,85

Sb 097 Sb 0,95
Sr 0,86 0,49 Sr 0,84

vV 0,90 0,41 vV 0,93

Zn 0,55 0,66 Zn 0,49 0,73
zr 0,87 Zr 0,89 0,41

Table 8: Main sources identified at Santiago froacter Analysis (FA) in PM10 fraction. Values
represent loading obtained from FA. Loadix8.6 correspond to natural sources (e.g.
crustal/marine origin), copper smelting and combursprocesses. Loadings < 0.6 correspond to a

minor contribution.
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5.2.4.5 Industrial processes contributions from &kBarth Elements signatures in Santiago aerosols
(and crustal values of references)

Rare earth elements (REE) are new comers in emaeatal geochemistry as they are more
and more involved in sophisticated industrial peses. Indeed, Kowalczyk et al. (1982)
made the observation of anomalous La enrichmenthagid La/Sm ratios in urban aerosols.
These authors could not think of any explanatioh gredicted that when understood, this
property will make REEs potential tracers of sgpe@hthropogenic sources.

High La/Sm ratios were later attributed to fluidtatgtic crackers (FCC) in refineries and
Kitto et al. (1992) provided the basic data on #eatracking catalysts used in petroleum
refineries in the US, Europe and Japan. They detraied that these zeolites display
significant Light REE (LREE) enrichment comparedite heavy ones (HREE) with La/Sm
reaching values as high as 300. These enrichmesres also observed in the volatile part of
refined oils. They pointed out that oil-fired powsant also have LREE enrichment (mostly
La), but without associated V enrichment. The twarses could thus be distinguished. A
new REE pollution has been pointed out as LREE (indSe Oxydes) are used in the
catalytic exhausts filters set on the more recems,cthe signature of which is less well
constraint but can be suspected nevertheless.

REE data in solid aerosols have been publishethtotowns of Washington, (Kowalczyk et
al., 1982), Philadelphia (Dzubay et al., 1988),fO@ederland) (Wang et al., 2000), Houston
(Kulkarni et al., 2007) and Mexico (Moreno et &008). All these data will be used for
comparison in the interpretation of our own dataether with the general features of each
pollution source and the natural (upper crust) R&os.

REE concentrations in all PM10 and PM2.5 fractibos the two sites are given in tables 4
and 5. Total REE concentrations reach a maximuh&#nd 1.2 ng/fhin PM2.5 and PM10
respectively in La Paz and 5.7 and 4 ngimPM2.5 and PM10 respectively in Las Condes.
These maximum are lower to equal than those obdarv&lexico by Moreno et al. (2008)
(10 ng/m). In Washington and Delft concentrations are alsmnd 10 ng/th Concentration

observed at Philadelphia is approximately 50 riginile Houston reaches 90 ng/m

5.2.4.5.1 Catalytic Converters

In figure 8 La/Sm ratios are plotted vs La/Ce, bfsthPM10 and PM2.5 fractions, in Las

Condes (fig 8a) and in La Paz (fig 8b). In botlesi La/Sm ratios from PM10 are roughly

constant around 5 while La/Ce vary from 0.28 tdb0abd from 0.22 to 0.52 in Las Condes
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and La Paz respectively. In other words, La/Snosastay close to a typical “crustal” value,
while La/Ce ratios display the same scatter froendfustal value (0.5) in the two sites.

On the contrary, in the two sites, both La/Sm aadCle from PM2.5 fractions are scattered.
La/Ce are more scattered than in PM10, from 0.2356 and from 0.28 to 1.3 in Las Condes
and La Paz respectively. La/Sm ratios vary fror B3 and from 5 to 65 in Las Condes and
La Paz respectively. La enrichment is partly resgaa for this feature, accompanied by

some Ce enrichment.
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Figure 8: La/Sm ratios are plotted vs La/Ce, bathPM10 and PM2.5 fractions,
in Las Condes (fig 8a) and in La Paz (fig 8b).

5.2.4.5.2 FCC and/or Oil Fired Power Plant

In order to better decipher the origin of these (had Ce) enrichments, La/V ratios are
plotted versus La/Ce in figure 9. Strikingly therder scatter and the higher values are

observed in the PM10 fraction. Indeed La/V variesaeen 0.11 (crustal value) and 0.2 in
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PM10 from Las Condes and between 0.5 and 10 in $vhED fractions from La Paz. On
the contrary, La/V in the PM2.5 fractions variesnir 0.04 to 0.4 in Las Condes and from
0.05 to 0.2 in La Paz. When checked against tmo¢ $hown), ratios far from upper crust
values are always found in filters collected dunmigter times, when pollution reaches its
maximum.

La/Sm in PM2.5 fractions display a signature trganpotential pollution by FCC and/or oil-
fired Power Plant. The high La/V values measuredcampatible with FCC pollution, but it
is quite surprising that these high La/V are founthe PM10 fractions while the high La/Sm
are carried by the PM2.5 fraction. Anyhow, thislpbn is significant in La Paz while it is
nearly negligible in Las Condes. One of the priatithermoelectric plants in Santiago
region, which uses diesel and/or natural gas,datéal 3,5 km westward of the La Paz station
and could account for the high La/Sm. But we hawgerecord of any FCC close to this
station.

Finally, at both sites, La/Ce variations toward¢uga lower than the crustal value can be
related to slight contribution of Ce-oxides richliadgtic exhausts.

Our data are plotted in figure 10 together withstdrom other towns. It shows that REE
pollution in Santiago is quite moderate compared $otowns specially Houston, surrounded
by petrochemical industries and oil refineries. Toleservation that REE pollution is
sometimes more visible in PM10 than in PM2.5 has dleen made in Mexico by Moreno et

al. (2008) and still needs to be understood.
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Figure 9: La/V ratios are plotted versus La/CeiraLas Condes, b : in La Paz, ¢ : in La Paz, close
up on data with La/V < 1 (as in Las Condes).
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Figure 10: Comparison of REE pollution in Santaand data from other towns. A quite moderate

contamination with respect to US towns (especidiyston) is observed.

161



Chapitre 4: Géochimie

5.3 Meteorological consequences on intensity and st yle of the pollution

We observed that the most polluted days in Santiagee always associated to specific
meteorological conditions. Indeed Rutllant (199#Yidguished two major pollution episode
types, the H episodes (high pressure), respon&ibl&0% of the highly polluted days and the
BPF episodes (Before Pre-Frontal), responsible3@86). Both systems are associated with
low wind speeds, low altitude thermal inversion aedy thin mixing layer over the ground,
that is very unfavorable meteorological conditiémspollutants dispersion. BFP systems are
associated with clouds and no wind, while H systprasent clear skies and sunny days.

We found 8 daily sampled in 2004 and 6 in 2005undatabase, which corresponds to these
highly polluted days with specific meteorologicainditions. They decomposed in 4 type H
episodes, 6 type BPF and 4 of mixed H-BPF.

The highest concentrations ever found, in botlssaee strikingly always associated with the
mixed BPF-H meteorological conditions (for exam@®@&: May, 2004). Therefore it seems
that this combination of meteorological systemsrddgs mechanisms of dispersion and
consequently increases the accumulation of pollstam Santiago. Then, the discriminant
parameter seems to be the wind direction which vamgng the transition between one
system (H) to the other (BPF). Usually this traositis facilitated by westerly winds which
transports aerosols from the ocean to the contiaetimay be responsible for the increase in
Na and Mg concentrations, as observed between Mand 19, 2004 in La Paz, (Na: 55.79
ng/nt to 77.20 ng/m).

We also notice that these specific meteorologicaiddions correspond to a clear “copper
smelters” signature (Fe, Cu, Mo, As, Ba and Pl)as Condes in both fractions. This shows
the regional impact of the different mines and @pgmelters — refineries, on the eastern
region of Santiago during wintertime. It is alsoaigreement with the general wind direction
(north) observed during cold periods (fig 11). Tmsid transports aerosols from the copper
smelters (Ventanas and Chagres) or Cu mine loeét8@ kilometers north of Santiago in the
Coastal Mountains (El Soldado, 600 metres a.s.wMo mines (Andina and Los Bronces,
~4000 metres a.s.l.) located 65 and 100 kilometersorth of Santiago respectively, within
the Andes (fig 1). This pollution in Las Condes visggher than in La Paz, in opposition with

data on means and average.
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Indeed, the close examination of specific highlYlyted days, led us to discover that these
days displayed features in opposition with whatokserved when working statistically on

mean values. This is an important remark and itna¢hat the statistic study is not sufficient
and may lead to biased conclusions. It has to bgpteied by daily observations, especially
on the highly polluted days. And here is the linkhwthe medical studies as these highly

polluted days are the ones sending many peoplesthdspitals.
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Figure 11: Frequency wind roses between cold (Apribeptember) and warm (October to Mars)
seasons in 2004 and 2005. Diagrams for the cold@ezmrest on 4392 data in 2004 and 3671 in
2005. For the warm seasons they rest on 3649 de2804 and 1494 in 2005. Each interval (tick)
corresponds to 2%. The maximum values are indidatedch diagram. This data set was taken from

DGAC data www.meteochile.rland MACAM network.

5.4 Evolution of elemental concentrations between 1 998 and 2005

In the same way as the comparison we made earltbis study, based on total PM or PM2.5
concentrations measured two times over 8 years, paoson between elemental
concentrations obtained on the same stationsteddvolution through time can be made,

even if used analytical techniques and sensilsliie different.
5.4.1 Evolution at Las Condes station between E@B2005

5.4.1.1 PM10

All major and trace element concentrations decréadeas Condes between 1998 (Artaxo,
1998) and 2004/2005 (our study) (fig 12a and b).KA&And Fe decrease by 75%, Mg, by 55%
and Ca by 44%. All trace elements decrease by thare 70%, with the exception of Ni that

displays constant values of ~3nd/rfihis is in agreement with the general decreaga\f0
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concentrations observed earlier and has to beetefast to the efficiency of environmental
policies, even if, from one year to the next, diéfgces in concentration could also be due to
changes in meteorological factors such as pretmita For example, mean monthly
precipitation between July and August, 1998 wa® fmn while in 2004 and 2005 it was ~

80 mm.

5.4.1.2 PM2.5

In Las Condes, PM2.5 fractions, (fig 12 ¢ and d)aamtrations in most elements decrease
between 1998 and 2004-2005. The decrease observdtiaces a general decrease of the
amount of particles with lithogenic origin, probgloue to development of paved roads at the
expenses of dirt roads, but here also the highl lefvprecipitation in 2004 and 2005 may
have reinforced this feature. In opposition to tieseral feature, Ca, Fe and K concentrations
increase, decoupled from Al. This has to be relabdelduman activity, even if these elements
also have a crustal origin. Ca can be linked to @aQuarries and plaster used for
construction (Morata et al., 2008), Fe to steelsid/ and K to wood burning, but we have
no explaination for its combined decrease in PMid)iacrease in PM2.5.

Sc, V and As concentrations decrease by 70% andoyPb-65% while Mn and Cu
concentrations increase by 40% over these 7 y€arand Zn concentrations remain almost
constant (with a great variability for Cr). Decreasn V and As are probably due to the
industrial atmospheric emission reduction planse @lcrease in Pb may be attributed to the
introduction of unleaded gasoline. In spite of themission policies the increase in Cu and
Mn concentrations, combined with constant concénotra of Cr and Zn, show the impact of
copper smelting and combustion sources on Santiago.

One can argue that element concentrations, beioglated as averages, could also trace the
effect of the total number of highly polluted days relation with specific meteorological
conditions) within a year. Indeed 16 high pollutidays occurred during July, 1998, while
during the same month in 2004 and 2005 they wele #@nd 2 days respectively. August
1998 had 6 high pollution days but zero in Augu804£ and 2005. Only more frequent
geochemical analysis could allow us to argue thatenvironmental policies are inducing a
general and constant decrease of most pollutardecrations, even if the constant decrease

of total PM and PM2.5 concentrations are in favidhe hypothesis.
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Figure 12: Comparison between 1998 (Artaxo et &8%nd 2004/2005 (Valdes et al, 2011 (in
preparation)) at Las Condes. Some important vasiadiin elemental concentration has been
observed in coarse (graphic a and b) and in fimetion (graphic ¢ and d).

5.4.2 Evolution at La Paz-Parque O’Higgings statlmetween 1998 and 2005

A comparison has been made between data obtaingg89® in Parque O’Higgings (PIXE
data, Artaxo, 1998) and in 2004/2005 in La Paz Ifiga and b). Both stations are downtown

Santiago, though the La Paz site is slightly modeistrial and densely populated than Parque
O’Higgings.

5.4.2.1 PM10

Patterns observed in coarse fraction at the LasBdion are similar than those observed at
Parque O’Higgings. Major and trace elements deerea®r 60% and 50%, respectively.
However Ni is almost constant between 1998 and /20056. Therefore, the decrease

observed here can be attributed to the same faasoegposed earlier.
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5.4.2.2 PM2.5

Tendencies in the fine fractions are identical f8yc and d): a decrease in Mg (43%) and Al
(60%) concentrations over time, and an increasenar@d5% for Ca and Fe concentrations,
while K is almost constant.

Ti and Sr suffer a 50% decrease and Sc, V, As &ncbRcentrations are reduced by 75%, as
observed in PM 2.5 from Las Condes. Again, theease in Mn (60%), Cu (25%) and Zn
(17%) also presents a pattern similar to Las Cand&s and Ni present constant
concentrations as observed in the fine and coaasédns from Las Condes.

Ni and Cr are related to oil and coal combustiospeetively, and their release in the
atmosphere could be due to restrictions on impaytedsince 2004, that was replaced by the
more polluting diesel and by LPG (liquid petrolegas) fuel sources. These observations are
consistent with FA-CPA analysis.

As a summary, a general elemental concentratioaedse was observed in coarse and fine
fractions between 1998 and 2004/2005 in both statim agreement with the decrease noted
for PM10 and PM2.5 concentrations. We interprets this a positive result of the
environmental policies.

However, some elements escape to this general yreprent. Ca concentrations increase is
probably related to limestone quarries and plasgustry (Morata et al., 2008) which grew
together with the development of the city and tbherb in building industry (Moreno et al.,
2010). Fe concentrations increase is linked to edipg steel industry, while, as already
mentioned, increase in K concentrations is dueh# donstant use of wood burning in
residential areas. The increase in some trace alsrmach as Cu, Mn and Zn could be related
to the copper smelter emissions that are boomirgy tme due to worldwide increased
demand for Cu. An overall increase in oil and aoahbustion, could explain the constant

concentrations in Ni and Cr./
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Figure 13: Comparison between 1998 (Artaxo et &8%nd 2004/2005 (Valdes et al, 2011 (in
preparation)) at La Paz and Parque O’Higgigins gtas. Some important variations in elemental
concentration has been observed in coarse (graplaind b) and in fine fraction (graphic c and d) .

6 Conclusion

Both natural and anthropogenic sources impactiegcitty have been identified, sometimes
with more elements than in previous studies, dueutoextensive analytical program. These
new elements such as the REE might be quite usefuirther studies. Indeed, as REE are
more and more used in industrial processes anataytic exhausts, this pollution might

increase in the next decades and should be cadradigularly. These preliminary data could

be useful then as reference values in any futunk woSantiago. Moreover, traffic source
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cannot be traced as previously by lead due to #medn leaded gas, thus REE ratios will
become precious tracers of traffic through catalgithaust pipes REE signature.

Within the local sources, K (wood burning) was alied in eastern Santiago (Las Condes)
but does not present any real danger for the itduatisi On the contrary, Fe presents two
possible origins in Santiago aerosols especiallwrdown (La Paz); crustal origin and
industrial processes (smelter copper). Indeed,rdotp with observations on SEM (see 3.4,
chapter 3) we also can suggest an origin relatéad mdlustrial processes at high temperatures

such as metallurgic industry.

The comparison between 1996 (Artaxo et al., 199®) 2004 and 2005 shows a general
decrease of PM and most elemental concentrationfoth sites. But, we point out an
increase in Cu, Mo and Mn concentrations duringlaisé years of this follow up. Therefore,
even if public policies implemented during the altied 10 years have been effective at
reducing elemental concentrations, it seems negessaimprove the control on specific
elements (identification, reduction), even if th@mual average concentrations in PM10 (i.e.
As, Pb, Cd, Mn and Ni) are below the accepted statsddetermined by WHO and the
European Community (fig 14). In fact, the As corications observed in PM2.5 are three
times over the standard levels during specific mrelegical configurations (H-BPF and

BPF) in days of maximal pollution.

AVERAGE PM 10 2004/2005
25
A LaPaz
) O Las Condes
20 Ni std (20 ng/m3)
A
O
E
o)
c
10
A
As std (6 ng/m3)
57Cd std (5 ng/im?) -
B 'y
0 T =Ty W T
Ni As Cd Pb
observations

Figurel4: Acceptable concentration levels for Ph,A$ and Cd are indicated by horizontal lines (as
defined by the WHO) and plotted against observat{points) taken from PM2.5 and PM10. Note
that the concentration level for Pb (150udys not plotted due to the chosen vertical scale.
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Among the sources having regional impact, companehtopper production (mine, smelter
and refinery)have been recognized in Santiago, impacting somstimore significantly
eastern Santiago (Las Condes). This is the fins¢ tihat this pollution is clearly detected in
Santiago atmosphere, as it had been detectedotdl anly in towns closer to the copper
industry sites. Moreover, the list of elements aigged to this source has been augmented.
For example, the association of Zn, Cu, Pb, Mndpper smelting in Santiago will help to
understand, then could be used, through new psjittedecrease: (1) risk of mortality due to
Cu and Zn emissions (Cakmak, et al., 2009); (X)afsespiratory mortality due to Cl and Zn
emissions and (3) chronic obstructive pulmonargake due to Ni emission (Valdes et al., in

preparation, appendix A).
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|| Percentage duplicates PM10

|Datc Sample Na Mg Al P K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As
8/23/04 F3-1128 2.02 1082 2461 3163 391 1447 2371 8.48 12.63 1987 2650 2487 4.51 3877 2117 3757 593 420 743
6/27/05 F3-0754 3094 2210 1477 2396 2539 2359 6.24 7.47 1185 6568 8.01 2.47 4133 19633 504 5622 596 467 1344
7/9/05 F3-0824 3747 11250 7065 1435 2693 6627 7044 2009 1986 13055 2098 18.10  11.04 332 15.18 421 2277 1470 171
6/20/04 M3-0742 18.27 1149 2362 749 3332 5568 6363 3051 3312 6738 2467 18.81 66.90 9240 2463 4077 2652 2956 4672
6/27/205 M3-0758 70.99 9.47 4.05 049 2760 9325 4085 8.34 40.04  151.67 058 2.08 44.14 0.02 1046 13518 025 4791 172
7/2/05 M3-0788 39.62 532 1434 1756 4426 5720 0.18 20.45 16.03 2.25 14.64 10.49 10225 2.89 14.73 7325 22.12 4283 14.25
[N samples : 0-10 % 1 2 1 2 1 0 2 3 0 1 2 2 1 3 1 1 3 2 3
[N samples 10-20 % 1 2 2 2 0 1 0 0 4 1 1 3 1 0 3 0 0 1 2
[N samples <20 % 2 4 3 4 1 1 2 3 4 2 3 5 2 3 4 1 3 3 5
IN samples % total <

20% 33 67 50 67 17 17 33 50 67 33 50 83 33 50 67 17 50 50 83

Percentage duplicates PM 10

Date Sample Rb Sr Y r Mo Ag Cd Sn Sb Cs Ba Pb Bi Th U
8/23/04 F3-1128 8.63 1734 2058 231 7425 3560 7044 4418 85.15 1653 35.64 13.91 2926 4011 14.13
6/27/05 F3-0754 431 485 6109 7452 2039 2380 0.46 2996 196.29 171 12.54 12.96 12.00 5564 7750
7/9/05 F3-0824 36.01 3081 6362 2973 1408 2497 14.42 2.26 2010 4599  26.11 5.00 2.69 59.10 4.85
6/20/04 M3-0742 227 1867 1891 3174 3287 8672 3214 7456 0.20 1612 2529 15.02 1424 5899 1242
6/27/05 M3-0758 12.74 1676 382 2373 1235 6777 10.46 571 19563 13.61 1110  60.05 777 10574 13172
7/2/05 M3-0788 0.51 4.00 064 2567 1026 5325 8.51 9.21 53.70 0.32 0.31 5.58 5.90 8677 7514
IN samples : 0-10 % 4 2 2 1 0 1 2 3 1 2 1 2 3 0 1
[N samples 10-20 % 1 3 1 0 3 0 2 0 0 3 2 3 2 0 2
N samples <20 % 5 5 3 1 3 1 4 3 1 5 3 5 5 0 3
% of sample total <20% 33 83 50 17 50 17 67 50 17 83 50 33 23 0 50

Tablel: Duplicates from La Raml Las Condes, fraction PM10 .
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Percentage duplicates PM 2.5

Date Sample Na Mg Al P K Ca Sc Ti A\ Cr Mn Fe Co Ni Cu n Ga Ge As
6/15/04 F2-661T 2846 1791 777 555 1742 8014 1790 2322 1026 2340 15.41 6.71 9.76 59.95 1395 255 1249 753 3386
6/20/04 MI1-0741  157.48 14909 13.00 11511 9234 18537 2544 810 12329 10043 6227 16.86 3.96 6751 51.19 141.86 2371 44.13 042
8/3/04 MI-1011 10419 3488 76.62 3612 5845 161.03 11008 011 88.19 14470 2220 2933 18323 253 1230 549 2972 2051 1276
7/2/05 M1-0787 67.83 8793 3029 054 4234 19935 24.00 4.23 1748 178.84 1952 3179 19497 19992 3676 1781 971 3695 1617
7/27/05 F1-0935 33.94 099 2294 874 2439 1404 18381 1842  31.68 2792 19.79 16.01 11.00 2706 2150 1010 2005 1233 668
8/2/05 F1-0971-5  67.23 8.73 7.28 31.18 2153 3278 13.11 19980 200.00 200.00 200.00 200.00 19341 3.68 8.30 792 879 792 990

samples : 0-10 % 0 2 2 3 0 0 0 3 0 0 0 1 2 2 1 3 2 2 4

samples 10-20 % 0 1 1 0 1 1 3 1 2 0 3 2 1 0 2 2 1 1 2

samples <20 % 0 3 3 3 1 1 3 4 2 0 3 3 3 2 3 5 3 3 6

samples % total <

0% 0 50 50 50 17 17 50 67 33 0 50 50 50 33 50 83 50 50 100

Percentage duplicates PM 2.5

Date Sample Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi Th U
6/15/04 F2-661T 14.39 404 2808 35451 517 0.41 2.23 74.68 88.94 313 20.75 3.10 0.18 8231 4376
6/20/04 M1-0741 4544 15250 7208 13963 0.09 13219 11.29 757 19582 1299 11.96 18.18 222 80.67 19739
8/3/04 MI1-1011 31.17 3068 19.65 3574 1088 145 4386 1960 181.61 3.49 11.36 1344 2401 6347 5729
7/2/05 MI1-0787 3082 9259 5189 3555 1225 2773 8.97 1910 19765 2270 2623 12.44 13.28 3485 98.62
7/27/05 F1-0935 20.83 13.67 2369 3429 13.67 1858 518 10.89 6.95 9.39 14.39 8.17 6.81 7281 8954
8/2/05 F1-0971-5 11.67 1275 3436 2313 745 19945 919 30.59 1483 7.08 9.52 7.88 9.68 8.06 21.89

samples : 0-10 % 0 1 0 0 3 2 4 1 1 4 1 3 4 1 0
samples 10-20 % 2 2 1 0 3 1 1 3 1 1 3 3 1 0 0
samples <20 % 2 3 1 0 6 3 5 4 2 5 4 6 5 1 0
samples % total <

0% 33 50 17 0 100 50 83 67 33 83 67 100 83 17 0

Tablel (continued): Duplicates fromPRaz and Las Condes, fraction PM2.5.
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Chapitre 4: Géochimie

Paz Station
DATE SAMPLE PM2.5 | SAMPLE PM10 | PM2.5 (pg/m”) | PM10 (pg/m’) | Total (ng/m®
20040113 F1-0025 F3-0026 20.1 38.9 58.9
20040125 F1-0049 F3-0050 13.4 25.8 39.2
20040218 F1-0103 F3-0104 22.8 50.8 73.7
20040227 F1-0123 F3-0124 11.9 23.7 35.6
20040325 F1-0201 F3-0202 34.7 55.1 89.8
20040331 F1-0219 F3-0220 12.3 27.0 39.3
20040413 F1-0303 F3-0304 10.7 16.6 27.3
20040429 F1-0389 F3-0400 83.5 40.8 124.2
20040430 F1-0405 F3-0406 84.4 51.2 135.5
20040506 F1-0441 F3-0442 80.1 50.8 131.0
20040507 F1-0453 F3-0454 85.6 65.4 151.0
20040517 F1-0513 F3-0514 138.2 81.5 219.6
20040518 F1-0519 F3-0520 111.0 58.1 169.1
20040521 F1-0539 F3-0540 21.1 15.2 36.3
20040530 F1-0601 F3-0602 85.8 36.4 122.2
20040531 F1-0607 F3-0608 117.9 61.5 179.4
20040603 F1-0631 F3-0632 84.2 62.0 146.2
20040615 F1-0707 F3-0708 83.6 68.5 152.1
20040620 F1-0737 F3-0738 16.0 10.3 26.3
20040713 F1-0879 F3-0880 16.6 5.4 22.0
20040716 F1-0897 F3-0898 102.2 44.0 146.2
20040729 F1-0977 F3-0978 62.5 64.4 126.9
20040803 F1-1007 F3-1008 11.6 8.1 19.7
20040823 F1-1127 F3-1128 46.9 52.9 29.7
20040826 F1-1145 F3-1146 64.7 36.7 101.4
20040902 F1-1187 F3-1188 65.5 62.7 128.2
20040918 F1-1283 F3-1284 8.4 9.1 17.5
20041002 F1-1361 F3-1362 20.1 38.3 58.4
20041012 F1-1391 F3-1392 5.2 15.8 21.0
20041111 F1-1469 F3-1470 25.5 55.2 80.7
20041114 F1-1475 F3-1476 12.7 17.4 30.1
20041205 F1-1517 F3-1518 11.0 18.2 29.2
20041229 F1-1565 F3-1566 22.4 36.0 58.4
20050107 F1-0013 F3-0014 42.1 27.2 69.3

Table 2: Analytical data (gravimetric data) from Paz station. PM10, PM2.5 and total mass for
both fractions in ug/in
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Chapitre 4: Géochimie

Paz Station
DATE SAMPLE PM2.5 | SAMPLE PM10 | PM2.5 (pg/m>) | PM10 (pg/m’) | Total (ng/m®)
20050131 F1-0067 F3-0068 16.7 19.0 35.7
20050203 F1-0073 F3-0074 31.4 41.4 72.8
20050212 F1-0091 F3-0092 17.6 17.9 35.6
20050326 F1-0199 F3-0200 12.8 14.5 27.4
20050330 F1-0211 F3-0212 33.2 53.9 87.2
20050410 F1-0271 F3-0272 22.8 27.1 49.9
20050415 F1-0301 F3-0302 63.4 72.6 136.0
20050429 F1-0393 F3-0394 68.0 65.0 133.0
20050504 F1-0423 F3-0424 11.8 13.6 25.4
20050526 F1-0562 F3-0563 82.1 72.4 154.5
20050527 F1-0568 F3-0569 74.0 76.8 150.8
20050528 F1-0574 F3-0575 67.2 49.2 116.4
20050530 F1-0586 F3-0587 71.4 66.2 137.6
20050607 F1-0642 F3-0643 102.8 65.1 167.9
20050608 F1-0648 F3-0649 92.1 51.8 143.9
20050622 F1-0723 F3-0724 67.7 82.6 150.3
20050627 F1-0753 F3-0754 12.3 4.5 16.8
20050709 F1-0823 F3-0824 75.3 60.2 135.5
20050714 F1-0853 F3-0854 17.1 16.6 33.7
20050727 F1-0935 F3-0936 109.5 96.5 206.1
20050728 F1-0941 F3-0942 91.1 65.0 156.2
20050802 F1-0971 F3-0972 61.2 48.9 110.1
20050810 F1-1025 F3-1026 88.9 68.6 157.5
20050818 F1-1073 F3-1074 55.2 66.2 121.4
20050821 F1-1091 F3-1092 9.5 10.8 20.3
20050917 F1-1229 F3-1230 65.0 43.5 108.5
20050927 F1-1289 F3-1290 105.8 28.0 133.7
20050928 F1-1295 F3-1296 13.5 17.1 30.5
20051002 F1-1313 F3-1314 14.0 9.5 23.5
20051020 F1-1367 F3-1368 30.7 44.7 75.4
20051111 F1-1421 F3-1422 23.1 47.4 70.5
20051123 F1-1445 F3-1446 3.8 11.1 14.9
20051208 F1-1475 F3-1476 10.0 23.1 33.1
20051214 F1-1487 F3-1488 21.0 56.8 77.8

Table 2 (continued): Analytical data (gravimetriatd) from La Paz station. PM10, PM2.5 and total
mass for both fractions in pgim
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Chapitre 4: Géochimie

Las Condes Station

SAMPLE SAMPLE PM2.5 PM10 Total

DATE N 5 N

PM2.5 PM10 (png/m’) (pg/m’) (ng/m’)
20040113 M1-0029 M3-0030 19 47 66
20040125 M1-0053 M3 -0054 13 24 37
20040203 M1-0077 M3-0078 38 35 72
20040227 M1-0071E M3-0072E 12 25 37
20040323 M1-0199 M3-0200 28 45 74
20040331 M1-0223 M3-0224 8 15
20040422 M1-0361 M3-0362 10 19
20040429 M1-0403 M3 -0404 68 29 97
20040510 M1-0475 M3-0476 95 44 139
20040517 M1-0517 M3-0518 81 é8 149
20040519 M1-0531 M3-0532 110 52 162
20040522 M1-0549 M3-0550 12 10 21
20040620 M1-0741 M3-0742 13 7 20
20040624 M1-0769 M3-0770 76 42 118
20040712 M1-0877 M3-0878 76 27 103
20040716 M1-0901 M3-0902 60 38 98
20040721 M1-0931 M3-0932 8 7 16
20040803 M1-1011 M3-1012 7 5 12
20040825 M1-1143 M3-1144 41 34 75
20040827 M1-1155 M3-1156 56 43 99
20040902 M1-1191 M3-1192 45 50 96
20040907 M1-1221 M3-1222 8 8 16
20040914 M1-1263 M3-1264 43 36 78
20041002 M1-0469-E M3-0470-E 19 35 55
20041004 M1-1371 M3-1372 27 44 71
20041012 M1-13895 M3-1396 7 12 18
20041102 M1-1455 M3-1456 13 36 50
20041108 M1-1467 M3-1468 16 27 43
20041114 M1-1479 M3-1480 9 13 22
20041205 M1-1521 M3-1522 12 21 33
20041217 M1-1545 M3-1546 14 34 48
20041226 M1-1563 M3 -1564 19 30 49
20050107 M1-0017 M3-0018 28 31 59

Table 3: Analytical data (gravimetric data) fromd.&€ondes station. PM10, PM2.5 and total mass
for both fractions in ug/
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Chapitre 4: Géochimie

Las Condes Station
DATE SAMPLE PM2.5 | SAMPLE PM10 | PpM2.5 (pg/m>) | PM10 (pg/m’) | Total (ug/m’)
20050131 M1-0071 M3-0072 ) 22 30
20050203 M1-0077 M3-0078 32 43 75
20050206 M1-0083 M3-0084 21 22 44
20050212 M1-0095 M3-0096 28 17 45
20050330 M1-0215 M3-0216 38 65 104
20050402 M1-0227 M3-0228 15 22 37
20050423 M1-0353 M3-0354 47 46 94
20050427 M1-0381 M3-0382 58 31 89
20050502 M1-0415 M3-0416 69 37 106
20050523 M1-0544 M3-0545 6 5 11
20050531 M1-0596 M3-0597 58 37 94
20050606 M1-0636 M3-0637 54 30 84
20050625 M1-0745 M3-0746 78 38 116
20050627 M1-0757 M3-0758 8 2 11
20050702 M1-0787 M3-0788 15 5 19
20050728 M1-0945 M3-0946 69 54 123
20050729 M1-0951 M3-0952 101 47 148
20050810 M1-1029 M3-1030 74 48 122
20050812 M1-1041 M3-1042 67 53 120
20050816 M1-1065 M3-1066 4 2 7
20050903 M1-1161 M3-1162 17 6 23
20050905 M1-1167 M3-1168 65 41 107
20050917 M1-1233 M3-1234 65 36 100
20051008 M1-1335 M3-1336 31 32 63
20051018 M1-1365 M3-1366 23 46 70
20051024 M1-1383 M3-1384 15 11 26
20051108 M1-1419 M3-1420 24 52 76
20051111 M1-1425 M3-1426 26 60 86
20051123 M1-1449 M3-1450 ¢ 8 14
20051208 M1-1479 M3-1480 11 20 31
20051223 M1-1509 M3-1510 22 48 70

Table 3 (continued): Analytical data (gravimetriatd) from Las Condes station. PM10, PM2.5 and
total mass for both fractions in ugfm
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Chapitre 4: Géochimie

Table (4-a): La Paz (PM 2.5) ng/m’

date Na Mg Al P K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga
13/01/2004 | 217,98 19,77 59,94 530 161,75 175,17 0,01 4,18 0,47 0,49 2,58 68,94 - 0,02 827 16,51 0,02
25/01/2004 107,08 11,30 38,10 - 33,16 131,51 0,01 2,74 0,19 0,13 1,58 49,09 - - 4,63 1,62 0,02
18/02/2004 | 138745 316,81 342,00 37,02 64345 311699 0,08 0,01 1,36 16,14 25,60 496,07 0,004 11,80 4484 5838 0,16
27/02/2004 111,22 11,10 37,97 2,78 5231 156,61 0,005 2,91 0,29 0,42 1,79 54,44 0,01 0,004 1,80 0,39 0,02
25/03/2004 | 455,84 7926 423,76 25,73 838,50 256,06 0,10 0,01 1,53 0,07 15,17 497,20 0,004 0,005 1836 4462 0,18
31/03/2004 | 321,38 43,09 13428 26,25 169,18 712,66 0,03 0,01 0,43 0,06 10,01 294,13 0,003 0,004 2990 36,69 0,12
13/04/2004 5,10 - 1,96 - - - - 0,32 0,02 - 0,53 13,08 - - 2,66 - 0,004
29/04/2004 12,64 1,24 791 - 55,46 - - 0,78 0,11 - 1,68 43,18 - - 4,92 - 0,02
30/04/2004 16,86 2,41 13,06 - 52,10 - - 1,38 0,12 2,24 2,20 50,74 - - 5,78 5,37 0,03
06/05/2004 3,19 - - - 19,67 - - 0,58 0,10 - 1,33 26,23 - - 2,73 - 0,01
07/05/2004 14,83 1,49 6,99 - 31,08 - - 1,02 0,11 0,40 3,52 68,69 - - 8,86 5,51 0,03
21/05/2004 6,41 - - - - - - 0,23 0,08 - 1,78 58,51 - - 10,14 - 0,02
30/05/2004 9,69 0,56 2,41 - 27,51 - - 0,45 0,12 - 2,07 35,26 - - 4,57 0,17 0,02
31/05/2004 9,34 0,34 3,04 - 23,94 - - 0,78 0,07 - 2,38 47.44 - - 4,64 3,75 0,04
15/06/2004 112,61 3380 104,66 21,77 326,04 28143 0,03 10,93 0,57 6,60 31,85 384,56 0,21 1,04 59,89 11521 0,30
20/06/2004 43,15 11,39 11,81 9,94 94,94 38,16 - 2,39 0,21 111 3,35 95,89 0,03 034 11,80 22,73 0,04
13/07/2004 66,86 8,70 34,13 8,66 116,06 5,31 0,001 1,93 0,10 0,66 547 110,26 0,01 0,25 8,09 32,03 0,05
16/07/2004 111,90 9,93 29,88 29,17 216,68 130,25 0,02 0,91 0,14 3,26 37,96 107,25 3,52 0,87 12,18 7393 0,09
29/07/2004 | 237,75 85,31 350,64 38,63 39832 45494 0,07 29,52 1,14 20,79 50,82 116790 0,31 2,72 71,10 17481 0,52
03/08/2004 58,92 13,65 12533 7,70 79,20 66,71 0,01 5,01 0,52 2,89 592 166,68 0,27 0,48 831 16,98 0,06
23/08/2004 145,65 51,82 302,68 20,46 304,27 233,12 0,05 20,64 0,68 4,24 24,17 534,50 0,16 0,85 4424 101,55 0,34
26/08/2004 | 313,02 39,04 153,01 29,19 453,69 199,47 0,03 18,53 2,95 15,85 5545 823,90 0,82 548 65,03 22974 0,52
02/09/2004 27,23 7,14 53,40 13,26 58,00 39,80 0,01 2,74 0,16 1,43 5,04 9534 2476 035 8,03 2249 0,06
18/09/2004 84,71 4,93 9,68 25,75 108,72 78,32 0,02 0,03 0,04 0,69 40,61 2,99 4,28 0,41 1,64 30,56 0,005
02/10/2004 25,15 4,70 25,57 3441 4430 20,32 0,02 0,68 0,12 1,66 42,50 2944 4,34 0,09 2,80 5,88 0,02
07/01/2005 303,68 3226 91,02 2,80 467,30 104,66 0,01 6,68 0,26 0,26 3,34 100,38 - - 3,15 5,16 0,03

Table 4-a: Chemical data for major and trace clement. PM2,5 at La Paz station. Date: 13/01/2004 - 07/01/2005.
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Chapitre 4: Géochimie

Table (4-a): La Paz (PM 2.5) ng/m’

date Na Mg Al P K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga
31/01/2005 19432 2295 88,56 4,52 164,39 274,24 0,01 5,80 0,23 0,39 7,28 100,91 - - 556 21,02 0,03
12/02/2005 196,20 1734 54,39 0,38 78,39 84,35 - 2,18 0,27 0,07 0,96 41,31 - - 7,40 - 0,02
26/03/2005 370,18 6748 26,20 2,99 211,83 931,04 - 2,01 0,32 3,03 4.41 52,86 - 2,38 8,41 6,24 0,02
30/03/2005 179,59 16,03 77,67 1,42 191,98 295,45 0,01 6,79 0,59 0,75 6,05 132,34 0,004 - 11,28 13,11 0,05
10/04/2005 16,97 - - - 15,20 - - 0,62 0,25 0,24 0,41 23,87 - - 1,92 - 0,01
15/04/2005 32,63 10,61 59,64 0,78 67,21 2,43 0,003 4,19 0,38 0,22 568 13123 - - 8,28 6,35 0,04
26/05/2005 8,39 0,62 6,57 - 7,11 - - 1,16 0,14 0,08 2,58 38,01 - - 2,81 3,70 0,03
27/05/2005 12,99 241 11,65 - 27,49 - - 1,72 0,13 0,22 9,19 79,20 - - 433 1392 0,04

30/05/2005 | 138,72 795 3480 1189 97.82 8703 001 6.63 0,54 326 1748 25546 0,10 084 1681 2826 0,15
07/06/2005 | 209,54 5774 18129 3553 556,03 408,58 0,05 19,07 4,48 1324 53,03 853,09 064 547 80,88 242,50 0,51
08/06/2005 | 13946 40,54 121,99 29,15 39986 39394 0,02 11,48 240 793 2699 53648 024 264 4176 104,64 028
22/06/2005 | 1121,63 391,01 163,59 37,42 405,53 354758 0,04 18,60 L42 10,01 73,76 77026 041 673 5793 14231 036
27/06/2005 | 2149 6,09 1740 4,55 4928 173,40 0,004 2,39 0,72 143 592 8,71 006 0,16 961 1546 0,05
09/07/2005 | 10163 32.85 7256 845 12420 34257 0,02 7,95 0,52 288 1231 277,06 009 020 1425 43,70 0,12

14/072005 | 6154 2389 63,17 892 134,98 20111 0,01 6,29 0,45 4,03 1884 33103 0,26 037 23,92 8984 0,12
27072005 | 27332 9227 32689 5751 604,16 593,73 0,07 3324 401 1511 6535 107754 0,66 625 116,88 286,19 0,61
28/07/2005 | 10189 3068 9972 2744 221,18 154,20 - 17.01 LI18 658 33,01 42492 027 344 3436 15161 028
02082005 | 544,40 6597 21797 33,56 712,97 42477 0,04 0,01 L09 12,54 6943 108849 0,004 3,55 9322 32860 0,5
10/08/2005 | 591.00 443,30 247735 7759 608,91 2489,19 - 206,55 520 989 5980 2500,05 1,12 292 6738 8547 065
18/0872005 | 96,97 4684 14661 3634 227,22 307,20 0,03 15,82 0,56 701 4883 686,40 022 174 4810 11713 030
20082005 | 12408 1347 2395 514 7816 - 0,003 1,76 0,28 080 264 9L41 - 020 1700 2143 0,04

17/09/2005 52,77 5.74 23,13 14,35 92,69 26,99 0,02 2,14 0,19 1,20 1,05 41,77 31,58 0,25 4,75 8.56 0,02
27/09/2005 23,91 2,86 13,53 3134 24,64 21,99 0,01 0,22 0,09 1,00 41,62 27,56 4,33 0,18 345 1083 0,02
02/10/2005 23,57 2,25 3,92 2993 1224 14,92 0,01 0,07 0,14 0,64 3970 1161 0,00 0,11 0,98 1,29 0,005
20/10/20035 51,51 7,11 25,74 12,73 30,06 25,535 0,02 20,27 0,32 19,46 6,52 111,97 26,77 63,04 3,50 8,07 0,02

Table 4-a (continued): Chemical data for major and traces elements. PM2,5 at La Paz station. Date: 31/01/2005 - 20/10/2005.
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Chapitre 4: Géochimie

Table (4-a): La Paz (PM 2.5) ng/m’

date Ge As Rb Sr Zr Mo Ag Cd Sn Sb Cs Ba Hf w Pb Bi U
13/01/2004 001 093 0,19 044 010 1,07 0,08 0.05 1,86 - 0.01 456 - - 3,54 0,02 -
25/01/2004 | 0002 028 009 029 125 0,74 0,03 0.03 1,20 - 0,003 453 0,02 - 1,88 001 -
18/02/2004 851 68 104 10,92 067 4,93 0,00 0.23 2,58 0,005 0,05 4450 00004 0,03 1271 023 0,02
27/02/2004 | 0,005 033 009 031 020 0,14 0,03 0,04 423 0,004 0004 457 00003 008 162 002 00002
25/03/2004 005 28 19 228 087 2,66 0,001 0,56 12,85 0004 006 4507 002 021 1659 005 001
31/03/2004 004 435 030 145 173 6,67 0001 0,17 441 0004 002 3808 003 014 10,75 004 0,003
13/04/2004 | 0.001 0,08 002 001 - 0,31 0,28 0,02 0,30 - 0,001 1,50 - - 0,84 0,003 -
29/04/2004 001 28 012 003 0,03 0.43 0,27 0.08 0,26 - 0,003 1,24 - - 1,17 0,02 -
30/04/2004 001 252 013 014 004 0,56 0,43 0,07 0,91 - 0,004 522 - - 435 0,02 -
06/05/2004 | 0,004 093 004 003 001 0,12 0,14 0,06 0,78 - 0,001 136 - - 348 0,02 -
07/05/2004 001 201 005 013 007 0,54 0,17 0.10 0.85 - 0,003 3,04 - - 6,79 0,05 -
21/05/2004 001 1,15 009 003 - 0,08 1,47 0.08 0,60 - 0,002 10,29 - - 737 0,04 -
30/05/2004 001 136 008 007 002 0,35 0,37 0,07 1,00 - 0,003 515 - - 449 0,04 -
31/05/2004 002 112 008 009 002 0,23 0,43 0.11 0,97 - 0,004 479 - - 6,52 0,03 -
15/06/2004 0,12 1407 068 124 057 5,48 0,32 0.93 9.45 806 006 2756 001 0,10 5720 042 001
20/06/2004 002 322 017 025 1,08 0,85 0,60 0,19 4,16 1,89 0,06 10,00 0,02 0,02 881 0,09 0,001
13/07/2004 002 436 025 028 0,18 0,28 0,08 0.25 2,27 - 0,01 12,01 - 0,08 13,48 0,04 -
16/07/2004 003 239 029 082 011 0,43 0,14 0,29 033 2877 001 797 0001 003 17,80 008 001
29/07/2004 0,18 1831 093 310 257 4,82 0,35 1,56 1022 719 008 10718 005 031 5297 030 0,02
03/08/2004 002 08 016 051 061 0.91 0,06 033 0,76 - 001 1675 001 059 668 003 0002
23/08/2004 014 832 065 171 193 2,07 0,24 0.46 3.93 292 004 4508 0,03 031 4361 0,19 001
26/08/2004 027 840 09 180 087 2,82 223 1,72 6,96 464 008 3349 0,02 090 91,02 041 001
02/09/2004 002 340 011 032 0720 0,71 0,13 0.15 0,68 8095 001 847 0003 002 58 005 0,003
18/09/2004 | 0001 0,12 009 070 001 0,13 0,07 0.01 0,03 1482 0001 1,00 - - 045 001 0,004
02/10/2004 001 082 010 072 0,04 0,12 0,10 0,04 0,47 5505 0004 226 00003 0003 2,14 0,02 005
07/01/2005 001 035 058 063 013 1,97 0,05 0,09 1,26 - 001 624 - 001 270 001 -

Table 4-a (continued): Chemical data for major and traces elements. PM2,5 at La Paz station. Date: 13/01/2004 - 07/01/2005.
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Chapitre 4: Géochimie

Table (4-a): La Paz (PM 2.5) ng/m’

date Ge As Rb Sr Zr Mo Ag Cd Sn Sb Cs Ba Hf W Pb Bi 18}
31/01/2005 0,01 0,71 0,21 0,61 0,18 0,35 0,03 0,04 1,05 - 0,01 7,68 - 0,003 2,02 0,03 0,003
12/02/2005 0,004 0,21 0,18 0,27 0,04 0,07 0,03 0,03 1,77 - 0,003 3,20 - - 1,07 0,002 -
26/03/2005 0,01 0,56 0,22 2,52 0,05 0,20 0,04 0,08 3,66 - 0,01 3,97 - - 3,60 0,03 -
30/03/2005 0,02 0,56 0,44 0,69 0,22 1,92 0,07 0,19 6,22 0,16 0,01 8,11 0,00 0,07 6,95 0,02 -
10/04/2005 0,004 0,18 0,05 0,01 0,00 0,16 0,06 0,01 0,98 - 0,001 0,31 - - 049 0,01 -
15/04/2005 0,02 1,49 0,13 0,36 0,13 0,57 0,34 0,07 1,09 - 0,01 10,20 - - 4,72 0,04 -
26/05/2005 0,01 0,39 0,04 0,06 0,03 0,10 0,29 0,11 0,39 - 0,003 2,31 - - 3,00 0,02 -
27/05/2005 0,02 0,47 0,07 0,17 0,06 0,17 0,33 0,11 0,89 - 0,004 641 - 0,01 9,36 0,03 -
30/05/2005 0,08 3,14 0,16 0,56 0,34 0,83 1,68 0,23 2,70 0,81 0,02 8,45 0,004 0,10 10,50 0,12 0,0004
07/06/2005 0,27 16,36 1,23 2,25 1,20 6,51 0,28 1,53 18,79 8,79 0,09 57,89 0,03 031 9239 043 0,01

08/06/2005 | 0,16 917 0,83 156 097 361 018 0,86 900 476 0,05 4846 0,02 0,15 4852 028 001
22062005 | 015 957 069 1292 L13 771 044 0,74 902 449 0,04 6940 0,03 0,19 509 034 002
27/06/2005 | 002 093 013 030 012 051 003 0,13 0,83 038 00l 746 000 005 631 002 0001
09072005 | 0,07 410 025 121 037 089 0,10 0,33 5,83 120 001 2791 00l 004 1787 0,16 0,004
14/07/2005 | 008 316 036 093 032 071 014 0,54 238 824 003 3575 001 015 4038 0,08 0004
27/072005 | 030 1146 132 336 L7l 704 093 L9 2766 1676 0,11 7351 0,04 053 113,90 028 0,02
28/07/2005 | 014 454 046 110 086 234 027 1,00 947 1036 0,05 2132 0,02 029 5923 0,10 001
02082005 | 026 13,78 1,33 3,11 452 753 0,001 2,16 1935 89 0,07 8L8 0,09 023 9715 087 001
10082005 | 009 297 205 1470 704 109 0,13 0,24 512 673 023 939 023 058 2527 0,16 008
18082005 | 012 812 0353 187 087 59 069 1,79 1028 687 004 6639 0,02 020 3971 020 001
21/082005 | 0,02 209 016 034 019 129 0,10 0,18 1401 042 0,01 1225 - 0,003 714 005 -
17092005 | 001 156 022 020 01l 0290 0,10 0,11 0,77 12417 0,02 530 0,002 001 353 002 0,002
27/092005 | 0,01 021 004 071 004 038 007 0,05 0,19 4298 0,002 196 00004 0,004 145 0,03 0,003
02102005 | 0,002 070 002 064 002 016 012 0,02 0,00 0001 0001 189 0002 00l 078 001 00003
20102005 | 001 080 007 019 008 072 014 0,05 1,83 10327 0,003 262 0004 004 220 002 001

Table 4-a (continued): Chemical data for major and traces elements. PM2,5 at La Paz station. Date: 31/01/2005 - 20/10/2005.
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Chapitre 4: Géochimie

Table (4-b): La Paz REEs (PM 2.5) ng/m3

date

13/01/2004
25/01/2004
18/02/2004
27/02/2004
25/03/2004
31/03/2004
13/04/2004
29/04/2004
30/04/2004
06/05/2004
07/05/2004
21/05/2004
30/05/2004
31/05/2004
15/06/2004
20/06/2004
13/07/2004
16/07/2004
29/07/2004
03/08/2004
23/08/2004
26/08/2004
02/09/2004
18/09/2004
02/10/2004
07/01/20035

La
0,03
0,02
0,21
0,02
0,21
0,12

0,004
0,01
0,02
0,01
0,03
0,03
0,02
0,01
0,12
0,04
0,05
0,05
0,32
0,03
0,21
0,26
0,03
0,01
0,02
0,05

Ce
0,06
0,04
0,39
0,05
0,47
0,25
0,01
0,02
0,06
0,02
0,08
0,07
0,04
0,03
0,31
0,09
0,12
0,12
0,91
0,12
0,81
0,48
0,13
0,01
0,04
0,09

Pr

0,006
0,004
0,04
0,005
0,05
0,02
0,001
0,002
0,004
0,002
0,006
0,005
0,003
0,002
0,02
0,006
0,008
0,008
0,06
0,008
0,03
0,03
0,007
0,001
0,003
0,01

Nd
0,02
0,01
0,12
0,01

0,141
0,06
0,0004
0,004
0,007
0,002
0,004
0,05
0,01
0,01
0,02
0,16
0,02
0,10
0,09
0,02
0,002
0,008
0,03

Sm

0,004
0,004
0,02
0,002
0,03
0,01
0,0004
0,001
0,000
0,001
0,0003
0,0004
0,01
0,001
0,002
0,002
0,02
0,004
0,02
0,02
0,002
0,0004
0,001
0,01

Eu

0,001
0,001
0,01
0,001
0,01
0,01
0,0001
0,001
0,0005
0,0002
0,0004
0,0003
0,01
0,001
0,002
0,001
0,02
0,002
0,01
0,01
0,001
0,0002
0,001
0,002

Gd

0,004
0,003
0,03
0,00
0,03
0,01
00004
0,001
0,0001
0,001
0,0002
0,0003
0,012
0,001
0,002
0,004
0,03
0,004
0,02
0,02
0,004
0,001
0,002
0,01

Th
0,001
0,0003
0,003
0,0003
0,004
0,0014
0,0001
0,0001
0,000003
0,0001
0,00003
0,00003
0,0012
0,0001
0,0002
0,0004
0,0030
0,0004
0,0024
0,0016
0,0003
0,0001
0,0002
0,0008

Dy
0,003
0,002

0,02
0,002

0,02

0,01

0,0003
0,001
0,0001
0,001
0,0001
0,0001

0,01
0,001
0,001
0,02
0,002
0,01
0,01
0,002
0,000
0,001
0,005

Ho

0,0005
0,0004
0,003
0,0003
0,004
0,001

0,00001

0,0001

0,001
0,0001
00003
0,003
0,0004
0,002
0,002
0,0003
0,0000
0,0002
0,001

Er
0,002
0,001

0,01
0,001
0,01
0,004

0,0005
0,0001

0,0003

0,003
0,001
0,001
0,01
0,001
0,01
0,004
0,001
0,0001
0,001
0,003

Yb

0,002
0,002
0,01
0,001
0,01
0,004
0,0001
0,0003
0,0001
0,0004
0,00005
0,00004
0,003
0,0004
0,001
0,01
0,001
0,01
0,004
0,001
0,0001
0,001
0,002

Hf

0,02

0,0004

0,0003
0.02
0,03

0,01
0,02

0,001
0.05
0,01
0,03
0,02

0,003

0,0003

0.03
0.08
0.21
0,14

0,10
0,02
0.08
0,03
0,31
0,59
0,31
0.90
0.02

0,003
0,01

Table 4-b: Chemical data for REEs elements. PM2,5 at La Paz station. Date: 13/01/2004 -07/01/2005.
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Chapitre 4: Géochimie

Table (4-b): La Paz REEs (PM 2.5) ng/m3

date La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Hf W
31/01/2005 0,05 0,10 0,01 0,03 0,01 0,002 0,01 0,001 0,005 0,001 0,002 0,002 - 0,003
12/02/2005 0,02 0,04 0,004 001 0,002 0,001 0,002 0,0002 0,001  0,0003 0,001 0,001 - -
26/03/2005 0,04 0,04 0,01 0,01 0,003 0,001 0,005 0,0003 0,002 0,0002 0,001 0,001 - -
30/03/2005 0,06 0,11 0,01 0,03 0,01 0,002 0,01 0,001 0,005 0,001 0,003 0,003 0,0003 0,07

10/04/2005 | 0,004 001 0001 - 00003 - 0,00002 0,00002 0,000 - - 00002 - -
15/04/2005 | 006 0,12 0008 002 0,004 0,002 0004 00004 0,002 00004 0,001 0,001 - -
26/05/2005 | 001 0,02 0002 - 00004 0000 0,001 000002 0,0003 - - 00001 - -
27/05/2005 | 004 0,07 0004 001 0001 0001 0,002 00001 0,001 0,00003 0,0002 00003 - 0.01

30/05/2005 | 007 0,14 001 003 001 0002 001 0,001 0,003 00005 0002 0001 0,004 0,10
07/06/2005 | 044 0,76 006 020 003 001 004 0003 001 0002 001 001 003 03l
08/06/2005 | 031 0,51 004 011 001 001 003 0,002 001 0002 00l 001 002 0,5
22/06/2005 | 039 0,74 005 015 002 001 003 0,002 001 0002 00l 0004 003 0,19
27/06/2005 | 007 012 001 002 - 0,001 0,01 00003 0001 00003 0001 00004 0,003 005
09/07/2005 | 012 021 002 008 001 001 001 0,001 0004 0001 0003 0002 001 004
14072005 | 011 024 002 005 0004 001 001 0,001 0,003 0001 0002 0002 001 0,15
27072005 | 051 089 006 019 0,03 002 005 0,004 002 0004 00l 001 004 053
28/07/2005 | 014 024 002 006 001 0004 001 0,005 0,001 0003 00001 0002 002 029
02082005 | 040 009 005 013 0,02 001 003 0,002 001 0002 00l 001 009 023
10/082005 | 0583 18 020 078 0,17 005 018 0,143 003 0087 0005 008 023 058
18/08/2005 | 029 065 004 011 001 001 002 0002 00l 0002 00l 0005 002 020
21/08/2005 | 008 0,10 0,01 002 0005 0002 0,004 00002 0,002 00002 0,001 0,001 - 0,003
17/09/2005 | 005 009 0005 001 0,002 0001 000 00002 0001 00002 00005 0,0005 0,002 001
27/00/2005 | 002 0,02 0002 001 0,001 00004 0001 00001 00004 00001 0,0003 0,0003 00004 0,004
02/10/2005 | 003 0,02 0002 001 0,001 00003 0,001 000005 0,0003 0,00001 0,0001 000003 0,002 001
20/10/2005 | 004 0,05 0004 001 0003 0001 0003 00002 0,001 00002 0001 0001 0004 004

Table 4-b (continued): Chemical data for REEs elements. PM2,5 at La Paz station. Date: 31/01/2005 - 20/10/2005.
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Chapitre 4: Géochimie

Table (4-¢): La Paz (PM 10) ng/m’

date Na Mg Al P K Ca Se Ti \% Cr Mn Fe Co Ni Cu Zn Ga
13/01/2004 319,06 81,37 602,68 19,19 154,05 501,39 0,14 46,21 1,20 1,10 12,52 457,01 0,13 - 8,66 6,91 0,16
25/01/2004 209,59 61,72 359,05 9,57 87,06 232,37 0,07 23,50 0,64 0,21 7.14 268,98 0,02 - 5,87 6,27 0,09
18/02/2004 336,74 118,01 766,21 20,81 203,98 685,83 0,17 53,32 1,37 1,31 15,77 624,43 0,18 0,06 1245 748 0,19
27/02/2004 198.88 56,57 354,91 8,76 91,90 362,75 0,08 23,53 0,70 0,34 7,53 288,74 0,06 - 7,03 - 0,09

25/03/2004 | 1418,55 578,20 389486 12141 956,09 283149 0083 73735 9,18 581,15 108,77 471542 10,60 887,52 56,95 15793 091
31/03/2004 230,67 68,64 371,95 10,33 85.96 432,03 0,08 27,38 0,74 1,94 8,19 365,53 0,06 0,59 8,92 4,03 0,09

13/04/2004 | 19,75 10,10 64,49 - 4,59 2545 0,01 435 0,11 - 137 5841 - - 2.41 - 0,01
29/04/2004 | 75,12 3527 21532 2,09 4953 160,71 0,04 1580 039 054 468 20803 001 - 8,00 0,40 0,05
30/04/2004 | 6744 3299 182,49 2,30 4788 16504 003 1724 044 0,66 527 22969 0,003 - 828 577 0,06
06/05/2004 | 61,13 3528 220,69 236  47.85 190,65 004 1546 038 044 464 200,79 0,03 - 650 320 0,05
07/05/2004 | 61,71 21,33 13591 3,33 4996 153,50 002 1541 046 0,79 579 23476 0,03 - 1532 334 0,06
18/05/2004 | 5579 23,07 173,84 1,94 4391 15L,19 003 1455 035 025 442 18162 0,02 - 714 027 0,05
21/05/2004 | 2,50 - 42,82 - - 8,68 0,002 299 0,08 - 0,89 47,14 - - 1,92 - 0,01
30/05/2004 | 4929 26,07 136,75 029 2749 11254 002 001 027 1,11 355 17038 - - 723 239 0,03

31/05/2004 | 6744 3389 211,66 2,95 4933 24910 0,04 1830 042 073 542 250,06 0,04 0003 679 3,59 006
15/06/2004 | 110474 621,84 3890,55 114,08 94492 421215 082 310,72 658 26,67 96,18 371991 1,77 524 130,44 141,19 0,92
20/06/2004 | 123,56 7501 290,09 1944 9653 311,80 - 30,83 074 174 964 43954 015 045 13,73 1926 0,09
13/07/2004 | 8555 2669 11734 6,13 42,57 13939 002 914 023 142 432 25914 004 042 868 8,14 0,03
16/07/2004 | 44261 291,69 1663,19 51,67 413,60 179695 036 138,88 3,17 961 4540 206425 0,83 1,88 5239 7766 0,45
29/07/2004 | 561,50 257,39 171596 63,25 490,91 1948,67 037 18295 429 854 4961 221125 087 L91 5201 6325 0,53
03/08/2004 | 14901 72,53 434,15 13,05 10509 52569 008 35,16 091 306 933 44826 033 0,47 1046 785 0,09
23/08/2004 | 720,84 36429 227144 8748 63244 204676 043 20945 515 10,15 73,30 290931 1,08 2,61 6458 8404 0,64
26/08/2004 | 330,57 157,75 102337 4473 32836 118206 022 11474 305 673 3298 136917 0,58 3,13 3728 5580 0,33
02/09/2004 | 192,70 73,51 628,61 1831 16220 61926 0,13 27,18 1,11 288 1470 583,69 2760 0,88 1639 2491 0,16
18/09/2004 | 86,76 791 31,81 2763 1742 3661 001 18 009 042 325 3793 335 0,08 L0 116 0,01
02/10/2004 | 119,83 802 207,94 3897 8297 17554 004 1491 058 118 4093 23667 3,75 0,69 441 910 0,08
12/10/2004 | 14662 2457 9886 3624 3597 12390 003 58 020 141 4135 979 417 017 300 631 0,03

Table 4-c: Chemical data for major and traces elements. PM10 at La Paz station. Date: 13/01/2004 - 12/10/2004
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Chapitre 4: Géochimie

Table (4-¢): La Paz (PM 10) ng/m’

date Na Mg Al P K Ca Sc Ti A% Cr Mn Fe Co Ni Cu Zn Ga
07/01/2005 314,61 6396 28786 7,64 104,68 266,14 0,06 20,05 0,52 0,03 6,00 220,94 - - 3,46 - 0,07
31/01/2005 209,03 46,54 237,54 3,67 64,64 300,46 0,05 14,82 0,45 0,21 8,04 213,45 - - 5,09 5,25 0,06
03/02/2005 75841 66,05 403,07 15,80 20538 461,90 0,08 35,36 1,12 0,40 12,00 40923 0,12 - 10,31 14,00 0,14
12/02/2005 100,26 27,49 172,78 2,02 55,31 246,84 0,03 15,03 0,34 - 3,68 139,53 - - 343 2,48 0,04
26/03/2005 217,13 37,27 154,49 4,48 52,85 155,37 0,04 10,06 0,33 0,80 3,10 126,42 - - 1334 1,61 0,04
30/03/2005 471,00 82,78 65545 21,94 220,66 575,69 0,13 5891 1,55 8,34 16,78 590,14 0,26 - 12,88 11,12 0,18
10/04/2003 69,94 24,34 147,93 - 27,60 63,88 0,02 9,30 0,34 0,05 2,83 119,01 - - 2,16 - 0,03
15/04/2003 76,87 2948 190,43 3,45 57,40 174,69 0,03 19,96 0,56 0,44 7,90 286,50 0,03 - 7.68 0,63 0,07
29/04/2005 80,16 46,83 287,28 4,08 60,23 242,74 0,05 22,18 0.01 0,92 7.16 346,91 0,05 - 9,97 3,09 0,07

27052005 | 93701 30635 2041,16 80,45 73736 314903 039 226,69 599 1905 14568 365502 154 4,48 8586 13251 0,74
07/06/2005 | 523.83 256,82 167592 76,28 49554 224979 038 155,13 543 2143 5253 233556 105 528 5857 9031 0,50
08/06/2005 | 316.87 180,53 956,68 46,10 30581 126694 022 9456 305 1534 3420 146813 0,61 5,88 3878 5520 0,29
22062005 | 917.86 248,15 242007 106,04 896,62 241922 0,52 30826 $25 2064 14953 361870 224 1306 80,00 10482 0,85
27/062005 | 37.18 1841 8847 670 4243 141,00 0,02 823 038 146 628 20868 0,04 033 737 390 0,03
09/07/2005 | 57215 11966 137912 70,79 522,02 118721 029 168,14 458 10,13 4979 237845 0,84 311 53683 69,15 0,52
14/072005 | 192,03 13432 67166 1639 14858 92471 0,12 4692 139 424 2322 79341 032 040 1612 2671 0,15
27/07/2005 | 48039 20622 1456777 4333 37322 149162 031 11401 322 637 3391 1367.47 0,66 153 3238 3748 0,35

28/07/2005| 641,93 20330 1706,85 89,90 640,01 217537 - 178,56 3,77 937 52,17 1677,73 108 2,67 4223 100,40 0,49
02/08/2005 | 260,62 100,44 65529 1798 15528 83480 0,13 5582 125 360 1852 760,57 0,20 021 1794 2710 0,15
10/08/2005| 476,89 35771 199902 62,61 491,34  2008,58 - 166,67 4,19 7,98 4825 201734 0,90 236 5437 6897 0,52

18/08/2005 | 72621 231,63 212854 75,11 677,57 1743,14 041 22842 551 790 62,71 2670,82 L19 210 3668 7770 0,78
21082005 | 63766 11320 43698 19,50 178,93 700,81 0,09 3453 096 18 1173 50211 0,10 044 1877 2090 0,11
17/0922005 | 207,52 40,78 38227 33,00 13026 32562 0,07 2554 085 164 936 34471 3670 044 10,13 861 0,11
27/092005 | 7280 1325 120,04 2525 4425 12546 002 48 029 101 3061 12640 294 0,19 458 2855 0,04
28092005 | 64,70 1534 121,76 36,19 3726 11604 0,03 913 027 09 3778 11477 3,73 0,14 311 635 0,03
20102005 | 18598 1933 264,80 3547 9604 20987 0,06 1204 071 124 4604 268,02 430 029 776 833 0,09

Table 4-c (continued): Chemical data for major and traces elements. PM10 at La Paz station. Date: 07/01/2005 - 20/10/2005
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Chapitre 4: Géochimie

Table (4-c): La Paz (PM 10) ng/m’
date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi U
13/01/2004 0,01 0,36 0,55 2,62 0,25 2,30 1,89 0,04 0,02 043 - 0,04 12,64 406 002 001
25/01/2004 0,01 0.15 0,36 1,59 0,10 0,57 3,73 0,03 0,02 0,19 - 0,03 9,98 1,61 0,01 0,004
18/02/2004 0,02 0,72 0,73 3.88 0,39 436 412 0,06 0,02 042 - 007 2933 331 0,02 002
27/02/2004 0.01 0,19 0,35 1,77 0,10 0,51 0,68 0,04 0,02 045 - 0,03 11,57 1,95 0,01 001
25/03/2004 0,11 1,49 3,17 15,69 1,39 13,04 1316 0,22 0,16 299 2685 027 9693 1680 006 007
31/03/2004 0.01 0.20 0,33 223 0,11 0,66 445 0,05 0,02 035 - 0,03 2382 268 0,02 0,005
13/04/2004 | 0,001 0,03 0,05 0,32 0,02 0,08 0,94 025 0,004 0,05 - 0,004 3,34 044 0,001 -
29/04/2004 0,01 0,72 0,19 1,16 0,06 0,40 157 037 0,02 024 - 0,02 14,15 197 0,01 0,002
30/04/2004 0.01 0,54 0,17 1,20 0,04 0,41 201 025 0,02 031 - 0,02 1240 2,13 001 0002
06/05/2004 0.01 0,34 0,19 1,16 0,05 0,37 043 023 0,02 037 - 0,02 12,17 249 0,01 0,002
07/05/2004 0,01 0,47 0,13 1,08 0,04 0,38 133 0,11 0,02 036 - 0,01 8,32 227 0,01 0,003
18/05/2004 0.01 033 0,15 1,02 0,05 032 0,88 029 0,02 037 - 0,01 1012 209 001 0001
21/05/2004 | 0,001 0,03 0,03 0,20 0,01 0,07 0,04 008 0,003 0,005 - 0,002 3,62 062 0001 -
30/05/2004 | 0,005 029 0,12 0,89 0,04 0,30 0,95 0,14 0,02 0720 - 0,01 1499 196 0,01 0,001
31/05/2004 0,01 0,36 0,19 1,36 0,05 0,48 0,57 029 0,03 038 0,003 0,02 16,84 39 001 0,002
15/06/2004 0,11 5,09 3,14 20,58 0,97 10,71 1746 033 038 499 587 028 19957 4644 020 009
20/06/2004] 0,01 0,69 031 2,19 0,09 0,93 515 0,13 0,04 113 131 004 3150 577 003 001
13/07/2004 0,01 0,22 0,11 0,94 0,03 0,67 039 0,02 0,03 0,58 0,08 0,01 23,65 384 0,01 0,002
16/07/2004 0,07 2,24 1,45 10,34 0,50 5,02 3,17 0,18 024 351 4,61 0,13 13873 2926 0,11 005
29/07/2004 0.38 271 1,47 11,37 0,48 6,41 627 0,18 021 258 347 0,12 12815 1939 009 0,06
03/08/2004 0.01 0.21 0,30 2,33 0,11 1,28 124 0,04 0,05 0,53 0,25 0,02 2076 360 004 001
23/08/2004 0,07 2,07 2,22 15,72 0,56 8,11 1,40 0,25 027 3,48 4,29 022 17347 21,59 0,10 0,07
26/08/2004 0,05 1,98 0,92 6.96 0,28 2,07 442 0,10 0,12 285 4,80 007 7126 1574 0,06 0,03
02/09/2004 0,02 1,20 0,55 3,65 0,16 1,83 1,98 0,13 0,05 015 8,30 005 3624 559 0,04 002
18/09/2004 | 0,001 0,08 0,05 0.71 0,01 0,08 0,66 0,07 0,004 0,04 54290 0,004 2,58 0,20 0,01 0,002
02/10/2004 0,01 0.31 0,29 1.83 0,05 0,57 034 0,08 001 023 6790 0,03 8,77 L69 0,03 001
12/10/2004 | 0,003 0,09 0,10 1,20 0,03 0,24 046 0,08 001 012 688 001 5,16 1,02 0,01 0,003

Table 4-c (continued): Chemical data for major and traces elements. PM10 at La Paz station. Date: 13/01/2004 - 12/10/2004.
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Chapitre 4: Géochimie

Table (4-c): La Paz (PM 10) ng/m’
date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi U

07/01/2005 | 0,005 0,12 031 1,49 0,08 0,38 325 0,02 0,02 0,14 - 0,02 8,17 L13 0,01 0,002
31/01/2005 | 0,004 0,16 023 1,31 0,07 0,37 062 0,02 0,02 0,14 - 0,02 10,86 124 0,01 0,003
03/02/2005 0,01 0,26 0,57 2,86 0,11 0,90 1,57 0,04 0,02 021 - 0,04 997 251 001 001
12/02/2005 | 0,004 0,12 0,18 0,93 0,05 0,22 026 0,03 0,01 0,16 - 0,01 7,28 0,9 0,004 0,001
26/03/2005 | 0,003 0,06 0,17 0,83 0,04 0,22 0,16 0,02 0001 0,18 - 0,01 4,60 0,63 0,002 0,001
30/03/2005 0,02 0,33 0,68 3,25 0,18 1,25 508 004 0,04 1,06 - 0,05 1847 347 001 001
10/04/2005 | 0,003 0,06 0,12 0,59 0,03 0,18 0,49 0,19 0005 022 - 0,01 5,26 0,52 0,004 0,0001
15/04/2005 0,03 0,28 0,14 1,36 0,05 0,46 091 026 0,02 038 - 0,01 1418 254 0,02 0,003
20/04/2005 0,01 0,20 0,21 1,71 0,07 0,62 0,68 0,32 0,02 0,56 - 0,02 228 289 0,01 0,003
27/05/2005 0,11 2,30 1,32 14,58 0,55 6,34 408 2,13 035 477 4,57 0,17 129028 3815 0,16 0,06
07/06/2005 0,08 3,21 1,72 12,22 0,35 547  11L74 0,15 027 411 425 0,16 13225 2688 0,12 0,06
08/06/2005 0,05 5,50 0,97 6,69 0,21 3,36 589 0,07 0,16 3,12 3,62 0,09 7673 1605 0,08 0,03
22/06/2005 0,10 277 2,00 17,26 0,73 1035 1147 026 021 463 4,72 0,14 191,60 3343 0,13 0,10
27/06/2005 0,01 0,17 0,09 0,76 0,04 0,78 0,59 0,01 0,02 028 - 0,01 1596 215 0,01 0,002
09/07/2005 0,08 2,48 1,53 11,67 0,37 4,91 838 0,11 0,18 3,78 3,63 0,12 14241 18554 0,11 0,06
14/07/2005 0,02 0,49 0,48 4,05 0,16 1,41 0,80 0,04 0,07 096 148 0,04 5840 1147 0,03 001
27/07/2005 0,04 0,97 1,22 7.46 0,34 2,69 428 0,10 0,15 223 1,29 0,11 61,77 1288 004 003

28/07/2005] 0,07 2,24 1,45 11,63 1,53 3139 7,55 023 0,26 3,65 3,75 0,14 81,40 23,87 0,11 0,05
02/08/2005 0,02 0,60 0,49 3,86 0,16 1,60 308 0,06 0,08 1,20 0,54 0,04 4257 768 0,05 001

10/08/2005] 0,07 2,39 1,65 11,86 0,59 5,68 885 011 0,19 413 5,43 0,19 7582 2039 0,13 0,06
18/08/2005 0,09 2,49 2,44 15,42 0,39 9,31 664 0,11 0,17 329 3,77 023 130,64 2324 0,09 0,10
21/08/2005 0,01 0,51 0,42 3,70 0,11 1,22 3,19 0,04 0,03 247 0,45 0,03 3825 368 0,02 0,02
17/09/2005 0,01 0,63 0,36 2,14 0,09 0,77 0,92 0,18 0,04 0,69 138,64 0,03 1448 222 0,01 0,01
27/09/2005 | 0,004 0,16 0,14 111 0,03 0,20 0,87 0,06 0,01 0,10 4558 0,01 4,80 1,06 0,02 0,004
28/09/2005 | 0,003 0,16 0,12 114 0,03 0,23 031 0,07 0,01 024 7027 0,01 5,12 0,64 0,01 0,004
20/10/2005 0,01 0,28 033 2,14 0,07 0,52 236 0,08 002 017 35362 0,03 8,27 1,54 0,01 001

Table 4-¢ (continued): Chemical data for major and traces elements. PM10 at La Paz station. Date: 07/01/2005 - 20/10/2005
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Chapitre 4: Géochimie

Table 4-d: La Paz REEs (PM 10) ng/m’

date La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Hf w
13/01/2004 0,16 0,36 0,04 0,16 0,03 0,01 0,04 0,01 0,03 0,01 0,02 0,02 0,05 0,01
25/01/2004 0,10 0,23 0,03 0,10 0,02 0,01 0,02 0,003 0,02 0,004 0,01 0,01 0,0004 -
18/02/2004 0,21 0,49 0,05 0,21 0,04 0,01 0,05 0,01 0,04 0,01 0,02 0,02 0,08 0,03
27/02/2004 0,11 0,25 0,03 0,11 0,02 0,01 0,02 0,003 0,02 0,003 0,01 0,01 0,01 0,01
25/03/2004 0,89 1,96 0,23 0,90 0,19 0,06 0,20 0,03 0,17 0,03 0,10 0,09 0,25 0,53
31/03/2004 0,11 0,27 0,03 0,10 0,02 0,01 0,02 0,003 0,02 0,003 0,01 0,01 0,01 0,02
13/04/2004 0,02 0,04 0,004 0,01 0,003 0,001 0,003 0,0005 0,003 0,0004 0,001 0,001 - -
29/04/2004 0,06 0,16 0,01 0,05 0,01 0,004 0,01 0,002 0,01 0,002 0,01 0,005 0,01 0,01
30/04/2004 0,05 0,14 0,01 0,05 0,01 0,004 0,01 0,001 0,01 0,001 0,004 0,004 0,01 0,01
06/05/2004 0,06 0,15 0,01 0,05 0,01 0,004 0,01 0,002 0,01 0,002 0,01 0,005 0,01 0,02
07/05/2004 0,05 0,17 0,01 0,05 0,01 0,003 0,01 0,001 0,01 0,001 0,004 0,004 0,005 0,01
18/05/2004 0,05 0,11 0,01 0,04 0,01 0,003 0,01 0,001 0,01 0,002 0,004 0,005 0,004 0,02
21/05/2004 0,01 0,03 0,00 0,01 0,002 0,001 0,002 0,0003 0,002 0,0003 0,001 0,001 - -
30/05/2004 0,05 0,11 0,01 0,03 0,01 0,003 0,01 0,001 0,01 0,001 0,003 0,003 0,003 -
31/05/2004 0,06 0,15 0,01 0,05 0,01 0,004 0,01 0,002 0,01 0,002 0,01 0,01 0,01 0,06
15/06/2004 1,00 2,51 0,24 0,96 0,2 0,07 0,22 0,03 0,17 0,03 0,10 0,09 0,24 0,93
20/06/2004 0,15 0,32 0,03 0,11 0,02 0,01 0,02 0,02 0,003 0,01 0,001 0,01 0,02 0,04
13/07/2004 0,06 0,17 0,01 0,04 0,01 0,004 0,01 0,001 0,01 0,001 0,003 0,003 0,01 0,03
16/07/2004 0,57 1,45 0,13 0,51 0,10 0,04 0,12 0,02 0,09 0,02 0,05 0,05 0,12 0,50
29/07/2004 0,56 1,64 0,13 0,52 0,10 0,04 0,13 0,02 0,09 0,02 0,05 0,05 0,15 0,58
03/08/2004 0,12 0,32 0,03 0,09 0,02 0,01 0,02 0,003 0,02 0,003 0,01 0,01 0,03 0,47
23/08/2004 0,74 2,01 0,17 0,63 0,12 0,05 0,15 0,02 0,10 0,02 0,06 0,05 0,18 0,42
26/08/2004 0,35 0,89 0,08 0,30 0,06 0,02 0,08 0,01 0,05 0,01 0,03 0,03 0,07 0,24
02/09/2004 0,25 0,60 0,04 0,16 0,03 0,01 0,04 0,005 0,03 0,01 0,02 0,02 0,04 0,02
18/09/2004 0,02 0,03 0,003 0,01 0,002 0,001 0,002 0,0003 0,002 0,0002 0,001 0,001 0,001 0,00
02/10/2004 0,06 0,18 0,01 0,06 0,01 0,003 0,01 0,002 0,01 0,002 0,01 0,005 0,01 0,01
12/10/2004 0,03 0,08 0,01 0,03 0,01 0,002 0,01 0,001 0,00 0,001 0,003 0,003 0,00 0,01

Table 4-d: Chemical data for REEs elements. PM10 at La Paz station. Date: 13/01/2004 - 12/10/2004.
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Chapitre 4: Géochimie

Table 4-d: La Paz REEs (PM 10) ng/m’

date La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Yb Hf W
07/01/2005 0,09 0,19 0,02 0,08 0,02 0,005 0,02 0,002 0,01 0,003 0,01 0,01 0,004 -
31/01/2005 0,08 0,18 0,02 0,08 0,01 0,004 0,01 0,002 0,01 0,002 0,01 0,01 0,004 -
03/02/2005 0,13 0,37 0,03 0,12 0,03 0,01 0,03 0,003 0,02 0,004 0,01 0,01 0,02 -
12/02/2005 0,07 0,15 0,01 0,05 0,01 0,003 0,01 0,001 0,01 0,002 0,005 0,004 0,001 -
26/03/2005 0,05 0,11 0,01 0,05 0,01 0,003 0,01 0,001 0,01 0,001 0,004 0,004 0,001  0,0004
30/03/2005 0,16 0,38 0,04 0,16 0,04 0,01 0,04 0,01 0,03 0,01 0,02 0,02 0,03 0,12
10/04/2005 0,04 0,09 0,01 0,03 0,01 0,002 0,01 0,001 0,01 0,001 0,003 0,003 0,00005 -
15/04/2005 0,08 0,18 0,02 0,07 0,01 0,005 0,02 0,002 0,01 0,002 0,01 0,01 0,01 0,01
29/04/2005 0,11 0,23 0,02 0,10 0,02 0,01 0,02 0,002 0,01 0,002 0,01 0,01 0,01 0,02
27/05/2005 0,92 2,02 0,20 0,82 0,14 0,05 0,17 0,02 0,11 0,02 0,07 0,06 0,14 0,61
07/06/2005 0,56 1,63 0,12 0,45 0,09 0,04 0,12 0,01 0,07 0,01 0,04 0,04 0,13 0,47
08/06/2005 0,37 0,89 0,07 0,26 0,05 0,02 0,07 0,01 0,04 0,01 0,02 0,02 0,08 0,33
22/06/2005 0.88 2,31 0,19 0,79 0,16 0,06 0,19 0,02 0,13 0,03 0,08 0,07 0,24 114
27/06/2005 0,11 0,15 0,01 0,04 0,01 0,003 0,01 0,001 0,00 0,001 0,003 0,003 0,01 0,08
09/07/2005 0,64 1,54 0,13 0,47 0,09 0,04 0,11 0,01 0,07 0,01 0,041 0,04 0,12 0,14
14/07/2005 0,22 0,52 0,05 0,19 0,03 0,02 0,04 0,01 0,03 0,01 0,017 0,01 0,03 0,25
27/07/2005 0,49 0,92 0,10 0,37 0,08 0,02 0,09 0,01 0,06 0,01 0,036 0,03 0,06 0,56
28/07/2005 0,59 1,40 0,13 0,51 0,11 0,04 0,12 0,08 0,02 0,05 0,003 0,04 0,60 0,46
02/08/2005 0,21 0,54 0,05 0,17 0,03 0,01 0,04 0,005 0,03 0,01 0,016 0,01 0,03 0,14
10/08/2005 0,67 1,48 0,16 0,63 0,14 0,04 0,15 0,12 0,02 0,07 0,004 0,06 0,19 0,46
18/08/2005 0,66 2,79 0,14 0,53 0,10 0,04 0,12 0,01 0,08 0,02 0,049 0,04 0,21 0,94
21/08/2005 0,19 0,40 0,04 0,13 0,03 0,01 0,03 0,004 0,02 0,004 0,012 0,01 0,02 0,07
17/09/2005 0,11 0,32 0,02 0,09 0,02 0,01 0,02 0,003 0,02 0,003 0,009 0,01 0,02 0,02
27/09/2005 0,05 0,15 0,01 0,04 0,01 0,002 0,01 0,001 0,01 0,001 0,004 0,004 0,01 0,01
28/09/2005 0,05 0,11 0,01 0,03 0,01 0,002 0,01 0,001 0,01 0,001 0,004 0,004 0,01 0,06

10/20/200 0,09 0,27 0,02 0,08 0,02 0,005 0,02 0,002 0,01 0,003 0,008 0,01 0,01 0,03

Table 4-d (continued): Chemical data for REEs elements. PM10 at La Paz station. Date: 07/01/2005 - 10/20/2005.
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Chapitre 4: Géochimie

Table (4-¢): Las Condes (PM 2.5) ng/m’

date Na Mg Al P K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga
13/01/2004 42,86 4,11 14,83 - 9,10 8,39 - 1,08 0,11 - 0,59 15,87 - - 1,56 - 0,01
25/01/2004 163,17 14,72 110,91 1,97 37,52 142,28 0,01 2,71 0,19 - 0,88 37,29 - - 2,30 - 0,02
03/02/2004 520,63 54,19 98,45 5,95 345,73 592,80 0,02 7,27 0,65 0,19 4,19 100,74 - - 7,45 5,09 0,04
27/02/2004 97,54 10,50 57,47 2,34 41,61 108,26 0,02 3,05 0,26 - 2,01 45,98 - - 2,26 1,06 0,02
23/03/2004 179,01 28,60 118,36 5,34 204,18 366,41 0,03 7,23 0,42 0,76 4,87 106,93 - - 740 11,67 0,05
31/03/2004 121,29 4,01 12,89 2,06 18,40 85,95 - 1,49 0,10 - 1,37 29,40 - - 1,82 - 0,01
29/04/2004 8,97 - 6,77 - 36,53 - - 0,61 0,07 - 1,72 22,64 - - 2,55 - 0,02
30/04/2004 9,82 0,42 6,26 - 33,62 - - 0,90 0,08 - 1,83 31.35 - - 3,28 - 0,02
10/05/2004 352,81 28,11 113,71 29,61 521,16 699,76 0,02 18,54 0,70 5,63 20,00 323,08 0,13 3,04 37,01 5566 0,20
17/05/2004 13,27 2,40 16,65 - 45,43 - - 1,42 0,10 - 2,13 44,23 - - 3,78 - 0,02
19/05/2004 41347 4741 228,69 44,12 809,35 673,55 0,04 329,35 3,77 496,66 6298 2309,78 6,88 734,39 5428 169,82 0,41
22/05/2004 - - - - - - - 0,03 0,004 - 0,17 5.23 - - 0,68 - 0,002
31/05/2004 - - - - - - - 0,18 0,003 - 0,17 5.90 - - 0,29 - 0,002
20/06/2004 250,60 31,94 22,71 3,03 289,79 425,53 0,01 1,26 0,06 1,15 1,28 51,07 - 0,80 562 2737 0,01

24/06/2004 | 129,47 36,44 16395 19,08 403,80 2009 0,03 14,75 065 11,36 42,08 54843 0,37 342 5531 167.65 0,38
12/07/2004 | 105,12 11,93 63,94 13,23 467,07 20391 001 817 086 1338 1842 30963 035 1248 32,17 100,37 0,22
16/07/2004 | 77,69 22,74 78,79 9,65 403,00 102,37 0,02 964 031 1244 12,13 29510 025 10,55 20,88 3673 0,13
03/08/2004 | 37,97 10,59 46,97 344 6697 13,64 0,00 185 009 042 3,12 69,78 - - 484 658 0,04
25/08/2004 | 217,36 51,66 190,09 16,96 347,10 179,76 0,03 10,88 0,84 256 18,13 29166 0,11 0,65 33,62 52,05 0,20
27/08/2004 | 133,61 31,66 12943 17,20 310,20 14649 0,03 12,29 063 285 2248 35633 008 0,50 36,76 70,11 0,21
21/07/2004 | 30,67 838 56,61 2,12 107,10 69,72 - 220 0,10 112 399 8029 0.6 3,64 521 14,55 0,04
02/09/2004 | 33,69 739 3385 1505 5342 5683 0,02 145 014 111 335 61,71 2677 033 673 1915 0,03
14/09/2004 | 40,12 6,16 23,87 13,56 4429 36,11 002 1143 0,17 L12 252 4320 2712 032 3,55 11,38 003
02/10/2004 | 1670 2,65 14,81 831 30,13 16,59 0,02 030 006 090 0,96 18,19 2439 031 211 433 001
04/10/2004 | 22,73 399 2232 298 3788 2736 001 0,15 008 082 41,92 2478 427 0,13 338 497 0,02
12/10/2004 | 59,11 6,66 12,82 5391 17,51 21,14 002 058 004 091 6173 1822 636 0,65 2,11 277 0,01

Table 4-¢: Chemical data for major and traces elements. PM2.5 at Las Condes station. Date: 13/01/2004 - 12/10/2004.
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Chapitre 4: Géochimie

Table (4-¢): Las Condes (PM 2.5) ng/m’

date Na Mg Al P K Ca Sc Ti \4 Cr Mn Fe Co Ni Cu Zn Ga
07/01/2005 | 266,20 25,59 83,35 1,05 238,46 241,94 0,01 5,26 0,22 - 3,24 76,86 - - 2,72 - 0,03
03/02/2005 | 1707,68 307,04 198,04 13,23 1145,97 3410,40 0,04 15,45 0,77 12,82 15,07 187,14 0,20 11,31 2209 2624 0,06
06/02/2005 | 216,36 20,30 39,88 - 244,65 - 0,003 10,96 0,36 - 0,86 34,76 - - 1,73 - 0,01
30/03/2005 150,10 24,81 118,89 8,97 227,48 143,44 0,02 9,05 0,76 1,00 9,84 171,89 0,003 0,08 12,72 23,21 0,08
02/04/2005 11,36 0,22 4,78 - 7,95 - - 0,53 0,08 - 0,36 13,54 - - 1,43 - 0,004
23/04/2005 13,01 3,10 24,68 - 99,40 - - 1,77 0,19 - 1,57 34,63 - - 2,75 - 0,02
27/04/2005 9,21 0,50 7,92 - 44,70 - - 0,96 0,19 - 1,92 28,47 - - 322 0,73 0,02
02/05/2005 10,59 - 2,87 - 50,18 - - 0,94 0,22 - 2,09 31,02 - - 4,93 - 0,02
23/05/2005 - - 1,62 - - - - - 0,01 - - 0,74 - - 0,43 - 0,001
31/05/2005 13,99 0,88 11,56 - 29,17 - - 1,44 0,10 0,13 3,46 55,93 - - 484 410 0,03
25/06/2005 73,95 18,17 65,09 21,84 251,79 21232 0,02 7,82 1,15 6,05 20,54 298,34 0,12 0,81 36,63 88,01 0,25
27/06/2005 101,08 13,9 16,33 1,84 125,18 132,44 0,002 1,11 0,13 1,30 0,96 3541 - - 369 5,68 0,02
02/07/2005 69,60 9,24 58,96 5,94 132,94 - 0,003 4,86 0,20 16,80 321 136,66 0,28 21,98 6,18 12,02 0,02
28/07/2005 | 246,89 6941 24327 4491 537,22 327,92 - 29,67 2,28 9,30 40,34 699,00 0,58 4,01 72,23 187,65 0,41
29/07/2005 | 204,47 5237 192,42 3442 613,17 327,59 0,05 17,57 3,19 10,25 32,08 551,02 0,30 2,17 6744 131,79 0,306
10/08/2005 59237 44432 2483,09 77,77 610,32 249496 - 207,03 521 9,91 5994 2505,84 1,12 2,93 67,54 85,67 0,65
12/08/2005 148,58 3739 180,67 3725 360,77 23546 0,04 2288 1,47 6,71 2964 517,28 0,16 237 5248 7795 0,30
16/08/2005 41,25 5,52 22,05 3,64 60,31 - 0,001 0,91 0,09 0,18 1,44 36,59 - - 549 5,00 0,01
03/09/2005 65,44 3,54 12,95 0,86 25,04 96,13 - 1,63 0,23 0,17 1,50 3328 - - 2,93 - 0,02
05/09/2005 29,00 4,31 19,64 11,12 67,01 29,66 0,02 0,82 0,08 1,47 2,79 57,80 26,55 0,29 429 1391 0,03
15/09/2005 10,16 1,24 721 13,19 10,56 10,82 0,01 0,42 0,09 0,86 1,03 15,32 26,51 0,14 1,00 3,05 0,01
17/09/2005 40,70 5,20 138,13 14,38 59,69 28,74 0,01 1,15 0,14 1,12 1,09 31,66 25,58 0,55 460 725 0,03
08/10/2005 25,67 3,05 12,43 28,16 23,87 19,19 0,02 0,56 0,09 0,79 38,36 25,96 3,86 0,19 4,05 6,44 0,01
18/10/2005 78,64 8,75 47,01 4,26 47,26 57,87 0,01 3,48 0,19 - 3,50 73,64 - - 520 3,37 0,04
24/10/2005 39,16 3,74 15,47 12,30 41,83 26,60 0,01 0,84 0,10 0,86 2,62 31,53 24,72 0,28 2,07 7,11 0,02

Table 4-¢ (continued): Chemical data for major and traces elements. PM2,5 at Las Condes station. Date:07/01/2005 - 24/10/2005.
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Chapitre 4: Géochimie

Table (4-¢): Las Condes (PM 2.5) ng/m®

date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi U
13/01/2004 | 0,0002 0,30 0,03 0,07 0,005 0,01 0,10 0,02 0,01 0,16 - 0,002 0,68 0,68 0,005 -
25/01/2004 0,001 0,40 0,10 0,24 0,01 0,09 0,14 0,02 0,02 0,58 - 0,004 1,38 1,46 0,01 -
03/02/2004 0,01 1,08 0,41 0,89 0,03 0,20 0,77 0,15 0,11 0,99 - 0,01 4,44 3,68 0,03 -
27/02/2004 0,003 0,43 0,09 0,24 0,02 0,15 0,49 0,05 0,04 0,34 - 0,004 1,87 2,41 0,02 0,0002
23/03/2004 0,01 3,33 0,44 0,59 0,03 0,24 0,87 0,06 0,08 1,36 1,17 0,01 4,73 4,26 0,04 -
31/03/2004 0,003 0,28 0,04 0,14 0,01 0,12 0,44 0,09 0,03 0,94 - 0,001 1,73 1,66 0,01 -
29/04/2004 0,01 1,65 0,08 0,04 0,001 0,02 0,42 0,32 0,05 0,46 - 0,002 1,31 2,37 0,02 -
30/04/2004 0,01 2,18 0,09 0,06 0,002 0,04 0,45 0,27 0,06 0,39 - 0,003 1,79 3,15 0,02 -
10/05/2004 0,07 8,92 1,02 1,31 0,03 0,70 2,40 0,37 0,72 7,56 3,03 0,04 20,33 29,51 0,25 0,001
17/05/2004 0,01 1,19 0,11 0,12 0,01 0,07 0,31 0,42 0,00 0,58 - 0,01 2,96 2,24 0,07 -
19/05/2004 0,15 12,75 1,52 2,48 0,05 1,01 18,14 0,45 1,00 7,32 18,62 0,07 24,61 46,90 0,49 0,004
22/05/2004 | 0,0002 0,14 0,02 - - - 0,03 0,12 0,01 0,02 - 0,0004 0,61 0,33 0,002 -
31/05/2004 - 0,08 0,01 - - - - 0,15 0,01 0,05 - - 0,49 0,37 0,001 -
20/06/2004 0,01 1,76 0,38 1,08 0,01 0,81 0,22 0,01 0,07 0,63 - 0,01 4,10 4,28 0,02 0,03
24/06/2004 0,16 12,89 0,92 1,53 0,04 1,28 5,62 0,30 1,27 11,00 5,19 0,06 27,14 73,78 0,33 0,01
12/07/2004 0,09 15,55 0,92 0,79 0,02 0,61 2,36 0,55 1,03 9,53 4,97 0,03 15,30 38,16 0,38 0,004
16/07/2004 0,04 9,92 0,81 0,76 0,03 0,62 0,90 0,12 0,34 3,08 4,89 0,04 18,85 22,95 0,16 0,003
03/08/2004 0,01 0,74 0,13 0,24 0,01 0,23 0,15 0,02 0,12 0,39 - 0,005 3,56 3,64 0,02 0,001
25/08/2004 0,06 14,62 0,70 0,89 0,08 1,57 3,58 0,15 0,36 4,13 0,93 0,03 9,61 16,99 0,17 0,04
27/08/2004 0,08 8,39 0,62 1,01 0,52 8,49 3,04 0,22 0,62 5,79 2,31 0,03 17,46 32,13 0,18 0,01
21/07/2004 0,01 1,75 0,21 0,31 0,01 0,18 0,48 0,07 0,12 0,46 1,07 0,01 4,51 5,66 0,04 -
02/09/2004 0,01 2,74 0,09 0,24 0,01 0,14 0,80 0,10 0,10 0,33 92,16 0,005 3,28 3,68 0,03 0,01
14/09/2004 0,01 2,37 0,09 0,21 0,01 0,15 0,62 0,08 0,09 0,56 103,61 0,004 5,52 3,55 0,03 0,001
02/10/2004 0,002 0,74 0,07 0,08 0,004 0,04 0,18 0,06 0,03 0,13 70,31 0,002 0,83 1,41 0,01 0,003
04/10/2004 0,002 1,24 0,08 0,72 0,01 0,04 0,27 0,09 0,04 0,04 37,78 0,003 1,34 1,71 0,03 0,002
12/10/2004 0,003 0,28 0,03 0,93 0,00 0,06 0,09 0,10 0,03 0,14 101,55 0,001 1,16 0,92 0,01 0,0004

Table 4-¢ (continued): Chemical data for major and traces elements. PM2,5 at Las Condes station. Date: 13/01/2005 - 12/10/2004.
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Chapitre 4: Géochimie

Table (4-¢): Las Condes (PM 2.5) ng/m’

date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi 18}
07/01/2005 0,005 0,40 0,37 0,51 0,02 0,13 0,70 0,05 0,06 0,55 - 0,01 2,65 2,54 0,01 -
03/02/2005 0,01 1,61 1,04 8,16 0,05 0,35 0,58 0,08 0,10 3,40 0,33 0,02 7,24 3,89 0,11 0,01
06/02/2005 0,004 0,68 0,31 0,28 0,01 0,06 0,31 0,05 0,04 0,50 - 0,01 4,90 1,24 0,02 -
30/03/2005 0,02 1,56 0,52 0,67 0,08 1,07 3,00 0,06 0,18 2,48 0,27 0,02 6,97 10,09 0,06 -
02/04/2005 0,00 0,49 0,04 0,01 0,001 0,02 0,09 0,37 0,07 0,10 - 0,000 0,79 1,61 0,01 -
23/04/2005 0,004 1,07 0,17 0,09 0,01 0,06 0,24 - 0,04 0,37 - 0,004 1,61 1,49 0,02 -
27/04/2005 0,01 0,57 0,08 0,04 0,002 0,03 0,58 0,39 0,05 0,65 - 0,002 1,45 1,96 0,02 -
02/05/2005 0,01 1,25 0,09 0,02 0,001 0,04 0,34 0,12 0,04 0,80 - 0,003 0,63 1,51 0,02 -
23/05/2005 | 0,0001 027 0,004 - - - - 0,04 001 003 - - 0,25 0,40 0,01 -
31/05/2005 0,01 1,70 0,09 0,10 0,004 0,10 0,44 0,46 0,07 0,58 - 0,01 3,11 5,23 0,04 -
25/06/2005 0,08 13,48 0,63 0,75 0,03 0,78 5,75 0,19 0,55 5,78 3,39 0,04 15,55 5383 0,28 0,01
27/06/2005 0,01 1,59 0,24 0,44 0,01 0,38 0,26 0,02 0,06 0,49 - 0,01 2,89 2,77 0,02 0,003
02/07/2005 0,01 3,85 0,29 0,24 0,01 0,43 0,62 0,02 0,54 1,28 0,73 0,01 6,08 4,51 0,10 0,001
28/07/2005 0,20 10,63 1,03 2,00 0,09 1,80 5,14 0,32 1,20 14,41 10,24 0,07 37,89 76,19 0,22 0,01
29/07/2005 0,15 15,39 1,32 1,67 0,06 1,33 8,55 0,39 1,16 12,76 7,25 0,07 31,56 66,01 0,31 0,01
10/08/2005 0,09 2,97 2,05 14,73 0,73 705 10,99 013 024 514 674 023 9417 2532 017 0,08
12/08/2005 0,13 10,81 0,72 1,54 0,05 1,64 6,94 0,25 0,75 18,26 5,89 0,04 28,34 3835 0,29 0,03
16/08/2005 0,01 1,64 0,12 0,10 0,005 0,14 0,26 0,01 0,06 0,77 - 0,004 2,91 2,45 0,02 0,01
03/09/2005 0,01 0,56 0,006 0,13 0,02 0,40 0,56 0,04 0,04 1,27 - 0,003 1,69 2,08 0,02 -
05/09/2005 0,01 0,91 0,13 0,17 0,01 0,14 1,30 0,12 0,10 0,23 91,97 0,01 4,29 0,20 0,30 0,50
15/09/2005 0,002 0,23 0,02 0,03 0,001 0,03 0,13 0,07 0,02 0,28 110,71 0,001 0,59 1,05 0,005 0,001
17/09/2005 0,01 3,08 0,12 0,16 0,005 0,10 0,53 0,09 0,06 0,48 107.86 0,006 2,31 2,84 0,03 0,01
08/10/2005 0,004 2,76 0,05 0,67 0,004 0,06 0,64 0,12 0,04 0,19 50,80 0,003 2,42 3,16 0,04 0,003
18/10/2005 0,01 3,12 0,14 0,28 0,04 0,50 1,36 0,04 0,07 0,30 - 0,006 3,73 4,34 0,08 -
24/10/2005 0,004 0,38 0,05 0,09 0,003 0,06 0,54 0,07 0,04 0,20 102,44 0,002 0,77 1,05 0,02 0,002

Table 4-¢ (continued): Chemical data for major and traces elements. PM2,5 at Las Condes station. Date: 07/01/2005 - 24/10/2005.
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Chapitre 4: Géochimie

Table (4-f): Las Condes REEs (PM 2.5) ng/m’

date La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Yb Hf w
13/01/2004 0,01 0,01 0,001 0,0004 0,001 0,0001 0,0004 0,001 0,001 00001 0,0003 0,0003 - -
25/01/2004 0,02 0,04 0,004 0,01 0,003 0,0005 0,003 0,004 0,002 00004 0,001 0,001 - -
03/02/2004 0,09 0,10 0,01 0,03 0,01 0,002 0,01 0,001 0,005 0,001 0,003 0,003 0,0001 0,02
27/02/2004 0,02 0,04 0,004 0,01 0,002 0,001 0,002 0,0004 0002 00003 0,001 0,001 - -

23/03/2004 | 0,04 0,10 0,01 0,02 0,01 0,002 0,01 0,001 0004 0001 0,003 0,002 - 0,01
31/03/2004 | 001 002 0,002 0001 00004 00002 0001 00001 0001 000004 0,0004 0,0002 - 0,08
29/04/2004 | 001 001 0,001 - 0,001  0,00001 0,0001 - 0,0001 - - 0,00001 - -

30/04/2004 | 001 002 0,001 - 0,0002 00001 0,0003 0,00002 00003 - - 0,0001 - 0,0001

10/052004 | o010 027 0,02 0,04 0,01 0,003 0,01 0001 0005 0001 0,003 0003 001 0,063
17/052004 | 001 003 0002 0002 0001 00003 0001 00001 0001 00001 00002 0,0004 - -

19/052004 | 0,13 035 0.03 0,07 0,01 0,005 0,01 0002 001 0002 001 001 0,02 041
22/05/2004 | 0,001 0001  0,0001 - - - - - - - - - - -

31/05/2004 | 0,0005 - 0,0000 - - - - - - - B - - -

2006/2004 | 0,02 006 0004 001 0002 0001 0002 00003 0001 00002 0001 0,001 002 0,01
24/06/2004 | 0,12 033 0,02 0,06 0,01 0,006 0,01 0001 001 0001 0,004 0004 003 035
12/072004 | 017 026 0,02 0,05 0003 0,003 002 0001 0004 0001 0,002 0002 00l 035
16/072004 | 008 023 0,01 0,04 0,003 0,004 001 0001 0005 0001 0,003 0002 00l 007
03/08/2004 | 001 004 0003 0005 0001 0001 0001 00001 0001 00002 00004 0,001 00003 0,05
25/08/2004 | 017 022 0,02 0,06 0,01 0,003 0,03 0001 001 0001 0,004 0004 002 012
27082004 | 0,15 028 0,02 0,05 0,01 0,004 0,02 0001 001 0001 0004 0004 014 006
21/07/2004 | 003 0,09 0,01 0,04 0,002 0,001 0,003 00003 0001 00002 0,001 0001 0003 001
02092004 | 002 004 0003 001 0002 0001 0003 00002 0001 00003 0001 0,001 0002 002
14/092004 | 003 003 0003 001 0001 0001 0003 00002 0001 00002 0001 0,001 0003 0,06
02/10/2004 | 001 002 0002 001 0001 00001 0001 00001 0001 00001 00003 0,004 00004 0,00
04/10/2004 | 001 003 0002 001 0001 00004 0001 00002 0001 00002 0001 0,001 00002 0,001
12/102004 | 001 002 0001 0003 00005 00003 0001 00001 00004 00001 00002 00002 0001 0,002

Table 4-f: Chemical data for REEs elements. PM2.5 at La Paz station. Date: 13/01/2004 - 12/10/2004.
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Chapitre 4: Géochimie

Table (4-f): Las Condes REEs (PM 2.5) ng/m’

DATE La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Hf W
07/01/2005 | 004 006 0,01 0,02 0,005 0,001 001 0001 0004 0001 0002 0002 - 0,0004
03/022005 | 0,08 0,13 0,01 0,04 0,01 0,003 0,01 0001 001 0001 0005 0004 0003 0,02
06/022005 | 004 004 0005 001 0002 000l 001 00003 0002 00004 0001 0002 00001 -
30/03/2005 | 007 0,13 0,01 0,04 0,01 0,002 001 0001 001 0001 0004 00030 002 0,003

02/04/2005 | 001 001 0,001 - 0,0001 - 0,001 - 0,0002 - - 0,0001 - -
23/04/2005 | 001 002 0,002 0005 0,001 00003 0001 00002 0001 00001 00004 0,001 - -
27/04/2005 | 001 00l 0,001 00003 0,001 0000l 00004 - 00003 - - 0,0001 - -
02052005 | 001 001 0,001 00002 0,0004 - 0,0004 0,00001 0,0002 - - 0,0001 - -
23/05/2005 - 0,0004 - 0,001 - - - - - - - - - -
31/05/2005 | 001 003 0,002 00003 00004 00002 00003 0,00002 000005 - 0,0001  0,0002 - 0,01

25006/2005 | 0,15 025 0,02 0,03 0,01 0,003 0,01 0,001 001 0001 0003 0003 002 006
27062005 | 0,02 004 0,002 0,002 0001 0,001 0,001 00002 00004 00002 0001 0001 0003 0,07

02/07/2005 | 003 009 0,004 0,01 - 0,001 0,002 00002 0,001 00002 0001 00004 001 0,12
28/07/2005 | 025 043 0,03 0,11 0,02 0,01 003 001 0002 001 00004 001 0,04 0,70
29/07/2005 | 028 044 0,03 0,10 0,01 0,00 0,03 0002 001 0,002 0,01 0,01 0,03 028
10/082005 | 0.83 1.84 0,20 0.78 017 005 018 014 003 01 0,005 0.1 024 0,58
12/082005 | 020 036 0,03 0,07 0,01 0,005 0,02 0002 001 0,002 0,01 0,005 0,03 033
16/082005 | 0,02 003 0002 00001 0001 0,0004 0,001 00001 00004 00001 00004  0,0004 - 0,02

03/09/2005 | 002 003 0,002 0002 0,001 00003 0001 00001 0001 00001 00003 00002 0,005 0,07
05/09/2005 | 003 005 0003 0009 0001 000l 0002 00002 0001 00002 0001 00005 0002 001
15/092005 | 0,01 001 0001 0001 00001 00001 00004 000003 0,0002 0,00004 0,00002 00001 00004 0,12
17/092005 | 0,02 004 0002 001 0001 00004 0001 00002 0,001 00001 00005 0001 0003 001
08/10/2005 | 002 003 0,002 001 0,001 000l 0001 00001 0001 00001 00004 00004 0001 0,02
18/102005 | 003 006 0005 001 0003 0001 0004 00004 0,002 00004 0002 0001 0005 -
24/10/2005 | 002 002 0001 0004 0001 00002 0001 00001 0001 00001 00003 00003 0001 001

Table 4-f (continued): Chemical data for REEs elements. PM2,5 at La Paz station. Date: 07/01/2005 - 24/10/2005.
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Chapitre 4: Géochimie

Table (4-g): Las Condes (PM 10) ng/m’

date Na Mg Al P K Ca Sc Ti \4 Cr Mn Fe Co Ni Cu Zn Ga
13/01/2004 | 537,58 150,78 492,74 13,37 180,99 139406 0,11 30,78 091 4,48 12,05 341,99 0,17 3,25 10,79 541 0,11
25/01/2004 | 257,80 62,65 353,36 7,16 83,32 231,29 0,08 20,65 0,63 - 6,28 219,31 0,06 - 3,20 - 0,08
03/02/2004 | 29325 46,79 306,95 7,02 131,93 367,88 0,07 2471 0,77 0,06 7.83 261,63 0,06 - 4,26 8,12 0,09
27/02/2004 | 20142 6924 426,97 11,08 126,32 718,11 0,09 2518 0,73 0,50 8,03 283,75 0,06 - 4,28 1,67 0,10
23/03/2004 104,14 32,17 289,51 3,30 65,34 208,97 0,05 21,54 0,55 - 5.83 219,11 0,03 - 4,60 - 0,07
31/03/2004 20,19 4,70 34,24 - - 26,63 0,002 2,67 0,08 - 0,75 36,32 - - 0,81 - 0,01
22/04/2004 12,15 6,38 50,23 - - 11,65 0,003 3,07 0,08 - 0,93 44.41 - - 1.13 - 0,01
29/04/2004 50,07 20,86 130,13 - 23.86 98.05 0,02 8.60 0,23 0,01 2,74 114,14 - - 3,94 - 0,03
30/04/2004 5234 28,16 190,36 - 34.61 15434 0,04 13,31 0,32 0,16 3,84 164,32 - - 5.33 - 0,04
10/05/2004 8226 2511 186,91 2,03 89,11 212,71 0,03 13,87 0,34 0,07 4,25 178,93 - - 559 5,56 0,05
17/05/2004 81,85 55,48 390,14 2,52 76,00 313,02 0,08 2329 0,60 0,16 7,64 306,62 0,06 - 8,00 - 0,09
19/05/2004 7720 2264 22235 2,48 71,48 176,24 0,04 17,22 042 0,11 5,15 198,13 0,02 - 6,23 3,00 0,06
22/05/2004 10,87 5,11 38,25 - - - 0,001 2,88 0,07 - 0,75 3542 - - 1,00 - 0,01

20/06/2004 | 9504 4784 24093 975 120,61 52228 004 1613 045 0,59 5,14 25866 0,06 025 802 698 005
12/07/2004 | 32242 113,12 655,70 31,97 27304 101748 0,16 8047 208 411 2677 110557 0,40 L04 3631 4526 026
16/07/2004 | 347,19 30528 166194 3727 34856 146170 040 12799 297 378 3487 163643 0,58 096 4197 3914 038
21072004 | 81,08 5452 28121 437 6093 32642 005 1984 050 073 580 26442 008 023 656 700 0,06
03/08/2004 |3797.86 123690 17736 706 58254 1117605 002 1273 049 1588 653 21789 034 1691 3965 4211 0,04
25/08/2004 | 28167 6972 461,21 1034 14999 59841 0,10 3824 1,07 092 11,66 44440 0,18 - 11,67 638 0,13
27/08/2004 | 41,82 18,04 13311 005 1924 13720 002 977 022 - 2,70 118,05 - - 268 - 0,03
02/09/2004 | 110,93 4549 38833 1566 9808 37994 0,09 1797 072 131 870 33214 2223 061 875 981 0,10
07/09/2004 | 3400 938 5646 1286 1828 6688 002 355 0,15 160 150 6037 2628 019 188 376 0,01
14/09/2004 | 13546 1337 169,13 1543 8637 16731 004 1432 051 LI2 542 19729 2142 031 595 1250 0,06
02/10/2004 | 9412 2534 26239 1086 7421 20879 005 98 053 09 613 22154 2265 037 69 555 007

Table 4-g: Chemical data for major and traces elements. PM10 at Las Condes station. Date: 13/01/2004 - 02/10/2004.
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Chapitre 4: Géochimie

Table (4-g): Las Condes (PM 10) ng/m’

date Na Mg Al P K Ca Se Ti A\ Cr Mn Fe Co Ni Cu Zn Ga
04/10/2004 106,33 27,23 310,04 37,87 99,48 287,99 0,07 14,84 0,68 1,08 46,50 299,90 4,23 0,28 706 737 0,10
12/10/2004 122,56 18,13 90,38 40,37 38.03 96.50 0,03 4,86 0,21 0.96 45,82 87.41 4,77 0,20 2,57 5,04 0,03

07/01/2005 | 40841 9713 53981 844 17281 689,18 0,11 3127 092 059 1022 34931 0,13 - 507 3,13 0,12
03/022005 | 623,76 140,67 70396 1598 22781 68595 0,15 4348 1,06 026 1234 44296 0,12 - 864 439 0,15
06/022005 | 343,02 6741 35128 564 12835 46598 007 2067 0,63 - 628 22277 0,01 - 368 - 0,08
09/03/2005 | 101,01 20,92 140,03 405 5833 27887 0,03 13,76 044 035 437 17888 0,09 - 511 209 0,05

09/03/2005 | 3507 10,03 3666 89 2070 3284 001 176 006 075 084 3920 1807 091 216 3,58 001
30/03/2005 | 39752 169,60 113289 2458 291,79 99387 024 8043 187 145 2093 75869 028 0,16 1447 14,02 024
02/04/2005 | 4442 18,89 130,81 - 1794 4957 002 79 022 - 228  9L51 - - 228 - 0,03
23/04/2005 | 51,97 33,15 23777 091 5009 14839 005 1539 041 - 450 172,91 - - 439 - 0,05
27/04/2005 | 600,74 281,45 178235 4947 460,80 1602,55 038 123,77 340 501 3592 142770 0,58 139 4375 3920 041
23/05/2005 | 155,88 3556 21584 698 71,78 12784 005 001 047 005 380 18282 0,00 000 738 188 005
31/05/2005 | 62241 328,74 207998 60,00 493,57 203259 045 480,95 420 1729 4467 197094 3,72 1145 5987 67.96 046
07/06/2005 | 52249 19139 135791 4391 420,60 170581 026 111,07 3,09 508 3466 141956 0,52 114 7282 2851 040
25/06/2005 | 27496 17441 109527 37,19 27599 115891 024 9357 250 625 2635 116820 044 152 3388 40,86 0,29

27/06/2005 | 21,87 10,85 5734 656 3276 3295 00l 443 0,15 031 146 8090 0,13 - 344 042 0,01
02/07/2005 | 9327 40,70 16990 10,13 5568 24356 004 1371 038 087 431 23128 0,08 - 851 539 0,04
28/07/2005 | 535,75 401,85 224572 7034 55198 225645 - 18723 471 896 5421 226629 1,01 - 61.08 7748 0,59
20/07/2005 | 42691 25193 130968 36,62 41630 149329 027 9801 292 755 30,05 1303.83 0,63 177 3553 4454 033
10082005 | 305,44 210,73 110340 4021 302,81 124523 - 9910 252 502 3147 124744 0,55 158 3879 5611 0,30
12/08/2005 | 180,90 103,89 66866 1240 16216 833,61 0,16 3733 0,80 129 10,87 45518 0,12 000 1203 1237 0,11
16/08/2005 | 78,87 2736 14038 714 5253 6959 0,03 943 026 037 284 14512 - - 562 - 0,03

05/09/2005 11,42 3,74 42,29 1,40 6,13 32,95 0,01 2,00 0,08 0,20 0,99 39,78 3,25 0,07 1,07 0,55 0,01

Table 4-g (continued): Chemical data for major and traces elements. PM10 at Las Condes station. Date: 04/10/2004 - 05/09/2005.
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Chapitre 4: Géochimie

Table (4-g): Las Condes (PM 10) ng/m’

date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Fb Bi U
13/01/2004 0,01 0,41 0.47 4,72 0,13 0,60 0,45 0,03 0,02 0,47 - 0,04 6,96 1,37 0,03 0,01
25/01/2004 0,01 0,17 0,31 1,27 0,09 0,42 0,58 0,02 0,01 0,13 - 0,03 4,15 0,70 0,004 0,003
03/02/2004 0,01 0,21 0,33 1,66 0,13 1,16 0,66 0,02 0,01 0,15 - 0,02 5,07 1,05 0,01 0,01
27/02/2004 0,01 0,19 0,39 1.88 0,12 0,89 1,83 0,03 0,02 0,15 - 0,03 6,15 1,34 0,01 0,01
23/03/2004 0,01 0,36 0,235 1,18 0,08 0,50 0,57 0,01 0,01 0,13 - 0,02 4,55 0,83 0,01 0,003
31/03/2004 - 0,02 0,03 0,17 0,01 0,08 0,27 0,01 0,002 0,005 - 0,002 1,36 0,24 0,001 -
22/04/2004 | 0,0001 0,02 0,03 0,19 0,01 0,08 0,04 0,26 0,003 0,05 - 0,003 1,87 0,27 0,002
29/04/2004 0,003 0,32 0,11 0,60 0,03 0,27 1.26 0,24 0,01 0,13 - 0,01 4,12 0,86 0,01 -
30/04/2004 0,004 0,41 0,16 0,95 0,05 0,39 1.40 0,30 0,01 0,21 - 0,01 5,87 1,13 0,01 0,0005
10/05/2004 0,004 0,34 0,21 1,04 0,05 0,44 0,57 0,02 0,02 0,31 - 0,02 6,89 1,64 0,02 0,001
17/05/2004 0,01 0,28 0,30 1,62 0,10 0,66 0,48 0,14 0,01 0,27 - 0,03 9,53 1,26 0,02 0,004
19/05/2004 0,01 0,29 0,19 0,99 0,05 0,49 1.31 0,02 0,02 0,25 - 0,01 5.91 1,46 0,02 0,002
22/05/2004 | 0,0003 0,02 0,03 0,17 0,01 0,07 0,14 0,32 0,002 0,03 - 0,002 1.94 0,31 0,001 -

2006/2004 | 001 0728 0,24 1,36 0,06 0,83 067 002 002 041 075 002 1106 176 003 0004
120072004 | 004 267 0.81 5,62 0,25 341 461 012 015 270 373 006 4604 11,09 0,10 003
16/072004 | 004 214 127 7,96 0,45 470 277 006 007 320 3567 0,13 6757 1054 0,12 003
2107/2004 | 001 027 0,20 1,36 0,07 076 128 002 002 028 063 002 1141 201 002 000
03/08/2004 | 001 062 060 3711 0,05 0,56 085 005 005 08 335 002 1472 201l 009 004
25/08/2004 | 001 068 0,46 2.54 0,13 L14 148 004 002 042 - 0,04 1236 279 0,02 001
27/08/2004 | 0,004 023 0,10 0,67 0,04 030 049 001 00l 013 - 0,01 360 085 001 -
02/09/2004 | 001 069 0.35 191 0,10 0.82 157 009 003 020 834 004 1047 201 002 001
07/09/2004 | 0,002 007 005 0.32 0,02 0,18 085 007 00l 014 988 0004 255 058 00l 002
14/092004 | 001 056 0.24 L15 0,04 048 138 007 002 017 768 002 554 151 002 001
02/10/2004 | 0,01 040 0,24 119 0,06 0,50 043 006 001 007 7310 0,02 525 1,09 001 001

Table 4-g (continued): Chemical data for major and traces elements. PM10 at Las Condes station. Date: 13/01/2004 - 02/10/2004.
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Chapitre 4: Géochimie

Table (4-g): Las Condes (PM 10) ng/m’

date Ge As Rb Sr Y Zr Mo Ag Cd Sn Sb Cs Ba Pb Bi U
04/10/2004 0,01 0,48 0,37 2,40 0,08 0,64 0,98 0,08 0,01 0,09 58.81 0,04 6,41 1,39 0,02 0,01
12/10/2004 0,002 0,09 0,09 1.16 0,02 0,25 0,30 0,09 0,01 0,10 76,15 0,01 3,28 0,59 0,01 0,003

07/01/2005 | 001 o021 0,49 2,38 0,15 0,70 147 003 002 021 - 0,04 750 134 001 001
03/022005 | 0,01 030 0.62 3,19 0,17 0,84 144 004 002 021 - 0,05 9,58 1,66 0,02 0,01
06/022005 | 001 o019 0,34 1,54 0,09 0,43 0,62 0,03 001 004 - 0,02 419 074 001 0,004
09/03/2005 | 0,004 0,18 0,16 0,95 0,03 0,58 145 000 001 036 0,13 00l 6,30 1,21 0,02 0,002
09/03/2005 | 0,001 o012 0,04 0,18 0,01 0,06 0,12 005 0004 010 6876 0002 198 035 001 0,002
30/03/2005 | 002 0,50 0,92 4,71 0,26 .80 691 007 004 078 019 008 2203 404 003 002
02/04/2005 | 0,002 0,11 0,10 0,46 0,03 022 025 021 001 0,10 - 0,01 256 052 001 -

23/04/2005 | 0,005 020 0.21 0,99 0,06 0,38 055 023 001 017 - 0,02 433 074 001 0001
27/04/2005 | 0,05 1,53 1,49 8,50 0,44 335 1469 271 012 233 154 013 4820 1051 0,110 0,03
23/05/2005 | 001 043 0,18 0,88 0,05 0,48 0,74 00005 003 072 0003 002 680 1,49 0,02 0,001
31052005 | 006 254 1.53 9,74 0,50 547 6,76 300 0,11 446 2981 0,115 7406 14,50 028 0,03
07/06/2005 | 006 175 1.27 8,61 037 3,55 548 184 008 274 222 012 4600 835 009 003
25/06/2005 | 0,03 203 0.88 6,13 0,33 421 840 0,05 012 211 309 008 4334 1295 010 0,03
27/06/2005 | 0,004 0,20 0,06 0,26 0,01 0,40 027 001 001 033 - 0,005 4,53 1,30 0,01 0,01
02/07/2005 | 0,005 057 0,15 0,94 0,05 097 L19 001 002 071 08 00l 118 178 004 0,004

28072005 | 008 269 1,86 1333 0,66 638 994 012 021 464 610 021 85,17 2290 0,15 007
29/072005 | 0,04 1,83 1,22 7,50 0,36 411 1035 009 013 1,9 230 0,10 49,69 12,64 0,09 004
10/082005 | 0,04 1,97 0,93 6,65 0,50 628 11,24 0,07 0,14 2,8  3.68 0,11 46,11 1291 0,14 004

12/082005 | 001 o040 0,42 2,72 0,22 1,68 147 003 003 073 025 0,04 1615 281 003 001
16082005 | 001 022 0,12 0,57 0,09 1,51 062 007 001 027 - 0,01 729 0,8 0,02 0,001
05/092005 | 0,001 0,03 0,03 0,21 0,01 011 023 001 0003 0,02 10,54 0003 1,64 027 0,003 0,001

Table 4-g (continued): Chemical data for major and traces elements. PM10 at Las Condes station.Date: 04/10/2004 - 05/09/2005.
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Table (4-h): Las Condes REEs (PM 10) ng/m’

date La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Hf w
13/01/2004 0,13 0,26 0,03 0,12 0,03 0,01 0,03 0,004 0,02 0,005 0,01 0,01 0,01 0,02
25/01/2004 0,08 0,18 0,02 0,08 0,02 0,005 0,02 0,003 0,02 0,003 0,01 0,01 0,01 0,06
03/02/2004 0,08 0,18 0,02 0,08 0,02 0,005 0,02 0,003 0,02 0,003 0,01 0,01 0,02 0,002
27/02/2004 0,12 0,26 0,03 0,11 0,02 0,01 0,02 0,003 0,02 0,004 0,01 0,01 0,02 0,01
23/03/2004 0,06 0,14 0,02 0,06 0,01 0,004 0,02 0,002 0,01 0,003 0,01 0,01 0,01 0,04
31/03/2004 0,01 0,02 0,003 0,01 0,002 0,0004 0,002 00003 0,002 00002 0,001 0,001 - -
22/04/2004 0,01 0,03 0,003 0,01 0,002 0,001 0,002 0,0003 0,002 00002 0,001 0,001 - -
29/04/2004 0,03 0,07 0,01 0,03 0,01 0,002 0,01 0,001 0,01 0,001 0,003 0,003 0,002 0,0004
30/04/2004 0,04 0,10 0,01 0,04 0,01 0,003 0,01 0,001 0,01 0,002 0,005 0,004 0,01 0,01
10/05/2004 0,05 0,13 0,01 0,05 0,01 0,003 0,01 0,002 0,01 0,002 0,01 0,005 0,01 0,02
17/05/2004 0,08 0,20 0,02 0,08 0,02 0,01 0,02 0,003 0,02 0,003 0,01 0,01 0,01 0,01
19/05/2004 0,04 0,11 0,01 0,04 0,01 0,003 0,01 0,001 0,01 0,002 0,005 0,004 0,01 0,02
22/05/2004 0,01 0,03 0,002 0,005 0,002 0,001 0,001 00002 0,001 00002 0,001 0,001 - -
20/06/2004 0,06 0,21 0,02 0.13 0,01 0,01 0,02 0,002 0,01 0,002 0,01 0,01 0,02 0,001
12/07/2004 0,31 0,66 0,1 0,23 0,04 0,02 0,06 0,01 0,04 0,008 0,02 0,02 0,08 0,12
16/07/2004 0,41 1,08 0,11 0,43 0,09 0,03 0,10 0,01 0,1 0,016 0,05 0,04 0,11 0,14
21/07/2004 0,08 0,20 0,02 0,08 0,02 0,01 0,02 0,002 0,01 0,003 0,01 0,01 0,02 0,02
03/08/2004 0,06 0,14 0,01 0,05 0,01 0,004 0,01 0,001 0,01 0,001 0,005 0,004 0,01 0,06
25/08/2004 0,14 0,29 0,03 0,12 0,03 0,01 0,03 0,004 0,02 0,005 0,01 0,01 0,02 0,10
27/08/2004 0,03 0,08 0,01 0,03 0,01 0,002 0,01 0,001 0,01 0,001 0,004 0,003 0,003 -
02/09/2004 0,09 0,22 0,02 0,09 0,02 0,01 0,02 0,003 0,02 0,004 0,01 0,01 0,02 0,04
07/09/2004 0,02 0,05 0,005 0,02 0,004 0,001 0,004 0,0004 0,003 0,001 0,002 0,002 0,01 0,04
14/09/2004 0,05 0,13 0,01 0,04 0,01 0,003 0,01 0,001 0,01 0,001 0,004 0,004 0,01 0,04
02/10/2004 0,06 0,15 0,02 0,06 0,01 0,004 0,01 0,002 0,01 0,002 0,01 0,01 0,01 0,002

Table 4-h: Chemical data for REEs elements. PM10 at Las Condes station. Date: 13/01/2004 - 02/10/2004.
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Table (4-h): Las Condes REEs (PM 10) ng/m’

date La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Yb Hf W
04/10/2004 0,08 0,21 0,02 0,08 0,02 0,005 0,02 0,003 0,02 0,003 0,01 0,01 0,01 0,01
12/10/2004 0,03 0,07 0,01 0,02 0,005 0,002 0,01 0,001 0,005 0001 0,002 0,003 0,01 0,03
07/01/2005 0,14 0,28 0,03 0,13 0,03 0,01 0,03 0,004 0,02 0,004 0,01 0,01 0,01 0,06
03/02/2005 0,19 0,38 0,04 0,17 0,04 0,01 0,04 0,01 0,03 0,01 0,02 0,02 0,02 0,01
06/02/2005 0,10 0,20 0,02 0,09 0,02 0,005 0,02 0,003 0,02 0,003 0,01 0,01 0,01 -
09/03/2005 0,04 0,11 0,01 0,04 0,01 0,002 0,01 0,001 0,01 0,001 0,003 0,004 0,01 0,12
09/03/2005 0,02 0,07 0,003 0,01 0,002 0,001 0,002 0,0003 0,002 0,0003 0,001 0,001 0,003 0,01
30/03/2005 0,27 0,57 0,07 0,29 0,06 0,02 0,06 0,01 0,05 0,01 0,03 0,02 0,04 0,06
02/04/2005 0,03 0,06 0,01 0,04 0,01 0,002 0,01 0,001 0,01 0,001 0,003 0,003 0,001 -
23/04/2005 0,06 0,12 0,01 0,06 0,01 0,003 0,01 0,002 0,01 0,002 0,01 0,01 0,01  0,00005
27/04/2005 0,50 1,04 0,11 0,65 0,09 0,03 0,10 0,01 0,07 0,01 0,04 0,04 0,07 0,13
23/05/2005 0,05 0,11 0,01 0,04 0,01 0,004 0,01 0,002 0,01 0,001 0,005 0,005 0,0003 0,11
31/05/2005 0,51 1,19 0,12 0,47 0,10 0,03 0,12 0,01 0,08 0,02 0,05 0,04 0,12 1.51
07/06/2005 0,45 0,96 0,10 0,81 0,09 0,02 0,10 0,01 0,07 0,01 0,04 0,04 0,08 0,20
25/06/2005 0,42 0,83 0,08 0,39 0,07 0,02 0,09 0,01 0,06 0,01 0,04 0,03 0,10 0,10
27/06/2005 0,02 0,07 0,004 0,04 0,004 0,001 0,00 0,001 0,003 00004 0,002 0,001 0,01 0,02
02/07/2005 0,06 0,14 0,01 0,05 0,01 0,004 0,01 0,001 0,01 0,002 0,01 0,005 0,02 0,12
28/07/2005 0,75 1,66 0,18 0,71 0,15 0,05 0,16 0,13 0,03 0,08 0,004 0,07 0,21 0,52
29/07/2005 0,48 0,96 0,10 0,38 0,08 0,03 0,09 0,01 0,07 0,01 0,04 0,04 0,09 0,26
10/08/2005 0,45 0,97 0,10 0,44 0,09 0,02 0,09 0,07 0,01 0,04 0,002 0,04 0,17 0,46
12/08/2005 0,17 0,31 0,04 0,15 0,03 0,01 0,04 0,01 0,03 0,01 0,02 0,02 0,03 0.06
16/08/2005 0,04 0,11 0,01 0,04 0,01 0,002 0,01 0,001 0,01 0,001 0,004 0,003 0,02 0,003
05/09/2005 0,01 0,03 0,002 0,01 0,002 0,001 0,002 0,0003 0,002 0,0003 0,001 0,001 0,002 0,0002

Table 4-h (continued): Chemical data for REEs elements. PM10 at L.as Condes station. Date: 04/10/2004 - 05/09/2005.
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Chapitre 5: Discussion et conclusion

5.1 Santiago atmospheric pollutions levels

During the last decades, Santiago presents a dilmmun PM concentrations in the
atmosphere. In fact, there is an annual averageORdtcentration of 77 pgft2004/2005)
that also exceeds both national and EU standands.ffactions present the same decreasing
tendencies with time, in Santiago (see chaptesiyell as in Sao Paulo which has 30 py/m
PM2.5 in wintertime and 15 pghin summer time (Castanho et al, 2001), both chieisg
over EU standard (25 pgfin

Worldwide there is also a tendency in most gretiésito have a reduction of pollutant
concentrations (Baldasano et al, 2003). For exanipléne nineties, PM10 concentrations in
Paris, London and New York show a clear decreasmbEU standard (40 pgfn This has

to be kept in mind when comparing data obtainedhabus dates. The highest concentration
(over 300 pg/r) in TSP (total suspended particles) was obsemeaddny cities from Asia
and in two from Latin American: Tegucigalpa (652/m%) and Montevideo (335 pgfn
(Baldasano et al., 2003).

In Europe, the PM10 lowest concentrations were miesein Newcastle (17 pgfn in some
French cities such as Rennes (16 |fy/foulouse and Marseille (18 ugihwhile the most
polluted cities were Rome (52 pgimand Sevilla (49 pg/fh (Baldasano et al., 2003). In
Latin America, the PM10 annual average concentratioMexico City (52 pg/rf), and the
winter (77 pg/m) and summer (32 pgfnaverage concentrations in Sao Paulo all decrease,
but remain still over both the EU standard valugsldasano et al., 2003) and the national
standard (50pg/Mduring the last 20 years (Castanho et al, 2001).

In fact, during the last 10 years (1996-2004/20§iB5he elemental concentrations observed in
PM10 at La Paz station (fig 13, chapter 4), presendiminution: Fe (~3500ng/fmto
~1500ng/n), Ca and Al (~3000ng/fnto ~1200ng/m), K (~1000ng/m to ~500ng/m) and

Mg (500ng/ni to 200ng/m). This tendency is also observed at the Las Costiion (fig

12, chapter 4). On the other hand, in the towneresiome trace elements also present an
important diminution, for example Pb and Zn (250mbfo < 50 ng/m), As (70 ng/m to 5
ng/nT) and some constant concentrations in Cu and MAQ~ig/m?) (fig 13, chapter 4).
Therefore, this tendency is probably an answeiifterdnt policies, implemented in order to

decrease the level of pollutions (see 5.4).

209



Chapitre 5: Discussion et conclusion

Nevertheless, the PM2.5 features in Santiago thrauge show a constant concentration in
major elements (Al, Fe, Ca, K and Mg) with the et of Al in La Paz (800ng/fio 250
ng/nt) (fig 12 and 13, chapter 4) . However, some tratmments such as the arsenic
diminish from 50ng/mto 15ng/m and the concentrations in Pb at La Paz (180h¢sn#0
ng/nt) are two times higher than those observed at la€s (80ng/fhto 20ng/mi). With
this being said, both stations present constantegafor Zn (120ng/f), Cu (40ng/m) and
Mn (20ng/mi), between 1996 and 2004/2005. This tendency obdein PM 2.5 could
indicate anthropogenic sources.

5.2 Sources ldentification

The objective of the present thesis is to supphg a&xamine new data about the
characteristics of atmospheric aerosols over Sgmtige Chile, to interpret them in terms of
origin, processes and potential impact on humatithea this study, combined SEM and
ICP-MS data processed using improved geochemicdl statistical methods, supply
supplementary information with respect to formesutts.

In this thesis, we have performed mineralogical emwiphological analyses of aerosols (202
samples collected in 2004 and 2005), geochemicdysis (104 samples collected in La Paz
station and 98 in Las Condes) from 2 collectioessifThese analyses are complementary to
the previous ones already published by Artaxo aadehcontributed additional aerosol
samples collected in 2004 at other monitoring Gteti

Both mineralogical and morphological data (Morateag, 2008) and the FA-PCA processing
of our chemical data, demonstrate that most pagibhve a lithogenic origin, as they display
EDS spectra compatible with typical spectra of aaolc rocks and soils minerals. Lithogenic
particles occur mainly in the PM10 fractions, ame gpically found in residential sites. On
the contrary, anthropogenic particles mainly odouthe PM2.5 fraction, and are typical of
central areas of Santiago. Anthropogenic partidisplay specific shapes (mainly spheres
and slates) and have to be related to both the drigichment factors (> ¥pX= 10°10% of
metals such as Cu, Mo, Pb and Sb and multi-metsdscsations identified from FA-PCA
processing and interpreted as representative f@rdift pollution sources.

Most of the sources identified in the present aede are consistent with those identified in
previous studies on Santiago and in cities fromcinatral valley (table 6 and 7, chapter 4).
We have identified sources with regional impa¢h@genic or marine, copper industries) and

local sources. We have discussed the specific implathese sources on the two sites we
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studied Finally, we have evaluated to potential reme earth elements to be tracer of new
contaminations in urban environments and have aeceke that these REEs powerful tools
that permit to identify sources that were not ideed before, such as traffic (through
catalytic exhaust pipes) and FCC (fluid catalytimo&ers) combustion.

5.2.1 Natural sources of elements

We found in a first study (Morata et al., 2008; otea 3) that Si, P, Ti, Ca are issued from the
surrounding geological formations, soils and dusts second one, (chapter 4), we identified
typical geochemical associations including Ca and tbgether with Fe, Mg, Y, Zr, U, Sr,
and V. These elements are likely to be controllgdwo natural sources, the main one being
lithogenic and marine source being the minor one.

Morata et al, (2008) suggested for chlorine anrapibgenic origin related to industry, ruling
out the hypothesis of an oceanic origin. In confragr statistical analysis associates Mg, Na
and CI and suggests a marine aerosols origin. [&tes hypothesis is supported by Kavouras
(2001), Hedberg (2005) and Moreno (2010). Howedee to the lack of data, it was not

possible to suggest a secondary involvement oflhaegac processes in the Cl source.

5.2.2 Anthropogenic sources of elements

According to enrichment factors, the first assacrabf elements with a clear anthropogenic
origin (S, CI, Cr, Cu and Zn) has been confirmed eompleted by another list of elements
including RDb, K, Cs, Fe, P, Ba, Mn, Ni, Co, Sn, Flm, Cd, As, Ag, and Sb. These elements
are controlled by different pollution sources idegetd mainly by FA-PCA analysis.

5.2.2.1 Copper industry

We suggest thatopper production (mine, smelter process and refinery), traced bya@ud
associated released metals Zn, Mo, As and Pbsaice with regional impact. It is related
to several mines and production centers locatedtab@ km around Santiago. This source
has been already identified by Artaxo et al., 189Santiago, but it is the first time that the
elements Zn, Pb, Bi, Ag, Ba, Cd, Fe, Mn were detkend associated to copper smelter in
Santiago. This is due to the high sensibility of #malytical procedures we applied. SEM
observations of Cu-S grains may confirm the oceueen the breathable air of Santiago of
copper industry-related particles. However, onencamule out the hypothesis of secondary

sulfates as a source for these Cu-S grains. Metath (2008) suggested these Cu-S particles
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to be sulfates due to the lack of correlation betw€u, Zn and S. New SEM observations on
2004/2005 samples (chapter 3) show the presenSeaofl Cl in the majority of the analyzed
samples. We interpreted the association of S with4Ad or Fe as sulfide phases emitted by
copper smelterdt can be noted that Zn has been related by Aréal. (1999) and Moreno
et al. (2010) to oil combustion or industry emissiwhile we propose copper smelter as

emission source for Zn in Santiago.

5.2.2.2 Coal /Oil combustion

We recognized at Las Condes a coal combustion s@associated with Sbh, Pb, As, Zn, Cr
and Co in accord with Moreno et al. (2007).V andag widely accepted as trace elements
of oil combustion. We demonstrate that REE can &&duor tracing certain types of oil

combustion.

5.2.2.3 Burning biomass

Our results confirm K and Rb to be tracers of bissnaurning (Kavouras et al., 2001). The
association between Zn and K is related to woodiihgr (Hedberg et al., 2005) and is

detected in the residential Las Condes area.

5.2.2.4 Iron oxides and steel industry

This source has not been identified through anysstal study, neither ours or other authors
ones. Thus Fe is interpreted as either lithogenlmked to copper industry. But different Fe
oxides have been characterized by SEM observatiperata et al, 2008 and new
observation (see 3.4, chapter 3)) in both stat@mkfractions (table 10).

Anhedral particles are either magnetites or geetias determined by their magnetic
properties (Silva, 2005) and could have a lithogeamigin. But, Fe oxides could come from
iron weathering (Fe bars, tiles, grating equipmerhaust pipes) as noted by Morata et al,
2008. These origins are also consistent with faat@lysis results where Fe appears related
to crustal origin but also tawopper smelteftable 5) as stated in Valdes et al, in preparation
Sphere of Fe oxides 0.5-1um have been observeda{dMet al., 2008 and more recent
observations, see 3.4 chapter 3), probably produkesligh high temperature industrial
processes (Sandoval et al, 1993). Steel induspreisent all over Santiago, representing 55%
of the total smelting plants. Thus we propose, igaiased on SEM observations, that steel

industry is responsible of the high temperatur@¥ide micro spheres.
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5.2.2.5 Calcium carbonates and sulfates

Both were described by Morata et al, (2008), whappsed either a lithogenic (sedimentary)
or an anthropologic origin for these minerals, athbguarries and plaster industries exist
around Santiago. A lithogenic origin is in agreemeith our FA treatment which associates
Ca with crustal source. On the other hand, thdiogldoetween Ca and S suggest a secondary
formation of sulfate as proposed by several autfidesrouras et al., 2001; Moreno et al.,
2010). The possible oxidation of $@mitted by anthropogenic sources (Moreno et AlL02
Kavouras et al., 2001) and its reaction witiCBa" was proposed by Morata et al, (2008).

Some of the sources identified in the present sfadystal, marine, oil combustion, traffic)
were also identified by Castanho et al, (2001) ao aulo. The percentages of contribution
of each source in both cities are similar, with®@0re suspended dust contribution in Sao
Paulo and 25% in Santiago while traffic contribufes 26% and 16%. Oil combustion
contributes with 20% in Sao Paulo and 14% to 208tdér months) in Santiago. The sulfate
source has a similar contribution (~ 20%) in batres and the industry contribute to 4% in
Sao Paulo while in it Santiago represent ~30% ofl@l&ind PM2.5 (see fig 10, chapter 1).
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Natural Sources Combustion
ource Transport/ Sulfate/ Biomass/
C Indust
automolil | secondary | Ll | woed | L
and year of Dust Sea oil Coal emissions sulfate burning
sampling
PM ,5: PM s PM ,: PMyg,5-  |PM s Based on SEM |PM,s: PM, s: *steel Industry:
Al, Ca, Fe, K, Rb, Sr, |Mg, Na. V, Ni. PM, s Mn; REE. observations: |Cu, Zn, As, Mo, (K. (based on SEM
V, Ti, Zr. Ba, Cr, Mo, Sh, Pb, As, Particles Ca-S, |Pb, Bi, Ag, Ba, observations)
Valdes ! Zn. Zn and Co; Ca-S, Fe-S, Cu-S, [Cd, Fe, K, Mn. Al, sphere of Fe
2004, 2005 cr Pb-S, Zn-S. Cr, Rb, Sr, V,Ti, particles ~2um.
Zr.
PM,5: PM,s: PM,s: PM,s: PM,s: PM, s: PM,s:
, |Al Ca, Fe, Si, Ti, Sr, V, Ni, S, Zn, Br,Pb,Cl, K |[S, Se, K, P. S, Cu, As, Mo, K, |Zn, Cu. Zn, Cu.
Artaxo (1996)" |nn (pb, As, P). Cl, Mn. and Sn. P.
PMyg5-PM, 50 PM,s: PMyg; 5 PM, 5 PM,,s:
Al Ca, Si, Ti. Na, Cl. PM, 5: Br, PbCL,K, [S,P.
Moreno®  [PMiozs? PMyg,5: Mn, Cu, Fe, (~s). 5
(1998-2007) Fe, Mn, Mg, Sr. Na, Cl, (Mg). |Zn, Pb. s
PM10-2,53
Ba, Cr.
PMyg.pma,s: SEM: PIXE:
PIXE: Al, Ca, Fe, Si. FeO. S
B S-K/Ca
Morata S- (Fe,Mn, S
(2004) cr,Ti).
SEM: CaCO,,
CaSO,, BaSO,.
Notes: 'Valdes et al., (in preparation); ’Artaxo et al., 1999; *Moreno et al., 2010 and *Morata et al, 2008.

Table 10: Principal sources identified in Santighoough statisticall anlysis and SEM observation.
Chemical signatures are compared for Santiago. Baibhes regroup sources identified as either
regional or local, natural or anthropogenic. In getables, elements that are common to all authors
are underlined; elements in bold have been consitley each author as typical of a given source,
while the others represent secondary elements orexdiby the authors.

5.3 Influence of meteorological conditions.

We observed specific meteorological conditions essed with very high pollutant
concentrations during the days analyzed. The maxaiemental concentrations correspond
to configurations of low pressure and temperatgsoeaated to cloudiness days (BPF) and
also during the mix system (H-BPF) while the smatlencentrations are related to sunny
days, high pressure and temperature.

During this analysis we found the signal of “coppedustry” on Santiago, which was
stronger in the eastern part of Santiago. Insifleths signal we also noted high
concentrations in arsenic with concentrations @/&mes the standard levels fixed. This new

observation, which is based on very few days (4 typepisodes, 6 type BPF and 4 of mixed
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H-BPF), would need further investigation througtsystematic study of the more highly

polluted days of each month.

5.4 International norms for elemental concentration s and

effectiveness of environmental policies

The WHO and EC have determined the following maxmacceptable concentrations: Pb:
150ng/mi, Ni: 20ng/mi, As: 6ng/mi and Cd: 5ng/h In contrast, Chilean governmental
agencies did not define any norm, except for PB |{@/n? N). Our results show that average
annual concentrations during the years 2004 an@ 288 below the WHO and EC standards.
However, as we have previously stated, during wsntiaily concentrations can overcome
maximum accepted levels (As for example, see fijmkhapter 4).

The association between total mortality and Cu Amdhas been demonstrated by Cakmak et
al, 2009, while Valdes et al., 2011 (in preparatieee in appendix A) describe the
relationship between respiratory mortality and Zd &1 and chronic obstructive pulmonary
disease with Ni. It is evident that copper productiand oil combustion have impacted
Santiago by worsening the quality of life of thebitants. It is thus fundamental to identify
without any ambiguity, the source of these toxiel@ments in order to fight against their
emitters.

Since 1996; diverse policies have been implemeimeatder to improve the air quality in
Santiago as it was found to be saturated in paitataTwo years later the Planning of
Prevention and Decontamination to Atmosphere (PPDA9 set up and implemented. The
objective was to diminish the concentration of ptidin according to WHO standards over
the next 15 years. This program was implementadanstages: from 1998 to 2004 and from
2006 to 2011. The industry and transport sectoestlae ones which induced most of the
improvements observed during the first stage watspect to the new policies. In fact, the
introduction of natural gas (NG) induced a sigrifitdecrease in PM and S@nitted by the
industrial sector. Since 2004 however, the resbtnctn NG importations has produced an
increase in the use of heavy petroleum and thisneg@tive consequences on air pollution.
Nevertheless, reductions of S concentrations isellisince 2000 have improved air quality.
Complementary programs of PM reduction were apptedoilers and heating and 0
reduction was compulsory from heavy industry. le thansport sector, even though the
number of vehicles increased from 800 000 to mbaa tL millon between 2001 and 2005,
the air quality standards applied to vehicles, artipular catalytic convertor legislation,
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mitigated negative impact on air quality. In costrahe number of public transport vehicles
were constant (~8000) during this period. Theouhiiction of unleaded gasoline since 2001

aided the effort to control emissions from thisteetable 11).

Combustibl d
Sector ombustibes an 1998 1999 2000 2001 2002 | 2003 | 2004 | 2005
standard levels
leaded gasoline |
gasoline ! unleaded gasoline
4_, 1000 ppm S ' 300 ppm S ' 50 ppm S
S Diesel
=] lese I 1T 11
2
E EPA 1991 “EPA EPA 1994 EURO Il
Standard level to Gasaline (2005)
) . **EPA 1994 1998 . . .
vehicles and taxis, * “EURC Il *EURD Il Tier 1 california
bus ** truck 1998 2002 EURO IV Diesel
(1998} (2002} (2005)
Natural gas supply
Natural Gas Natural gas supply restricted
I
Heavy petroleum Heavy petroleum with higher than 10.000 ppm of § , . 10.000 ppm S
. I
1000 ppm S 300 S
= Diesel | e . ppm . 50 ppm S
“ 1 11 1T
e P com boil o Emissions from
- Emissions from boilers 56mg/m
& boilers 32 mg/m’
Program of
reduction of SO,
SO, applied to heavy
industry
(>100ton/year)

Table 11: Policies implemented since 1998 to 2005

5.6 Limitations of the environmental policies

In our study we can see the direct effect of thdiferent policies on PM, major and trace
elements concentrations. However, it seems thaetheductions only had a limited effect on
some trace elements such as a Cu, Mn and Zn, wietdng to the “copper smelters”
association, whose concentrations are constant avittndency to increase from 1996 to
2004/2005. In fact, since 2000, Chile leads thermdtional copper market in terms of refined
copper production with more than one million of shear and 5% annual growth
(www.editec.cl). This growth is stimulated by thenstantly increasing price of copper (1.67
cents/pound as a maximum). In 2005, CODELCO prodiidc831.183 metric tons of refined
copper, equivalent to 30% of the total tonnage peced in 2005 by the major productions

(China, India, Russia, Australia, Iran, Poland &8lA). This refined copper comes from
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Central and North Chile. The principal mines angpsEr smelters in the Central Region (El
Soldado, Andina, Los Bronces, Chagres and Tenigmtguce more than 1000 tons: this is
equivalent to the total tonnage produced in 2005CWDELCO in one of the largest Cu
open-pit mine in the world: Chuquicamata in North€hile. Similarly, the central region
produces 10 tons of Mo while 13 tons are produnddarth Chile.

Other elements, linked to petroleum combustion {€iand V) also appear not to be affected
by existing policy. Here it is linked to the coméiion between the international oil market
and the bad diplomatic relations between Argenfinbo sells natural gas to Chile) and
Chile. During harsh winters, when Argentina doesdw®iver to Chile the contracted amount
of gas, industries and individuals use any fuey tben buy. This induces the emission in the

atmosphere of all oil - related chemical elements.

5.7 Limitations of our study and perspectives

From our study, even if some progresses have beele,,some polluting sources do not have
clearly identified chemical signatures. This isiritiation before future policies could be
made effective and set up tighter controls on thession and measurements of trace
elements specific associations.

It is crucial to decipher the origin of some elemsewhose associations correspond to 2 or
more source types. As an example, Zn can be prddeiteer through oil combustion or
during copper smelting. S has been observed ierttissions of most pollution sources, but it
is difficult to determine its specific origin in @a site and case. And obviously it is very
important to know which step of the Cu processimgng, smelter, and refinery) is
responsible for Cu pollution in order to fix poksi. Therefore isotopic analysis will have to
be done in the future, in order to allow the disgnation of trace element sources and their

contribution to the chemical signatures found withnd around Santiago.
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Annexe A: Impact sur la santé publique

A.1 Introduction

L’objectif principal de cette these a été I'ideiti@tion des sources polluantes a travers des
tracages d’éléments chimiques afin d’'identifierrlevigine et les processus de génération
principaux. Il s’agit d'un pré-requis pour abordemprobleme de I'impact de ces polluants en
terme de santé publique, et fournir des outils fawe évoluer les politiques publiques.

Ce présent travail de thése a permis entre auteeguantifier les niveaux et variations des
concentrations en éléments chimiques potentiellerteetiques. Il a de méme contribué a
identifier les sources responsables de ces comtiems élevées de polluants a Santiago de
Chile.

L’objectif de ce travail annexe est d’établir stitjuement I'impact d’'une augmentation de
concentration de certains métaux en terme de gaftque, en prennant comme critere le

taux de mortalité d0 a des pathologies cardiaguasspiratoires.

Un travail en collaboration avec le départementpdiEmiologie et Environnement de
I'Université d’Harvard a été développé dans le eade la présente thése. Ce travail a été
effectué a partir d’'une base de données robustdidistére de la Santé du Chili, qui
regroupe des données journalieres de concentraioakments chimiques (Na, Al, Si, S, Cl,
K, ca, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Pb) mesurdass la fraction PM2.5 du matériel
particulaire de Santiago, et des données de ntertidis aux pathologies cardiaques et

pulmonaires, sur une période de 8 années (19982005

Ce travail est présenté sous forme d’un pré puimica
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studied the effects of ambient fine particles (dgnamic diameter <28n, PM2.5) and their
components on cause-specific mortality in Santi&juje, where particulate pollution is a
major public health concern.

Material and Methods: Air pollution data was colegtin a residential area in the center of
Santiago. Depending on the season measurementspedmmed daily, or every two or
three days in 1998-2005. Daily mortality counts evebtained from the National Statistic
Institute. The associations between PM2.5 and espseific mortality were studied in time
series analyses using Poisson regression in Refféet of elemental components of particles
and mortality was studied using a two stage hidreat method introduced by Franklin et al.,
! In the models we controlled for time trend, ddyttee week, temperature and dew point
temperature.

Results: During months when the sulfur contenthef PM2.5 mass was high, there was a
2.1% increase (95% Cl: 0.9-3.5) in cardiovasculartaiity for 10pg/m® increase in PM2.5,
compared to 0.85% increase (95% CI: 0.33-1.38ss0@ation with PM2.5 overall. Particles
with high content of zinc or chloride showed strengssociations with all respiratory
mortality than did PM2.5 alone. High nickel contesft PM2.5amplified the association
between PM2.5 and COPD. Overall, the associaticgre \stronger for respiratory than for
cardiovascular outcomes.

Conclusions: Our findings suggest that sulfur, zickloride and nickel may be elements
related to greater health effects than PM2.5 mlssean Santiago, Chile. The sources of
particles containing these elements need to berdeted to better control the emissions of

these harmful particulates.

Key words: air pollution, composition, element, particulatattar, mortality

Introduction

Particulate air pollution is a main environmentakifactor for human health, and short-term
associations between mortality and particulateupafits are well establishéd.Some studies
have suggested that the magnitude of the assatibétween mortality and particles differs
by particle size, with fine particles (particlesthwviaerodynamic diameter less than 2.5um,
PM2.5) having greater effects than larger partiddismeter between 2.5-10um, coarse
particles”’ However, regional and seasonal differences irh#tth effects of particles have
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also been reportét:® Composition of particles also varies by seasoggssting this may
play a role in the toxicity of particles. Due teettack of data on particulate composition, the
health effects of specified particulate compondrage not been widely studied, and most
epidemiological studies performed on a populatienel have been from the United
States:*** Studies that control for seasonal temperature ssrgate for ventilation rate
have identified sulfur, nickel, and vanadium astipatarly toxic}***? while studies that
ignored confounding by seasonal temperature haperted more mixed result$?® By
identifying the elements most toxic to human heaitle can move to more efficient
regulations for particulate matter. Therefore coniing these associations, particularly in
other parts of the world, is important.

In Santiago, Chile, air pollution is a major pubhealth concern because of its dense
population and the geography of the afed&he city is located between The Andes
Mountains at the East and Coast Mountains at thet\We the center of Chile, during the
majority of the year there is a thermal inversiaper and during autumn and winter there is
an inversion layer produced as a result of coobhghe ground. When these phenomena
coexist, the conditions became very favorable tualation of pollution, and the levels of
particulate matter often exceed the regulationdgdll.S. Environmental Protection Agency
and World Health Organization (WH®)® Previous studies provide evidence that
particulate pollution in Santiago increases thk dsmortality>***°and morbidity.**** The
most recent studies were also able to differentthte health effects of more specified
components of particlég€:* Unfortunately, as in the U.S. PM2.5 mass compananChile
were not measured on a daily basis, hence theadatsparse, and time series analyses have
weak power. Cakmak et af. applied a time series analysis to the PM2.5 corapts but
they only had 655 observations over the years P39@®%. Most of the previously published
papers have used source apportionment methodsatoies the effects of source-specified
PM2.5. In these studies, authors have found thdicfgs from mobile source, including
elemental and organic carbon components, havettbiegest association with total, cardiac,
and respiratory mortality and morbidity in Chife?®

We have previously introduced a methodology to taditer advantage of the complete data,
specifically that while speciation data only exésery 3-6 days, PM2.5 is monitored more
frequently, and mostly daily. The method was agpteeU.S. mortality and morbidity data by
Franklin et al.,' and Zanobetti et al? where in the first stage we fit a daily time serie
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analysis using every day, and the PM2.5 data, arttid second stage we look at how the
relative fraction of PM2.5 from different elemerits different time periods modifies the
PM2.5 association. This same approach was subséyjeetopted by Bell et af! In this
study we have chosen to let the PM2.5 coefficieaty by month, and used the monthly
ratios of components to total mass to explain #rgations in those coefficients.

We applied this approach to cause-specific moytadiiring years 1998-2005. Different
elements (Aluminium (Al), Sodium (Na), Silicon (Siulfur (S), Chloride (CI), Calcium
(Ca), Chromium (Cr), Manganese (Mn), Nickel (Nipt&ssium (K), Iron (Fe), Copper (Cu),
Zinc (Zn), Selenium (Se), Bromine (Br), Lead (Pd) fine particles were extracted, and the
associations with mortality for all cardiovascul@vD), all respiratory, cerebrovascular, and

chronic obstructive pulmonary disease (COPD) wardied separately.

Material and Methods

Air Pollution and Meteorological Data

The PM2.5 mass and species concentration dataateaened from Parque O’Higgins, one
of the 7 air quality monitoring stations of the Awtatic Monitory of Atmospheric
Contaminants Network (MACAM NET). This station achted in the center of Santiago in a
residential area in one of the main green are&antiago. East of the station is the Principal
National Route “Carretera Panamericana" and tovits is the University of Chile Campus.
In each of the network stations the level of pattite matter is measured systematically. In
three of these stations temperature, humidity,rsofadiation and wind direction are also
measured. The information is stored in a data lafled: AIRVIRO, maintained by the
National Centre of the Environmental Departnfént.

Particulate matter was collected on 37mm diameteflom filters (Pall Flex)** by a
gravimetric method using a Dichotomous samplerr{&i@ndersen 244, Smyrna, GA). This
method allows the collection of particle sizes derahan 2.5 pum (fine fraction), and in the
range 2.5-10 pm (coarse fraction) with a bulk frate of 16 — 18 | mh This semiautomatic
equipment is programmable for sampling periodsdoh@urs, and it allows the simultaneous
collection of the two particulate fractions. Thergdes were collected from 10:00 a.m. to
10:00 a.m. the next day in autumn and winter, aachfmidnight to midnight in spring and

summer. The measurements were performed daily Apni to September, every two days
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in October, November and March, and every three daypecember, January and February
from 1998 to 2005.

The physical conditioning of the filters was penfiad in the gravimetric laboratory at the
department of public health of the ministry of tleabf Santiago, Chile (Subsecretaria de
Salud Publica del Ministerio de Salud de SantiagaCthile). Filters were weighted before
and after use on electronic microbalance, Pre@sasg) 40SM-200A, allowing 1 pg error,
and stored in individual plastic boxes in dry chansb The laboratory atmosphere had a 50%
controlled relative humidity and temperature betw2@°C and 25°C.

The elemental analyses for the PM2.5 filters wepadacted using X-ray fluorescence
(Desert Research Institute). The analytical metlamofor analyzing the elements has been
described in Sax et &f,

Based on the results from previous epidemiologitatliies'® 2°

we focused on the species
with different sources and toxicological backgroulde examined the following species:
Aluminium (Al), Sodium (Na), Silicon (Si), SulfurS), Chloride (Cl), Calcium (Ca),

Chromium (Cr), Manganese (Mn), Nickel (Ni), Potassi(K), Iron (Fe), Copper (Cu), Zinc

(Zn), Selenium (Se), Bromine (Br), and Lead (Pb).

Health Data

The number of daily deaths in Santiago, with a pefpan of 6 million inhabitants, was
obtained from the National Statistic Institute fgears 1998 to 2005. The causes were
classified according to the International Classifien of Disease, ®™Revision (ICD-9). We
examined daily mortality counts of respiratory dises (ICD-9: 460-519), cardiovascular
diseases (CVD, ICD-9: 390 - 429), chronic obstugctoulmonary diseases (COPD, ICD-9:
490-496) and cerebrovascular diseases (cerebre9i@B0-459).

Statistical Methods

We applied a time series analysis using Poissonessmpn to examine the association
between daily counts of cause-specific mortalitg daily PM2.5mass concentrations. The
model controlled for seasonality and long term drenth a penalized spline with 5 degrees
of freedom (df) for each year; day of the week gsindicator variables; same day
temperature with a penalized spline with 3 df agldtive humidity.

Because particle species were not measured evgryedirst fit a time series analysis of

daily PM2.5 and daily counts of cause-specific mldgt. We also computed the mean
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monthly ratios of the of species concentrationsh® total PM2.5 mass. In the model we
included an interaction term between PMarsl the mean ratios of individual elements to
PM2.5 mass, averaged over each month of each Jeiarallowed us to see whether the PM
coefficient was systematically higher or lower wheore (or less) of the PM mass was a
particular element.

The effect estimates are expressed as a perceeagecin mortality for a 10pugfincrease in
the same day PM2rBassconcentration. From the interaction we computedthiacrease in
cause-specific mortality per 10 pgirimcrease in PM2.5 for an increase in the spedies t
PM2.5 mass proportions from the first to the thijghrtiles. We used SAS 9% for data

management, and R 2.7%for regression modeling.

Results

In Santiago, Chile, there were 54,924 deaths fribwaadiovascular diseases, 21,573 from all
respiratory diseases, 6,528 from COPD and 16,968 fterebrovascular diseases over the
years 1998 to 2005. Table 1 shows the distributibthe mortality by cause, together with
the distribution of the weather variables and PMB&t had a median concentration of 33
ng/nt. The distribution of the concentration ratios pesies to the total PM2.5 mass is
presented in Table 2.
The associations between cause-specific mortatity RM2.5 were significant for all of the
causes analyzed. The strongest effects were olosdoveall respiratory mortality with a
1.24% increase (95% CI. 0.45- 2.03), and for CORDtatity with 3.14% increase (95% CI.
1.85 - 4.45) for a 10 pgfhincrease in PM2.5 (Table 3).
Figure 1shows for each cause of death the results for PM®yBther with the effect of the
species on modifying those effects. When we induthe interaction term for PM2and the
elements, we found that higher sulfur concentratiomcreased the effect of PM2.5 on
cardiovascular mortality. Specifically, we foun@®.82% increase in CVD mortality (95% CI:
0.4? add decimal-1.5) per 10 pd/imcrease in PM2.5 in months when the fractionusfus
in the total PM2.5 mass was at the lower quartdesus a 2.1% increase (95% CI: 0.9 add
decimal-3.5) in months when the fraction of sulfuthe total PM2.5 mass was at the higher
guartile (Figure 1). Sulfur also modified the asaton with cerebrovascular deaths, with a
1.0% increase in cerebrovascular mortality (95%0C1: decimal-1.9) per 10 pgfrincrease
in PM2.5 at the 25%tile versus a 2.2% increase OBO® decimal- 4.2) at the 75%tile.
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Zinc, chloride and nickel modified the associatibatween PM2.5 and death from all
respiratory and COPD. Specifically, at the 75%tideé Zn concentrations PM2.5 was
associated with a 1.7 % increase (95% CI: 0.8 abihthl -2.7) in all respiratory mortality
and at the 75%tile of CIl concentrations with &4 Bcrease (95% CI: 0.6 decimal-2.4) per
10 pg/nf increase in PM2.5.

Ni and Zn also modified the association of PM2.3hwCOPD mortality. At the upper
75%tile we saw, respectively for Ni and Zn, a 3.Bfdrease (95% CI: 1.9-4.7) and a 4.4%
(95% ClI: 2.8 - 6.0) per 10 pugfincrease in PM2.5.

Discussion and conclusion

In Santiago, Chile, we found that PM2.5 was assediavith all cause and cause specific
mortality. The effect size per 10 ugiof PM2.5 we saw was almost identical to that regmbr
by Zanobetti and Schwartz in an analysis of oved L0S. cities® This confirms those
associations are applicable elsewhere.

In examining the composition of fine particles, Yeaind that sulfur, a marker for sulfate
particles, was specifically associated with higiian average toxicity for cardiovascular and
cerebrovascular deaths, while zinc, chloride, aiclleh had higher than average toxicity for
respiratory mortality. For all the elements, thenp@stimates were consistently greater for
respiratory than cardiac effects.

The associations we found between PM2.5 and cqesgfie mortality were consistent with
previous literature of studies done in CHi%é¢***and in the US? In regard to the elemental
concentrations of fine particles, we found a cleaation for CVD and cerebrovascular
mortality with S; while zinc and nickel were assded with higher than average toxicity for
respiratory and COPD deaths. Increased cardiovasourtality has previously been linked
to increases in the levels of EC, OC, nitratesfatas, potassium, copper and iron in
California®! In line with our findings, an earlier Canadian dstuhas also reported
associations between total mortality and sulfaie iickel and ziné?

Due to the fact that the PM components have beaitalle only for one day in three or six,
some studies in the US have used a method sinailéing one presented in this study and
showed that PM chemical components modify the PMecefto mortality™® or

hospitalization*** Among these studies, the elements that have nftest been found to
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increase the health risk are Nickel, Vanadium, Ahum, Arsenic, Sulfate, Bromine, and
Silicon.

The effects of particulate species on total mdytati Chile have been studied by Cakmak et
al.*® They found associations between mortality and mingearbon (OC) (RR 1.07; 95% Cl
1.06-1.07), Cu (RR 1.06; 95% CI 1.05-1.08) and RR (.05; 95% CI 1.04-1.06, but they
only had 655 observations over the nine yearsusfystCakmak and co-authdtgound also
that soil-related particles included elements Ad, €e, and Si, and that these particles had
weaker but statistically significant mortality efte

In an earlier study on the effects of particulatanponents and sources on emergency
department visit counts in Chile, particles relateccombustion sources included elements
such as Cr, Cu, Fe, Mn and Zn, and they were aasdcivith total and respiratory visfts.
The association between respiratory morbidity autiolr containing Zn is consistent with the
current results, however; we found no clear astioas between mortality and soil-related
particulate elements Al, Ca, Fe or Si.

The identification of the emission sources of thesstals is one of the central problems to
discuss. In the current study, sulfur was assatiatéh higher cardiovascular mortality than
the total PM2.5 mass, and in a previous studyusuias been related with the emissions
from smelters® In fact, one of the potential sources in Santiaga large copper smelter
Caletones that burdens oxidized sulfur in the Sgotibasin and further produces sulfur rich
fine particles’ The sources for Ni and Cl are widely related witmbustion and traffic
processes: and Zn has been categorized as combustion redégetent along with Cr, Cu,
Fe and Mrf2 The harmful particle sources identified by Caknealal.>® are consistent with
the ones previously recognized by Artaxo ef%They found that the principal source of Zn
is oil combustion in particular, while Hedberg &t,% and Kavouras et al® related Zn with
the copper smelter. In addition, the relationshepdeen Zn and K also has been interpreted
has a tracers of wood burnifiyThe contradictory results are possibly relatedowal
differences in particulate sources. This underlittesimportance of determining the health
effects of particulate matter at various locatibgselements.

In Chile there is an ongoing work related with itigcation of particulate sources; however,
there are not many studies that show the relatipnisétween public health problems and

specimen elements and their sources of emissiofutdee prospect, the use of isotopes can
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help tracing the sources in urban air pollutionisTwould allow distinguishing between the
different sources associated to specific elemards as Zn, S, and Cu.

There are some limitations to this study. One & the data collection for the particulate
matter was not continuous throughout the year, @ity data was available only for the
winter months from April to September. The air ptbn data was also collected at one
measurement location, which may cause some expossiassification. However, having
data from only one measurement station may led&ktkson error, which reduces the power
to reveal significant effects and therefore leads rather to an underestimatiman t
overestimation of the health effects of particles.

In conclusion, it seems that PM2.5 mass alone tisarsufficient metric when evaluating the
health effects of PM exposure. Our findings suggest sulfur, zinc, chloride and nickel may
be elements related to greater health effects 2.5 mass in Santiago, Chile. The sources
of particles formed of these elements need to hermiéned in order to better control the

emissions of these harmful particulates.

Tables

Table 1. Distribution of daily cause-specific mortality, PN6 and weather variables in
Santiago, Chile, for the years 1998-2005.

Cause of death Percentile

5th 25th 50th 75th 95th
Cardiovascular 11 15 19 23 29
Cerebrovascular 2 4 6 8 10
All respiratory 2 5 7 10 16
COPD 0 1 2 3 5
Environmental variables
PM2.5 @g/m°) 13 21 33 55 89
Ambient Temperature (C°) 8 12 16 20 23
Relative humidity (%) 38 51 63 76 88
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Table 2. Distribution of the species- to-PM2.5 mass prapos

Component Percentile

5th 25th 50th 75th 95th
Al 0.49 1.61 3.35 6.84 13.2
Na 0.42 2.23 6.53 15.1 28.8
Si 1.86 4.56 9.18 17.4 30.8
S 10.4 23.2 37.4 53.3 80.4
Cl 0.14 0.68 2.08 5.24 15.6
K 3.49 5.87 8.33 12.3 23.8
Ca 0.90 2.30 3.95 5.95 9.50
Cr 0.03 0.06 0.10 0.15 0.26
Mn 0.13 0.28 0.43 0.62 1.02
Fe 2.64 6.12 8.94 12.2 18.9
Ni 0.01 0.02 0.03 0.05 0.09
Cu 0.25 0.55 0.78 1.10 1.90
Zn 0.75 1.38 2.07 2.88 4.98
Se 0.01 0.04 0.07 0.15 0.31
Br 0.10 0.22 0.34 0.79 251
Pb 0.36 0.71 1.16 3.44 9.34
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Table 3. The percent increase (95% Confidence Intervabainse-specific mortality per 10

pg/nt increase in PM2.5.

Cause of death % Increase 95% CI

Cardiovascular 0.85 0.33 1.38
Cerebrovascular  1.07 0.20 1.94
All respiratory 1.24 0.45 2.03
COPD 3.14 1.85 4.45

Figures

Figure 1. Percent increase (95% Confidence Interval) in eapecific mortality per 10
Hg/nt increase in PM2.5 alone, and for the 1st and Badtiles increase in the elements after
including the interaction between PM2.5 and the me®onthly concentration ratios of

species in the total PM2.5 mass.
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