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1.  ABSTRAKT

Problematika vyskytu chemickych latek v okolnim prostfedi je predevsim spojovana
s potencidlni moznosti prestupu do lidského organismu. Jedna se o expozici ¢lovéka, ktera
pfichazi v Uvahu pouze v pripadé, Ze je ¢lovék vystaven kontaktu s chemickymi latkami.
Tento expozicni transport ma vSak mnoho ptirozenych a aktivné fungujicich barier. Pokud
vsak dojde k tomuto prestupu, mlZe se u nékterych latek projevit negativni biologicky efekt.
K pochopeni principu transportu do lidského téla je nutné cely proces expozice detailné
studovat. Dulezity je exaktni popis osudu toxikologicky vyznamnych chemickych latek
v prostiedi s dirazem na prostorovou a ¢asovou variabilitu vyskytu a na identifikaci hlavnich
parametrd, které maji na vyskyt v prostfedi dominantni vliv. Zasadni je také charakteristika
podminek samotné expozice a hodnoceni nasledné toxikokinetiky. Expozi¢ni davka, ndsledna
distribuce a osud chemické latky pak totiz v lidském téle vyznamné ovliviiuje mozny vysledny
biologicky efekt. Z detailnich dat o expozici konkrétni chemické Iatky a s vyuZzitim soucasnych
znalosti toxikodynamiky Ize pak provést predikci potencialnich zdravotnich rizik (Calabrese,
2014). Hodnoceni zdravotnich rizik je tedy zaroven metodou interpretace dat o expozici.

Tyto pfistupy hodnoceni a interpretace dat o expozici toxikologicky vyznamnym
chemickym [atkam a z nich plynoucich potencialnich zdravotnich rizik v lidské populaci jsou
v odborné skupiné autora habilitacni prace ¢asto vyuzivany v mnoha védeckych studiich.

Hlavni vyzkumné aktivity odborné skupiny "Human Exposure
Assessment and Risks" (HEAR) pod vedenim autora habilitacni ; P_Vﬁ ﬁE\J_
Xposure Xposure

prace jsou uvedeny v nasledujicim seznamu:

- Nové metody hodnoceni a interpretace vyskytu a osudu nebezpeénych latek v prostredi
(v plidé, sedimentech, ve vodach, ve volném ovzdusi a v potravinach).

- Hodnoceni vyznamu podilu expozi¢nich cest, scénarl a expozicnich parametrd na
celkovych prijatych davkach (dietarni, inhalacni a dermalni expozice).

- Retrospektivni hodnoceni expozice — vyuZiti biomonitorovacich studii pro zpétnou
rekonstrukci expozice (pomoci biomonitoringu matefského mléka v lidské populaci —v CR).

- Vyvoj novych metod hodnoceni expozice.

- Pravdépodobnostni predikce rizik v lidské populaci.

- Cilené studie pro zpresnovani kinetiky expozice vybranym chemickym latkdm — SkinRISK
projekt (GACR) a vyuZiti téchto parametr(l pro toxikokinetické (PBTK) modely.

Tyto nejvyznamnéjsi védecké aktivity jsou vice popsany v nasledujicich kapitolach této
habilita¢ni prace. Je zde strucné shrnut soucasny stav pozndni s dlirazem na aktualni nové
sméry vyvoje v této oblasti vyzkumu a v jeho kontextu jsou prezentovany vlastni vysledky
autora v podobé pfiloZzenych publikaci.



1. ABSTRACT

The presence of chemical substances in the environment is associated with a potential
for their transfer to the human body. Human exposure comes into consideration only if the
person is exposed to chemicals. This exposure transport has many naturally and actively
functioning barriers. However, if exposure occurs, the transfer of certain substances may
cause negative biological effects. To understand the principle of transport into the human
body, it is necessary to study the whole process of exposure in detail. The exact description
of the fate of toxicologically-relevant chemical substances in the environment is very
important, with an emphasis on the spatial and temporal variability of their occurrence and
identification of main parameters that have a dominant influence on the environmental
presence of chemicals. Other crucial influences are also the characteristics of the conditions
of exposure and subsequent evaluation of toxicokinetics. Thus, the exposure dose, its
distribution and the fate of chemicals in the human body significantly affects the possible
final biological effect. The prediction of potential health risks can be realised from detailed
data about exposure to an exact chemical substance and by use of present knowledge about
toxicodynamics (Calabrese, 2014). Therefore, evaluation of health risks is simultaneously a
method for interpretation of data about exposure.

These main approaches of evaluation, interpretation of exposure data for toxicologically-
important chemicals and the resulting potential health risk in the human population are
used in many studies in this author’s habilitation thesis. A list of
research activities of the group "Human Exposure Assessment | /‘\“ ﬂ |
and Risks" (HEAR) under the supervision of author is in the E"M mfe
following part:

- New methods of evaluation and interpretation of the occurrence and fate of hazardous
substances in the environment (soil, sediment, water, ambient air and foodstuffs).

- Evaluation of the proportion of exposure pathways and parameters on the total received
doses (dietary, inhalation and dermal exposure).

- Retrospective exposure assessment — the use of biomonitoring studies for retrospective
reconstruction of exposure (biomonitoring of breast milk in the human population in CR).

- The development of new methods for exposure assessment.

- Probabilistic risk prediction in human population.

- Targeted studies for refinement of exposure of selected chemical substances — SkinRISK
project (GACR) and use of these parameters for toxicokinetic (PBTK) models.

The most important scientific activities are further described in the following chapters in this

habilitation thesis. Here is summarised the current state of knowledge, with an emphasis on

current new developments in this field of research. The author’s own results are presented
in the attached publications, also in the context of the above-described research activities.



2. Uvod

V' minulosti bylo uvedeno na trh mnoho novych, mnohostranné vyuzitelnych
pramyslovych latek ¢i pesticidd (Holoubek et al., 2006), u kterych byly nasledné
identifikovany vyznamné negativni efekty a to jak na lidském zdravi, tak i na Zivotnim
prostredi (Jones and De Voogt, 1999). Mezi tyto latky patfi pfedevsim perzistentni organické
polutanty (POPs). Mnoho z nich v3ak jiz podléha globalni Stockholmské umluvé (SU), ktera
vstoupila v platnost roku 2004 (www.pops.int). Cilem SU je zdkaz, omezeni a pfipadné
regulace produkce, distribuce ¢i nakladani 26 chemickych latek, jejich metabolit(, isomerdq, Ci
soli. Napfiklad v poslednim roce 2015 byla na seznam zafazena skupina chlorovanych
naftalen(, hexachlorbudadien a pentachlorfenol. | kdyz je tato Umluva v platnosti jiz nékolik
let (od roku 2004), stdle Ize nalézt tyto latky v matricich Zivotniho prostfedi a také i ve
vzorcich v lidské populaci. Ceskd republika mda naptiklad ve srovnani s jinymi evropskymi
zemémi vyznamné vyssi hladiny PCB v matefském mléce i pfesto, Ze byla jejich produkce
zakdzdana jiz v roce 1984 (Fang et al., 2015; Holoubek et al., 2009; Malisch and Van Leeuwen,
2003).

Vyznamnou aktivitou SU je také kontinualni hodnoceni G&innosti vy$e zminénych opatfeni
na eliminaci vyskytu téchto latek v zivotnim prostredi (Klanova and Harner, 2013). Z této
aktivity plyne jeden z hlavnich cil@ SU, co? je snizovat u téchto latek celkovou chronickou
expozici v lidské populaci. Co nejpresnéjsi retrospektivni a prospektivni hodnoceni expozice
je tedy zcela zdsadnim a klicovym ndstrojem. V soucasné dobé je hodnoceni ucinnosti
opatreni realizovano formou monitoringu identifikovanych klicovych matric: materského
mléka v lidské populaci (Mike$S et al., 2012) a volného ovzdusi (Fiedler et al., 2013).
Monitoring vyskytu toxikologicky vyznamnych chemickych latek v hlavnich matricich
poskytuje uzite¢né podklady pro hodnoceni dlouhodobych trendl potenciadlni expozice
a z nich plynoucich rizik (Pfibylova et al., 2012; Roots et al., 2015, 2010).

Je nutné zdlraznit, Ze pfi aplikaci pristupu dvou klicovych matric je hodnocena
a interpretovana screeningové jen ¢ast moinych expoziénich cest (z hlediska SU jde o ovzdusi
a materské mléko). U volného ovzdusi se jednd o hodnoceni nabidnuté, externi expozi¢ni
davky pfi inhalaénim scénéfi (Cupr et al., 2013). V pfipadé matefského mléka se jedna
o hodnoceni interni expozi¢ni hladiny kojicich matek, coz je vysledek dlouhodobé celoZivotni
komplexni expozice (Ritter et al., 2009), ale bez primdrni znalosti hlavnich expozi¢nich cest
(Gyalpo et al., 2012). Proto je velmi dilezité smérovat vyzkumné aktivity i k ostatnim typim
expozice a vyvijet takové metody, které budou schopny tyto predikce zpresnovat a to jak
u prospektivnich, tak i retrospektivnich metod. Zpresfiovani odhadl dil¢ich vstupt
expozicnich cest pfispéje k identifikaci hlavnich zdroja téchto toxickych latek (napfriklad -
textil pfi dermalni expozici, dominantné pfi sportovni aktivité; ¢i konkrétni potravinova
komodita pfi dietarni expozici) a tim padem k mozZnosti ucinné omezovat zdravotni rizika pro
lidskou populaci (Banyiova et al., 2015).
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Zdravotni rizika pro ¢lovéka v podobé redlného vyskytu chronickych poruch a onemocnéni
je vsak trfeba davat do souvislosti nejen s environmentalnimi faktory (patfi sem zde
popisovana celoZivotni expozice chemickym latkdm - toxickym polutantiim), ale také do
souvislosti s genetickymi dispozicemi ve sledované populaci, socidlnimi a ekonomickymi
faktory, se starnutim a s celou radou dalsich faktord (Obrazek 1).

Srovnavaci studie genomu "genome-wide association studies" (GWAS) mohou
k vysvétleni pric¢in nékterych chorob vyznamnou mérou pfispivat, ale k vysvétleni incidence
a jejich trendu jako jediny zdroj informaci rozhodné také nestaci (Bogdanos et al., 2013).

kontaminace - znetisteni
_ vodnich zdroju "
kontaminace N ovzdusi...
pud °

uroven

navyky

zdravi
= RIZIKO
Zivotni Predikovana
styl interniexpozice
geneticka

predispozice metabolismus

Plice, L
gastrointestinalni trakt,
perkutannitransport

Obrazek 1 Prehled zakladnich faktor(, které mohou ovliviiovat celkovou interni expozici a vysledna rizika.

V poslednich letech se tedy pozornost védeckych studii pfesouvd od detailniho studia
jednotlivych faktor( ke studiu tzv. exposomu jako zaznamu celoZivotni expozice ¢lovéka od
jeho poceti po soucasnost. Velmi dllezitou slozkou jsou tedy vlivy jednotlivych faktord,
a také casovy vyvoj sily jejich vlivu v pribéhu expozi¢ni doby (Wild et al., 2013). Pojem
exposom ("exposome") poprvé pouzil Christopher Wild v roce 2005 (Wild, 2005). Tento
koncept je dale diskutovan a rozvijen v prednich védeckych casopisech (Mao and Wang,
2015; Slama and Vrijheid, 2015; Wild, 2011). Exposom lze chdpat jako komplexni vliv fady
faktor(, jako je znecisténi vnitfniho a vnéjsiho prostredi nebezpecnymi chemickymi latkami,
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ale i socialni prostredi, faktory Zivotniho stylu jedince, jeho metabolismus a stav stfevni
mikrofldry, vyZiva a fyzicka aktivita, odezva vlastniho téla na rlizné druhy zareni, hluk, infekci,
stres, nadmérné pozivani alkoholu nebo koureni (Vrijheid, 2014; Wild, 2011) (Obrazek 2).
Pfipadnd nerovnovaha nebo vyznamnad expozice nékterym z téchto faktor(i maze pfispivat ke
zvysSené zatézi jedince a v dlouhodobém horizontu tak zplsobovat celou fadu chronickych
nemoci a poruch, zvlasté u jedincl se zvySenou vnimavosti k urcitym stresorm (Wild, 2011).
Integrujici pohled na vyznamnost jednotlivych faktorl podilejicich se potencidlné na vzniku
chorob a zhodnoceni jejich vahy v rozvoji neurologickych, behavioralnich ¢i imunologickych
poruch mohou poskytnout dlouhodobé prospektivni studie.

V seznamu vsech faktort, které

General externa

Social capital, education,
financial status, psychological
and mental stress, urban—rural
environment, climate, etc

se jistou mirou podileji na
celkovém zdravotnim stavu lidské

populace, lze identifikovat dvé
hlavni skupiny: faktory externiho a
interniho prostredi (viz Obrazek 2).
Wild i Vrijheid ve svych konceptech

pecific externa
Radiation, infectious
agents, chemical
contaminants and
environmental pollutants,
diet, lifestyle factors (e.g.
tobacco, alcohol),
occupation, medical
interventions, etc

Internal

Metabolism, endogenous
hormones, body
morphology, physical
activity, gut microflora,
inflammation, lipid
peroxidation, oxidative
stress, ageing etc

jesté odliSuji v rdamci externiho

prostiedi  specifickou  skupinu
(Specific External Environment),
kam patfi ~ pravé  expozice
chemickych latkam (Vrijheid, 2014;
Wild, 2011). Do skupiny zakladnich Obrazek 2 Zakladni  schéma konceptu  exposomu.
externich  faktorl  pak patfi  zdroj: (Wild, 2012).

napfriklad socio-ekonomické

faktory, stres, klimatické vlivy, a podobné.

Na tomto misté je tedy nutné zdulraznit, Ze vliv environmentdlnich faktord v podobé
expozice chemickych latkdm je jednim z mnoha vyznamnych faktor(i celkového exposomu,
které je potrebné do budoucich védeckych studii zahrnout.

Tato habilitacni prace se zaméfuje na hodnoceni a interpretaci expozice chemickym
latkam (predevsim perzistentnim organickym polutantlim) a z nich plynoucich potencialnich
zdravotnich rizik v lidské populaci.

3. Metody hodnoceni expozice chemickym latkam

Nutnost detailnéjsiho hodnoceni expozice vychdzi z vysledki dlouhodobych
biomonitorovacich studii, které ¢asto identifikuji vysoké hladiny toxikologicky vyznamnych
chemickych latek ve vzorcich biomatric (Mikes et al., 2012) (Pfiloha 15).

Expozice je dle WHO definovana jako kontakt hodnocené chemické Ilatky s vnéjsSimi

hranicemi organismu takovym zplsobem, Zze mUlzZe dojit k jejimu vstupu do organismu a tim
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padem se mohou projevit jeji Skodlivé ucinky (Knudsen et al., 2011). Klicovym slovem v této
definici je kontakt. Expozi¢ni cestu tvofi 4 hlavni prvky. V prvni fadé je to zdroj
a mechanizmus uUniku hodnocené chemické latky. Dale pak pfijmové a transportni médium ci
média. Dulezitym prvkem je také misto moziného kontaktu clovéka s kontaminovanym
médiem a v neposledni radé i zplsob priniku do organismu vcetné jeho ¢asové slozky (délka
expozi¢ni doby) (Phillips and Moya, 2014).

Parametr, ktery nejvice charakterizuje expozici je pak vyslednd davka, ktera vyjadiuje
mnozstvi chemické latky, které skutecné vstupuje do organismu inhalaci, ingesci nebo je
v kontaktu s kdzi. Pokud jesté neprekroci hranice organismu, je definovana jako nabidnuta
davka (také v nékterych publikacich oznacdovana jako expozi¢ni ddvka). Po prekroceni
biologickych membranovych barier pak oznacujeme toto mnozstvi také jako vstfebanou
davku. Vstfeband davka je tedy mnoistvi chemické latky vstiebané jednotlivcem
v definovaném ¢ase (napfiklad v jednotkach ng.kg™.den™). Tyto déavky jsou pak ddleZitym
vstupnim parametrem pfi hodnoceni moznych zdravotnich rizik (viz kapitola 4).

Zdroje znetistujicich latek ’;\\ Samotny vyzkum v hodnoceni
pida, voda, ovzdusi potraviny, DA expozice chemickym latkdm Ize
PCP, materidly pitna voda " “

T R  gerfacniraranny ! Cx (o x Y

i dermadini :: inhalacni :: dietarni ," \ provadét v zésade dvéma

i1 expozice :: expozice ::i expozice iif \‘ metodickymi postupy (Frederiksen et

" Lasssssssssssss Esssssssssssssss® "sassssmssEEEmEs H 1

....... q":.""."."é";"""."""{."_"""“ ”1 \\‘ al., 2009) Prvni metodou je

| 1 \ P . -

ittt v \ hodnoceni expozice formou analyz

1 1 ]

i H \ . .s10 PR

| Externi expozice 9 ] ’,: \\ matric a materidlli, které jsou

] EI?:i-(;I-c-)-g-i;:-I;é v kontaktu s lidskym télem. Tyto

1 1 . 7 sz .

l____lfuf_e______PJIE? _______ E’T_r _____ 'bariery metody jsou také nazyvany jako
_I_ smime _'_-__{.:'___r_:_/r_ngr;b_ra_n-y hodnoceni externi expozice. Jde

E e 7 o takzvanou nabidnutou expozici.

1 1 1

i i ‘\ ’,' Druhym postupem je metoda

] LA ! retrospektivniho hodnoceni expozice

I I ‘ , LA ré .

! i ‘.‘ ! formou analyz miry kontaminace

I I , 3 - ” o . .

i ' '\ ,:' biologickych vzorkd, jako je krev,

1 , . H \ ! v s ; y

i ? Interni expozice i o materské mléko, moc, vlasy

| Méfenikoncentracilatek v krvi, i \‘ / a podobné (Cerna et al., 2015; Choi et

H vlasech, moci, matefském mléce, atd. 1 \ ,

i ! Vi al., 2015b). Jsou tedy vyhodnocovany

: i . . . . 1 \ ) .

_ Identifikace vsech vyznamnych expozic. H jako interni expozice.

Obrazek 3 Metody hodnoceni externi a interni expozice Obé metody cilené zpresniuji

(modifikovdno z plvodniho schématu Top-down a Buttom-up odhady pfispévkd k celkové expozici
Exposomic - (Rappaport, 2011).
za Uucelem vyhodnoceni moznych

zdravotnich rizik (Lu et al., 2014). Proto je ve vyzkumu velmi vhodné oba pfistupy vzajemné
kombinovat (Sharma et al., 2014) (Pfiloha 23).
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Tyto dva pristupy také popsal dalsi zakladatel konceptu exposomu Rappaport (Rappaport,
2011). Prvni z téchto strategickych metod oznacuje jako "bottom-—up", pfi které jsou
analyzovany nejdUlezitéjsi matrice: ovzdusi, voda, potraviny. Jedna se tedy o externi
expozici. Druhd z nich - "top—down" je adekvatni k metodé hodnoceni interni expozice.
V soucasnych védeckych studiich jsou pouzZivany oba dva typy oznaceni (Gyalpo et al., 2015).

Pro hodnoceni externi expozice ("buttom—up") je nutnd znalost transportniho
mechanizmu od zdroje aZ k biologické membrané prestupu (klZe, gastro—intestinalni trakt,
plicni epitel). Cim presnéji je tato cesta popsdna a charakterizovdna, tim je vystup z této
predikce expozice shodngjsi s realitou. Transport je také zavisly na mnoha faktorech, které je
nutné co nejpresnéji definovat pro zvolené expozi¢ni scénare. DalSim pouzivanym
konceptem pfi analyze externi expozice je pfistup nasazeni in vitro testl toxicity. Pfi tomto
pfistupu jsou vzorky expozi¢ni matrice aplikovany do testl toxicity in vitro. Vyhodou je, Ze
vysledek testli prezentuje komplexni biologickou odpovéd na vsSechny pfitomné chemické
latky a stresory. Testy jsou schopny reagovat na vysledek pripadnych synergickych, ci
antagonickych biologickych ucink( chemickych smési. Je ale nutné zdUraznit, Ze je zde
testovana kompletni nabidnutd davka, nikoli vstfebana - biodostupna davka. S timto
omezenim je vysledek také nutné interpretovat.

V pripadé hodnoceni interni expozice ("top—down") formou analyz miry kontaminace
biologickych vzork( je vystupem vyslednd koncentrace hodnocené chemické latky (i jejiho
metabolitu) v konkrétni téIni tekutiné, ¢i tkdni. Ta ale predstavuje aktudlni stav interni
expozice. Aby byl tento parametr pouzitelny pro spravné vyhodnoceni expozice, je zapotrebi
dostatecné charakterizovat vSechny déje, které maji na tuto vyslednou koncentraci vliv.
Jedna se primarné o procesy ADME: absorpce, distribuce, metabolismu a eliminace (Roberts
and Renwick, 2014). Na zdkladé rekonstrukce téchto procest Ize retrospektivné predikovat
plavodni chronickou denni expozi¢ni davku (reverzni dozimetrie) (Abass et al., 2013; Clewell
and Clewell Ill, 2008; Gyalpo et al., 2015; Ulaszewska et al., 2012). Cim presné&;jsi
parametrizaci téchto procest lze aplikovat, tim je predikovana expozi¢ni vstfebana davka
blizsi realité. Problematikou procest ADME se zabyva toxikokinetika (viz kapitola 3.2.1).

V ptipadé interni expozice by méla byt také hodnocena davka v cilovém organu. Jedna se
o integrované mnozstvi stresoru - chemické Iatky v cilovém organu v priibéhu urcitého ¢asu
(nutné odliSovat davku od koncentrace v cilové matrici). Navic biodostupna — biologicky
ucinna davka tvofi pouze cast celkové davky v cilovém organu (Loccisano et al., 2013).
U retrospektivniho posouzeni biodostupné davky v cilovém orgdnu jsou nezbytné nutné
znalosti procesi ADME véetné dulezité kinetiky transportu této latky.

Zvyctu vsSech hlavnich pfistupl je nutné také zminit metodu hodnoceni pomoci
biomarkert toxického efektu (¢i jinak nazyvané biomarkery biologicky uGcinné davky -
napriklad chromozomalni aberace perifernich lymfocytl, ¢i bukalnich bunék), které ale
principem spadaji do skupiny metod hodnoceni interni expozice (Rossner et al., 2013).
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3.1. Hodnoceni externi expozice

Hodnoceni expozice byva velmi ¢asto provadéno formou analyz matric a materiald,
u kterych lze predpokladat kontakt s lidskym télem. Hodnocenym parametrem externi
expozice ("buttom—up approach") je pak nabidnutd davka chemické latky. Vybér matric
a materidld je podminén fyzikdlné-chemickym parametriim chemické Ilatky a jejim
schopnostem transportu od zdroje aZ po misto kontaktu.

V rédmci procesu hodnoceni se provadéji screeningové predikéni vypocty expozice, tj.
prijatych davek a to podle zakladnich expozi¢nich rovnic specifickych pro jednotlivé expozi¢ni
scénare (Bartos et al., 2009; Cupr et al., 2013; Hayes and Kruger, 2014).

Zakladni rovnice pro vypocet chronického denniho pfijmu (CDI — chronic daily intake):

CDI=CxIRXET x EF x ED / (BW x AT)

CDI — chronicky denni pfijem (obecné pfijem) [napf. v ng.kg™.den™]

C —koncentrace dané latky v expozi¢ni matrici

IR —pfijmové rychlost (Intake Rate; napfiklad inhalace vzduchu vm’.hod™ dle
prevladajici fyzické aktivity participantd studie) (EPA, 2011)

ET - doba expozice (Exposure Time)

EF —frekvence expozice (Exposure Frequency)

ED -—trvani expozice (Exposure duration) [rok]

BW —vaha téla [kg]

AT —doba primérovani [den]

(Fjeld et al., 2007; Lopez-Roldan et al., 2015; Phillips and Moya, 2014)

Cilem predikce by mél byt odhad chronického pfijmu, tedy pfijmu, ktery podle
dostupnych informaci Ize dlouhodobé predpokladat (CDI).

V nasledujicich kapitolach jsou uvedeny pfiklady hodnoceni externi expozice chemickym
latkam s vyuzitim znalosti jejich osudu v prostredi.

3.1.1. Osud chemickych latek v prostiedi

Chemické latky oznacované jako perzistentni organické polutanty (POPs) jsou stdle
v centru pozornosti, protoze predstavuji rizika jak pro lidské zdravi, tak i pro ekosystémy
(Gevao et al., 2010; Jones and De Voogt, 1999; Konkel, 2014; Lohmann et al., 2001; Taylor et
al., 2013). Mezi nejdllezitéjsi kritéria kategorizace latek do skupiny perzistentnich
organickych polutantl jsou: perzistence v prostiedi, schopnost vyznamné bioakumulace,
potencidl "long—range" transportu (transport na dlouhé vzdalenosti) a navic maji tyto latky
toxikologicky vyznamné negativni efekty. Patfi mezi né nejen organochlorové pesticidy
(OCPs: napriklad p,p‘-DDT, hexachlorcyklohexan, hexachlorbenzen), polychlorované bifenyly
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(PCBs), ¢i polycyklické aromatické uhlovodiky (PAHSs), ale jsou to také prehodnocené latky,
jejichz evaluace byla provedena aZz na zdkladé nové;jSich védeckych studii.

Chemické latky, které jsou z rlznych zdrojli emitovany do prostredi, totiz dale podléhaji
nejriznéjsim transportnim a transformaénim procesim (chemickda ¢i fotochemicka
degradace, biotransformace, finalni biodostupnost atd.) (Klan et al., 2003). POPs se mohou
diky svym vlastnostem také kumulovat jak v abiotickych slozkach prostfedi, tak predevsim
v zivych organismech (v lidskych tkanich; jsou rozpustné v tucich). Navic u nich ¢asto dochazi
k dalkovému transportu pres ovzdusi do oblasti, kde se ani nepouzivaly ani nevyrdbély. Proto
je znalost téchto jeva dilezita pro korektni hodnoceni externi expozice v lidské populaci.

Proces evaluace novych kandidatskych POPs v soucasné dobé provadi tym mezindrodni
odbornikd v rdmci Vyboru pro hodnoceni POPs — POPRC: Persistent Organic Pollutants
Review Committee of the Stockholm Convention (Stockholm Convention, 2015). Za Ceskou
republiku je nyni ¢lenem vyboru pravé autor této habilitacni prace.

3.1.2. Inhalacni expozice

Pro hodnoceni externi expozice inhala¢ni cestou je velmi dllezZita znalost koncentraci
toxikologicky vyznamnych chemickych latek v ovzdusi. Koncentrace v ovzdusi jsou
ovliviiovany mnoha faktory prostredi. Za duleZité procesy kontrolujici hladiny semivolatilnich
latek v atmosfére jsou také povazovany procesy vymény na rozhrani pQdy a volného ovzdusi
(RuZickova et al., 2008). Intenzita tékani je ovlivnéna fyzikalné—chemickymi vlastnostmi
sledovanych latek (tlak nasycené pary, rozpustnost), mnozstvim a kvalitou organického
materialu, pisku a jilu v pidé, a také klimatickymi podminkami (Koblizkova et al., 2009)
(publikace — jejimZ vystupem je experimentalni stanoveni hodnot volatilizacnich tok{ pro
jednotlivé polutanty).

V ovzdusi pak dochazi k rozdélovani SVOC mezi jednotlivé slozky atmosféry v zavislosti na
teploté, dostupnosti prachové frakce a fyzikalné-chemickych vlastnostech jednotlivych latek
(Landlova et al., 2014; Radonic et al., 2009) (Priloha 19). Pravé tato distribuce POPs mezi
jednotlivé frakce volného ovzdusi je rozhodujici pro dalsi osud téchto latek, protoze na ni
zavisi doba jejich Zivota v atmosfére (rlzna degradacni rychlost ¢i uc¢innost suché a mokré
depozice) a tim padem i schopnost ddlkového transportu.

3.1.2.1. Vyznam atmosférickych ¢astic pro inhalac¢ni expozici

Pti inhalaci dochazi ke vdechovani nejen plynné slozky, ale také i prachovych ¢astic. Do
intenzivniho vyzkumu distribuce chemickych latek na razné velikostni frakce, ktery probiha
v poslednich letech, pfispél také autor této habilitace (Cupr et al., 2013; Degrendele et al.,
2016, 2014; Landlova et al., 2014; Novak et al., 2014; Okonski et al., 2014). V nasledujicim
textu jsou popsany cile a hlavni vystupy naSich studii, které pfispély klepSimu poznani
vyznamu atmosférickych ¢astic pro hodnoceni inhalacnich rizik.
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Pro zjisténi koncentrace latky v ovzdusi za ucelem vyhodnoceni inhalaéni externi expozice
Ize vyuzit jak aktivni, tak i pasivni typy vzorkovacu. Pfi vzorkovani by mély byt odebirany obé
slozky — plynnd frakce i prachové ¢astice (Bartos et al., 2009) (Pfiloha 9). Navic pfi vhodné
volbé odbérového zatizeni lze prachové castice pti odbéru separovat na diléi velikostni
frakce. To umoznilo v pfipadové studii (Cupr et al., 2013) provést separatni analyzy ai
6 velikostnich frakci: <0.49 um, 0.49-0.95 um, 0.95-1.5 um, 1.5-3.0 um, 3.0-7.2 um a 7.2-10
um (Priloha 18). Cilem této studie byla detailni analyza atmosférickych prachovych ¢astic
s aerodynamickym primérem mensSim nebo rovnym 10 um (PM10) a to pomoci nového
kombinovaného pristupu  gravimetrické, chemické, mineralogicko-morfologické
a toxikologické charakterizace rtznych velikostnich frakci typové odliSnych atmosférickych
Castic. Do plicnich alveol se totiz pfi inhalaci dostavaji predevsim jemné az ultrajemné Castice
(mensi nez PM2,5) (Oberdorster and Utell, 2002). Proto byly viechny vyjmenované analyzy
provedeny shodné na vSech velikostnich frakcich. Zamérem analyz bylo pfispét ke
komplexnimu poznani polétavého prachu, ktery se znacné podili na znecisténi atmosféry
a predstavuje potencialni zdravotni rizika pfi inhalaci (Kampa and Castanas, 2008; Rossner et
al., 2013). Soucdsti nasi studie byla také predikce celkovych pfijatych davek z inhalacni
expozice, vztazené k vysledkiim expozi¢nich koncentraci (metodika popsana v ¢lanku Cupr et
al.,, 2013). Finadlné pak byla vypocitdana pravdépodobnostni zdravotni rizika. Zvlast byly
hodnoceny dil¢i frakce a jejich podily k celkovym zdravotnim rizik(im. Vysledek jasné potvrdil
vstupni hypotézu, Ze nejvétsi prispévky do celkové pfijaté davky a tim i zdravotnich rizik byly
pravé u nejjemnéjsich frakci PM0.45 — PMO0.95. Bylo to také potvrzeno i nejvyssim pfimym
i nepfimym genotoxickym potencialem in vitro v této frakci (potvrzeny pritomné genotoxické
a pregenotoxické latky). Vysledek je ve shodé i s porovnavanymi hodnotami celkového
aktivniho povrchu frakci ¢astic, kde nejvétsi hodnoty povrch( jsou prdvé u ultrajemnych
frakci. Vyznamna zdravotni rizika byla aplikovanym modelem potvrzena ve tfech nejmensich
frakcich: tedy v <0.49 um, 0.49-0.95 pum, 0.95-1.5 um (PM1.5). Dal$im ptinosem publikace je
také podrobné popsana metodika, kterd je doporucena jako vhodny nastroj pro presnéjsi
charakterizaci moznych zdravotnich rizik z inhalaéni expozice v pripadé atmosferickych Castic
PM (viz kapitola 4).

V navazujici studii (Landlova et al., 2014) (Pfiloha 19) byly nase vysledky jesté vice
potvrzeny a to pomoci stejného planu analyz, ale na 6 vyrazné odliSnych lokalitach.
Z vysledk( studie jasné vyplynulo, Ze kromé analyz koncentraci polétavého prachu PM, jsou
velmi zdsadni chemické analyzy latek, které jsou na ném sorbovany. Dlkazem byly
hodnocené lokality s prokazatelné vyssimi hodnotami prasnosti PM10, ale s velmi nizkymi
hladinami chemickych latek. Ze vSech hodnocenych lokalit byla nejvice zatizenad mald obec
s prevladajicim vlivem lokalnich topenist na tuha paliva (bez plynofikace), coZ opét vyrazné
poukazalo na nejvétsi problém venkovskych regionli podobného typu. Tento vysledek byl
potvrzen i navazujici toxikologickou analyzou viech vzorka i dil¢ich frakci prachovych &astic
(jejich extrakty): testy aktivity dioxinového typu (dioxin-like aktivity test), test
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antiestrogenicity a test genotoxicity SOS chromotest with Escherichia coli PQ 37 (Novak et
al., 2014) (Priloha 20). Zakladni popis vyhod tohoto pfistupu je v kapitole nize (kapitola
3.1.2.2.).

Provedené studie byly dosud zaméreny hlavné na aktudlni popis rozdill mezi frakcemi
Castic, pfipadné mezi lokalitami. Proto byla provedena studie s cilem vyhodnoceni sezénnich
vlivli na distribuci chemickych latek na dilcich frakcich atmosférickych castic (Degrendele et
al., 2014; Okonski et al., 2014) (Priloha 24). Byly hodnoceny vzorky ze dvou lokalit (Brno -
Kotlarska a Telnice), kde odbéry probihaly aktivnimi kaskddovymi impaktory kontinualné cely
rok. Byla zjisténa velmi vyrazna sezonalita v distribuci PAHs, polychlorovanych dibenzo-p-
dioxin( a -furant (PCDDs/PCDFs) a dioxinim podobnych PCBs (Degrendele et al., 2014).
Vyrazna ¢ast téchto latek byla sorbovana na ¢asticich PMO0.95 (az 73%). Zdravotni inhalacni
rizika byla nejvyssi v zimnim obdobi se zvysenymi emisemi z lokalnich topenist a pfedevsim
v inverznich meteorologickych situacich (az 40 x vyssi rizika nez v letnim obdobi) (Degrendele
et al., 2014). Studie potvrdila zasadni pfinos aplikace kaskadovych impaktorl pro odbéry,
analyzy a naslednou interpretaci potencidlnich zdravotnich rizik zinhala¢ni expozice
v oblastech, které jsou zatizené atmosférickymi ¢asticemi.

3.1.2.2. Vyuziti pasivnich vzorkovacu

Pasivni vzorkovani je dalsi alternativni moZnosti pro dlouhodoby monitoring vyvoje
expozi¢nich hladin polutantd v ovzdusi. Tato konstrukéné jednoducha zafizeni mohou byt
pouZita na celé radé lokalit soucasné v kontinudlnim designu studii. Pasivni vzorkovace
ovzdusi (PAS) poskytuji informaci o dlouhodobé kontaminaci vybraného mista a mohou byt
pouzity jako screeningovd metoda pro semikvantitativni srovnani rliznych lokalit s vyhodou
malé citlivosti ke kratkodobym ndhodnym zménam koncentrace polutant(i (Klanovad and
Harner, 2013). Velkou vyhodou je moZnost vyuZiti téchto vzorkovacli i ve vzdalenych
a nepfistupnych oblastech, protoZze nejsou zavislé na zdroji energie ani nevyzZzaduji
pfitomnost obsluhy. Jsou také vhodné v dlouhodobych monitorovacich programech, které
jsme realizovali v ramci Evropy (Pfibylova et al., 2012; Roots et al., 2010) (Pfiloha 17, 14) a ve
vybranych zemich v Africe (Kldnova et al., 2009b) (Priloha 10), kde mohou poslouzit
k identifikaci / charakterizaci primarnich a sekundarnich zdroji a transportu kontaminantd
v jednotlivych regionech a mezi nimi (Cupr et al., 2015a, 2015b).

Jiné studie s PAS jsou zaméreny na hledani pricin vyskytu expozi¢nich koncentraci. Slouzi
ktomu napfiklad kombinace metody hodnoceni hlavnich komponent (PCA- principal
component analysis) nebo shlukové analyzy (cluster analysis), které jsou aplikované na
matice koncentraci. Porovnavaji se s dostatecné charakterizovanym referenénim otiskem
typickych zdroja (Stafilov et al., 2011). Studie prinasi praktické popisy postupt a nastrojd, jak
tyto zdroje identifikovat, i alespon kategorizovat, véetné podrobného vyctu jejich nejistot
a omezeni (Dvorska et al., 2012a).
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Problematika prepoctl vysledkd pasivniho vzorkovani ziskanych ve formé hmotnosti
polutantu na vzorkovacim médiu za ¢asové obdobi (ng/PUFdisk za expozicni ¢as) na vysledky
v jednotkach v ng.m™ a jejich zavislosti na konkrétnich parametrech je fesena v nékolika
védeckych studiich (Kldnova et al., 2008; Markovic et al., 2015) (Pfiloha 8). V soucasné dobé
je finalizovana publikace, ktera pravé hodnoti vSechny detaily postupu prepoctd véetné jejich
nejistot (v pfipravé). Tento popis je i soucdsti certifikované metodiky pasivniho typu
vzorkovani volného ovzdusi (Cupr et al., 2015a).

Pasivni vzorkovani Ize také vyuzZit ke screeningovému hodnoceni inhala¢ni expozice a z ni
plynoucich zdravotnich rizik, coZz jsme aplikovali v nékolika naSich studiich (Bartos et al.,
2009; Klanova et al., 2007) (Pfiloha 9 a Pfiloha 6). Zasadni vyhodou PAS je pravé moznost
dlouhodobého monitoringu vyvoje expozice a predikovanych rizik. Tento typ vzorkovace na
bazi polyuretanové pény (PUF - z bilé, nebarvené polyuretanové pény o hustoté 0,030 g.cm>,
zpéhiované bez pfidavku mletého vapence - typ T 3037, vyrobce Molitan, a.s., CR; kruhovy
tvar, tloustky 15 mm a prdméru 150 mm.) lze vyuZit nejen pro venkovni, ale také i pro vnitini
prostfedi (Bohlin et al., 2014) - viz nasledujici kapitola 3.1.2.3.

Nas tym v poslednich letech realizoval projekt vybudovani narodni monitorovaci sité pro
dlouhodobé kontinudlni sledovani perzistentnich organickych polutanti (POPs) ve volném
ovzdudi Ceské republiky metodou pasivniho vzorkovani (Cupr et al., 2015b). Tato
monitorovaci sit je realizovana s vyuZitim téchto vzorkovacl tak, aby poskytovala data
a vystupy vhodné pro hodnoceni prostorovych a ¢asovych trend(i vyskytu POPs v ovzdusi CR
a poskytovala podklady pro plnéni zdvazki mezinarodnich smluv k chemickym latkdam
(Stockholmska uUmluva o POPs & Umluva o dalkovém pfenosu zneéistovani ovzdusi
prekracujicim hranice statd). Monitorovaci sit nyni zahrnuje 32 lokalit. Odbéry jsou
realizovany dle nové publikované certifikované metodiky (Cupr et al., 2015a). Na Obrazku 4
je ukdazka ze souboru map casovych a prostorovych trendd koncentraci hodnocenych
chemickych latek ve volném ovzdudi v CR (Cupr et al., 2015b). Viechny mapy jsou dostupné
na webovych strankach této monitorovaci sité (monet.recetox.muni.cz) véetné certifikované
metodiky (Cupr et al., 2015a) a data jsou vefejné pfistupna na nasem portalu GENASIS
(www.genasis.cz) pfimo pres mapovou interaktivni web aplikaci.
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Obrazek 4 Casové a prostorové hodnoceni koncentraci sumy DDXs (DDT a jejich metabolitdl; ng/PUF disk) ve volném ovzdusi, méfené pomoci pasivniho vzorkovani kontinuainé
v obdobi 1/2006 - 6/2015 (bod v grafu odpovida jedné odbérové kampani v délce 28 dni) (Cupr et al., 2015b).
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PAS vzorkovace byly také Uspésné pouzity v kombinaci s rozptylovym modelovanim
(Sanka et al., 2014) (Pfiloha 21). Cilem studie byl ndvrh a ovéreni nového ndastroje pro
hodnoceni zatéZze volného ovzdusi v situaci, kdy jsou v hodnoceném regionu dostatecné
znamé zdroje znecisténi. Na vybranou oblast mésta Liberce a okoli byl aplikovan rozptylovy
Gaussovsky model. S vyuzitim databaze znecistujicich zdroji REZZO (Registr emisi a zdrojl
znedisténi ovzdusi) a meteorologickych charakteristik oblasti byly namodelovany
predikované koncentrace vybranych PAHs (viz Obrazek 5).

Obrdzek 5 Koncentrace
BaP (benzo(a)pyren)
v Liberci a okoli,
vypocitané rozptylovym
modelem SYMOS'97 (a)
pro zimni obdobi a (b)
pro letni obdobi (Sarka
et al, 2014). Na
lokalitach (bilé terce)
bylo pomoci
dlouhodobého

kontinudlniho

a)

vzorkovani  provedeno

porovnani s modelem. BAP concentrations [ng.m’] Q Phibale
C I - reorroeds ol "
———— ee—
001 002 003 005 01 02 03 05 1andmore urban areas

Casovy vyvoj modelovych predikci pak byl porovnan s vyvojem skuteéné vzorkovanych
lokalit pomoci techniky PAS. Odbérové lokality byly totiz soucasné v bodech referen¢ni sité
rozptylového modelu. Vystupem publikace je kromé srovnani a jeho zdlvodnéni také
podrobny ndvod jak tento novy nastroj pouzit (Sanka et al.,, 2014). Velmi Casto se totiz
v redlu pouZzivaji pro zhodnoceni imisnich koncentraci polutantd jen rozptylové modely. CoZ
je pro spravny odhad expozice nedostatecné. Proto je pro takovéto situace velmi vhodné
soucasné poufZiti i pasivnich vzorkovacl a nastroja GIS (Geograficky informacni systém).

Dalsi metodou pro zhodnoceni vyvoje expozi¢nich hladin POPs v ovzdusi je vyuziti jehlici
jako pasivni vzorkovace (Ratola et al., 2011). POPs jako skupina latek s nizkou rozpustnosti ve
vodé a vysokym rozdélovacim koeficientem n-oktanol-voda ma tendence se akumulovat
v lipidech, coZ zahrnuje i voskovou vrstvu na povrchu jehlic. Ta pasivné sorbuje POPs
z atmosféry po dlouhou dobu a Ize tedy jehli¢i vyuZzit jako pasivni vzorkovac ovzdusi. V nasi
studii (Kldnova et al., 2009a) jsme se zaméfili na porovnani vysledkd koncentraci z povrchu
jehlic borovice a paralelné provadénych odbér( ovzdusi aktivnimi vzorkovaci na lokalité
KosSetice (pozadova stanice EMEP). Vysledky potvrdili pouZitelnost metody PAS pro
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dlouhodobé hodnoceni ¢asovych trendud vyvoje kontaminace ovzdusi (Klanova et al., 2009a)
(Pfiloha 11).

Metodu pasivniho vzorkovani jsme dale aplikovali i ve vysokohorskych oblastech Velké
a Malé Fatry, Vysokych a Nizkych Tater v ramci naseho projektu Needle-Net. Jako indikac¢ni
druh jsme zvolili kosodfevinu a jejich jehlice (Pinus mugo Turra.). Vyhodou tohoto druhu je,
Ze u ného lze odebirat 1. az 5. rocnik jehlic (jehlice opadavaji az koncem patého roku).
V pripadé borovice lesni to jsou pro porovnani vétSinou jen maximalné tfi roky expozice.
Publikace nasi nové studie byla pfijata v ¢asopisu Ecological Indicators (Chroperiova et al.,
2016). Velmi zajimavym vystupem studie byly zjisténé vyznamné vyssi hladiny
perfluorovanych sloucenin (PFC) v oblasti, kde jsou lyzarska strediska. Tyto latky byly totiz
drive pouzivany do lyZzarskych voskul ¢i sportovnich textilii (typu GORE-TEX®) z dlivodu velmi
vhodnych vlastnosti odpuzovat vodu a pfipadnou Spinu (Freberg et al., 2010). Na zakladé
vysledk( projektu Needle-Net byla v roce 2015 provedena nase navazujici studie v Norsku,
ktera nova zjisténi méla potvrdit i v jinych oblastech. Odbéry a analyzy jehlic tento vyskyt PFC
latek v okoli lyzafskych center potvrdil. Ale poméry dil¢ich perfluorovanych latek
v analyzovanych vzorcich v Norsku byly vyrazné odliSné od vzork(i ze Slovenska. Tyto
prekvapivé vysledky jsou nyni zpracovavany do publikace.

3.1.2.3. Inhalacni expozice ve vnitfnim prostredi

Ve vnitfnim prostredi lidé travi az 90 % casu (Ma and Harrad, 2015; Schweizer et al.,
2007). Proto je hodnoceni vyskytu koncentraci nebezpeénych chemickych latek ve vzduchu
ve vnitfnim prostfedi zasadni v hodnoceni celkové expozice Clovéka. | kdyZ byly jiz mnohé
latky legislativné zakazané (vyroba, aplikace do vyrobk(), stale se mohou vyskytovat
v plivodnich materidlech pravé ve vnitinim prostfedi (napfiklad FR — flame retardants -
zhasece horeni). Z nich se pak mohou uvolfiovat do prostfedi. Studium téchto emisnich
potenciall patfi k velkym prioritdm vyzkumu (Ma and Harrad, 2015).

Ve vnitfnim prosttfedi jsou navic sorpéni materidly, které mohou fungovat jako rezervoary
chemickych latek a mohou tedy zpUsobovat sekundarni emisi. Vnitfni prostiedi navic zvysuje
perzistenci nékterych latek z dlivodu velmi limitovaného primého slunec¢niho svitu (bez UV
degradace). Navic zatepleni budov a omezend ventilace miZe ve vnitfnim prostredi
vyznamné zvySovat koncentrace nebezpecnych latek. Koncentrace mnoha semivolatilnich
latek ve vnitinim prostredi mohou byt i nékolikanasobné vyssi nez ve venkovnim prostredi
(Bohlin et al., 2014; Rudel et al., 2010; Zhang et al., 2011).

Pro studie hodnoceni vyskytu vybranych SVOC latek ve vnitinim prostfedi jsme poutzili
pasivni vzorkovace PAS. Vystupem je publikovany detailni popis metodiky PAS pro vnitini
prostfedi véetné sprdvného vybéru expozicni doby PUF filtru, vyslednych vzorkovacich
rychlosti a to vzdy pro kazdou chemickou latku (Bohlin et al., 2014) (Pfiloha 22). Jsou zde
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také detailné kvantifikovany nejistoty s predikci zdravotnich rizik, které jsou s touto metodou
spojeny.

Kromé pasivnich vzorkovacu lze pro zjisténi koncentraci ve vzduchu vnitiniho prostredi
samoziejmé pouzit aktivni typy vzorkovacll. Tento pfistup jsme zvolili ve studii hodnoceni
koncentraci DDT a jejich metabolitl ve vnitfnim prostifedi v Omanu. DDT tam bylo totiz velmi
intenzivné pouZzito pro postfik vnitiniho prostredi proti malarii a to v letech 1976 az 1992.
Z analyz odebranych vzork( (v roce 2005) jsme identifikovali, Ze i po vice nez 15 letech od
posledni aplikace DDT jsou koncentrace ve vnitfnim prostiredi stdle vyznamné vysoké —
predstavujici potencialni zdravotni rizika (Booij et al., 2016) (Pfiloha 28). Vzhledem
k pomérné dobré evidenci pouZziti postfikl s DDT a svyuzitim cileného designu studie
s vybérem rdzného stari aplikace (12 domacnosti ve tfech regionech), bylo mozné provést
zpétny odhad region-specifickych polocasi Zivota ve vnitinim prostredi (t1/2; half-lives).
Model vyuZivajici region-specifickych polocasti jsme pak vyuZili k predikci koncentraci ve
vzduchu vnitfnich prostfedi hodnocenych lokalit vsoucasné dobé (tedy pro rok 2015).
Zdravotni rizika plynouci z prospektivné predikovanych koncentraci byla jiz na
akceptovatelnych hladinach. Prezentovany model/pfistup lze metodicky doporucit a
aplikovat i v jinych regionech, ve kterych se DDT pouZivalo.

Velmi specifickou skupinou je také hodnoceni expozice
na palubé letadel (Allen et al., 2013) - viz Obrazek 6. Vnitini
vybaveni letadel musi vyhovovat striktnim poZadavkim
bezpecnosti v pripadé pozarld. Proto mnoho materiall

obsahuje velmi vysoké hladiny zhasec horeni. Lze tedy

predpokladat, Ze expozice v pfipadé delSiho pobytu na Obrazek 6 Paluba letadla muize
predstavovat vyznamny zdroj pro
expozici FR (flame retardants) —
byla potvrzena pro pfipad bromovanych difenyletherl zdroj: (Allen et al., 2013).

palubé letadla mliZze byt vyznamna. Tato vstupni hypotéza

(BDEs). Hlavni hodnocenou matrici byly prachové Castice.

Na celkovych pfijatych davkach se v pfipadé vnitfniho prostifedi ovSsem podili nejen
inhalacni cesta, ale také prijem prachu ordlni cestou (kontaminace potravin a vody, "hand to
mouth behavior"), a dermalni kontakt s prachovymi ¢asticemi, ¢i s materidlem, ktery mGze
predstavovat zdroj uvoliiovanych chemickych latek (Booij et al., 2016). A pravé identifikace
vyznamu a kvantifikace téchto dil¢ich expozi¢nich cest ve srovnani s inhalaci a také celkovym
expozi¢nim prijmam patfi k doporucovanym smérdm poslednich védeckych studii (Ma and
Harrad, 2015).

3.1.3. Dietarni expozice

Dietarni expozice hraje v celkovém chronickém dennim pfijmu mnoha latek velmi
vyznamnou roli (Choi et al., 2015a). Pro co nejpresnéjsi predikci dietarniho expozi¢niho
pfijmu je kromé koncentraci v potravinach také dulezity vstupni parametr spotieby
potravinovych komodit (Dvorskd et al., 2012b) (Pfiloha 16 — popis parametr(, rovnice
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pfijmu). Monitoring potravnich fetézcli je vtomto ohledu nenahraditelny zvlasté u latek,

které nemaji legislativné Exposure doses : Hexachlorobenzene (ug/kg b.w./day)
(models according to the food guide pyramide)
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monitoringu vybranych chemickych Iatek v potravinovych komoditach, jsou také provadény
bakteriologické a mykologické analyzy. Cilem MDE je odhad priimérné expozice populace CR.
Ktomuto odhadu jsou vyuZity pravé zjisténé pramérné hodnoty chemickych latek
v potravinach a jejich dil¢ich komoditach, a také jejich doporucené denni davky (takzvany
model potravni pyramidy, ktery vychazi z doporucenych davek potravin); (Ruprich et al.,
2011; SzU, 2012). Vysledky jsou pravidelné publikovany ve formé grafli dlouhodobych
trendl pro hodnocené latky (viz ukazka: Obrazek 7 a 8).
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Pro specifické pripady lze tento pfistup také doplnit modelovanim prestupl
z kontaminovanych puad do rostlin a jejich plodl (Mikes et al., 2009) (naptiklad pfi dobré
znalosti kontaminace pud). Z nasi studie plyne, Ze pro transport z kontaminované zeminy do
plodin hraji také velkou roli resuspendované pldni ¢astice, které ulpivaji na listech plodin (ve
studii byly pouzity salat a fedkvicka).

K velkym nejistotdm metod modelovych vypoctd dietarni expozice patfi nedostatek
exaktné stanovenych prestupl latek z pfijatych potravin do krevniho obéhu. Vyzkumna
skupina autora habilitacni prace aktualné vyviji nové, zpfesnujici experimentalni metodiky
prestupu pres gastrointestinalni trakt - GIT (Partykova, 2015). Cilem je vyuzit inovované
postupy k experimentalnimu stanoveni toxikokinetickych koeficientl pro GIT.

3.1.4. Vyuiiti pfistupu testovani toxickych efektt

Vzhledem ktomu, Ze v nabidnuté davce pii expozici je velmi komplexni smés mnoha
chemickych latek, neni v soucasné dobé moziné chemickou analyzou determinovat viechny
tyto stresory. Jsou postupné identifikovany nové a nové skupiny latek, které by mély byt
dlouhodobé monitorovany pro svoje vyznamné toxikologické efekty (Lammel, 2015). Proto je
v tomto sméru velmi vhodné doplriovat chemické analyzy i biologickymi testy in vitro na
odebranych vzorcich, které predstavuji velmi komplexni smés chemickych latek (Bartos et al.,
2006, 2005; Cupr et al., 2013, 2005; Flegrova et al., 2008, 2007; Novak et al., 2014; Skarek et
al., 2007a, 2007b).

Mezi jedny z vyznamnych typl efektl patfi schopnost nékterych latek interagovat
s bunécnou DNA. Vysledkem expozice, mize byt poSkozeni DNA v burice. To lze predikovat
s vyuZitim progresivnich metod hodnoceni genotoxického potencialu. Pfi interpretacni
syntéze vsak plati striktni zasada akceptovani vyznamnych vlivli predikénich nejistot. Metody
vyuzivaji experimentdlni toxikologii pro odhad ucinkG adekvatnich realnych vzorkd
expozi¢nich matric na testované biologické modelové systémy in vitro (prokaryotické Cci
eukaryotické bunécné linie). Test genotoxicity lze definovat jako detekcni systém, ktery
umoziuje na zakladé interakce studovaného faktoru a biologického systému provést
kvalitativni i kvantitativni hodnoceni jeho genotoxického potencialu.

Vsouc€asné dobé existuje velké mnoiZstvi dostupnych testll genotoxicity. DuleZity
pozadavek je, aby bylo moZné provést testy velmi rychle po Upravé vzorku a pokud mozno
s co nejmensimi naklady a nejmensi spotfebou primarniho vzorku. Velmi progresivnim je test
na principu indukce SOS reparace v dusledku interakce mezi genotoxickymi faktory a DNA
(Anjum and Krakat, 2015; Kovats et al., 2013). Indukce SOS reparace je detekovana
s vyuzitim specifickych reportérovych gen( jako je naptiklad gen pro B-galaktosidazu (/ac-2).
Podléhaiji stejné kontrole a jsou spolecné prepisovany s din geny SOS systému (pf. recA, sfiA,
sulA, umuC) v podobé fuzniho genu, promotor SOS genu::reportérovy gen (M. Abdel-Massih
et al.,, 2013) - Obrdzek 9. Fuzni gen sulA::lacZ je umistén v plazmidu spolecné s genem
zajistujicim rezistenci k ampicilinu. Pokud tedy u buriky ndhodou dojde ke ztraté toho
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plazmidu, bunka v pfitomnosti antibiotika neprezije. Tento antibiotikovy tlak udrzuje kulturu
v plvodni kvalité a navic eliminuje moznost nechténé kontaminace pfi nedokonalé aseptické
praci pfi testu. Podstatu indukce pozitivni odpovédi Modd SOS regulainiho systému

detekéniho systému lze shrnout do sledu nékolik
krokl. V dasledku genotoxického zasahu (poskozeni

DNA) je spoustén SOS reparacni systém (Biran et al.,
2010). Hlavni kontrolni ulohu v aktivaci systému hraji

produkty SOS gen( lexA a recA. LexA gen koduje

. .. . . , poskozeni akumulace
protein s represorovou aktivitou. Protein je vazan ve LexA represoru
specifickych mistech promotorové casti nékterych induulic

o . ’ v , pokles (n'ovné
SOS gend, a tak blokuje cely SOS reparacni systém. aktivovaného RecA
Avsak genotoxickym efektem je odstartovan prepis
. . . . , akti"ace_RecA pokl_es qrm-né
recA genu, ktery umoznuje aktivaci specifické protelnu signilu
protedzy, kterd Stépi represor lexA a umoznuje rozétépeniLexA |
v .. ., ° .. v , represoru reparovani DNA
prepis jednotlivych SOS gen( a tedy spusténi celého I 4
SOS reparacniho systému. Extracelularni GlON

S % + % DNAar_eigzrate

produkovana R-galaktosidaza pak kvantifikuje miru SOS funkce

genotoxického efektu. Vysledkem je aktivace déjd, @% o~

RecA
které nasledné vedou k c¢astecné ¢i uplné opravé @$ NTf
poskozené DNA. Pfipadny cytotoxicky efekt se musi TecA TesA | >20 cilofyeh gemn

v , s , recA, lexA, wrAB.C.D, ssb, ruv, recB,C, recF, rec, mmC.D,
sledovat paralelné pomoci detekce extracelularni

alkalické fosfatazy. Obrazek 9 Model SOS reparacniho
systému pfi poskozeni DNA bunky.

VysSe uvedené testy genotoxicity jsou z hlediska svych vlastnosti velmi vhodné pro
screeningové hodnoceni genotoxického potencidlu vzorkd nabidnuté expozice. A to nejen
pro testovani Cistych chemickych latek (viz naSe realizovana studie na skupiné azaaren(
(Bartos et al., 2006) (Priloha 3), ¢i na potencidlni genotoxicitu toxafenu (Bartos$ et al., 2005)
(Priloha 1). Autor této habilitacni prace aplikoval tyto testy genotoxicity v mnoha studiich
s cilem screeningové identifikovat vzorky, u kterych Ize predpokladat vyznamnéjsi
pritomnost genotoxicky aktivnich latek v celkové smési. Poprvé s vyuzitim extraktl vzorkd
PAS byly tyto testy pouzity v nasi studii kvality ovzdusi na 20 lokalitdch méstské aglomerace
(Cupr et al., 2006) (Ptiloha 4). Paralelné k chemické analyze hladin POPs v jednotlivych
vzorcich volného ovzdusi byla vyuZita Escherichia coli (fuzni gen sulA::lacZ) v testu
genotoxicity a podrobné studovan vztah davka - odpovéd. V fadé vzork( byla detekovana
pfima mutagenita a statistickd analyza ukazala vyznamnou korelaci mezi pozorovanymi
biologickymi efekty a mirou kontaminace formou koncentraci sumy PAHs (viz Obrazek 10).
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Obrazek 10: Prostorova prezentace relativniho genotoxického potencidlu RGTU (RGTU = [1/MGC]*100); 11
vzork( z 20 vykazovalo statisticky vyznamny genotoxicky potenciél) (Cupr et al., 2006).

27



DuleZitym smérem vyvoje hodnoceni mozného poskozeni DNA v exponovanych bunkach
predstavuje dalsi soubor testl na eukaryotickych burikach - tzv. Comet assay (dale jiz CA). CA
nebo také Single-Cell Gel Electrophoresis (SCGE) je metoda pouzZivana ke stanoveni
poskozeni DNA na urovni jednotlivych eukaryotickych bunék. Je velmi rozsitend predevsim
pro biomonitoring a genotoxické studie (Forchhammer et al., 2010). Nazev Comet assay
souvisi se vzhledem buriky s poskozenou DNA, kterad pfi elektroforéze migruje smérem
k anodé a tim vznikd , ocas“ komety (Obrazek 11). Princip této metody spociva v tom, Ze
genotoxické latky zpUsobuji poskozeni a zlomy na DNA. Takovd DNA se zlomy je potom
nabitd. Kdyz jsou bunky imobilizovany a poté lyzovany, tak pfi elektroforéze DNA se zlomem
migruje z bunécného obalu smérem k anodé, coZz se po obarveni pfisluSnym barvivem
zobrazi jako ,kometa“. DNA bunék bez zlomU nenese Zadny ndboj, a proto zlstava
v bunécném obalu, ktery se poté zobrazi jako neposkozend, celistvd bunka (Azqueta and
Collins, 2013).

NejvétSimi vyhodami CA oproti ostatnim metodam stanovovani genotoxicity chemickych
latek jsou rychlost, stanoveni na urovni jedné bunky a moZnost pouzZivat velké spektrum
i lidskych bunék (Kang et al., 2013), coZ prindsi vyrazné lepsi interpretaci vysledkd. Lze
aplikovat pfistup in vitro — poutziti extraktl vzork( externi expozice (napt. extrakty vzorku
ovzdu$i na bronchidlni buriky) a nebo pfistup in vivo — izolaci bunék ze vzorkl interni
expozice pfimo od hodnocenych participantl studie (napfiklad izolované periferni lymfocyty
nebo neinvazivné ziskané bunky z bukalnich stérd) (Bolognesi and Fenech, 2013). Pro
hodnoceni poskozeni DNA in vivo lze pouZit i test frekvence mikrojader (micronucleus test),
test chromosomalnich aberaci ¢i vymén sesterskych chromatid v provedeni high-throughput
biomonitoringu (vysoce vykonné screeningové metody) (Balamuralikrishnan et al., 2014;
Rossner et al., 2013; Rossnerova et al.,, 2011; Schunck et al.,, 2004). Pravé i ktémto
pfistuplm vyzkumu interni expozice in vivo sméfuje tym autora této prdace (viz dalsi detail
v kapitole 3.2.2.).

V poslednich letech je také vyzkum intenzivné smérovan k vyuziti in vitro dat pro in vivo
extrapolaci QIVIVE (quantitative in vitro to in vivo extrapolation) (McNally and Loizou, 2015;
Meek and Lipscomb, 2015; Wilk-Zasadna et al., 2014; Yoon et al., 2015, 2012). Zasadni roli
v extrapolaci hraje dikladna znalost vSech ¢tyr procesti ADME pro dil¢i hodnocené chemické
latky. Pomoci toxikokinetiky Ize pak predikovat koncentracni hladiny latky v cilovém organu
(zde se jiz ale jednd o hodnoceni interni expozice). Pokud vSak nejsou k dispozici
experimentalné stanovené toxikokinetické parametry, Ize je pro ucely QIVIVE extrapolace
odvodit napfriklad pomoci QSAR pfistupu (Quantitative structure—activity relationship). Pro
vstupy do QIVIVE se vSak opravnéné preferuji experimentalné ovérené hodnoty.
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Obrazek 11: Schéma optimalizovaného pracovniho postupu Comet assay (Hlozkova, 2015).
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3.1.5. Dermalni expozice

Dermalni expozice predstavuje dal$i moZnou transportni cestu chemickych latek do
lidského organismu. V mnoha studiich je jeji vyznam nesprdavné zanedbavan (Kalantzi and
Siskos, 2011). Toto podhodnocovani plyne znedostateénych znalosti mozné kinetiky
transportu a to predevsim ve specifickych scénafich. V poslednich védeckych studiich je
zpfesfiovani vyznamu dermalni expozice zdlrazriovano a oznacovano jako jeden z prioritnich
smérd vyzkumu (Banyiova et al., 2016, 2015; Rostami and Juhasz, 2011).

3.1.5.1. Zakladni principy dermalni absorpce

Dermalni / perkutanni absorpce je termin, vyjadfujici komplexni proces prestupu
chemickych latek pres kdzi (Huong et al., 2009; WHO, 2006). Sklada se z nékolika fazi, které
jsou vzdjemné propojené. Penetrace predstavuje vstup latky do dané kozni vrstvy, Ci
struktury. Permeace je prestup zjedné vrstvy do druhé, kterd je strukturdlné a funkcné
odlisna od té prvni. Resorpci je pak nejc¢astéji oznacovan proces vstupu latky do vaskularniho
systému lidského organismu (Huong et al., 2009).

Prestup latky kGzi mUzZe probihat tfemi zakladnimi cestami (Chilcott and Price, 2008): a)
folikularni cestou (do tohoto typu transportni cesty radime i cestu potnimi Zldzami), b)
intracelularni cestou (mezibunéénou) a c) intercelularni cestou (transcelularni) — viz
nasledujici schéma (Obrazek 12).

2 7 N L e & o’ < £~

Obréazek 12: Schéma zndzorriujici strukturu kdZe s vyznacenim tfech zakladnich cest transportu chemickych
latek po dermalni expozici: a) folikularni (véetné cesty potnimi Zlazami), b) interceluldrni cesty vstupu (tento
mezibunéény transport patfi mezi nejvyznamné;jsi) a c) intracelularni prestup (Chilcott and Price, 2008). Cast
zakladniho obrazku koZniho fezu byla pfevzata (BASF, 2013). Detailni popis lidské klzZe je v praci Katariny

Banyiové (Banyiovd, 2012) a (Atkinson et al., 2015; Mathes et al., 2014).
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Pokud latka dokaze pronikat z lipofilniho prostredi kozni mazové Zlazy (folikuldarni mazové
Zlazy) do hydrofilniho prostfedi pokozky, lze u latky predpokladat vstup do vaskularniho
systému (Chilcott and Price, 2008).

3.1.5.2. Expozi¢ni parametry pfi dermalnim transportu

V této kapitole jsou struc¢né uvedeny moziné postupy hodnoceni dermalni expozice.
Klicova je predevsim co nejvétsi znalost nabidnuté externi expozi¢ni koncentrace v matrici,
se kterou je lidské télo v kontaktu. DalSim duleZitym expozi¢nim parametrem, vstupujicim do
vypoctu chronického denniho ptijmu pfi prestupu pres klzi je celkovy exponovany povrch
ktze a koeficient permeability Kp praniku kazi (cm.hod™?) — tedy konstanta specificka pro
kazdou hodnocenou chemickou latku.

Prestup chemickych latek klzi se pokladd obecné za pasivni diftzni proces, ktery se fidi
dle Fickova zdkona: tok latky membranou, kterd je limitujicim faktorem pro rychlost
prestupu, je pfimo umérny rozdilu koncentraci na rGznych stranach membrany:

J=-D x (6C/6x),
kde J je tok (Flux, g.cm™?.h™), D je difuzni koeficient, 6C je rozdil koncentraci na riznych
stranach membrany (g.cm™) a 6x je tloudtka membrany. Plati tedy i nasledujici rovnice, ktera
je v problematice dermalni expozice ¢asto pouzivéna:

Jss =Kp x Co,

kde Jss je tok latky membranou v ustdleném stavu (g.cm™.h?), Kp je permeaéni koeficient
pro danou latku v dané koncentraci v daném nosici (cm*h™)a Cy je koncentrace latky v nosici
(g*cm™). Permealni koeficient maze byt pouzit jen pro predikci absorpce latky vtom
stejném nosici (Chilcott and Price, 2008). Pro prestup latek hraje samoziejmé velkou roli
i fyzikalné chemické vlastnosti samotnych latek — jako je rozpustnost, molekulova hmotnost,

rozdélovaci koeficient log Koy.

Pro zptresnény vypocet celkové dermalni absorbované davky (DAD) je vhodné pouzit
nasledujici postup a rovnici (Banyiova et al., 2015) (Pfiloha 25):
DAcpent X EVXED x EF  SA

= X
bAD AT BW

kde DAevent (Mg.cm™.piipad™) se odvozuje zvlait pro kratkodobé a dlouhodobé expozice:

e kratkodobé plsobeni (tevent < t*), kde t* je Cas potifebny k dosazeni rovnovaziného
stavu (steady state) a plati t*=2.4 1, kde t je doba zpozdéni (lag-time; v hodinach

6T Xt
DAeyen: =2 FAX K, x C,, ’%e"t
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e pro pfipad dlouhodobého plsobeni (tevent > t*) pak:

tevent 1+ 3B + 3B%
1+B (1+ B)?

DAgyen: = FAX K, x C,,) [

kde:

DAD — dermalni absorbovana dévka [mg.kg™*.den™]

DAevent — absorbovana dévka pfi jednom pfipadu [mg.cm™.pfipad™]

EV — pocet pripadl za den [pFl’pad.den'l]

EF — frekvence expozice [den.rok™]

ED — trvani expozice [rok]

SA — povrch kdize [cm?]

BW —vaha téla [kg]

AT — doba prlimérovani [dny]

FA — absorbovana frakce vody s kontaminantem [0 aZ 1, bezrozmérny]

Kp — koeficient permeability préiniku kaZi [cm.hod™]

CW - koncentrace kontaminantu ve vodé [mg.l'l]

CF — konverzni faktor [0,001 l.cm™]

tevent — trvani pfipadu [hod.pFipad™];

t* — Cas potfebny k dosaZzeni rovnovdiného stavu [hod]; t* = 2,4t

T - je doba zpoZdéni [lag-time; v hodinach za pfipad]

B — pomér Kp pro prichod zrohovatélou ¢asti a Zivymi burikami pokozky [bezrozmérny];

pro stanoveni tohoto koeficientu je doporuc¢ovano pouzit aproximacni vztah (EPA, 2004):
K

Pk vMW

B =
Kyye 7 26

(aproximalni vztah)

kde MW je molekulova hmotnost [g.mol™].

Detailni popis vyuZiti tohoto modelu k predikci celkové dermalni absorbované davky pro
zvolené expozicni scénare jsou soucasti nasich publikaci (Banyiova et al., 2016, 2015).

3.1.5.3. Experimentdlni hodnoceni kinetiky perkutanniho transportu

Jak jiz bylo vySe zdlraznéno, kinetika prestupu toxikologicky vyznamnych chemickych
latek do lidského organizmu pres klzi patfi mezi dllezité expozicni parametry metodiky
hodnoceni zdravotnich rizik. Nenahraditelnou roli v ziskdvani téchto parametr predstavuji
experimentdlni studie zaloZzené na metodice Franzovych cel. Jednd se o experimentalni
pristup ex vivo (v nékterych publikacich ji oznacuji in vitro), vyuzivajici realné vzorky lidské
kGze. Zakladni princip metody spociva vtom, Ze mezi dvé komory (donor / receptor), je
umisténa membrana — tedy napftiklad stép lidské klize (pfipadné jiné biologické membrany —
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GIT, a podobné). V receptorové casti systému je kapalina, kterd je v neustalém pfimém
kontaktu s klzi, je promichdvana a temperovdna na

konstantni teplotu (Obrazek 13 a 14). Na membranu

v donorové Casti je aplikovana testovana latka di

vzorek. V pravidelnych ¢asovych intervalech jsou
odebirany vzorky receptorové kapaliny, které jsou
pak nasledné analyzovany vhodnou analytickou
metodou (Chilcott and Price, 2008).

Pro experimentalni stanoveni parametrl kinetiky
transportu polutantli je zapotiebi postupovat dle
prisnych standardl (Banyiova et al.,, 2016; OECD,
2004a, 2004b), které jsou striktné zavazné i pro

Obrazek 14: Schéma Franzovy cely pro farmaceutické aplikace (véetné dodrZovani etickych
experimentdlni stanoveni kinetiky dermalni
absorpce (Hanson Research, USA); a)
donorova ¢&ast; b) $tép lidské kdze; c) experimentech vyuZivdme plné automatizovany
receptorova ¢ast (hornim otvorem se provadi

vzorkovani receptoru a spodnim otvorem se
privadi nové receptorovéd kapalina); d) Systém funguje zcela automaticky a disponuje

tempereéni plast cely pro zajisténi konstantni celkem 6 celami, které jsou temperované (32 °C).
teploty; e) magnetické michadlo.

principu pfi aplikaci lidskych koZnich $tépa). V nasich
systém MiroettePlus™ (Hanson Research, USA).
Pod kazdou celou je pomoci magnetickych michadel

zajiSténa homogenizace receptorové kapaliny. Vzorky jsou pribézné v predem nastaveném
¢asovém harmonogramu vzorkovany propojenym systémem ai do minivialek. Cerstvd

receptorova kapalina je paralelné doplfiovana do cel pfi kazdém provedeném vzorkovani.

il ™
MultiFill™ collector Jacketed media
replace beaker

Vertical diffusion
cells (6x)

MicroettePius™
autosampler

’ Heater circulating
" bath
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Obrazek 13: PIné automatizovany systém na experimentalni stanoveni kinetiky dermdlniho transportu
MicroettePlus (Hanson Research, USA) a) stojan s magnetickymi michadly pro 6 Franzovych cel, b) fidici a
programovaci procesor se vzorkovaci pumpou, c) termostat s cirkulaci d) a automaticky sbérac vzorka.
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V rdmci aktudlné fedeného projektu GACR (hlavni Fesitel Pavel Cupr: ,Kinetika perkutdnni
penetrace optickych izomert filtri ultrafialového zareni, bromovanych retardéri horeni a poldrnich
pesticidi pfi dermdini expozici“) je vyuzivan tento systém pro vyzkum a zpresnéni hlavnich
kinetickych parametrd dermalniho transportu u vybranych chemickych latek, u kterych tato
data dosud chybi. Jsou to optické izomery Ethylhexyl methoxycinnamatu (EHMC - je aktivni
latka pouZivana ve vétsiné opalovacich krém( jako UV-filtr — sunscreen — Obrazek 15),
vybrané bromované zhasece horeni a také poldrni pesticidy (CUP — currently used pesticides).

0
hv CHS CH
S O/\h/\CH3 — 3
CH5 cis-EHMC

0
| trans-EHMC
CHj CHj

Obrazek 15: Fototransformace trans izomeru EHMC na cis izomer (Ethylhexyl methoxycinnamat), ktery
vykazuje v nasich provedenych experimentech odlisné toxikologické vlastnosti (Necasova et al., 2016).

Vystupem experimentld jsou napriklad série ovérenych toxikokinetickych parametr(
(Obrazek 16), které jsou dulezité pro predikci kinetiky transportu (Banyiova et al., 2016,
2015), (Pfiloha 27 a 25).

X Median Median = -0.0307+0.0188*x
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3]
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§ Jss Kp T
o
§os (ngem?h?)  (emh™) (h)
3
S 02 Mean 0.0188 0.0034 16
[}
o Standard 0.0004 0.3
2 0.1
g Deviation
£
3 00 P Coefficient 0.06 0.2
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Obrazek 16: Ukazka vysledk(l experimentl stanoveni perkutdnni penetrace carbendazimu vyjadiené jako
kumulativni mnozstvi prestupu pres lidskou klzZi za dany Cas. Vysledné toxikokinetické parametry: Jss (tok latky
lidskou kUZi v ustdleném stavu - Steady-state flux), Kp (koeficient permeability praniku kdzi - permeability
coefficient) a t (doba zpoZdéni - lag-time). Pfevzato z nasi publikace: (Banyiova et al., 2016).

Tyto informace Ize pak vyuZit pro modelovani expozi¢nich scénari s cilem zpétnovazebné
eliminovat vysledna rizika plynouci z dermalni expozice.
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3.1.5.4. Studie dermalni expozice vyuzivajici monitoringu koncentraci
v environmentdlnich matricich

V roce 2009 jsme publikovali detailni screeningovou databazi vysledkd analyz koncentraci
POPs v ptdach V CR, jako typické zemé centrdlni Evropy (Holoubek et al., 2009) (Ptiloha 12).
Byly sledovany mozné vlivy rGznych parametri pGdy ve vztahu kvyuZiti pldy (land use)
a k nadmorské vysce lokalit. Koncentrace silné korelovaly s obsahem organického uhliku.
Zatimco HCHs a HCB byly detekovany s vyznamnéjsimi koncentracemi spiSe v ornych pldach,
vyssSi koncentrace PCDDs/Fs, PCBs, PAHs and DDTs byly analyzovany ve vySe poloZenych
oblastech lesnich pid. Na této databazi s celkem 471 pudnich vzorkd odebranych v prabéhu
let 1996 — 2006 ve spojeni s databazi starych ekologickych zatézi (SESEZ - Systém evidence
starych ekologickych zatézi — databaze 3061 lokalit), byly pak nasledné provedeny predikce
expozice a naslednych zdravotnich rizik (Cupr et al., 2010) (Pfiloha 13). Kromé& dermalni
expozice byla hodnocena také inhalacni a oralni expozice prachovych ¢astic (sekundarni
emise jemnych castic z pady prasnosti). Prostorova distribuce expozice byla modelovana
pomoci metod IDW spomoci GIS (IDW - Inverse Distance Weighting). Vystupem je
publikovana celoplo$nd mapa CR predikci koncentraci vybranych POPs a zdravotnich rizik
s odhady celkovych zasob vCetné kvantifikace nejistot.

Popsana problematika se vztahuje i k mozné dermadlni expozici pti zemédélské praci
v zdplavovych oblastech. Sedimenty fi¢nich tokdl mohou totiZ pfedstavovat vyznamny zdroj
kontaminantd pro zemédélsky pUdni fond (Hilscherova et al., 2007) a zaroven zdroj
potencialnich toxikologicky vyznamnych efektl (Hilscherova et al., 2010).

3.2. Hodnoceni interni expozice

U hodnoceni interni expozice se jedna o retrospektivni interpretaci expozice a to formou
analyz kontaminaci biologickych matric, jako je krev, materské mléko, vlasy, moc¢ a podobné
v ramci cileného biomonitoringu (tedy "Top-down Exposomic" pfistup — Obrdazek 3). Zjisténé
koncentrace ale predstavuji aktudlni stav interni expozice. Pro spravnou rekonstrukci
expozice (tedy predikce plavodni chronické denni davky CDI) je vsak zapotrebi dostatecné
charakterizovat vSechny dulezZité procesy toxikokinetiky (ADME procesy) (Roberts and
Renwick, 2014). Pravé ty vyrazné ovliviiuji polocasy Zivota vtéle organismu, jejich
biodostupnost a také expozi¢ni ¢as plsobeni jejich moznych biologickych efektd v cilenych
organech.

3.2.1. Toxikokinetika

V soucasné dobé probiha vyrazny vyvoj fyziologicky zaloZenych farmako/toxiko-
kinetickych model(i (PBTK) - viz detailni reserse v diplomové praci Jany Vaclavikové - vedouci
Pavel Cupr (Vaclavikovd, 2015). Hlavnim cilem toxikokinetiky je ¢asové dependentni predikce
tkdnovych koncentraci toxikant(i ze zndmé prijaté expozi¢ni davky (externi expozice) nebo
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naopak retrospektivni rekonstrukce celkovych chronickych davek ze znamé interni
koncentrace.

Toxikokinetika tedy predstavuje kvantitativni zplsob studia osudu chemickych latek
a jejich metabolith v organismu od momentu vstupu do téla, distribuce do organl a tkani
prostfednictvim krevniho obéhu vcetné finalnich biotransformacnich metabolickych procest
a vylucovani z téla ven (ADME).

Po prestupu latky pres biologické bariery do organismu na ni totiz dale pldsobi mnoho
faktord, které ovliviiuji jeji potencidl pro projev negativniho efektu v cilovém organu nebo
tkani. Rychlost transportu do téchto cilovych mist Ucinku v organismu je urlena hlavné
vstupni davkou toxické latky a poloCasem Zivota (persistenci). Sledovana latka mize mit
nékolik cilovych mist ucinku. Pfipadné nékolik latek mizZe mit naprosto stejny cil ucinku.
Nicméné i vysokd interni koncentrace nemusi nutné vést k projevu toxicity. Typickym
prikladem jsou nékteré lipofilni latky, které se kumuluji primarné v tukovych tkanich (depotni
tuk), které vsak pro tyto latky nejsou cilovymi misty ucinku (Lehman-McKeeman, 2013; Nadal
et al., 2013).

Vyuziti toxikokinetickych parametr( a jejich modell pro reverzni dozimetrii pravé patfi
k progresivné se vyvijejicim novym pfistuplim v této oblasti (Obrazek 17). Cilem reverzni
dozimetrie je predikce chronické denni davky (CDI) z naméfenych tkanovych koncentraci
(Abass et al., 2013; Gyalpo et al., 2015; Ulaszewska et al., 2012). Pomoci CDI a dobré znalosti
ADME procest hodnocenych latek Ize pak parametricky kfiZzové porovnavat vstupni data
o koncentracich v rGznych biologickych matricich (krev, mo¢, materské mléko atd.) a to nejen
v ramci jedné studie, ale také i referencné mezi riznymi kohortami. Tento pfistup tedy ma
velmi silny potencial pro propojovani vysledkl z riznych monitorovacich program.

Aplikace dostupnych, experimentalné stanovenych toxikokinetickych dat v modelech
umozni definovat (Roberts and Renwick, 2014):

e vnitini expozici (interni expozici) na zakladé koncentraci toxikantu v pfijimané
matrici (napf. nabidnutd davka v potravinach) — prediktivni toxikokinetické
modelovani,

e vztah mezi koncentraci v plazmé, krvi ¢i moci a cilovym mistem toxicity,

e retrospektivni rekonstrukci expozice na zakladé koncentraci toxikantu
v biologickych matricich,

e porovnani studii zamérenych na hodnoceni koncentraci latek v riznych matricich

(predikované CDI Ize pak pfimo porovnavat mezi studiemi/kohortami),

e potencidlné rizikové skupiny exponované populace véetné jejich porovnani.
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Obrazek 17: Ukazka vyuziti toxikokinetického modelu v reverzni dozimetrii pro zpétnou rekonstrukci expozice
(schéma toxikokinetického PBPK modelu prevzato z: (Ulaszewska et al., 2012).

Naslednou potencidlni biologickou interakci chemickych latek v organismech se zabyva
toxiko-dynamika. Jeji vystupy jsou pak vyuzivany pro modely predikci moznych zdravotnich
rizik (viz kapitola 4).

3.2.2. Biomonitoring v lidské populaci

Pro hodnoceni interni expozice v lidské populaci je nejcastéji vyuzivdn biomonitoring
konkrétnich biotickych matric (Human Biomonitoring — HBM). Samotna data pak lze pomoci
dlouhodobych ¢asovych trendl vyhodnotit. Interpretace téchto dat formou ¢asovych trend(
koncentraci je vSak omezena jen na jejich smér a vyznamnost (vzestupny, klesajici, stagnujici
trend). V soucasné dobé je vyzkum v této oblasti smérovan pravé k vyvoji vhodnéjsich metod
interpretace téchto dat pomoci pouZiti nejnovéjsich toxikokinetickych modeld pro zpétnou
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rekonstrukci expozic s cilem vyhodnotit vyvoj celkovych chronickych dennich davek (Gyalpo
et al.,, 2015).

Definice HBM je souhrn metod, zabyvajici se systematickym, opakovanym, dlouhodobym
a standardizovanym odhadem expozice clovéka potencidlné nebezpecnym chemickym
latkam z okolniho prostredi, které jsou analyzovany v lidskych tekutindch a tkanich (Knudsen
et al., 2011). Je to nastroj nejen k ovéreni expozice populace chemickym latkam z prostredi,
ale slouzi také ke sledovani casovych trend(l zatéZze, posouzeni moznych zdravotnich rizik
a ovéreni ucinnosti napravnych opatreni.

HBM je provadén napriklad formou longitudinalnich dlouhodobych studii, kde jsou
odbéry lidskych matric opakovény vidy u stejnych participant(i. Nebo jde pfipadné o ,cross-
sectional” studie, kdy se vdany casovy interval hodnoti odebrané vzorky u respondentt
v rGznych vékovych kategoriich. Ve statech EU jsou HBM studie provadény v rlznych
formach a se zamérenim na rdzné chemické latky. Moznost pfimého porovnani vysledku je
pak v mnoha pfipadech velmi omezena. Proto v loriském roce (2015) vznikla iniciativa EHBMI
(European Human Biomonitoring Initiative), jejiz hlavnim cilem je co nejvice propojit aktivity
HBM v dil¢ich statech EU za uUéelem hodnoceni expozice prioritnim chemickym [atkdm
v lidské populaci v Evropé. N&s tym je aktualné do pfipravy tohoto projektu aktivné zapojen.

Biomonitoring je realizovan nejcastéji pomoci sledovani biomarkerl expozice pripadné
i pomoci biomarker(i efektu. Biomarker expozice je v nejnovéjSich publikacich této
problematiky pouzivan ve smyslu hodnot zjisténych koncentraci sledované latky ¢i jejich
metabolickych produktd v lidskych matricich (Brown et al., 2015; Knudsen et al., 2011), coz
odpovida pfistupu interni expozice. Biomarker efektu pak predstavuje paralelni hodnoceni
expozice biologickou specifickou analyzou. Ptiklad vyuZiti pfistupu expozi¢nich biomarkeru
toxicity in vivo byl jiz popsan v kapitole 3.1.4 (biomarkery poskozeni DNA in vivo). DalSim
typem biomarkeru je takzvany diagnosticky biomarker, ktery jiz slouzi ke stanoveni skutecné
diagnézy onemocnéni. Dopliiujici hodnotu maji v nékterych pripadech biomarkery
vhnimavosti (susceptibility biomarkers). Nékteré biologicky vyznamné enzymy se totiz mohou
u raznych osob vyskytovat v riznych formdach s odliSnou biologickou aktivitou. Jestlize ma
tato aktivita pro organismus zasadni ochrannou funkci a u daného jedince se vyskytuje forma
enzymu s nizkou aktivitou, je tento jedinec citlivéjsi / vnimavéjsi vici danému stresoru (napf.
detekce malo aktivni formy enzymu zodpovédného za odbouravani urcitého typu chemické
latky indikuje zvySené riziko z expozice témto latkam) (Knudsen et al., 2011).

Velky duraz je nyni také kladen na neinvazivni metody biomarker(i expozice: odbéry
a analyza vlas(, neht(l, zubl, moci nebo vzork( slin z bukalnich stért (Alves et al., 2014).

V neposledni fadé jsou také v ramci HBM provadény i analyzy externi expozice (ovzdusi,
voda, potraviny). Tyto hodnoty jsou velmi cenné pravé v pfipadé, kdy lze pomoci
toxikokinetiky a vstupnich dat interni expozice predikovat retrospektivné chronické denni
davky. Ty jsou pak porovndvany s udaji nabidnuté davky (externi expozice - napfiklad
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v dil¢ich potravinovych komoditach), coZ ve vysledku mze napomoci k identifikaci hlavni
expozicni cesty.

Velmi dllezitym pfistupem v oblasti lidského biomonitoringu je také odbér vzorka za
ucelem budovani infrastrukturnich biobank. Tento pfistup funguje na principu bezpecného
ukladani odebranych vzork( lidskych matric pro budouci moiné wvyuZiti. Pokud dojde
v budoucnosti ke zpétnému prehodnoceni nebezpecnych vlastnosti nékterych jiz
pouzivanych chemickych latek, bude mozné i zpétné vyhodnotit prostorovy i ¢asovy vyvoj
expozice témto latkam. Pravé k témto zpétnym opakovanym hodnocenim dochazi v pfipadé
POPs pomérné casto. Dokazuje to vycet chemickych latek, které jsou na seznamu
Stockholmské amluvy, nebo pripadné listu kandidatskych latek hodnoticiho vyboru POPRC.

Proto vyvoj novych analytickych metod, které umozni flexibilné reagovat na zarazeni
novych emergentnich latek na seznam mezinarodnich dohod, je vyzkumnou prioritou
rozvoje HBM. Do tohoto sméru vyvoje patfi nejen pristup biobank, ale také progresivni
metody necilového screeningu (non-target screening) (Baduel et al., 2015; Ganna et al.,
2016).

Biomonitoring v CR je realizovan kaZdoroéné jiz od roku 1994. Hlavni matrici je materské
mléko a v nékterych fazich projektu jsou hodnoceny i vzorky krve, mo¢i a vzorky vlast (Cerna
et al.,, 2012, 2010, 2007). Realizaci projektu zajistuje Statni zdravotni Gstav v Praze (SZU).
Nazev tohoto projektu je ,Systém monitorovani zdravotniho stavu obyvatelstva Ceské
republiky ve vztahu k Zivotnimu prostfedi“. Tym autora této habilitacni prace uzce
spolupracuje se SZU pravé v oblasti diléi interpretace vysledkd biomonitoringu matefského
mléka v CR (Mikes et al., 2012).

Odbéry biologického materidlu jsou priibéiné zajistovany pracovniky SZU nebo
prislusnymi zdravotnimi Ustavy ve sledovanych regionech. Postup pfi odbérech vzorkd
biologického materidlu byl definovdn Standardnim operaénim postupem (SOP — Protokol
odbéru a manipulace se vzorky). Odbéru biologického materialu vidy predchazel
informovany souhlas — po vysvétleni Ucelu studie kazda osoba (respondentka) vyjadfila
pisemné souhlas s odbérem materidlu a jeho pouzitim pro biologicky monitoring (v rdmci
protokolu schvdleného etickou komisi).

Na nasledujici mapé (Obrazek 18) je prostorové hodnoceni Ucasti respondentek za
hodnocené obdobi 1994-2009 na 9 monitorovacich oblasti/mést: Benesov, Zdar n/S, Plzen,
Usti n/L, Ostrava, Praha, Liberec, Kroméfiz a Uherské Hradisté (NUTS 5; 4754 respondentek)
(Mikes et al., 2012) (Pfiloha 15). Podrobny popis detail(l studie je k dispozici také v praci Jany
Vaclavikové (Vaclavikovd, 2015). Studie byla zamérena na vybrané POPs: konkrétné na 7
polychlorovanych bifenyli — PCB (28, 52, 38, 118, 138, 153 a 180) a vybrané organochlorové
pesticidy — OCP (DDT, DDE, DDD, a-HCH, B-HCH, y-HCH a HCB).
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Obrazek 18: Biomonitoring mateiského mléka v CR — pocty respondentek vhodnocenych oblastech
(geograficky v NUTS 5) z celkového poctu 4754 respondentek. Pfevzato z (Mikes et al., 2012).

Byly vyhodnoceny dlouhodobé trendy vyskytu vybranych POPs v materském mléce véetné
odhadu populacnich polocasl Zivota dil¢ich chemickych latek (MikeS et al., 2012). Na
Obrazku 19 je ukazka vysledkd hexachlorbenzenu v materském mléce, kde je jasné patrny
sestupny trend.

Materské mléko bylo vybrano jako matrice z nékolika divod(. V prvé radé pro vysoky
obsah lipid(i, pro poskytnuti relevantni informace o expozici matky a nasledné kojence, ale
také i z dlivodu charakteru neinvazivniho typu odbéru vzorkd. Dlouhodobd data indikuji
pokracovani klesajiciho trendu POPs koncentraci v této indikatorové matrici v CR.
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Obrézek 19: Casovy trend vyskytu hexachlorbenzenu (HCB) v matefském mléku v CR. Publikovano 2012:
(Mikes et al., 2012).
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Studie na rozdil od nékterych literarnich zdroja nepotvrdila kojeni jako faktor dalezZity pro
outflux. Bylo také zjiSténo, Ze hodnoty BMI (body mass index) byly v pfimé asociaci s vy$sim
mnozstvim HCB a s nizSim mnoZstvim vySe-chlorovanych PCBs. Celkové tato dlouhodoba
studie jasné potvrzuje efektivnost restrikci pouzivani POPs v CR. Jednd se o velmi uZiteény
nastroj pro parametrické hodnoceni efektivnosti Stockholmské umluvy a jejich opatreni.

Zjisténé koncentrace POPs za dil¢i roky byly nasledné pouzity pro inovovany pfistup
reverzni dozimetrie s vyuzitim PBPK modelu vyvinutého tymem dr. Trappa (Trapp et al.,
2008). Vysledky toho zpétného wvypoctu CDI pomoci PBPK na zakladé koncentraci
v materském mléce (oznacované jako CDlI ;) byly pak porovnany s hodnotami chronickych
dennich dévek CDI (vice na Obrazku 7) z monitoringu SZU dietarni expozice (MDE) za celé
obdobi (CDlsy0g) (Vaclavikova et al., 2016). V soucasné dobé jsou nejaktualnéjsi vysledky této
studie finalizovany do publikace (viz ukazka pro vyvoj situace v interni expozici
hexachlorbenzenu HCB v CR; Obrézek 20).
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Obrézek 20: Casovy trend chronickych dennich davek hexachlorbenzenu (HCB) predikovanych pomoci PBPK
z koncentraci v matefském mléku (CDImilk) v CR a jejich porovnani s CDIfood z dietdrniho biomonitoringu
kontaminace potravinovych komodit (Vaclavikova et al. 2016).

Hodnoty CDImilk sledovanych latek v materfském mléce vykazuji u nékterych POPs
sestupny trend. Pro spravné vyhodnoceni tohoto trendu je velmi vhodné pokracovat
v biomonitoringu i v nasledujicich letech. Zpétné predikované CDIlnjx pro vétsinu
hodnocenych latek byly vi¢i méieni SZU na zakladé kontaminace potravin CDlsyog VYznamneé
vyssi, ale trendové se velmi podobaly vysledkiim CDlsy0q. MUZe to indikovat pritomnost jiné
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(dosud neznamé) expoziéni cesty, kterou bude nutné v dalSich studiich pfipadné
identifikovat. Vyjimkou byly hodnoty y-HCH, které se bliZily se svym trendem a vysledky
CDlto04 nejvice ze vSech sledovanych latek.

| pfesto, ze byly tyto latky antropogenniho plvodu zakazany v CR v rozmezi let 1970 —
1980, stale se jejich vysoké hladiny nachazi v prostfedi a také v lidskych matricich.

Dalsim aktualnim smérem vyzkumu, ktery s vyuZzitim dat realizujeme, je zpfesnéni hodnot
polocasu Zivota jednotlivych latek v lidské populaci (publikace v pfipravé). Tyto lze pak pouZit
do modell zpétné rekonstrukce expozice (Gyalpo et al., 2015).

4. Interpretace expozic¢nich dat v analyze zdravotnich rizik

Data o mife kontaminace dilcich matric Zivotniho prostredi (externi expozice) nebo Udaje
o0 mire kontaminace biologickych matric (interni expozice - viz predchazejici kapitola) Ize
vyuzit pro mozné vyhodnoceni potencidlnich zdravotnich rizik s dlirazem na karcinogenni
a nekarcinogenni efekty polutantti (Cupr et al., 2007) (Pfiloha 5). Jedna se o screeningovou
parametrickou metodu interpretace Udajd o expozici v lidské populaci. Predikce zdravotnich
rizik je provadéna na zdkladé dlouhodobych epidemiologickych studii a také s vyuzitim
experimentl se zvitaty (Calabrese, 2014). Je vSak nutné zd(iraznit, Ze se jedna o vyhodnoceni
jen potencidlni vazby mezi expozici chemickym latkdm a moznymi zdravotnimi efekty. Tato
metoda interpretace tedy nezahrnuje vlivy dalSich vyznamnych faktorld celkového
exposomu. Vysledek hodnoceni zdravotnich rizik je tedy nutné sprdvné interpretovat a to
jako potencialni prispévek k celkovym rizikiim véetné detailniho popisu nejistot (Meek et al.,
2011).

Hodnoceni zdravotnich rizik predstavuje metodicky postup, ktery umoZiuje
systematickym vyhodnocovdnim epidemiologickych studii, experimentd in vitro a in vivo
odhadnout a kvantifikovat potencialni vliv chemického znecisténi prostiedi na lidské zdravi
(Fjeld et al., 2007). Metodika umoZiuje na zakladé souboru toxikologickych informaci
o plsobicich chemickych latkach (¢i obecné stresorech) a jejich vlivu na zdravi modelovat
pravdépodobné dopady na zdravotni stav populace (EPA, 2016, 1989). OvSsem jen pfi
dikladné znalosti téchto faktorl a pfi znalosti hodnocené populace. Vyhodou je také
moznost prospektivniho modelovani vlivu jesté neexistujicich situaci, které je v soucasné
dobé V CR v praxi ze zakona povinné aplikovano naptiklad pfi pldnovéni novych technologii,
aktivit ¢i staveb.

Hodnoceni zdravotnich rizik ma celkem 4 zakladni ¢asti (EPA, 2005, 1989):

e identifikace nebezpecnosti (hazard identification)
e urceni vztahu davka — ucinek (evaluation of dose — response relationship)

e hodnoceni expozice (exposure assessment)

e charakterizace rizika (risk characterisation)
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Po dudkladné identifikaci nebezpecnosti hodnocenych stresord je nutné pomoci co
nejpresnéjsich metod a piistup( predikovat skuteénou expozi¢ni absorbovanou davku (Cupr,
2016). Ta je pak nasledné vyhodnocena bud metodou referenéni davky RfD pro ptipad
nekarcinogenni chemické latky, nebo formou pravdépodobnostni charakterizace
karcinogenniho rizika metodou CSF (Cancer Slope Factor approach) pro zvolené populacni
skupiny (Cupr et al., 2013, 2007; Fjeld et al., 2007).

V soucasné dobé je vyzkum v oblasti interpretace expozice chemickym latkam, pomoci
analyzy zdravotnich rizik, smérovan k vyuziti pravdépodobnostniho modelovani (Banyiova et
al.,, 2016; McNally and Loizou, 2015). V postupu pravdépodobnostnich vypoctl celkovych
chronickych dennich ddvek a z nich plynoucich zdravotnich rizik vstupuji celé distribucni
statistické hodnoty/charakteristiky parametr a nikoli tedy jen jedno ¢islo za danou
proménnou (Banyiova et al.,, 2016) — Priloha 27. Vysledek je pak také ve formé
pravdépodobnosti (ukazka vysledku pravdépodobnostniho hodnoceni - Obrazek 21).
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Obrazek 21: Vysledky analyzy nekarcinogennich rizik ve formé celkové sumy HI za vSechny hodnocené expozi¢ni
cesty (HlI - hazard index): opticky izomer trans-EHMC (tmavé zelena distribucni kfivka) a cis-EHMC
(svétlezelend). EHMC je ethylhexyl methoxycinnamat — je to aktivni latka pouZivand ve vétsSiné opalovacich
krému jako UV-filtr. Detail vyzkumu je v kapitole 3.1.5.3. Graf je pfevzat z manuskriptu (Necasova et al., 2016).

Pravdépodobnostni modelovani zdravotnich rizik se stava soucasti komplexnich model{
hodnoceni expozice (dalsi smér vyvoje a vyzkumu). Prikladem je systém Merli-Expo (Suciu et
al., 2014) (http://merlin-expo.eu/), ktery kombinuje vsoucasné dobé devét modell
s predikci externi expozice (osud latek v akvatickém a terestrickém prostredi s modely
transportu do expozi¢nich médii: potraviny, ovzdusi) s PBPK modelem expozice a hodnoceni

naslednych zdravotnich rizik v lidské populaci.
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PredloZzend préace shrnuje aktualni problematiku hodnoceni expozice chemickym latkam
a jejich moznych zdravotnich rizik v lidské populaci. Jsou zde popsdny vyznamné sméry
vyzkumu v této oblasti. Vybrané metody hodnoceni jsou doplnéné souborem publikaci
autora predlozené habilita¢ni prace.

V minulosti bylo uvedeno na trh mnoho novych chemickych latek vyuzZitelnych v
pramyslovych ¢i zemédélskych aplikacich. U fady z nich byly az nasledné identifikovany
vyznamné negativni biologické efekty. Pro spravné vyhodnocovani jejich zdravotnich rizik je
kromé informaci o toxikodynamice (ucincich) dulezité dikladné znat cely proces expozice
véetné parametr(, které na ni maji nejvétsi vliv. Nutnost detailnéjsiho hodnoceni expozice
vychazi i z vysledk( dlouhodobych biomonitorovacich studii, které casto identifikuji vysoké
hladiny toxikologicky vyznamnych chemickych latek ve vzorcich biotickych matric (krev,
materské mléko, mo¢, atd.). Vyzkum je proto zaméren na diléi faze expozice chemickym
latkam od identifikace zdroje po misto jejich kontaktu, nasledného transportu a také vcéetné
dalSiho studia osudu uvnittf organismu az po mozny biologicky efekt.

V predlozené praci byly popsany metody pro zpfesfiovani hodnoceni expozice chemickym
latkdam, coz je zasadné duleZité pro identifikaci a parametrizaci nejvyznamnéjsich cest
transportu téchto latek do lidského téla. Vhodnym propojenim dostupnych dat a modelu
externi a interni expozice lze pak presnéji popsat cely proces a jeho klicové parametry a
efektivnéji eliminovat nebo alespon redukovat potencialni zdravotni rizika. Prace kombinuje
toxikologické a chemické metody a propojuje vysledky terénnich studii zamérenych na
kontaminaci sloZek prostredi a lidskych matric s vysledky laboratornich experiment(. Tento
vyzkum je klicovy pro dalsi strategické smérovani centra RECETOX, které usiluje o pochopeni
potencialnich vztahli mezi expozici populace a rozvojem nékterych onemocnéni. To vsak
vyZaduje neustaly rozvoj interdisciplinarni expertizy a vazeb, které by nebyly mozné bez uzké
spoluprace s dalSimi tymy centra RECETOX. Koleglim i studentim centra proto patfi
zavéreclné podékovani autora.
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Abstract

Toxaphene (CAS No. 800-35-2) is a complex mixture of several hundred components that was used worldwide primarily as
an agricultural pesticide with insecticide effects in the second half of the 20th century. In vitro investigations of the genotoxicity
and mutagenicity of toxaphene were generally described in the literature, but they provided somewhat equivocal results. We
re-evaluated the genotoxicity of technical toxaphene in two prokaryotic systems. The SOS Chromotest showed high sensitivity
to toxaphene: three concentrations (40, 20 and 10 mg/l) were clearly positive and the dose-response effect was evident. In the
umuC assay, a dose-dependent increase in genotoxic activity was observed at toxaphene concentrations from 2.5 to 40.0 mg/l,
but these results were found to be not significant. The genotoxicity of toxaphene and its photodegradation products after UV-
irradiation (3—6-9 h) at concentrations ranging from 7.5 to 60.0 mg/l was also examined in this study. An irradiated solution of
technical toxaphene after 3 h showed no significant evidence of bacterial growth inhibition. However, exp&aineooiella
to 6 h UV-irradiated toxaphene showed a toxic effect compared with the negative control. After 9 h irradiation, a decrease of
bacterial growth was observed. Activity pfgalactosidase in the presence of a toxaphene solution was significantly increased
after 6 and 9 h irradiation, reaching values that were 2.4- and 3.1-fold higher, respectively, than the control, which exceeded the
criteria of significant genotoxicity. These results show that while technical toxaphene is a weak, direct-acting mutagen in some
bacterial tests, a dose-dependent toxicity and genotoxicity of its photoproducts could be conclusively demonstrateolsy the
test.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Toxaphene; Genotoxicity assays; SOS respamseiC test; Photodegradation; UV-irradiation

1. Introduction

Toxaphene (CAS No. 800-35-2) is a complex mix-
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cal number of different chlorinated congenersis 32,768 mans et al9] described somewhat inconsistent results.
[1], but only a few hundreds of them have an envi- Using several different strains, toxaphene was muta-
ronmental significancp?]. Toxaphene has been in use genicinSalmonelldester strains TA98 and TA100, but
worldwide, primarily as an agricultural pesticide with no evidence of mutagenicity was observed with strain
insecticide effects in the second half of the 20th century TA1537 at toxaphene concentrations ranging from 0 to
[3]. Although the use of toxaphene has been banned 10 mg/ml. Negative results were obtained also in tester
during the 1980s, some countries have no restrictions strain TA1535 without S9 fraction. The genotoxicity
on application of this pesticide and are still suspected of technical toxaphene, as well as toxaphene congener
of current use of toxaphene or toxaphene-like products B[30012]-(1 1 1), but not B[12012]-(2 0 2), B[12012]-
[4]. Due to the persistent volatile and lipophilic nature (212) and B[30030]-(12 2), was also demonstrated
of some toxaphene compounds in the mixture, these by Boon et al.[10]. Toxaphene and four its con-
compounds have a tendency to bioaccumulate in ani- geners B[12012]-(2 0 2), B[12012]-(21 2), B[30030]-
mals. More than 10 years after its major use, toxaphene (1 2 2) and B[30012]-(1 1 1) were tested for mutagenic
was found to be one of the most abundant pesticides de-activity in Salmonellastrains TA98 and TA100 using
tected in polar aquatic organisify. The widespread  the micro-suspension procedure. Toxaphene was muta-
distribution of toxaphene indicates that this compound genic only in the TA100 strain at concentrations of 2.5,
may be transported over long distances. The atmo- 5.0 and 10.0 mg/ml. None of the four tested toxaphene
sphere is its main environmental transport medium. It congeners was mutagenic in strain TAT0Q]. In vitro
may enter surface water and soil due to wet and dry evidence for genotoxicity was found in studies examin-
deposition processes. ing SCE inductiorj12]. Small but significant increases
Because of its high persistence and bioaccumulative in SCE have been observed in human lymphoblasts.
potency the toxic effects of toxaphene are of greatinter- In contrast, toxaphene failed to induce mutation in the
est. The complexity of toxaphene complicates its eval- Chinese hamster V79/HGPRT mutation assay. Small
uation from the toxicological point of view. Up to now, increases in SCE relative to untreated control cultures
the toxic and genotoxic effects of individual congeners were found in V79 cells exposed to 5.6 andpui@iml,
of toxaphene have not been evaluated adequately. Soméout these results were found to be statistically non-
toxaphene congeners may be more toxic than the tech-significant[8].
nical toxaphene mixture itse[B]. Although in vivo The transformation of toxaphene in hexane under
studies showed no evidence for mechanisms of a geno-UV-light conditions is comparable with its degradation
toxic interaction of toxaphene, in vitro studies did show in anaerobic soi[13] and sedimenil4]. Exposure of
that toxaphene is genotoxic in mammalian cell sys- toxaphene to UV-irradiation results in dechlorination
tems and mutagenic in the Ames t¢3}. These in and dehydrochlorination, mainly of the highly chlori-
vitro investigations of genotoxicity and mutagenicity nated congeners. Toxaphene congeners can be divided
of toxaphene were generally described in the literature, in three groups: the first group (e.g. Parlar 26, 40, 50)
but they provided somewhat equivocal results. Studies is very stable, whereas representatives of the second
by Hooper et al[7] showed that the toxaphene mix- group (e.g. Parlar 39, 58) degrade very easily via photo-
ture is mutagenic irSalmonella typhimuriuntester elimination of a chlorine atom. This reaction leads to
strains TA98 and TA100 in the presence or absence the formation of chlorobornanes that also degrade inthe
of liver S9 fraction. S9 added for metabolic activa- presence of UV-radiation or by reaction with reactive
tion caused a decrease in mutagenicity. The genotoxic oxygen species. The third group is also relatively stable
response of the technical mixture disappeared in the except for congeners with a second dichloro group in
presence of rat S9 liver homogenate, indicating that the C10 positiorf15]. The degradation of chlorobor-
the parent compounds causing direct genotoxicity are nanes primarily depends on the individual substitution
easily metabolised to non-genotoxic metabolites. A pattern at the six-membered ring. The presence of a
dose-dependent increasehiis revertants was also ob-  geminal dichloro group at the ring in the C2 position is
served in tester strains TA97, TA98, TA100, TA102 responsible forthe high instability of certain chlorobor-
and TA104 in the absence of S9 metabolic activation nanes, whereas the alternating chlorine substitution (2-
[8]. In contrast to these conclusions, a study by Mortel- endo, 3exa 5-endo, 6exg leads to an extremely high

66



T. Bartos et al. / Mutation Research 565 (2005) 113-120 115
stability [13]. Although chlorobornanes cannot react genotoxicity tests, the irradiated water samples were
with ozone, these compounds are readily attacked by adjusted to pH=7.8-0.5.
the OH radical. UV-radiation is the only abiotic pro-
cess that terminates the reaction induced by the OH 2.3. SOS genotoxicity tests
radical. In the troposphere, UV-radiation contributes to
toxaphene photolysis much more than expe¢i&d The SOS Chromotest was performed according to a
In this study, the genotoxic effects of a toxaphene slightly modified method of Xu et a[19]. The tester
mixture are investigated by means of the SOS Chro- strain Escherichia coliPQ 37, described in detail by
motest and themucC test. Both are based on the induc- Quillardet et al.[20], was grown overnight at 3TC
tion of the SOS repair system as a result of interaction in LB medium containing ampicillin (2f.g/ml). Af-
of the test compound with DNA of a genetically modi- ter the incubation period, the culture was diluted 50-
fied tester strain. In addition, the degradation pathways fold into a fresh LB medium with ampicillin and in-
for toxaphene components and their influence on the cubated for another 2 h. The optical density (600 nm)
genotoxic activity of the possible UV-induced degra- of the incubated culture was adjusted to 0.04 and
dation products are discussed. mixed (3:1) with phosphate buffer (pH 7.4). The
stock solution of the test substance was diluted with
methanol. Eight microliters of each of the concentra-
tions was mixed with 992-ul portions of the bacte-
rial dilution in tubes (1.5ml) to reach final concen-
trations of 40.0, 20.0, 10.0, 5.0 and 2.5mg/l. Eight
microliters of methanol were taken as negative con-

2. Materials and methods

2.1. Chemicals

Toxaphene (technical mixture, LA84599) was pur-
chased from Supelco, Bellefonte, PA, USA. The con-
centration of the stock solution in methanol was
5 mg/ml. All other chemical reagents were of the high-
est available quality.

2.2. UV-irradiation of toxaphene and chemical
analysis

An aliquot of the stock solution of toxaphene in
methanol was diluted in water of milliQ quality and
irradiated in quartz tubefl6]. Irradiation was con-

trol, and 4-nitroquinolineN-oxide (30, 15 mg/l) was
used as positive control. The mixtures were incubated
for 2h at 37°C. Meanwhile, two microplates were
prepared for measurements of enzyme activites.
Galactosidase activity (genotoxicity assay) was deter-
mined after addition of 2pl of the content of the in-
cubated tubes into 14 of B-buffer solution (pH 7.0)
with o-nitrophenyl-B-p-galactopyranoside (2 mg/ml).
Alkaline phosphatase activity (toxicity assay) was de-
termined after the addition of 28 of the content of
the incubated tubes into 1Q0 of P-buffer solution
(pH 8.8) withp-nitrophenyl-phosphate (2 mg/ml). The

ducted at 5 cm distance from the light source (medium microplates were incubated for 45 min at %7 and

pressure Hg lamp, 125W, Teslamp Co., Praha, Czechthe enzyme activity was determined by spectropho-
Republic) and lasted for 3, 6 or 9h. The same irradi- tometric measurement at 420 nm. Toxic effects were
ation time was used in a previous study of toxaphene quantified as a percentage of the alkaline phosphatase
photoproduct$17]. The irradiated samples were then activity in comparison with the negative control. The
divided into portions for chemical analysis and for tox- concentrations that showed more than 50% inhibition
icity and genotoxicity tests. were excluded. The SOS induction factor (IF) was then

For the chemical analysis, the water samples were calculated for each of the test concentrations. When
extracted with dichloromethane and concentrated in the induction factor for any of the test concentrations
hexane. Analyses were performed using a Finnigan reached 1.5, the test substance was scored as a sig-
GCQ gas chromatograph coupled with an external ion- nificant genotoxin. This approach is equivalent with
ization ion-trap mass spectrometer. The ion trap was using statistical methods and makes evaluating easier
operated in the MS/MS mode, with electron ionization [21].

at 70 eV, ion source temperature 2@ and transfer
line temperature 275C [18]. Before the toxicity and
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S. typhimuriunTA1535/pSK1002 was grown in TGA 3. Results

medium (containing 2f.g of ampicillin per ml)

overnight at 37C. After the incubation period, the 3.1. Genotoxic activity of technical toxaphene

optical density (600 nm) was adjusted to 0.08 by ad- mixture

dition of fresh TGA medium. Complete reaction mix-

tures were prepared in 1.5-ml tubes and consisted of = The genotoxic effect of the technical toxaphene mix-
75ul 10 x TGA medium, 26Qul of the bacterial sus-  ture in the absence of S9 fraction was investigated
pension and 66pl of each of test dilutions. Methanol in E. coli tester strain PQ 37 with the SOS Chro-
was taken as a negative control and a solution of 4- motest. The results are shown kig. 1A. No evi-
nitroquinolinN-oxide (0.078, 0.156 mg/l) was used as dence of a significant cytotoxic effect was observed
a positive control. In the case of UV-irradiated sam- at any test concentration (Fig. 1B). According to the
ples, final concentrations (7.5, 15, 30 and 60 mg/l) were criteria of Quillardet, a substance is unambiguously
prepared by mixing the water sample with methanol, genotoxic when the induction factor IF is at least
after which 25Qul was transferred (in three repli- 1.5 times that of the negative control. With methanol
cates) into a microplate. The microplate was incu- as a solvent, the highest three concentrations (40,
bated for 4h at 37C. Before and after the incuba- 20 and 10 mg/l) were clearly genotoxic according to
tion, the optical density (600 nm) of each microplate these criteria and the dose—response effect was evi-
well was measured to quantify growth inhibition dur- dent.

ing the exposition (toxicity assay). Twenty-five micro- The technical mixture of toxaphene was also
liters of the content of the wells were then transferred tested in theumuC test system wits. typhimurium
into wells of a second microplate with 100 of B- TA1535/pSK1002 in the absence of metabolic activa-

buffer (pH 7.0). Then 2%l of phosphate buffer with  tion. A dose-response dependenc@-afalactosidase
o-nitrophenol-B-p-galactopyranoside (4.5 mg/ml) was activity was seen with test concentrations rang-
added into the wells. The second microplate was incu- ing from 2.5 to 40mg/l toxaphene (Fig. 2A). No
bated for 30 min at 37C. The optical density (420nm)  toxic effects detected on the basis of reduced bac-
was measured before and after the incubation to de-terial growth were observed, as shown kig. 2B.
terminep-galactosidase activity. Toxic and genotoxic In contrast to the SOS Chromotest, results from
effects were quantified and evaluated in the same waythe umuC test were found to be statistically non-

as in the case of the SOS Chromotest. significant.
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Fig. 1. Genotoxic (A) and cytotoxic effects (B) of a technical toxaphene mixture the in SOS Chromotest. Results are presentee-& heans
for triplicate determinations. The genotoxicity criterium of IF = 1.5 is marked by the dashed line.
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Fig. 2. Genotoxic (A) and cytotoxic effects (B) of a technical toxaphene mixture inrtheC test. Results are presented as mgs®. for
triplicate determinations. The genotoxicity criterium of IF =1.5 is marked by the dashed line.

3.2. Genotoxic activity of UV-irradiated technical 120% -
toxaphene T
100%

Unirradiated and 3 hirradiated solutions of the tech-
nical toxaphene mixture did not give rise to signifi-
cant inhibition of bacterial growth, but the growth of
Salmonellaexposed to toxaphene at a concentration
of 60 mg/l after 6 h irradiation was only 22.2% com-
pared with the negative control. After 9 h irradiation,
the bacterial growth at toxaphene concentrations of 30
and 60 mg/l was reduced to 14.8 and 0%, respectively. 20
The results of all test concentrations after 0, 3, 6 and
9 h of UV-exposure are presentedfiy. 3. The rapid ke ' ‘ '
growth inhibition did not allow the calculation of an emgh e BO.mg” e
induction factor from the activity o-galactosidase. il

Results at a toxaphene concentration of Fig. 3. Cytotoxic effect of a toxaphene mixture before th—open
7.5mg/l showed a dose-response dependence Ofircles)and after UV-irradiation atthree times @ h—open squares,
B-galactosidase activity, but this relation was found to t=6h—closed circlesf=9 h—closed squares). Results are pre-
be statistically non-significant. The same conclusion sented as mearsS.D. for triplicate determinations.
was reached at an eight-fold higher concentration
of technical toxaphene, but this was caused by the
impossibility to calculate a relevant induction factor genotoxicity (Fig. 4—closed circles). The genotoxic
after the 6 and 9 h irradiations, due to a strong growth data for a 9 h irradiation were excluded due to growth
inhibitory effect. The activity of3-galactosidase was inhibition of Salmonella.
significantly increased at a toxaphene concentration The chemical analysis of irradiated toxaphene
of 15 mg/l after 9 h irradiation, reaching even 3.2-fold showed the decrease of all selected congeners in rela-
higher values in comparison with the negative control tion to toxaphene unexposed to UV-light. The decrease
(Fig. 4—opencircles). The same effect was observed at of 22 congeners was determined at three irradiation
30 mg/l, where toxaphene after 6 h irradiation induced times (Fig. 5,Table 1). The significant degradation af-
a 2.4-fold stronger genotoxic effect compared with ter 6 and 9 h of irradiation was recorded. Examples are
the control and exceeded the criteria for significant shown inFig. 6.

80% A

60% -

Bacterial growth

40%
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Induction factor

20% A

Toxaphene abundance

0% : . ;
0.5 1 0h 3h 6h 9h

Irradiation time

Oh 3h 6h 9h

s Fig. 5. Average abundance of 22 toxaphene congeners in relation to
Irradiation time

irradiation time (compared to time O h).

Fig. 4. Relationship of activity op-galactosidase presented as in-
duction factor at two concentrations (15mg/l—open circles and fed in the die{23], but toxaphene has proven negative

30 mg/l—closed circles) of atoxaphene mixture to the UV-irradiation  jn the mouse dominant lethal asg@g]. The Interna-
time. Results are presented as meAD. for triplicate determi- i34 Agency for Research on Cancer (IARC) has con-
nations. The genotoxic criterium of IF = 1.5 is marked with a dashed . .. .
line. cluded that while there is inadequate evidence for the
carcinogenicity of toxaphene in humans, there is suf-
ficient evidence in some experimental animals. There-
4. Discussion fore, IARC has classified toxaphene as a possible hu-
man carcinogen—Group 2R5]. The present study
Many studies over the past years have focused on thewas undertaken to fill some data gaps on the genotoxi-
mutagenicity and genotoxicity of toxaphene. Several city of technical toxaphene in prokaryotic genotoxicity
human studies have shown that the incidence of cancerassays and to resolve the inconsistencies between pub-
could be associated with inhalation exposure to a num- lished genotoxicity effects.
ber of pesticides, including toxaphene. However, these  Inthis study, toxaphene induced the SOS repair sys-
studies were inconclusive due to lack of information on tem ofE. coliPQ 37. The review by Quillardet and Hof-
exposure levels and concurrent exposure to other pes-nung[26] stated that the concordance between the SOS
ticides[6]. A study by the National Toxicology Pro- Chromotest and th&almonella/microsome assay is
gram (NTP) reported an increase in liver tumours in very high (over 82%). The induction 8tgalactosidase
male and female mice and an increase in thyroid tu- synthesis in this test reflects the level of expression of
mours in male and female rats when toxaphene was SOS functions involved in inhibition of cell division

100% ~

80% ~

60% -

40%

Abundance
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0% - T T
(A) Parlar 26 Parlar 40+41 Parlar 50 (B) Parlar 39 Parlar 58

Fig. 6. Abundance of (A) a relatively stable and (B) an easily eliminated group of toxaphene congeners after 3h (black bars), 6 h (dark grey
bars) and 9 h (grey bars) of UV-irradiation compared with time 0 h.
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Table 1 Besides technical toxaphene, we also studied the
Abundance (%) of 22 toxaphene congeners in relation to irradiation genotoxic properties of UV-irradiated toxaphene, be-
time (compared to time Oh) cause of lack of data about genotoxic activation. In par-

Congener name 3h 6h 9h allel chemical analyses of the transformed toxaphene
Parlar 11 54 23 12 photoproducts, it was observed that the concentration
Eaf:af E 123 gg ;‘; of 22 congeners of technical toxaphene decreased with
T;r( ar‘r:etab L 9 2 23 increasing irradiation tim@able 1shows the photosta-
Parlar 21 77 30 17 bility_ of the toxaphene congeners, analogous to other
Parlar 25 30 14 9 studies[13,15]. The main reaction has been dechlo-
Parlar 26 98 48 25 rination. Because of the decrease in concentration of
Eaf:af g; Zg ;‘2‘ 18 22 detectable congeners and the simultaneous increase
PZ:IZ: 38 94 7 12 in genotoxic potency of irradiated water samples, we
Parlar 39 91 22 8 suppose also that formation of possible oxygenous
Parlar 40 +41 96 52 29 toxaphene products could have occurf2d] (DNA
Parlar 42 95 32 15 binding species), whose effect is caused through in-
Eaf:af gg 1‘33 g? gi teraction with oxygen radicaf8]. These compounds
PZ:IZ: = o1 20 17 may have strong, genotoxic properties compared with
Parlar 56 88 16 8 technical toxaphene. . N

Parlar 58 96 25 12 Toxaphene may also contribute to genotoxicity and
Parlar 59 93 39 18 mutagenesis through a number of indirect mecha-
Parlar 62 100 42 20 nisms not examined in the present report. For exam-
Parlar 63 95 48 23

ple, toxaphene might act as a co-mutagen by interfer-
ing with the repair of DNA damage caused by another
agent8]. These possibilities are currently under inves-
controlled by lexA, which also controls the indirect tigation in our laboratory.

mutagenesis caused by DNA-damaging agents as de-

tected in theSalmonella/microsome assay. Our results

confirm the concordance between the two test systemsacknowledgements

and are inagreementwith recently published re[i8its

of S. typhimuriumTA97, TA98, TA100, TA102 and  the Czech Republic (Grant No. 525/03/0367).
TA104. The dose-response curve®fjalactosidase
activity measured at toxaphene concentrations ranging
from 2.5 to 40 mg/l was found also in thenuC test
with S. typhimuriuniTA1535/pSK1002. In contrast to
the SOS CthmOtESt’ the mdUCtlo_n factor was lower [1] W. Vetter, Toxaphene, theoretical aspects of the distribution of
than 1.5 relat've to the COﬂtI’O| variant and the I’eSU|tS chlorinated bornanes |nc|ud|ng symmetrical aspectsv Chemo-
were found to be statistically non-significant. Growth sphere 26 (1993) 1079-1084.
inhibition of the test bacteria due to cytotoxicity is of-  [2] D. Hainzl, J. Burhenne, H. Parlar, Theoretical consideration
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. . . account recent experimental results, Chemosphere 28 (1994)
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Abstract

Cupr P., M. Skarek, T. Barto§, M. Ciganek, I. Holoubek: Assessment of Human
Health Risk due to Inhalation Exposure in Cattle and Pig Farms in South Moravia. Acta Vet Brno
2005, 74: 305-312.

The main topic of this study was human health risk assessment of defined inhalation exposure
scenario in selected cattle and pig farms in south Moravia (Czech Republic). This exceptional
evaluation of potential risks for farms manipulators was the main contribution of this study.
Possible both human health risks, non-carcinogenic and carcinogenic (according to US EPA
Human health risk assessment methodology), for feeders and other workers exposed to polluted
indoor air in the farm stables were quantified in the selected pig and cattle farms with significantly
increased concentrations mainly of carcinogenic PAHs and PCBs in the indoor air. No non-
carcinogenic risks were determined in any of the localities, but also increased carcinogenic risks
were observed. The highest carcinogenic health risk was found in the cattle stable (MAX -, =
8.08-107), the lowest one in the pig stable (MIN ECR™ 2.57-10°%). Carcinogenic risk values in the
farms under study were not extremely high, but those were approximately twice higher than
amedian value of the risk determined for research workers from Ko3etice IECR = 5.96-1077 (years
1996 — 1999), Central European background monitoring station of EMEP.

Carcinogenic and non-carcinogenic risk, PAHs, PCBs, farm stable

Air pollution is one of the most serious environmental problems. Due to various
anthropogenic activities a broad spectrum of pollutants are emitted in huge amounts in the
air. Nowadays a major concern is focused on organic pollutants such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and organochlorine pesticides
(OCPs). They are generally called persistent organic pollutants (POPs). These compounds
are ubiquitous air pollutants and their presence in the air results from emissions from diverse
sources (Buehler et al. 2001; Breivik et al. 2004). They are able to show serious toxic
effects on humans as well as wildlife in very low concentrations (Holoubek et al. 1999).
Moreover they persist for a long time in the environment and tend to bio-concentrate in
animal tissues. Increased exposure to these chemicals may be associated with increased
health and ecological risks (Eljarrat and Barcelo 2003).

While quite a lot of information about outdoor air concentrations of POPs and human
exposure exist (Halsall etal. 1995; Buehler etal. 2001; Kim et al. 2004), not too much
is known about their levels indoor and their health risks. Due to indispensable emissions of
indoor sources and insufficient aeration, higher concentrations of air pollutants, including
POPs, may be achieved indoor. Indoor inhalation exposure to air pollutants is one of
significant factors that may increase health risks (Jones 1999). An emphasis is placed
mainly on the occupational exposure, where there are efforts to recognize, monitor and
eliminate high exposures that may cause serious damage of human health as described in
numerous studies (Tucek etal. 1998; Sweeney et al. 2000; Palus et al. 2003; Turci et
al. 2003).
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For this purpose human health risks may be assessed. One of the approaches is based on
assessment via determination of concentrations of priority pollutants. And then either the
concentrations of the pollutants may be simply considered according to established limits or
a complete health risk assessment may be performed. While the former approach is based
on simple comparison of each of pollutants concentrations with safe levels, the latter enables
to integrate exposures to several pollutants under exactly defined exposure conditions. The
significance of the second approach is mainly emphasized by the fact that the limits are not
very often available and persons are exposed usually to more than one pollutant. These
assessments are done predominantly in risk workplaces such as hospitals and laboratories,
chemical industry, steelworks, gas plants etc.

However there are many other workplaces that are not monitored and under any control from
the point of exposure to such pollutants as POPs, because their high concentrations are unexpected
there. This study presents one of the examples. Higher concentrations of PAHs (mainly
carcinogenic PAHs), PCBs and OCPs in indoor air were detected in pig and cattle farms in the
Hodonin District (see Table 1 and 2). Concentrations of individual PAH were 3-8 times higher
than concentrations in the outdoor air. In the case of PCB congeners the indoor concentrations were
2-15 times higher. These data were obtained during the study focused on ecotoxicological
assessment of carcinogenic PAHs in pig and cattle farms (Ciganek et al. 2000).

Table 1. Concentration of PAHs in indoor and outdoor air of pig and cattle farms

Compounds : . 11c)ig farm - . : (iattle farm -
indoor air outdoor air indoor air outdoor air

1 Naphthalene 0.91+0.36 0.90 £ 0.85 2.15+0.57 1.69 £+ 1.08
2 Acenaphthylene 0.26+0.10 0.25+0.27 2.97+2.11 1.59+1.40
3 Acenaphthene 0.19+0.03 0.17+0.11 1.18£0.75 0.52+0.35
4 Fluorene 1.44+0.10 2.09+1.13 10.7+£3.27 4.77+3.25
5 Phenanthrene 9.48 +3.00 7.50 +2.75 269 +4.61 10.8 +5.17
6  Anthracene 0.59 £0.48 0.15+£0.01 1.65+0.52 0.42+0.19
7  Fluoranthene 4.07+2.51 2.35+0.50 7.79£1.12 3.61+1.22
8 Pyrene 2.64+1.63 1.40+£0.22 6.80£1.18 2.50+0.89
9 Benz[a]anthracene 0.27+0.15 0.11+0.04 0.70+0.10 0.34+0.21
10  Chrysene 0.41+0.21 0.24+£0.06 1.09+0.17 0.59+0.39
11 Benzo[b]fluoranthene 0.36+0.22 0.25+0.01 0.96+£0.14 0.52+0.35
12 Benzo[k]fluoranthene 0.18+0.12 0.14+0.07 0.51+0.07 0.27+0.19
13 Benzo[a]pyrene 0.24+£0.15 0.09 £ 0.02 0.55+0.06 0.26+0.17
14 Indeno[1,2,3-cd]pyrene 0.28£0.18 0.14£0.08 0.79+£0.21 0.34+0.24
15 Dibenz[a,h]anthracene 0.03+0.03 0.01+0.01 0.07+0.01 0.04 +0.03
16  Benzo[g,h,i]perylene 0.25+0.15 0.15+0.08 0.98 £0.25 0.31+0.22
Y of PAHs (Nos. 1-16) 21.6+8.5 15.9+4.6 65.9+7.23 28.5+14.5

¥ of carc. PAHs (Nos. 9-15) 1.76 £1.01 0.98 +£0.36 4.66 + 0.44 2.36+1.58

! concentration in ng'-m, mean value from three analysis + S.D. (standard deviation)

Determination of significantly increased concentrations mainly of carcinogenic PAHs and
PCBs in the indoor air led us to attempt to quantify possible health risks for feeders and other
workers exposed to polluted indoor air in the farm stables. This decission was reasonable
due to the fact that the workplace has never been monitored from the point of health risks,
even if high concentrations of dangerous pollutants are there and people spend long working
hours there.

The mostly used approach for the risk assessment is an US EPA method of health risk
assessment (EPA 1989). This method enables an effective quantification of both non-

75



307

Table 2. Concentration of PCB and chlorinated pesticides in indoor and outdoor air of pig and cattle farms

pig farm cattle farm
Compounds indoor air! outdoor air! indoor air! outdoor air!
1 PCB No. 28 75.0£24.8 52.0+23.3 57.0+15.3 36,7 £20.1
2 PCB No. 52 63.3+£27.6 49.7+26.4 54.3+18.0 44.7+25.1
3 PCBNo. 101 59.0+5.0 36.0+17.3 42.3+4.9 33.7+13.2
4 PCBNo. 118 13.7+1.7 10.0+4.9 9.7+2.9 8.0+£2.2
5 PCBNo. 153 61.0+12.2 38.7+15.6 41.7+4.9 34.7+5.0
6 PCBNo. 138 45.7+18.9 29.0+17.7 28.0+9.2 24.7+7.3
7 PCBNo. 180 18.7+9.2 11.0+£5.7 11.3+£29 9.3+2.1
2 of PCB (Nos. 1-7) 336 +£47.3 226 +97.1 244 +41.3 191 + 65.4
8 alfa-HCH 53.0+38.7 28.0+9.6 51.7+23.6 25.0+8.5
9 beta-HCH 6.3+5.3 9.0+7.5 43+2.1 40£2.2
10 gama-HCH=Lindane 1473 +£1943 57.0+26.5 493 £ 656 42.7+13.8
11 delta-HCH <1.0 1.3£1.9 <1.0 <1.0
Y of HCHs (Nos. 1-4) 1533 + 1981 95.3 +40.1 549 + 679 71.7 £15.2
12 p.,p’-DDE 83.7+12.6 94.3+29.5 59.0+6.4 56.7 £20.1
13 p.,p’-DDD 47+1.2 33+£2.1 27+£25 1.3+£1.9
14  p,p’-DDT 15.0+5.7 14.3+6.9 8.7+£2.5 12.0+6.5
2 of DDT (Nos. 1-3) 103 +17.9 112 +£24.2 70.3 +£8.7 70.0 +28.4
Hexachlorobenzene 57.7+16.9 69.7+42.1 91.7+37.8 85.0+53.2

! concentration in pg:m™, mean value from three analysis + S.D. (standard deviation)

carcinogenic and carcinogenic health risks. Moreover, the final risk is a result of an
integration exposure to several pollutants. It consists of four basic steps: (i) hazard
identification, (ii) dose-response assessment, (iii) exposure assessment, and (iv) risk
characterization. Hazard identification is the qualitative assessment dealing with the
inherent toxicity of an agent/stressor. This qualitative assessment addresses the question of
whether there is any potential for human toxicity. Dose-response assessment serves for
identification of the relationship between the dose of an agent/stressor and the induction of
an adverse effect. Exposure assessment enables the determination of the extent of human
exposure to an agent/stressor. In the end risk characterization describes the nature and
likelihood of health risk to humans, including attendant uncertainties. If significant human
health risks are identified, a risk management, suggesting actions for decrease of risks, must
follow. This method was successfully used for risk assessment of different pollution
exposure including outdoor and indoor air (Sweeney et al. 2000; Wcislo et al. 2002).

Materials and Methods

Site description

For the study 3 swine and 2 cattle farms were selected. They were located in the Hodonin District (eastern part
of the Czech Republic) that belongs among agricultural regions of the Czech Republic. Indoor air samples were
collected on places inside the buildings that fulfilled requirements for representative sampling. The samples were
collected (1999 — 2000) in three campaigns (June 199; February 2000; November 2000) to find out indoor
concentrations of selected persistent organic pollutants in warm and cold part of the year.

1. L1 (locality 1) was located in the pig farm in Milotice (Agropodnik Hodonin). Air samplers were placed in
the middle of a pig fattening hall No. 7 (100-15-2.5 meters). The hall, where 1300 pigs were housed, was aerated
with 32 air blowers and open small windows. During a cold period of the year the hall was heated with a gas bunner
and the windows were closed.

2. L2 (locality 2) was located in the pig farm in Dubiiany (Gigant Dubiiany). Air samples were collected in the
hall No. 16 (96-18-3 meters). The hall was divided into two halves and in each of parts there were 750 pigs. The
collectors were placed in the middle of one part. 12 air blowers and 12 windows were used for aeration of each of
the parts. During a cold period of the year the windows were closed.

3. L3 (locality 3) was located in the cattle farm in Nesyt (ZD MikulCice) situated in a distance of 1.5 km from
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a power-station Hodonin. Indoor air was sampled in the calving house (60-10-4 meters). The house was aerated
with 7 vacuum ventilation blowers, 14 windows, 4 run gates and 3 entrance gates. In winter only vacuum ventilation
blowers were used for the aeration. Every day a tractor operated for about an hour in the house (littering, cleaning,
feed distribution).

4. L4 (locality 4) was located in a cattle farm in Néasedlovice (ZEMAS Cej¢). Air samplers were placed in the
corner of cow house No. 1 (50-30-3.5 meters). About 160 heads of cattle were housed there. For the aeration only
roof ventilation flaps and 4 run gates and 4 entrance gates. In a cold period all gates were closed. Every day a tractor
operated for about an hour in the house (littering, cleaning, feed distribution).

5. L5 (locality 5) was located in a pig farm in Terezin (ZEMAS Cej¢). Air samplers were placed in the middle
of the hall No. 1 (70-8-2.8 meters). In the hall there were 500 pigs. The hall was aerated with 6 air blowers, roof
ventilation flaps, small windows and entrance gates. In winter only air blowers were used for the aeration.

Stock feeders and other workers spend inside 6 hours per day and 6 days per week in average.

Besides indoor air samples collected inside farm buildings, reference outdoor samples were collected in parallel
on two localities. L2b was located outdoor at the farm in Dubiiany and L3b was located in the farm in Nesyt. Both
of localities were affected by a traffic (tractors, lorries and other vehicles) at the farms.

Sample collection

The indoor and outdoor air samples were collected three times in the localities during 1999 — 2000. For a 24-
hour sampling (350 — 450 m? per day) high-volume samplers PS-1 (Graseby-Anderson U.S.A.) were used. These
samplers, with a tandem of filters, enable sampling of both gas-phase and particle phase semi-volatile organic
compounds. The absorbed pollutants on particulate matter were collected on a quartz filter and pollutants in
a vapour phase were collected on a PUF filter. All sample collections were done according to U.S. EPA
recommendations. The exposed filters were extracted with DCM in the Soxhlet extractor. The extracts were then
fractioned with different polarity solvents on a silicagel column for the chemical analysis of PAHs and their nitro-
and oxy-derivates. For the analysis of OCPs and PCBs were organic extracts purified on H,SO, modified silicagel
column. PAHs (16 compounds according to U.S. EPA) and its derivates, OCPs (HCB, a-HCH, B-HCH, y-HCH,
8-HCH, p,p’- DDT, p,p’-DDD and p,p’-DDE) and PCBs (PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB
138 and PCB 180) were analyzed with GC/MS (Finnigan MAT, Austin USA). All steps including sample
collection, extraction and chemical analyses were done under QA/QC (Ciganek et al. 2000).

Risk assessment method

The risks were quantified under the present environmental conditions for the selected exposure scenario (Table 3).
Indicator chemicals, also termed COPCs (chemical of potential concern), are typically selected as an initial step in
a site-specific risk assessment in order to characterize the site and to focus assessment activities on those POPs
compounds that may pose the most significant potential risks to humans. The risk characterization was considered
separately for carcinogenic and non-carcinogenic effects, and includes a discussion on factors that may result in
either an overestimation or an underestimation of the risks.

Table 3. Selected exposure scenario

Exposure parameter Value Unit Notice
Body weight [BW] 70 kg

Exposure time [ET] 6 hours per day

Exposure frequency [EF] 200 days per year

Inhalation rate [IR] 20 m3 per day

Exposure duration [ED] 30 years

Lifetime expectancy [LA] 70 years

Averaging time — non-cancer [AT-N] 10 950 days (ED - 365 days)
Averaging time — cancer [AT-C] 25550 days (LA - 365 days)

Human health risks, both non-carcinogenic (H/ — hazard index) and carcinogenic (IECR — incremental
probability of an individual developing cancer over a lifetime) were computed according to US EPA methodology
(EPA 1989) - upgraded for new reference values.

Potential non-cancer risks for exposure to COPCs were evaluated by comparison of the estimated contaminant
intakes from inhalation exposure with the RfD to produce the HQ, defined as follows (EPA 1989):

HO - CDI
0= &
where HQ is hazard quotient (unitless); CDI, chronic daily intake (mg/kg/day); RfD, reference dose (mg/kg/day).

The HQ assumes that there is a level of exposure (i.e., RfD) below which it is unlikely for even sensitive
populations to expect any adverse health effects. If the HQ exceeds unity (a value of 1), there may be a concern for
potential non-carcinogenic effects. To assess the overall potential for non-carcinogenic effects posed by more than

77



309

one chemical, the HQ calculated for each chemical are summed (assuming additivity of effects) and expressed as
HI (hazard index) (EPA 1989):
HI=ZXHQ,

In cases where the non-cancer 4/ does not exceed unity (H/ < 1), it is assumed that no chronic risks are likely to
occur at the site (EPA 1989). If the HI is greater than unity as a consequence of summing several HQs it would be
appropriate to segregate (separate) the compounds by effect and by mechanism of action and to derive specific HIs
for each of target organ groups.

The health risk assessment has been carried on with the determination of the individual excess cancer risk index
(IECR) (EPA 1996a, 1996b).

Cancer risks /ECR were estimated as the incremental probability of an individual developing cancer over
alifetime as a result of exposure to a potential carcinogen; the following linear low-dose carcinogenic risk equation
was used for each of exposure routes (EPA 1989):

JECR=] - e(-LAIC- IUR)
where LAIC is livetime average inhalation concentration (ug-m=); /UR, inhalation unit risk (1/ug-m) — values
used for calculation are summarized in Table 4. If a site has multiple carcinogenic contaminants, cancer risks for
each carcinogens (assuming additivity of effects) and compared with the acceptable risk.

IERC=ZIERC;

Risks in the range of 1E-06 to 1E-04 typically have been judged to be acceptable by EU and US EPA (EPA
1991a, 1991b).

Table 4. RfDs and IURs for the selected COPCs

COPCs RID Ref. IUR Ref.
[mg-kg!-day'] [/pgm]
Naphthalene 9.00E-04 NCEA
Acenaphthene 6.00E-02 IRIS
Fluorene 4.00E-02 IRIS
Anthracene 3.00E-01 IRIS
Fluoranthene 4.00E-02 IRIS 8.70E-05 WHO
Pyrene 3.00E-02 IRIS
Benz[a]anthracene 1.20E-04 WHO
Chrysene 8.70E-05 WHO
Benzo[b]fluoranthene 8.70E-03 WHO
Benzo[k]fluoranthene 8.70E-04 WHO
Benzo[a]pyrene 8.70E-02 WHO
Indeno[1,2,3-cd]pyrene 5.80E-03 WHO
Dibenz[a,h]anthracene 7.70E-02 WHO
PCB 28 1.00E-04 IRIS
PCB 52 1.00E-04 IRIS
PCB 101 1.00E-04 IRIS
PCB 118 1.00E-04 IRIS
PCB 153 1.00E-04 IRIS
PCB 138 1.00E-04 IRIS
PCB 180 1.00E-04 IRIS
alpha-HCH 1.80E-03 IRIS
beta-HCH 5.40E-04 IRIS
gamma-HCH 3.00E-04 IRIS
p.p’-DDT 5.00E-04 NCEA 9.71E-05 NCEA
HCB 8.00E-04 IRIS 4.60E-04 IRIS

IRIS - Integrated Risk Information Systém (U.S.EPA, http://www.epa.gov)

WHO — World Health Organization (http.//www.who.int)

HEAST - Health Effects Summary Tables (U.S.EPA, http://www.epa.gov)

NCEA - National Center for Environmental Assessment (U.S.EPA, http.//www.epa.gov)
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Results and Discussion

Analysis of indoor air in the stables of cattle and pig farms revealed increased
concentrations of POPs in comparison to outdoor levels (Ciganek et al. 2000). Even if
available data included only three one-day samplings for each of five analysed localities,
non-carcinogenic and carcinogenic risks for feeders and other workers were assessed.

The values of HI and IECR for all samplings are in Fig. 1, Fig. 2 and Table 5. While no
non-carcinogenic risks were determined in any of the localities, increased carcinogenic risks
were observed. In same cases level of IECR = 1-107° was passed over. The highest JECR was
found in locality L4 in February 2000. The lowest IECR was found also in February 2000
and it was in locality L.2.

Table 5. Summary of risk values for inhalation scenario (indoor and outdoor air)

Indoor air Outdoor air
Locality | Campaigns HI IECR Locality Campaigns HI IECR
L1 VI-99 0.00015 1.153E-06
11-00 0.00013 | 3.611E-06
X1-00 0.00018 7.189E-07
L2 VI-99 0.00063 2.646E-06 L2b VI-99 0.00003 | 9.303E-07
11-00 0.00007 2.565E-07 0.00006 | 6.187E-07
X1-00 0.00015 2.179E-06 0.00019 | 5.296E-07
L3 VI-99 0.00028 | 4.248E-06 L3b VI-99 0.00004 | 3.271E-07
11-00 0.00032 | 4.849E-06 0.00032 | 3.676E-06
X1-00 0.00024 | 4.025E-06 0.00024 | 2.348E-06
L4 VI-99 0.00022 9.127E-07
11-00 0.00023 8.08E-06
11-00 0.00025 2.372E-06
L5 VI-99 0.00042 3.93E-07
11-00 0.00008 3.031E-07
X1-00 0.00031 9.519E-07
0.001 = - 8.00E-06
0.0009 - OHI '
0.0008 - - 7.00E-06
0.0007 - =IECR | ¢ 00E-06
0.0006 - — - 5.00E-06 g
& 0.0005 1 - - 4.00E-06
0.0004 - — =~
0.0003 — - 3.00E-06
0.0002 | — |‘| H l—l .H- 2.00E-06
0.0001 H H |_| ,_I - 1.00E-06
o T 0 e [T ] s 0.00E+00
23 2%235%38%8%8 3388
5 = X 5 F K 5 =2 K 5 = K 5 = K
L1 L2 L3 L4 L5

sampling sites

Fig. 1. Summary of risk values for inhalation scenario (indoor)

The average /IECR levels for the investigated locality are graphically compared in Figs
1 and 2. The highest average carcinogenic risk was detected in locality L3. On the other hand
the lowest average level of JERC was in locality L5.
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Fig. 2. Summary of risk values for inhalation scenario (outdoor)

In the carcinogenic risks, the most important role was played by PAHs. The influence of
other measured POPs was only marginal.

Any clear difference between the samplings in warm and cold part of the year was not
observed. Neither an open-fire heating nor decreased aeration in the cold periods increased
the health risks. The pig farms did not differ significantly from the cattle farms.

Even if outdoor air was sampled only on two farms, health risk assessment showed that
non-carcinogenic as well as carcinogenic risks for indoor air were only slightly higher or
comparable with the outdoor risks.

In case of pesticide risks, any demands to reduce contamination are not necessary because
of their low indoor concentrations. The main contributors to human health risk are PAHs.
Therefore ventilation while tractors, lorries and other vehicles are running should be the
main purpose how to decrease estimated human health risk, mainly in winter season.

In comparison with a median value of JECR for research workers from Kosetice (years
1996 — 1999), Central European background monitoring station of EMEP, that achieves
5.96:107 (Holoubek et al. 2003), the carcinogenic risks in farms are approximately twice
higher.

As a specific result of the risk assessment for the case-study area, obtained in line with the
applied principle of reasonable maximum exposure scenarios, it has been shown that used
indoor inhalation exposure pathway in the farms may pose increased carcinogenic health
risk (MAX - = 8.08:10°6).

Hodnoceni zdravotnich rizik z inhalacni expozice ve stajich prasat a skotu
na jizni Moravé

Hlavnim tématem této studie bylo hodnoceni zdravotnich rizik z inhala¢niho expozi¢niho
scéndfe na vybranych vepiinech a kravinech na jizni Moravé (Ceské republika). Toto
vyjime¢né hodnoceni potencidlnich rizik pracovnikii farem bylo hlavnim pifinosem této
studie. Ve vybranych vepfinech a kravinech tedy byly hodnoceny mozné nekarcinogenni
i karcinogenni zdravotni rizika (podle metodiky Hodnoceni zdravotnich rizik US EPA) pro
profese krmice a ostatni zaméstnance téchto farem s vyznamné vys$§imi koncentracemi
predevS§im karcinogennich PAHs a PCBs v ovzdu§i vnitfniho pracovniho prostiedi.
Nekarcinogenni rizika nebyla zjiSt€éna ani na jedné z hodnocenych lokalit, ale zvySena
karcinogenni rizika byla pozorovdna. Nejvy$§i karcinogenni rizika byla nalezena
v prostorech staji krav (MAX ;. = 8.08- 10°9), nejnizsi ve veptinech (MIN 1EcR =257 10°).
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Hodnoty karcinogennich rizik z vnitinich prostor hodnocenych stdji této studie v§ak nebyly
extrémné vysoké, ale priblizné dvakrit vy$$i neZ je hodnota medidnu rizika,
determinovaného pro vyzkumné pracovniky Stfedoevropské pozadové monitorovaci stanice
sit¢ EMEP v Koseticich JECR=5.96-107 (1996 - 1999).

Acknowledgements

This research was supported by the Czech Ministry of Agriculture MZE0002716201, and Ministry of
Education of the Czech Republic MSM 0021622412.

References

BREIVIK K, ALCOCK R, LI YF, BAILEY RE, FIEDLER H, PACYNA JM 2004: Primary sources of selected
POPs: regional and global scale emission inventories. Environ Pollut 128: 3-16

BUEHLER SS, BASU I, HITES RA 2001: A comparison of PAH, PCB, and pesticide concentrations in air at two
rural sites on Lake Superior. Environ Sci Technol 35: 2417-2422

CIGANEK M, RASZYK J, KOHOUTEK J, ANSORGOVA A, SALAVA J, PALAC J 2000: Polycyclic aromatic
hydrocarbons (PAHSs, nitro-PAHs, oxy-PAHs), polychlorinated biphenyls (PCBs) and organic chlorinated
pesticides (OCPs) in the indoor and outdoor air of pig and cattle houses. Vet Med Czech 45: 217-226

ELJARRAT E, BARCELO D 2003: Priority lists for persistent organic pollutants and emerging contaminants
based on their relative toxic potency in environmental samples. Trac-Trends Anal Chem 22: 655-665

EPA 1989: Assessment Guidance for Superfund, Volume I, Human Health Evaluation Manual, (Part A). Office of
Emergency and Remedial Response, US Environmental Protection Agency. Washington, DC EPA/540/1-
89/002.

EPA 1991a: Risk Assessment Guidance for Superfund, vol. I, Human Health Evaluation Manual. Part B.
Development of Risk-based Preliminary Remediation Goals (Interim). Office of Emergency and Remedial
Response, US Environmental Protection Agency. Washington, DC 9285.7-01B.

EPA 1991b: Role of the Baseline Risk Assessment in Superfund Remedy Selection Decisions. Office of Solid
Waste and Emergency Response, US Environmental Protection Agency. Washington, DC OSWER Directive
9355.0-30.

EPA 1996a: Soil Screening Guidance: Technical Background Document (TBD). Office of Emergency and
Remedial Response, US Environmental Protection Agency. Washington, DC EPA/540/R-95/128.

EPA 1996b: Soil Screening Guidance: User’s Guide. Office of Emergency and Remedial Response, US
Environmental Protection Agency. Washington, DC EPA/540/R- 96/018, 2nd ed.

HALSALL CJ, LEE RGM, COLEMAN PJ, BURNETT V, HARDINGJONES P, JONES KC 1995: Pcbs in Uk
Urban Air. Environ Sci Technol 29: 2368-2376

HOLOUBEK I, ADAMEC V, BARTOS M, CERNA M, CUPR P, BLAHA K, DEMNEROVA K, DRAPAL J,
HAJSLOVA J, HOLOUBKOVA I, JECH L, KLANOVA J, KOHOUTEK J, KUZILEK V, MACHALEK P,
MATEJUV,MATOUSEK J, MATOUSEK M, MEJSTRIK V,NOVAK J,OCELKA T,PEKAREK V, PETIRA
K, PROVAZNIK O, PUNCOCHAR M, RIEDER M, RUPRICH J, SANKA M, TOMANIOVA M, VACHA R,
VOLKA K,ZBIRAL J 2003: Enabling Activity to Facilitate Early Ection on the Implementation on Persistent
Organic Pollutants (POPs) in the Czech Republic. RECETOX - TOCOEN & Associates. Brno TOCOEN
REPORT No. 249.

HOLOUBEK I, KOCAN A, HOLOUBKOVA I, KOHOUTEK J, FALANDYSZ J 1999: Persistent,
bioaccumulative and toxic chemicals in central and eastern European countries - State-of-the-art report. Environ
Sci Pollut R 6: 183-183

JONES AP 1999: Indoor air quality and health. Atmos Environ 33: 4535-4564

KIM MK, KIM SY, YUN SJ, LEE MH, CHO BH, PARK JM, SON SW, KIM OK 2004: Comparison of seven
indicator PCBs and three coplanar PCBs in beef, pork, and chicken fat. Chemosphere 54: 1533-1538

PALUS J, RYDZYNSKI K, DZIUBALTOWSKA E, WYSZYNSKA K, NATARAJAN AT, NILSSON R 2003:
Genotoxic effects of occupational exposure to lead and cadmium. Mutat Res-Gen Tox En 540: 19-28

SWEENEY LM, SHEETS BA, TOMLJANOVIC C, GROSECLOSE RD 2000: Industrial health risk assessment
for routine workers in a military paint shop. Hum Ecol Risk Assess 6: 643-670

TUCEK M, KRYSL S, MAXA K, MOHYLUK I, SEBEROVA E, SINGH R, TENGLEROVA J, TOPOLCAN O,
WEYAND E 1998: Some aspects of health risk assessment of manufactured gas plant. Toxicol Lett 95: 91

TURCI R, SOTTANI C, SPAGNOLI G, MINOIA C 2003: Biological and environmental monitoring of hospital
personnel exposed to antineoplastic agents: a review of analytical methods. J Chromatogr B 789: 169-209

WCISLOE,IOVEN D, KUCHARSKIR, SZDZUJ J 2002: Human health risk assessment case study: an abandoned
metal smelter site in Poland. Chemosphere 47: 507-515

81



Priloha 3

Bartos, T., Letzsch, S., Skarek, M., Flegrova, Z., Cupr, P., Holoubek, 1., 2006. GFP assay as a
sensitive eukaryotic screening model to detect toxic and genotoxic activity of azaarenes.
Environmental Toxicology 21, 343—-348.

82



GFP Assay as a Sensitive Eukaryotic Screening
Model to Detect Toxic and Genotoxic Activity
of Azaarenes

T. Bartos,' S. Letzsch,? M. Skarek,' Z. Flegrova,' P. Cupr,” I. Holoubek’

"Research Centre for Environmental Chemistry and Ecotoxicology, Faculty of Science,
Masaryk University, Brno, Czech Republic

2Forschungszentrum Lobeda, Friedrich-Schiller-Universitét Jena, Germany

Received 17 June 2005; accepted 21 March 2006

ABSTRACT: Azaarenes are nitrogen-containing polyaromatic heterocyclic compounds (NPAHSs). The ma-
jority of the azaarenes found in the environment originate from anthropogenic sources. Concentrations of
NPAHSs found in the environment are reported to be one to two orders of magnitude lower than polycyclic
aromatic hydrocarbons (PAHs) concentrations, yet their biological effects can be of similar magnitude.
Very few studies on the genotoxicity of azaarenes are available in the literature. In the present study, a pre-
liminary profile of both the toxic and genotoxic potential of 5 PAHs and their 20 aza-analogues were inves-
tigated. To assess the toxic and genotoxic activity, a green fluorescent protein (GFP) assay based on the
yeast Saccharomyces cerevisiae was selected. To compare the sensitivity of this eukaryotic short-term
assay with bacterial screening tests, the Toxi-Chromotest for toxicity and SOS-Chromotest for genotoxic-
ity assessment were also performed. This comparison indicates that in most cases, the yeast GFP assay
is apparently of comparable specificity to the bacterial toxicity or genotoxicity tests with respect to the
correlation of positive/negative responses, but much more sensitive with respect to the effective concen-
tration values. In the cases of phenazine, phenanthridine, 1,10-phenanthroline, or 4,7-phenanthroline, one
to two orders of magnitude lower IC20 and minimum genotoxic concentration values in the yeast GFP
assay were observed. In this study, the authors present evidence that genotoxicity assessment using the
yeast GFP assay can provide a simple system to monitor the activity of these environmental pollutants
that could possess mutagenic potential at low concentrations. © 2006 Wiley Periodicals, Inc. Environ Toxicol 21:
343-348, 2006.

Keywords: azaarenes; GFP yeast bioassay; genotoxicity; toxicity

INTRODUCTION

Nitrogen heterocyclic aromatic hydrocarbons or azaarenes
contain one or more nitrogen atom(s) in place of a carbon
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DISCOVER SOMETHING GREAT

atom. This makes them more soluble in water than their
homocyclic analogues (Pearlman et al., 1984), and conse-
quently perhaps also more bioavailable. Although partly of
natural origin (e.g., as alkaloids; Kaiser et al., 1996), the
majority of the azaarenes found in the environment origi-
nate from anthropogenic sources, and are formed and
released into the environment by incomplete combustion of
fossil fuels, in spills or effluents of a variety of industrial
activities, oil drilling, refining and storage (Kochany and
Maguire, 1994), and coal tar distillation (Pereira et al.,
1983). N-heterocycles are also associated with wood pres-
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ervation (Pereira et al., 1983) and pesticide use (Kuhn and
Suflita, 1989). Their presence has been shown in air (Santo-
donato and Howard, 1981), groundwater (Pereira et al.,
1987), and in both marine and freshwater environments
(Blumer et al., 1977; Kozin et al., 1997; Van Genderen
et al., 1994). Concentrations of nitrogen-containing poly-
aromatic heterocyclic compounds (NPAHs) found in the
environment are reported to be one to two orders of magni-
tude lower than polycyclic aromatic hydrocarbons (PAH)
concentrations (Blumer et al., 1977), yet their biological
effects can be of similar magnitude. Azaarenes are known
to exhibit mutagenic and carcinogenic activity, just as do
neutral polyaromatic hydrocarbons. Because of their planar
fused-ring structures, azaarenes are capable of intercalating
between the bases of DNA. Highly electrophilic intermedi-
ates formed during biotransformation (e.g., diol epoxides)
can easily bind strongly (but reversibly) with nucleophilic
carboxyl, amino, and sulfhydryl groups on nucleic acids or
proteins. When a covalent bond between a carbonium ion
intermediate and the DNA helix are formed, these DNA
adducts lead to a disruption of the DNA configuration and
possibly to mutagenesis and cancer.

To assess mutagenic and carcinogenic hazards, several
biological test systems have been developed. At present,
standardized prokaryotic genotoxicity procedures include
the Ames test (Gee et al., 1994; Maron and Ames, 1983)
and the umuC test (Oda et al., 1985) based on genetically
engineered Salmonella typhimurium strains or the SOS
Chromotest (Quillardet and Hofnung, 1985) using E. coli
strain. Although these bacterial assays have proved their
effectiveness, they have some disadvantages, principally
because they use noneukaryotic cells and hence will not
detect genotoxins that interact with eukaryote-specific
targets. More recently, Saccharomyces cerevisiae tester
strains have been developed for detection of genotoxic
potential with yeast-optimized green fluorescent protein
(GFP) fused to the RAD54 promoter (Afanassiev et al.,
2000; Walmsley et al., 1997). The DNA damage inducible
promoter of the RAD54 gene was fused to yeast codon-
optimized gene for the jellyfish GFP and responds to all
agents known to a broad spectrum of genotoxins, suggest-
ing that yeast DNA damage sensing pathways activate the
homologous recombinational repair pathway as a default
for failure or saturation of the other repair pathways
(Cahill et al., 2004). The amount of GFP accumulated
reflects the genotoxic effect of the substance, i.e., the more
damage caused, the greater the activation of the DNA
repair system, the greater the amount of GFP produced.
This GFP can then be noninvasively quantified when illu-
minated by blue light.

In this study, we present evidence that the yeast GFP
assay can be successfully used for studying toxicity and
genotoxicity of these environmental pollutants. Their struc-
tures and nomenclature are given in Figure 1.

Environmental Toxicology DOI 10.1002/tox
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MATERIALS AND METHODS

Chemicals

Quinoline (CAS No. 91-22-5, purity 98%), benzo[h]quino-
line (CAS No. 230-27-3, purity 97%), acridine (CAS No.
260-94-6, purity 97%), quinazoline (CAS No. 253-82-7,
purity 99%), isoquinoline (CAS No. 119-65-3, purity 97%),
phenanthridine (CAS No. 229-87-8, purity 98%), 4,7-phe-
nanthroline (CAS No. 230-07-9, purity 98%), 1,10-phenan-
throline (CAS No. 66-71-7, purity 99%), carbazole (CAS
No. 86-74-8, purity 96%), 6-methylquinoline (CAS No. 91-
62-3, purity 98%), 1,7-phenanthroline (CAS No. 230-46-6,
purity 99%), phenazine (CAS No. 92-82-0, purity 98%),
phthalazine (CAS No. 253-52-1, purity 98%), naphthalene
(CAS No. 91-20-3, purity 98%), anthracene (CAS No. 120-
12-7, purity 97%), benz[a]anthracene (CAS No. 56-55-3,
purity 99%), dibenzo[a,h]anthracene (CAS No. 53-70-3,
purity 97%), fluorene (CAS No. 86-73-7), phenanthrene
(CAS No. 85-01-8) were purchased from Sigma-Aldrich.
Benz[a]acridine (CAS No. 225-11-6, purity 99,5%), benzo|c]
acridine (CAS No. 225-51-4, purity 99,8%), dibenz[a,i] acri-
dine (CAS No. 226-92-6, purity 99,7%), dibenz[a,j]acridine
(CAS No. 224-42-0, purity 99%), dibenz[a,h]acridine (CAS
No. 226-36-8, purity 99,86), dibenz[c,h]acridine (CAS No.
224-53-3, purity 99,3%), and 7-H-dibenz[c,g]carbazole (CAS
No. 194-59-2, purity 99,7%) were obtained from Dr. Ehren-
storfer GmbH. All other used chemical reagents were of the
highest available quality.

Strains and Growth Condition

The Saccharomyces cerevisiae strain used in this study was
FF18984 (MATa, leu2-3,112 ura3-52 lys2-1 his7-1). The
reporter strain (GenTO1) contains a multiple copy plasmid
bearing the entire upstream noncoding DNA sequence of
the S. cerevisiae RAD54 gene fused to a yeast codon-opti-
mized derivative of the Aequorea Victoria (jellyfish) GFP
gene (Cormack et al., 1997). The control strain (GenCO1)
contains the identical plasmid except that 2 bp have been
removed at the start of the GFP gene, such that no GFP is
made. Yeast cells were grown using a well-defined minimal
media which exhibits low autofluorescence (F1) (Cahill
et al., 2004). Single colonies of yeast strains, grown on
selective SD medium, were used to inoculate F1 medium
(10 mL) and grown to stationary phase.

GFP Assay

This assay, accurately described (Cahill et al., 2004), was
carried out in 96-well microtitre plates (black, clear bottom)
obtained from Greiner (catalogue no. 655097). 1.2 mM
stock of the test chemical was prepared in 4% (v/v) aqueous
dimethyl sulfoxide (DMSO) and used to make two identical
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Fig. 1. Structures and nomenclature of PAHs and their nitrogenic analogues (azaarenes).

dilution series across the microplate. To achieve this,
150 mL of the test chemical solution were put into two
microplate wells. Each sample was serially diluted by trans-
ferring 75 mL into 75 mL of 4% DMSO, mixing and then
taking 75 mL out and into the next well. This produced nine
serial dilutions of 75 mL each.

Controls were added as follows: (i) Compound alone, to
provide information on compound absorbance/fluorescence;
(i1) Yeast cultures diluted with 4% DMSO alone, to give a
measure of maximum proliferative potential; (iii) methyl
methanesulfonate as a genotoxicity control: ‘‘high”
0.00125% (v/v), “‘low”” = 0.0001875% (v/v); (iv) Methanol
as a cytotoxicity control: ‘‘high”” = 3.5% (v/v), “low” =
1.5% (v/v); and (v) Growth medium alone, to confirm steril-
ity/lack of contamination.

Stationary phase cultures of GenTO1 and GenCO1 were
diluted to an optical density (OD600 nm) = 0.2 in double
strength F1 medium (Billinton et al., 1998). An aliquot of
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75 mL of the yeast suspension was added to each well of
the diluted chemical: GenTO1 to one series and GenCO1 to
the second series of each compound, and to appropriate
standards and controls (i.e., GenTO1 to methyl methanesul-
fonate-containing wells and GenCOl to methanol-contain-
ing wells). After the plates were filled, they were sealed
using a gas-permeable membrane (Breath-Easy; Diversified
Biotech, USA) and then incubated, without shaking, over-
night (16-20 h) at 30°C. Following overnight incubation,
GFP reporter fluorescence and yeast culture absorbance
data were collected from the microplates. The microplate
reader used was a Wallac 1420 Victor (Perkin Elmer),
which combines fluorescence and absorbance functionality.
Filter set: excitation 485 nm, emission 535 nm, absorbance
550 nm.

To compare the sensitivity of GFP yeast assay and bac-
terial screening tests, unpublished data of the Toxi-Chro-
motest (toxicity data) (Kwan, 1993) and SOS-Chromotest

Environmental Toxicology DOI 10.1002/tox
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TABLE I. Summary of toxicity and genotoxicity assessment

Toxicity—IC20 (M) Genotoxicity—MGC (uM)

Group Compound GFP Assay  Toxi-Chromotest ~ GFP Assay ~ SOS-Chromotest
PAH Fluorene 187.6 123.0 - 150.0
Naphthalene - - - -
Phenanthrene 35.1 53.0 - -
Benzo(a)anthracene - - - -
Dibenzo(a, h)anthracene - - - -
Anthracene - - - -
Analogues to naphthalene quinoline - - - -
6-methylchinoline - - - -
Isoquinoline 147.8 - 304.0 134.0
quinazoline - - - -
phthalazine - - - 206.0
Analogues to anthracene acridine 87.9 54.0 81.7 30.0
phenazine 9.4 264.0 2.1 132.0
Analogues to phenanthrene benzo(h)chinoline 329.7 103.0 1194 78.0
phenanthridine 39.6 114.0 30.3 -
1, 10-phenanthroline 5.1 10.0 3.9 -
1, 7-phenanthroline 131.5 - 51.2 139.0
4, 7-phenanthroline 191.5 218.0 7.4 209.0
Analogues to fluorene carbazole 66.2 50.0 - -
Analogues to benzo(a)anthracene Benzo(a)acridine 54.7 5.0 433 30.0
Benzo(c)acridine - 9.0 - -
Analogues to dibenzo(a, h)anthracene ~ Dibenzo(c, g)carbazole 2.1 1.0 - -
Dibenzo(a, j)acridine - - - -
Dibenzo(a, h)acridine - - - -
Dibenzo(a, i)acridine 2.7 10.0 1.4 3.0

Dibenzo(c, h)acridine

—, not detected.

(genotoxicity data) (Quillardet and Hofnung, 1985) from a
parallel study are included. IC20 and minimum genotoxic
concentration values were calculated using linear regres-
sion model.

RESULTS

To assess toxic and genotoxic activity, 5 polyaromatic
hydrocarbons and 20 of their nitrogen-containing heterocy-
clic analogues were selected. The response from each sub-
stance tested at the concentrations of 0, 2.34, 4.69, 9.38,
18.8,37.5,75, 150, 300, and 600 M were examined. How-
ever, some compounds were tested only at lower concentra-
tions because of their low solubility (especially 4- and 5-
ring analogues).

To assess toxicity and genotoxicity, the IC20 and mini-
mum genotoxic concentration values of each substance are
listed in Table 1.

Taking these results as whole, both toxicity and genotox-
icity values indicate azaarenes have higher toxic and geno-
toxic potencies than their homocyclic analogues. These
results are obvious especially in case of genotoxicity evalu-
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ation, where none of the PAHs showed any adverse effect
in GFP test, however, 10 their aza- homologues were
scored as potential genotoxins. These findings for most
potent group of phenanthrene analogues are shown in
Figure 2.

Taking these results test by test, it appears that they have
different sensitivity. It can be seen that GFP test system for
toxicity assessment responded to the same substances as
bacterial short-term assay Toxi-Chromotest. Even in case
of isoquinoline and 1,7-phenanthroline, the adverse impact
on cell growth was observed only in the GFP assay.

Also the results using the same genotoxicity endpoints
using two different bioassays are in good agreement, even
if in some cases (phenazine or 4,7-phenanthroline) the GFP
assay detect genotoxic potencies two orders of magnitude
lower than bacterial SOS Chromotest.

DISCUSSION

Very few studies on the genotoxicity of azaarenes are avail-
able in the literature. This study established both the toxic
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Fig. 2. Genotoxicity results of most potent group—phenanthrene and its analogues.

and genotoxic potential of 20 azaarenes using a eukaryotic
short-term assay system.

The simultaneous use of GFP assay (Afanassiev et al.,
2000) and Toxi-Chromotest (Kwan, 1993) for toxicity
assessment and GFP assay (Afanassiev et al., 2000) and
SOS-Chromotest (Quillardet and Hofnung, 1985) for geno-
toxicity assessment allows us to compare the sensitivity of
bacterial and eukaryotic bioassays. The principle of both
toxicity and genotoxicity assays is very similar. For toxicity
evaluation, IC20 (growth inhibition) is determined by ab-
sorbance measurement, genotoxicity assays are based on
expression of reporter gene (/3-galactosidase or GFP syn-
thesis). This comparison indicates that in most cases the
GFP assay is apparently of comparable sensitivity to the
bacterial toxicity or genotoxicity tests with respect to the
correlation of positive/negative responses, but much more
sensitive with respect to the effective concentration values.

It is important to note that in contrast to the Ames and
the SOS tests (Ames et al., 1973; Quillardet et al., 1982),
which are bacterially based, GFP assay system provides all
the typical features of eukaryotic cell architecture and me-
tabolism. Although lacking many metabolic pathways
found in animals and humans, basic repair mechanisms as a
response to genetic damage are more similar between yeast
and mammals (Crichlow and Jackson, 1998; Kim and
Weinert, 1997).

The monitoring of the DNA-damage potential of chemi-
cal substances is a main goal in understanding the risk that
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can be caused by the presence of dangerous substances in
the environment. The toxicity and genotoxicity assessment
using yeast strain Saccharomyces cerevisiae can provide a
simple system to monitor the activity of these substances
that could possess mutagenic potential at low concentra-
tions not only due to its eukaryotic advances, but especially
due to its high sensitivity.

Presence of azaarenes has been shown in air (Santodo-
nato and Howard, 1981), groundwater (Pereira et al., 1987),
and in both marine and freshwater environments (Blumer
et al., 1977; Kozin et al., 1997; Van Genderen et al., 1994).
Apart from their natural origin, NPAHs enter the environ-
ment as spills or waste materials generated by mining
industry, coal tar- and oil shale processing operations, wood
preserving facilities, and chemical manufacturing plants
(Kaiser et al., 1996). NPAHs are present in the environment
in amounts up to 1-10% of those of their homocyclic ana-
logue PAHs (Wild and Jones, 1995), but their biological
effects can be of similar magnitude. Information about the
genotoxicity of each specific group of pollutants in environ-
mental samples are lacking in the literature and that is why
GFP assay can help to define the toxic or genotoxic poten-
tial of a variety of these compounds and can be very useful
tool to determine environmental risks of these compounds
in mixtures in environmental monitoring.

The authors thank Richard Walmsley for providing yeast
strains, Stefan Wolfl and Andrew Knight for helpful discussion.
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Extracts from passive air samples can be used to assess genotoxic potency.

Abstract

The capability of passive air sampling to be employed in the evaluation of direct genotoxicity of ambient air samples was assessed. Genotoxic
effects of the total extracts from the polyurethane foam filters exposed for 28 days during a regional passive air sampling campaign were in-
vestigated. Twenty sampling sites were selected in Brno city on the area of approximately 20 x 20 km in October and November 2004.
Brno is the second largest city of the Czech Republic, highly industrialized with approximately 370,000 of permanent inhabitants. The levels
of PAHs, PCBs, and chlorinated pesticides were determined in all samples. Fraction of each extract was also assayed in the bacterial genotoxicity
test using Escherichia coli sulA::lacZ. Complete dose—response relationships of the air extracts were determined. The statistical analysis showed
significant correlation between observed biological effects and PAHs concentrations in samples.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Passive air sampling; Escherichia coli; SOS reparation system; Air genotoxic potency

1. Introduction

Residents of industrialized and densely populated regions
are exposed to the ambient air pollution arising primarily
from the industrial activities, heavy traffic and combustion
sources. Epidemiological studies carried out to investigate
the health risks related to the air pollution suggest that ambient
air pollution may be responsible for increased rates of diseases
like lung cancer (Kappos et al., 2004; Tam and Neumann,
2004; Parodi et al., 2005; Pauk et al., 2005). Estimation of
the human inhalation exposure to the mutagenic and genotoxic
compounds in the air is imperative for the public health risk
evaluation. However, relatively few investigations have been
published for the typical urban areas and information required
for conducting human risk assessments (especially exposure
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assessment) is still very limited. Moreover, the complexity
and potential synergic effects of the airborne toxic compounds
cannot be adequately ascertained by the chemical analysis
itself (Buschini et al., 2001; Zhao et al., 2002) and for the
purpose of potential public health risk assessment, the bio-
monitoring of ambient air in addition to chemical monitoring
is receiving increasing attention (Isidori et al., 2003; Brits
et al., 2004; Claxton et al., 2004). These demands require spe-
cific and sensitive methods capable of indicating the presence
of genotoxic compounds in the environment. Several biologi-
cal test systems have been developed recently to assess the
mutagenic and carcinogenic hazards. Among them, the geno-
toxicity assessment bioassays are valuable bacterial assays
based on the response to DNA damage induced by the geno-
toxic compounds in cells (Hamers et al., 2000). The assays
based on the transcriptional fusions between DNA-damage in-
ducible promoters and reporter systems have been used to de-
tect a variety of environmental genotoxins. These sensitive
tests utilize the gene promoters involved in the SOS response
to the DNA damage such as sulA (McDaniels et al., 1990).
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High-volume air sampling has been a standard method for
monitoring of semi volatile organic compounds in the air for
a number of years, providing samples for both chemical and
toxicological analyses. However, difficulties and high costs as-
sociated with this conventional air sampling are partly respon-
sible for the general lack of air quality measurements. Various
passive air samplers were developed recently as technically fea-
sible and cost-effective alternative for investigating chemical
signatures in air, capable of semi-quantitative measurements
of the air pollution as well as relative comparisons of the indi-
vidual sampling sites (Ockenden et al., 1998; Shoeib and
Harner, 2002; Wania et al., 2003; Harner et al., 2004; Jaward
et al., 2004a,b). Besides the low cost and versatility, an integra-
tive character eliminating the impact of accidental short-term
contamination is the main advantage of these methods (Petty
et al., 1993; Isidori et al., 2003; Claxton et al., 2004).

Assessment of genotoxic potency of the passive sampling
obtained air samples using the screening genotoxicity test
(SOS chromotest), was performed in this study. This method
is based on the induction of the SOS repair system as a result
of the sample interaction with DNA of a genetically modified
tester strain. Our objectives were: (1) to perform regional scale
urban air sampling campaign (area 20 x 20 km) using passive
samplers and consecutive spatial GIS analysis; (2) to evaluate
the feasibility of screening genotoxicity tests on the air sam-
ples obtained from the polyurethane foam-based passive sam-
plers; (3) to detect potential significant induction of the SOS
genes in this bioassay; and (4) to compare this information
with the results of chemical analysis. The uncertainty factors
of this approach are discussed as well.

2. Materials and methods
2.1. Air sampling

Passive air samplers consisting of the polyurethane foam disks (15 cm di-
ameter, 1.5 cm thick, density 0.030 g cm’3, type N 3038; Gumotex Breclav,
Czech Republic) housed in the protective chambers were employed in this
study. Theory of passive sampling using similar devices was described else-
where (Shoeib and Harner, 2002; Harner et al., 2004). Sampling chambers
were pre-washed and solvent-rinsed with acetone prior to installation. All fil-
ters were pre-washed, cleaned (8 h extraction in acetone and 8 h in dichloro-
methane), wrapped in two layers of aluminum foil, placed into zip-lock
polyethylene bags and kept in freezer prior deployment. Exposed filters
were wrapped in two layers of aluminum foil, labeled, placed into zip-lock
polyethylene bags and transported in cooling box at 5 °C to the laboratory
where they were kept in freezer at —18 °C until the analysis. Field blanks
were obtained by installing and removing the PUF disks at all sampling sites.

2.2. Sample analysis

All samples were extracted with dichloromethane in a Biichi System B-811
automatic extractor. The crude extracts were divided in two parts. One half
was evaporated under a gentle stream of nitrogen and re-dissolved in dimethyl
sulfoxide (DMSO) at the concentration scale appropriate for biological exper-
iments. The other half was used for the chemical analysis. Volume was re-
duced under a gentle nitrogen stream at ambient temperature, and
fractionation achieved on silica gel column; sulfuric acid modified silica gel
column was used for PCB/OCP samples. One laboratory blank and one refer-
ence material were analyzed with each set of ten samples. Terfenyl and PCB
121 were used as the internal standards for PAHs and PCBs analyses,
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respectively. Samples were analyzed using a GC-ECD (HP 5890) supplied
with a Quadrex fused silica column 5% Ph for PCBs (PCB 28, PCB 52,
PCB 101, PCB 118, PCB 153, PCB 138, PCB 180, and OCPs (a-HCH,
B-HCH, y-HCH, 3-HCH, p,p'-DDE, p,p/-DDD, p,p’-DDT). Twenty-eight
polycyclic aromatic hydrocarbons (naphthalene, biphenyl, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, ben-
zonaphtho-thiophene, benzo[b]fluorene, benzo[g,h,i]fluoranthene, cyclopen-
ta[c,d]pyrene, benz[a]anthracene, triphenylene, chrysene, benzo[b]fluoranthene,
benzolj]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene,
perylene, indeno[1,2,3-c,d] pyrene, dibenz[a,h]anthracene, dibenz[a,c]anthra-
cene, benzo[g,h,ilperylene, athanthrene, coronene) were determined in all
samples using a GC-MS instrument (HP 6890—HP 5972) supplied with
a J&W Scientific fused silica column DB-5MS.

2.3. Quality assurancelquality control

Recoveries were determined by spiking the surrogate standards (D8-naph-
thalene, D10-fenantrene, D12-perylene for PAHs analysis, PCB 30 and PCB
185 for PCBs analysis) on the pre-cleaned filter prior to extraction. The
amounts were similar to the detected quantities of analytes in the samples. Re-
coveries were higher than 75% and 72% for all samples for PCBs and PAHs,
respectively. Recovery factors were not applied to any of the data. Recoveries
of the native analytes measured for the reference material varied from 88% to
103% for PCBs, from 75% to 98% for OCPs, from 72% to 102% for PAHs.
Laboratory blanks were very low. Field blanks consisting of pre-extracted
PUF disks were taken on each sampling site. They were extracted and ana-
lyzed in the same way as the samples, and the levels in field blanks never ex-
ceeded 5% of quantities detected in samples for PCBs, 1% for OCPs, 3% for
PAHs, indicating minimal contamination during transport, storage and analy-
sis. Previous air sampling studies performed in our laboratory showed a good
agreement between samples from duplicate passive air sampling, in which var-
iability ranged from 5% to 20% for all analytes.

2.4. Genotoxicity test

Genetically modified bacteria cells (tester strain Escherichia coli PQ 65
harboring a sulA::lacZ fusion) were employed in the study (Quillardet et al.,
1982, 1997; Quillardet and Hofnung, 1985). DNA is a molecular target and
the reporter responds directly to the DNA damage. Cytotoxicity as a result
of more general macro-molecular damage can be detected in this test as
well. The 96-well microtiter plate format was used for slightly modified
SOS chromotest (Xu et al., 1989; Bartos et al., 2005). The tester strain was
grown overnight in LB medium containing ampicillin (20 ugml~") at
37 °C. After the incubation period, the culture was diluted 50-fold into a fresh
LB medium with ampicillin and it was incubated for another 2 h. The optical
density (600 nm) of the incubated culture was adjusted to 0.04 and prepared
culture was mixed (3:1) with a phosphate buffer (pH 7.4). The stock solution
of the sample (20% of PUF filter aliquot in DMSO) was diluted 3:1, 1:1 and
1:3 with DMSO.

Eight microliters of each of the dilutions was mixed with 392 pl of the bac-
terial inoculum in tubes (1,5 ml) to reach the final concentrations: 20%, 15%,
10% and 5% of the original PUF filter in 1 ml of the reaction mixture (%
PUF ml ). Eight microliters of DMSO was taken as a negative control; a so-
lution of 4-nitroquinoline-N-oxide was used as a positive control. The mixtures
were incubated for 2 h at 37 °C. Two microplates were prepared for measure-
ments of enzymatic activities. B-Galactosidase activity (genotoxicity assay)
was determined after the addition 25 pl of the contain of the incubated tubes
into 100 pl of a B-buffer solution (pH 7.0) with o-nitrophenyl-B-p-galactopyr-
anoside (2 mg ml~"). Alkaline phosphatase activity (toxicity assay) was deter-
mined after the addition of 25 pl of the contain of the incubated tubes into
100 pI of a P-buffer solution (pH 8.8) with p-nitrophenylphosphate
(2 mg ml™"). The microplates were incubated for 45 min at 37 °C and enzy-
matic activity was determined spectrophotometrically at 420 nm. Toxic effects
were quantified as a percentage of the alkaline phosphatase activity in compar-
ison with the negative control. The concentrations showing more than 50% in-
hibition were excluded. The SOS induction factor (IF) was calculated for every
tested concentration. The samples with the induction factor higher than 1.5 for
any tested concentration were marked as a significant genotoxins.
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2.5. Statistics and correlation analyses

Non-parametric test was selected for the data analyses of environmental
samples because it does not require a normal distribution and a homogeneous
variance. Correlations were tested using the non-parametric Spearman test
(Statistica for Windows 6).

2.6. Spatial GIS analyses

Selected data were processed using the geographic information system
(ArcView 3.2, ESRI). A simple terrain based-model (Hoef et al., 2004) was
applied for the spatial analysis of POPs concentrations (Surfer 8.0, Golden
Software). A geostatistical gridding method (Kriging) was used to produce
maps from the irregularly spaced PAHs air level data (Cressie, 1990).

3. Results

Brno, with its 370,000 of permanent residents and 240,000
of the working opportunities, is the second largest city of the
Czech Republic. It is a natural center of a territory with 2 mil-
lion inhabitants. It is located between the highlands and low-
lands in the territory of southern Moravia at 49°12’ N,
16°34" E, 190—479 m above sea level. The territory of the
city is well ventilated; no climatic calamities have been re-
corded in Brno over the recent years. Average air temperature
is +9.4 °C, average yearly rain precipitation 505 mm, prevail-
ing wind direction from northwest. A variety of industries is
located mostly in the southern parts of the city with the north-
ern part having a residential and recreational character.

Twenty sampling sites (described in Table 1) were selected
in the Brno city including industrial, agricultural, residential
and background areas. The sampling campaign lasting
28 days was carried out in October and November 2004, and
the average temperature was +8.1 °C. Samplers were placed
1.5—2.0 m above the ground in the man breathing zone, in
the open terrain sites without significant obstacles for a free

air stream around the sampler. To gain information on the spa-
tial distribution of pollutants, all samples were analyzed for
polychlorinated biphenyls, organochlorinated pesticides, and
polyaromatic hydrocarbons; and at the same time their toxicity
and genotoxicity were evaluated. The experimental design of
this parallel assessment as a new tool for the air pollution
monitoring is presented in Fig. 1. The results of chemical anal-
ysis of the samples from passive sampling are given in Table 2.
A sum of 16 EPA PAHs collected on individual filters varied
from 15 pg to 30 pg in the center of the city, industrial areas
to the south and in the places with the heavy traffic, and
from 6 pg to 15 png in the residential areas and peripheries
of the city. A sum for 7 indicator PCBs remained between 8
and 47 ng except for the southern industrial zone where it
reached 404 ng. At the same site, the sum of p,p’-DDT,
DDE, DDD reached 101 ng, while in all other places it stayed
between 9 and 46 ng.

An estimated spatial distribution of PAHs based on the pas-
sive sampling is demonstrated in Fig. 2. A three-dimensional
shaded model was created rendering from a grid database
(Kriging geostatistical method). The elevation of the surface
corresponds to the amount of PAHs.

Results of the mutagenicity assay on the PUF filter extracts
are shown in Table 2 and Fig. 3. They are expressed as an in-
duction factors (a genotoxic potency of direct mutagens in the
samples from filters after 28 days of exposure). Biological an-
swers of the samples from 11 sites were scored as significantly
mutagenic (IF >1.5; Xu et al., 1989).

The correlation between the genotoxicity of extracted filter
and the amount of pollutants sequestered by the filter was sig-
nificant in the case of induction factors for the sample concen-
tration of 10% PUFml~'. A very good correlation was
observed especially for the sum of polycyclic aromatic hydro-
carbons (induction factors versus the total amounts of 28 PAHs
determined in all filter extracts are shown in Fig. 4) and also

Table 1

List of the sampling sites for the passive sampling campaign in the region of Brno city

No. Sampling site Description

1 Brno—Bohunice Service gate of the hospital, residential area, large urban settlements, apartment buildings, SW part of the city
2 Brno—Kotlarska Crossroad on the inner traffic ring, heavily polluted by transport emissions, close to the city center

3 Brno—Cerna Pole Administration building of the arboretum, woody area, close to the city center

4 Brno—Malomerice Gate of the power station, gas combustion, industrial area, NE part of the city

5 Brno—Lisen Urban residential area, large suburb of apartment buildings, E part of the city

6 Brno—Sobesice Backyard of the village family house, N periphery of the city

8 Brno—Zabovresky Czech hydro meteorological institute, residential area, family houses, close to the city center

9 Brno—Hrad Veveri
10 Brno—Komarov

11 Brno—Kninicky

12 Brno—Pisarky

13 Brno—Zidenice

14 Brno—Stred (Petrov)
15 Brno—Lesna

16 Brno—Kohoutovice
17 Brno—Husovice

18 Brno—Slatina

19 Brno—Reckovice
20 Brno—Bystrc

21 Brno—Chrlice

Upper courtyard of the Veveri castle, currently under reconstruction, background area, N of the city
Backyard of the service station, industrial part of the city, S of the center

Administration building of zoo, woody area, N part of the city

Grassy area of water treatment plant, close to the crossroad on the outer traffic ring

Garden of the family house, residential area, E part of the city

Garden of the vicarage near the Petrov cathedral, top of the hill in the center of the city
Backyard of the apartment house, large suburb of apartment houses, NE part of the city
Apartment house, suburban settlement, close to the woods, W part of the city

Apartment house, construction site of the new houses, E part of the city

Apartment house, urban settlement, close to the highway and industrial area, SE part of the city
Backyard of the family house, residential area, N part of the city

Apartment house, urban settlement, NW part of the city

Private orchard in the village, agricultural area, S periphery of the city
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Fig. 1. Experimental design of the air genotoxic potency screening assessment.

for the sum of p,p’-DDT, DDE, DDD. All Spearman rank cor-
relation values (Rho) are presented in Table 2. The fact that
correlation that is significant for lower concentration has not
been observed for the higher ones can probably be explained
by a masking effect of the cell growth inhibition caused by
the high concentrations of pollutants. The most significant sta-
tistical Rho was found for acenaphthene, fluorene, phenan-
threne, anthracene, fluoranthene, and pyrene.

4. Discussion

When the PUF disks are deployed in the sampling cham-
bers, they were estimated to give the typical sampling rates
of 3—4 m® of air per day (Shoeib and Harner, 2002). The am-
bient concentrations represented by the measured amounts of
POPs per sample values can therefore be derived. Previous
works have also shown that characterization of the uptake pro-
files of various POPs based on their octanol—air partition co-
efficients gives satisfactory results and equivalent air sample
volumes can be calculated (Harner et al., 2004). However,
since one of the goals of this study was to compare the results
of chemical analysis of the polyurethane foam disk extracts
with the results of genotoxicity assay, the total amounts of
POPs sequestered by the PUF filters were used for comparison
rather than estimated air concentrations. Since it is difficult to
identify fully and to quantify the complex mixture of organic
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compounds to which we are exposed through the air pollution,
the chemical analyses in this study was limited to 7 indicator
PCBs, selected OCPs, and 28 PAHs, most of which are biolog-
ically active and some even carcinogenic (Du Four et al.,
2004).

To compare the results with the background site not influ-
enced by this region, the sampling site No. 22 (Kosetice),
EMEP observatory (Holoubek et al., 2001) where the parallel
passive air sampling was carried out, was included in Table 2.
It can be seen from the table that organochlorinated pesticides
(HCH and DDT) and PCBs are distributed quite evenly and
the amounts of OCPs measured in most sites in Brno are sim-
ilar or lower than the amounts in Kosetice. On the contrary,
amounts of PCBs determined in most sites in Brno are slightly
elevated when compared with Kosetice, which is in agreement
with the anthropogenic origin of these compounds. However,
there is an exceptional site No. 10 (Komarov) where the levels
of PCBs and DDTs more than one order of magnitude higher
were detected. They can originate from the former application
or disposal of products or wastes containing these compounds
or from unauthorized storage in surrounding buildings of the
old industrial zone.

In the case of PAHs, we can see a different situation where
the levels measured in Kosetice are significantly lower than
those in Brno. The highest amounts were found in the sites af-
fected by the traffic (No. 2—XKotlarska, No. 8—Zabovresky,
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Table 2

Summary of genotoxicity data expressed as the induction factors for all four tested concentrations and the results of the statistical analysis (non-parametric Spear-

man test) expressed as Spearman rank correlation (Rho) between the chemical data and the genotoxicity for concentration 10% PUF ml ™'

Sampling site Genotoxic potency”

Amount of chemicals (ng PUF Y

IF5 IF10 IF15 IF20 Sum 16 EPAPAHs Sum28PAHs SumPCB Sum HCH Sum DDT HCB PeCB
1 .00 0.90 1.44 1.05 12,725.20 12,914.00 20.10 17.64 21.27 5595  7.09
2 113 1.80 1.81 1.65 30,678.80 31,306.40 47.32 24.23 22.12 4898  7.05
3 094  1.34 1.41 1.45 13,909.20 14,075.60 46.26 18.10 17.65 32.83 731
4 .11 132 1.86 1.72 12,802.40 12,934.00 33.30 14.59 15.88 2741  5.69
5 095 121 1.41 1.66 9473.20 9617.60 8.81 11.38 10.91 28.99 424
6 1.01 133 1.54 1.38 12,718.00 12,855.20 9.59 10.82 16.67 30.80  7.61
8 .19 131 2.24 1.51 16,798.40 17,002.40 12.08 10.92 11.85 25.80 631
9 1.07 098 2.35 2.53 8196.00 8277.60 11.51 15.20 11.43 48.03  6.70
10 126  1.36 1.65 2.02 20,092.00 20,385.60 404.22 18.90 101.87 51.18  7.70
11 148 114 1.75 1.99 13,874.80 14,058.40 13.05 13.16 16.14 39.05 581
12 135 099 1.15 1.28 9707.60 9818.00 11.68 11.61 12.16 3826  7.24
13 113 1.02 1.46 1.48 14,265.60 14,416.40 15.18 11.88 17.34 36.98 536
14 141 142 1.77 1.78 19,863.20 20,131.20 25.30 21.79 26.13 5378 644
15 128 097 1.49 1.52 8634.00 8749.20 11.36 14.24 16.06 41.10 631
16 043 0.66 0.81 1.02 10,074.00 10,187.20 12.19 13.73 14.67 4717 553
17 059  1.00 1.23 1.96 16,170.80 16,495.60 16.54 20.38 46.09 4707  4.94
18 0.54  1.01 1.18 1.36 17,746.80 18,028.40 33.02 22.52 32.70 63.66  7.07
19 047  0.88 0.98 1.05 14,902.40 15,028.40 17.50 10.73 10.51 35.16  4.35
20 041 112 1.32 1.20 7140.40 7593.60 10.21 5.68 24.25 1526 438
21 079  0.90 1.07 1.30 6397.60 6450.80 13.12 10.04 9.24 3297 411
200 5482.20 13.93 19.43 18.31 80.88  6.94
Rho® 0.52¢ 0.52¢ 0.34 0.34 0.45¢ —0.12 038

% RECETOX background site: observatory of EMEP (Cooperative Program for Monitoring and Evaluation of Air Pollutants in Europe).

" Induction factors for each sample dilution.
¢ Spearman rank correlation.
4 Statistically significant Spearman rank correlation (p < 0.05).

No. 14—Petrov) or close to the industrial areas (No. 10—Ko-
marov, No. 18—Slatina) (see Table 1) in accordance with the
previous studies (Pospisil et al., 2004). Several elevated levels
in the southeastern sites can be explained by a prevailing wind
direction from the northwest.

Two important aspects of the induction factor IF need to be
evaluated: maximum IF (Fig. 3) and minimum genotoxic con-
centration (MGC) (Table 3). From the map in the Fig. 3 it is
evident that sampling site No. 2 (Kotlarska) does not have
as high induction factor as could be expected from the results

SN

Fig. 2. Wire frames: the three-dimensional presentation of the relative PAHs contamination (Surfer 8.0, Golden Software—Kriging geostatistical method).
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Fig. 3. Spatial presentation of the relationship between the relative air contamination and the direct genotoxic potency (significant genotoxicity factors in the air
samples with IF >1.5). Izolines correspond with the amounts of PAHs sequestered by the filter (in ng PUF"). (Surfer 8.0, Golden Software).

of chemical analysis and from the literature (Pospisil et al.,
2004). Nevertheless, the sample from this site was scored as
genotoxic at very low concentrations as can be seen in Table
3 and in Fig. 5. On the contrary, relatively high IF-value
was observed at the background sampling site No. 9 (Veveri
Castle). It can probably be explained by the intensive recon-
struction of the castle during which significant amounts of
direct genotoxic chemicals other than those analyzed in the

polyurethane foam disks in this study can be released to the
ambient air.

It is obvious that selected bioassay only covers a specific
part of all chemicals present in the air samples. The signifi-
cant correlations between the direct genotoxicity of the
samples and the amounts of indirect-acting PAHs indicate
that the amount of PAHs in the air is probably linked to the
amount of direct-acting mutagens like oxy- and nitro-PAHs
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Fig. 4. Correlation of the sum of PAHs (bars) and induction factors for concentration 10% PUF ml~".
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Table 3
Minimum genotoxic concentration for the sampling sites with the significant
adverse genotoxic effect

Locality MGC RGTU*
% PUF ml ™! SD
2 8.57 2.07 11.67
4 11.65 0.23 8.58
5 10.53 6.74 9.50
6 14.09 3.96 7.10
8 11.33 0.98 8.82
9 11.92 0.43 8.39
10 12.84 5.53 7.79
11 12.72 1.33 7.86
14 11.24 1.69 8.90
15 21.55 3.94 4.64
17 16.96 1.81 5.90

SD, standard deviation.
# Relative genotoxic units (RGTU = [1/MGC] x 100).

(Wada et al., 2001; Du Four et al., 2004). Dinitropyrenes,
for instance, are the known products of diesel combustion
and 1-nitropyrene and 1,8-dinitropyrene are expected to
be fully responsible for 20% and 80%, respectively, of the
direct genotoxicity of a diesel exhausts (Hamers et al., 2000).
It can be expected from their physicochemical properties that

these compounds are sequestered by polyurethane foam filter
of the passive sampler and they can be responsible for the
genotoxicity of the sample. Detection of the wider spectra
of compounds adsorbed on the filter and verification of this
hypothesis should be the focus of future research.

5. Conclusions

Results of the study indicate not only a very good capability
of the passive air samplers to reflect the spatial fluctuation in
concentrations of persistent organic pollutants in the ambient
air, but the feasibility of using this method for the direct gen-
otoxic potential assessment. The integration of the passive air
sampling technique with the genotoxicological analysis may
provide an effective tool for the air monitoring on various
scales and for the screening of the genotoxic potential of am-
bient air samples, which can be used for exposure assessment
as a part of human health risk assessment. The geographical
information system (GIS) analysis facilitated the spatial re-
sults interpretation of this combination of the chemical analy-
sis with the genotoxicity assay, and provided an attractive tool
for displaying the levels of air contamination and their geno-
toxic risks.

% -610000 -605000 -600000 -595000 -590000 =
= 7+ + i =+ + - 2
z rRcTu Legend | £

o mnongenotoxic

@® <59

@ 59-786

@ 786-89
S @095 s
= . 95-1167 | 8

Brno city
buildings

=] &
s L 5
= S
v s
o '
& —
= 9 12 Km i
= - - — S —— - 2
= -610000 -605000 -600000 -595000 -590000 g

Fig. 5. Spatial presentation of relative genotoxic units RGTU (11 out of 20 sampling sites were marked as significantly mutagenic).
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Souhrn

Clanek se zabyva problematikou hodnoceni karcinogennich rizik na popula¢ni Grovni a komentuje dostupnost potfebnych dat v Ces-
ké republice. Rozbor mezinarodné pouZivané metodiky hodnoceni vlivu environmentalnich polutantii prokdzal, Ze Ceskd republika je
dostate¢né datov€ vybavena pro tento typ analyz. Prace s environmentdlnimi databazemi byla dokumentovana na pifikladu informac-
nich systéma sledujicich kvalitu ovzdusi. Reprezentativni epidemiologicka data o zhoubnych nadorech jsou dostupné v podobé on-
line software na portdlu NOR: www.svod.cz. JiZ pilotni studie s arsenem, kadmiem, benzo(a)pyrenem a benzenem odhalila velké roz-
dily v rizikovosti jednotlivych latek a také rozdily mezi regiony CR. Databaze Nérodniho onkologického registru v tomto systému
hraje nepostradatelnou roli jako zdroj popula¢nich referen¢nich standardii pro hodnoceni rizika. Environmentalni studie mohou nao-
pak vyznamné ptispét k vizualizaci dat epidemiologickych dat implementaci geografickych informacnich systémi. Prace je pilotni
metodickou studii pro rozsahlej$i zhodnoceni zdravotnich rizik ¢eské populace ve vztahu k zhoubnym nadorim.

Kli¢ova slova: hodnoceni rizik, onkologicky registr, GIS.

Summary

Paper is focused on cancer risk assessment and its methodical and information background in the Czech Republic. The study proved
that there are sufficient data sources, both environmental and epidemiologic. Representative epidemiologic cancer data are available
in web portal of National Cancer Registry (NCR): www.svod.cz. Even pilot study with arsene, cadmium, benzene and benzo(a)pyre-
ne indicated remarkable differences not only among model pollutants but also among regions of the country. Database of NCR with
more than 1,3 million cancer cases reported since 1977 forms an indispensable base for definition of reference standards in risk asse-
ssment studies. And on the other hand, environmental projects can enrich NCR with implementation of geographic information sys-
tems. Paper is a pilot methodical introduction to more representative evaluation of health status of Czech population as related to can-
cer risks.

Key words: risk assessment, cancer registry, GIS.

Uvod

Iniciace nddorového bujeni je podminéna fadou riznych,
navzijem souvisejicich faktori s moZnymi synergisticky-
mi ¢i pravé naopak antagonistickymi tc¢inky. Dédi¢né muta-
ce nebo polymorfismus vybranych gentl, environmentalni
agens, které ovliviiuji incidenci somatickych genetickych
zmén, a nékteré dalsi systémové a lokalni faktory se ve vza-
jemné kombinaci zcela jisté podileji na procesech vedou-
cich ke vzniku rakoviny [1,2]. V dasledku této kompliko-
vané podstaty vlivil je hodnoceni populacnich rizik ve
vztahu k nddorovym onemocnénim velmi sloZity a kom-
plexni problém. Dnes jiZ zndme fadu moZnych faktora a hle-
disek, pomoci nichZ je miiZeme analyzovat obraz moZnych
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expozic Ci rizikovych vlivil. Postupné vznikd ucelené;jsi
obraz poznani, ktery zcela jist€¢ umoZni i pfedchazet neptiz-
nivym nasledkim [3,4].

Znecisténi ovzdusi je jednim z faktord, které se spolupodi-
leji na ovlivnéni lidského zdravi. Za poslednich nékolik
desitek let byla nashromédzdéna fada diikazi o negativnim
pusobeni zneciSténého ovzdusi na lidské zdravi [6,7].
V exponované populaci miiZzeme pozorovat zvySeny vyskyt
onemocnéni dychaciho ustroji, alergickych onemocnéni,
nemocnost a umrtnost osob s chronickym onemocnénim
dychaciho a kardiovaskularniho ustroji, sniZeni repro-
duk¢nich schopnosti, ale také vyskyt nddorovych onemoc-
néni, na kterych se miiZe urCitou mérou podilet expozice
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karcinogennim latkdm z ovzdusi [5]. Tyto skute¢nosti
samozfejmé plati i pro ¢eskou populaci. Na ndrodnim por-
talu slouZicim pro analyzy popula¢nich dat epidemiologie
nadort v CR (www.svod.cz) Ize nalézt jednozna¢né zvy-
Senou incidenci i mortalitu karcinomu plic v regionech se
zhorSenou kvalitou ovzdusi.

SniZovani koncentraci znecistujicich latek v ovzdusi vytva-
i podminky pro zlepSeni ukazateli zdravotniho stavu, kte-
ré jsou v souvislosti s expozici populace t€émto latkdm uva-
dény [5]. Otazkou je, nakolik a jakymi pfistupy a metodami
Ize tento vliv teoreticky a prakticky hodnotit v béZné pra-
xi. Pro odpovéd na tuto otdzku jsme analyzovali vyuZitel-
nost dostupnych popula¢nich dat o zdravotnim stavu oby-
vatel a environmentdlnich dat v metodice hodnoceni
zdravotnich rizik [3-6, 8-18].

Vybér parametri zdravotniho stavu obyvatel

Vybér ukazatell o incidenci nadorovych onemocnéni byl
proveden v tivodni ¢asti této pilotni studie tak, aby odraZel
nejvice pravdépodobné vlivy faktorti Zivotniho prostfedi.
PfestoZe je zndma fada moZnych pficin vzniku ZN, kom-
plexni hodnoceni moZnych rizik a jasné vymezeni preven-
tabilnich sloZek je stile nemoZné. Iniciace vétSiny nadoro-
vych onemocnéni je podminéna vzijemnymi interakcemi
fady faktori, které vznikaji nasledkem nékolika recesiv-
nich genetickych udalosti nebo interakci environmental-
nich faktord s pacientovou vlastni DNA. Jen velmi malé
procento onkologickych onemocnéni je podminéno Cisté
genetickymi pficinami. I samotnd interpretace interakce
genetickych a environmentalnich faktort stile zlstdva
zna¢né komplikovanou zéleZitosti [19].

Jednotlivé typy onkologickych onemocnéni se ve své inci-
denci a prevalenci lisi vice neZ fadové, a to jak vzhledem
k rGznym typlim populaci, tak i geografické poloze dané
populace. Konvergence cizi populace k epidemiologickym
hodnotdm v dané lokalit€, zndmé na ptikladu imigrantd,
vylucuje vysvétleni Cist€ jen pomoci genetickych faktord.
Na zédklade tohoto zjiSténi byly jiZ v Sedesatych letech uci-
nény zavery, z nichZ vyplyvalo, Ze vét§ina onkologickych
onemocnéni je ve svém principu preventabilni, pfi¢emz
vhodnou volbou ¢i zménou Zivotniho stylu a stavem Zivot-
niho prostiedi, 1ze zna¢nému mnoZstvi piipadi onemocné-
ni predejit.

Dnes je jiZ zndmo, a na fadé nejenom epidemiologickych
studii prokazano, pomérné velké mnoZstvi faktori iniciu-
jicich rakovinu. Mezi nejvyznamné;jsi patii zcela jist€ kou-
feni, obezita a nékolik onkogennich virQ, dale téZ profesni
rizika ve vztahu k ur¢itym typim onkologickych onemoc-
néni [8-10, 20-23]. Pomé&rné velky podil celosvétové vari-
ability v epidemiologickych parametrech, a to nejenom
u CastéjSich typt nadord, jakymi jsou rakovina prsu, pro-
staty, tlustého stfeva a konecniku, zistavd i presto nadéle
nevysvétlen [24]. V ramci feSeni tohoto projektu byla zara-
zena do vySe zminénych prostorovych a ¢asovych analyz
data o incidencich nésledujicich diagnostickych skupin
zhoubnych novotvari:

¢ incidence ZN tlustého stieva a konecniku (diagnézy
C18, C19, C20, C21),

incidence ZN plic (diagnéza C34),

incidence ZN prsu (diagnéza C50 — pouze Zeny),
incidence ZN prostaty (diagndza C61 — pouze muZi),
incidence ZN varlete (diagn6za C62 — pouze muZi).

Je ov§em na misté zdlraznit, Ze hodnoceni onkologickych
rizik na popula¢ni urovni rozhodné nelze provadét prostou
korelaci sumarnich incidencnich a mortalitnich dat s envi-
ronmentalnimi charakteristikami daného uzemi v daném
Case. Rada zhoubnych nadorti se pfed svym zachycenim
zdravotnickym systémem dlouho vyviji a jejich hostitel
(budouci pacient) miiZe migrovat a také i v tomto predia-
gnostickém obdobi prochédzet fadou vlivi. V pisobeni
externich vlivlii vlivii souvisejicich s Zivotnim stylem exi-
stuje tedy Casové okno, perioda, kterd musi byt v analy-
zachrespektovina, i kdyZ ji na popula¢ni irovni nelze pres-
né urcit. Jedinou cestou, jak zabranit zkreslenti, je sledovat
nejen sumarni incidenci a mortalitu pro nidory jako tako-
vé, ale respektovat co nejpodrobnéjsi charakteristiky paci-
entl a diagnostickou identifikaci nové zachycenych pii-
padi. Nador zachyceny v Casném stadiu u mladého ¢lovéka
indikuje externi nebo geneticky vliv jisté silnéji (pravdé-
podobnéji) nez velmi pokrocilé stadium onemocnéni
zachycené u ¢loveéka ve vySS§im véku. Z parametr, které
musi byt pfi hodnoceni rizik respektovany na strané epi-
demiologickych onkologickych databazi, 1ze jmenovat pie-
devsim:
- diagnostickou skupinu zhoubnych nadora
= Onkologie je diagnosticky velmi heterogenni terén a bez
rozliSovani jednotlivych diagnostickych skupin nelze
sumdrni ¢isla interpretovat. Zcela jinou vazbu k vlivu
externich faktori budou mit nddory mozku, hematoon-
kologické malignity a napt. nadory plic.
- Kklinické stadium onemocnéni v dobé diagnézy
= Pokrocilost onemocnéni urcuje dobu, po kterou byl
nador v téle pred vlastni diagnézou. U pomalu rostou-
cich nadori se tak velmi sniZuji moZnosti pfimé korela-
ce s moznymi externimi vlivy v daném misté a Case.
- pohlavi pacienta
= Nékteré malignity samoziejmé milZe mit pouze jedno
z pohlavi, napf. nddory pohlavnich organt. U jinych je
ale pti hodnoceni rizik uZite¢né pohlavi sledovat, nebot
se mohou li§it napf. Zivotnim stylem.
- vék pacienta v dobé diagnozy
= Velmi podstatny parametr, nebot incidence i mortalita
ma u jednotlivych diagnostickych skupin dany typicky
vékové specificky pribéh. Zachyt niddortt mimo tuto
typickou kfivku miZe indikovat vliv externich faktord.
JelikoZ jde o parametry, které jsou zdroveii béZnym a mini-
malnim zdznamem onkologickych epidemiologickych
registri, nemél by byt problém vyuZit je i pro hodnoceni
populacnich rizik. Dojde tim sice ke zkomplikovani inter-
pretace vSech nalezenych korela¢nich vztahtd, nicméné je
to nutnd cena, kterou platime za korektni interpretaci vysled-
ku. Situaci pfitom umime jeSt€ vice zkomplikovat, nebot
uz samotny zachyt malignity a také doba pteZiti diagnosti-
kovaného pacienta souvisi se stavem, moZnostmi a vykon-
nosti zdravotnictvi v dané oblasti. Tim bychom ale vyraz-
né prekro€ili zimér a moZnosti tohoto Gvodniho sdélent,
proto se dile primarné zamétime na popis dostupnych envi-
ronmentélnich dat a metodickych postupi.

Vyuzitelnost dostupnych zdroji environmentalnich dat
s ohledem na zdravi populace

Jako hlavni zdrojovou databézi pro charakterizaci nej-
vyznamnéjSich environmentédlnich faktort jsme v této
pilotni studii vyuZili databdzi CHMU o mife imisniho
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zatiZeni latkami s potencidlnim karcinogennim efektem
ve volném ovzdu$i. Do analyzy byly zatazeny latky s bez-
prahovym typem ucinku: benzo(a)pyren, benzen, arzen
a kadmium. Dil¢i databédze obsahuji primérné ro¢ni imis-
ni koncentrace téchto latek gridové siti 2x2 km pro celou
plochu CR. V3echna tato vstupni data byla implemento-
vana do analytického GIS prostfedi (geografické infor-
macni systémy) jednotlivych podkladovych vrstev.
CHMU vytvofil tyto vrstvy v ramci feSeni projektu
VaV/740/3/02 jako vystup statistickych analyz s vyuZi-
tim vysledki redlnych monitorovacich méfeni z vice neZ
150 mé&ficich stanic CR v kombinaci s aplikaci rozptylo-
vych modell (aplikace Bayesovské asimilace — [25],
interpolace s vyuZitim metody kriging, IDW, Radial Basic
Function).

Metodika hodnoceni zdravotnich rizik
Data o mife kontaminace volného ovzdusi pro dany rok byla
vyuZita pro retrospektivni vyhodnoceni potencidlnich zdra-
votnich rizik s diirazem na karcinogenni efekty pfitomnych
polutantl. Hodnoceni zdravotnich rizik je metodicky
postup, ktery umoZziiuje systematickym vyhodnocovanim
Skodlivych faktorti odhadnout a kvantifikovat vliv faktord
prostfedi na zdravi [26-29]. Metodika umoZiiuje na zékla-
dé souboru informaci o ptisobicich latkach a jejich vlivu na
zdravi modelovat pravdépodobné dopady na zdravotni stav
populace, ovSem pfi znalosti téchto faktort a pfi znalosti
stavu dané populace. Vyhodou je moZnost prospektivniho
modelovani vlivu je$té neexistujicich situaci. Metodika
zahrnuje nésledujici zdkladni kroky:

- identifikace nebezpecnosti,

- ur€eni vztahu davka — odpovéd,

- hodnoceni expozice charakterizace rizika,

- fizeni a komunikace rizika.
Identifikace nebezpecnosti
Utelem tzv. identifikace nebezpecnosti je posoudit zavaz-
nost ditkazii 0 neZadoucich ucincich studovaného faktoru
na ¢loveka. Provadi se na zdklad€ hodnoceni dat ziskanych
z pozorovani u lidi, z experimentdlnich studii na zvifatech,
na izolovanych organech, tkanich, bunéénych systémech
nebo z dat ziskanych ze studii vztahl mezi chemickou struk-
turou a biologickou ucinnosti latek (QSAR). Standardni
nivody pro toto hodnoceni mnoho svétovych organizaci
(WHO, OECD, EU, US EPA, US ATSDR, IPCS, FDA).
Udaje o nebezpecnosti litek 1ze vyhledat v toxikologickych
databazich.
Urceni vztahu ,,ddvka — icinek
Pro posouzeni zdravotnich rizik se vyuZiva nékolika moz-
nych piistupt a postupt. Existuji dva zdkladni vstupy do
procesu odhadu zdravotnich rizik. Prvni vychazi z epide-
miologickych studii, které vyhledaji vztah mezi ddvkou
(expozici) a uinkem u ¢lovéka. Druhym vstupem jsou
experimentalné ziskané toxikologické charakteristiky latek
aproximované do hodnot bliZicich se redlné expozici ¢lo-
véka. Hlavnim cilem tohoto hodnoceni je stanoveni maxi-
malni drovné stresoru (koncentrace chemické 14tky), kterd
Skodlivé neovlivni hodnoceny ,.endpoint”. Lze hovofit
o stanoveni jeSté bezpecné = limitni expozice. Na zdkladé
experimentalnich a epidemiologickych dat US EPA stano-
vuje v rdmci informacéniho systému IRIS tyto koncentrac-
ni trovné (CSF, IUR,...), jejichZ podrobné&;jsi definice jsou
uvedeny v nasledujicim textu.

192 KLINICKA ONKOLOGIE 20 SUPPLEMENT 1/2007

Princip stanoveni konstanty karcinogenniho potencialu v pra-
xi vychdzi z hypotézy, Ze vztah mezi velmi nizkymi davka-
mi studované latky a vyvolanym efektem (vznikem nadoru)
bude linedrni. To umoZiiuje stanovit smérnici zavislosti tako-
vého linedrniho vztahu a na zaklad€ znalosti expozice odha-
dovat pravdépodobnost vzniku nidorovych procesil (cancer
slope factor — CSF). Pokud se pouZije pro tento vztah neline-
arni z4vislost, je odhad efektu casto o 3—4 fady niZsi. Pro pou-
Ziti linedrniho modelu v§ak hovofi vétsi ,,mira ochrany* zdra-
vi. V poslednich letech v§ak US EPA v IRIS systému (a také
WHO) preferuje pro stanoveni karcinogenniho efektu vyuzi-
ti hodnot inhala¢nich jednotek rizika rakoviny (déle IUR). Na
zakladé€ novych poznatkl o farmakokinetice a metabolismu
celé fady karcinogennich latek tak byly pfehodnoceny dfive
pouzivané hodnoty CSFi na IUR dle metodiky EPA [26].
Hodnocent expozice

Expozice je zjednoduSené definovéna jako ,.kontakt* ¢lo-
véka s chemickym, biologickym nebo fyzikalnim fakto-
fazi hodnoceni rizika. V tomto kroku je odhadovéna veli-
kost, ¢etnost a doba trvani expozice sledovanymi latkami
a také velikost, povaha a typ populace, kterd je danym 1at-
kam vystavena. Vystupem hodnoceni je numericky odhad
pfijaté davky, ktery je dale pouZit v charakterizaci rizika.
Zékladnim predpokladem pro spravné hodnoceni expozi-
ce je urCeni vSech pravdépodobnych expozi¢nich cest
(vstupt) a jejich charakteristika s ohledem na zdjmovou
populaci.

Kvantitativni odhad expozice sledovanymi latkami je spo-
lu s hodnocenim davka — odpovéd urcujici pro charakteri-
zacirizika. K tomuto tcelu jsou sestavovany expozicni scé-
nife, které umoZiuji odhadovat velikost expozice.
Obsahem scénéie je soubor vybranych expozi¢nich para-
metrll, které umoziuji charakterizovat a specifikovat expo-
zici dané populace.

Inhala¢ni expozice - pro vypocet chronického denntho pii-
jmu inhala¢ni cestou CDI plati nésledujici rovnice:

CDI=CA-IF rl
kdeje CA koncentrace v ovzdusi
IF faktor pfijmu
Pro samotny faktor pfijmu pak plati
r2
kdeje IR inhalované mnoZstvi
ET doba expozice
EF frekvence expozice
BW véiha t€la
AT ¢as pramérovani
ED trvani expozice

Charakterizace karcinogennich rizik
Vypocet karcinogenniho rizika se provadi podle nésleduji-
ciho vztahu:

CVRK = LAIC xIUR r3
- kde LAIC je primé&rna celoZivotni koncentrace.

Hodnoty IUR jsou ve vétSiné pfipadt odvozeny od diive
pouZivanych hodnot CSF a je moZné je pouZit v piipadé
standardniho expozi¢niho scénafe, kdy uvaZujeme nésle-
dujici parametry expozi¢niho scénafe:
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IR inhalované mnoZstvi 20 m3.den!

ET doba expozice 24 hod.den!

EF frekvence expozice 365 dni.rok!

BW vaha téla 70 kg

AT Cas primérovani ED x 365 dni.rok!
ED trvani expozice 70 let

V ptipad€ odchylky v nékterém parametru je nutné zatadit
do vypoctu dalsi korekce v pfimé i nepfimé uméie
k vyslednému riziku (vztah mezi jednotlivymi parametry
definuje rovnice 12).

Takto vypocitané riziko (CVRK) se povaZzuje za celoZivot-
ni vzestup pravdépodobnosti incidence nddorovych one-
mocnéni nad primér pro populaci i jednotlivce, vzdy
v disledku definované expozice danym faktorem. V pii-
padé odhadu karcinogenniho rizika, kde se predpoklada
bezprahovy typ tcinku, je tedy hodnocenou informaci navy-
Seni incidence onkologickych onemocnéni v populaci expo-
novanych lidi (CVRK). V oficidlni literatufe je za hranici
akceptovatelného rizika povaZovan interval 1-100 piipada
zhoubného novotvaru v milionové populaci (1.10¢az 1.10#)
[29]. Hrani¢ni trovei rizika je ov§em nutné stanovit vZdy
pro kaZzdou danou regionélné specifickou studii [30]. Prav-
dépodobnostni riziko slouZi ptedevsim k relativnimu porov-
ndni s referen¢nimi oblastmi. Hodnoceni absolutnich hod-
not predikovanych na zdkladé¢ aplikace konkrétniho
expozi¢niho scénife neni mozné.

Aplikace GIS v pilotni studii na datech Narodniho onko-
logického registru

Pro tuto pilotni studii byl vybran jako analyticky néstroj
GIS (geograficky informac¢ni systém, ArcGIS 8, ESRI).
Vyhody jeho poutZiti spocivaji pfedevsim v moZnosti para-
lelniho provedeni prostorovych a ¢asovych analyz v systé-
mu i né€kolika zdrojovych databazi. V piipad€ incidenci
zhoubnych novotvarid jsou mapy prezentovany s dvéma
informac¢nimi GIS vrstvami. Plochy ptedstavuji barevné
odliSeni region®1 — okres, a to na zakladé pramérnych hod-
not incidenci za celé hodnocené obdobi (1995-2002). Na
plose kaZzdého okresu je pak informacni sloupcovy graf
¢asového vyvoje hodnoceného parametru pro dany rok.
Pro hodnoceni inhala¢ni expozice byl pouZit expozicni scé-
néf, ktery predpoklada, Ze lidé jsou vystaveni hodnocenym
koncentracim celych 24 hodin. Tento pfistup nadhodnocu-
je vyznam koncentraci latek ve venkovnim ovzdusi, ale cel-
kovou expozici nadhodnocuje pouze v piipadé, Ze jsou kon-
centrace ve venkovnim ovzdusi vy$$i neZ uvnitf budov.
Bylo hodnoceno karcinogenni riziko expozice arsenu, kad-
mia, benzenu a benzo(a)pyrenu pro roky 2003 a 2004, zv1ast
pro jednotlivé latky dostupné v databézi celého uzemi CR.
Vysledné drovné rizik jsou prezentovany jednotlivé a jako
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sumarizik odpovidajici jejich souctu (viz Obr. 1 —rok 2004).
Z vysledku pro obaroky je patrné, Ze ke karcinogennimu rizi-
ku nejvyznamnéji piispiva expozice benzo(a)pyrenu v men-
$imife benzenu a arsenu. Naopak kadmium ptedstavuje v cel-
kovém riziku naprosto minoritni podil.

Z rozloZeni odhadi rizika je moZné usoudit na jeho eska-
laci v aglomeracich vétSich mést (zejména Praha a Ostra-
va) a také v blizkosti vyznamnych dopravnich komunika-
ci. Lze tedy konstatovat, Ze pfispévek dopravy k témto
rizikiim je vyznamny (Praha + pfilehlé dalni¢ni spojeni).
NejvysSich rizikovych hodnot je v§ak dosahovéno v pri-
myslovych oblastech Ostravska a severnich Cech, kdy hod-
noty pravdépodobnostniho rizika vzniku nddorovych one-
mocnéni prekracuji hranici 1:10000. Dopliiujici analyzou
pak bylo vyhodnoceni tizemi, kde jsou pfekracovéany imis-
ni limity dané nasi legislativou pro dané latky pfispivajici
ke zdravotnim rizik@im (Obr. 2.). Jednalo se o hlavné o ben-
zo(a)pyren.

Podrobnéjsi analyza dat skute¢ného vyskytu ZN byla pro-
vedena paraleln€. Samotné srovnani aktudlnich koncentra-
ci a z nich vypocitanych odhadii zdravotnich rizik se sku-
teCnou incidenci riznych novotvari je ovSem
problematické. Problémem pro Ceskou republiku také je,
Ze vérohodné a kvantifikovatelné udaje o stavu Zivotniho
prostfedi mdme za obdobi, kdy jeSt€¢ nemame k dispozici
plné validovand epidemiologickd data. Tato skutecnost se
ale ve velmi kratké dob& zméni a diky pfipravené metodi-
ce hodnoceni a podchycenym environmentdlnim datim
bude moZné plo$né a pIné kvantifikovatelné hodnoceni
rizik.

Zavér

Na ptikladu dat o kvalit€ ovzdusSi prace dokumentuje dostup-
nost environmentalnich dat, aktudlnich pro tzemi Ceské
republiky. RovnéZ jsou takto k dispozici reprezentativni data
o epidemiologii zhoubnych nadort (www.svod.cz) a mezi-
narodné pouzivani, validovani metodika hodnoceni karci-
nogennich rizik na populacni drovni. Lze tedy konstatovat,
7e v Ceské republice je moZné data Narodniho onkologic-
kéhoregistru (NOR) vyuZitjako velmi cenny zdroj informaci
pro hodnoceni zdravotnich rizik. Tato data pfedstavuji vel-
mi cenny zdroj informaci pro definici referen¢nich hodnot
karcinogenniho rizika, at jiZ pro celou populaci nebo naregi-
ondlni arovni. A naopak zde dokumentovand implementace
geografickych informacnich systémi by velmi prospéla vizu-
alizaci dat NOR.

Podékovani o §
Projekt byl realizovin za podpory MZP CR, MSMT MSM
0021622412 INCHEMBIOL a CHMU.
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Obr. 1: Vysledky hodnoceni potencidlnich zdravotnich rizik plynoucich z inhala¢ni expozice vybranym karcinogennim latkam (pro
definovany modelovy expozi¢ni scénaf; CVRK pro rok 2004, zdroj vstupnich dat CHMU).
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Obr. 2: Prostorové vymezeni tizemi, na kterém je nutné sniZeni koncentraci benzo(a)pyrenu s vyuZitim metody srovndni s platnym

limitem pro volné ovzdusi (polygony identifikujici, o kolik je nutné sniZit koncentraci; data pro rok 2004).

Tab. 1: Dostupnd environmentalni data v CR vhodna pro hodnoceni huménnich rizik v kombinaci s databazi popula¢ni onkologie.

Data

Charakter dat

Monitoring

Radonova mapa CR

polygondlni mapy
radonového rizika

CGS - Cesk4
geologickd sluzba

Imisni koncentrace
nejvyznamné;jSich polutanti
v ovzdusi (databaze ISKO)

Oxid dusicity, Oxid sificity
PM10

Arsen, Kadmium

Benzen, Benzo(a)pyren
(gridovy model 2 x 2 km)

od 1995. (CHMU —
Cesky
hydrometeorologicky
ustav, ISKO

— Informac¢niho systému
kvality ovzdusi)

Znecisténi pitné vody

vetejné vodovody; vetejné a
soukromé studny

19962004 (SZU-
Statni zdravotni tstav)

Imisni zat€Z volného ovzdusi
POPs

kontinudlni monitoring pasivniho vzorkovani
50 lokalit v CR metodou

od 1995 (RECETOX —
Vyzkumné centrum
pro chemii Zivotniho
prostfedi, MU, Brno)

Koncentrace polutantil v pidé

bazélni monitoring pud,
registr kontaminovanych
ploch, databaze RECETOX

od 1990 (UKZUZ -
Ustiedni kontrolni

a zkuSebni ustav
zemédélsky; RECETOX)

Obsahy latek a dalSich
stresovych faktorQ v potravinach
na trhu v CR

koncentrace polutantil;
analyzy spotfebniho kose
(1997)

od 1994 (SZU)

Kontaminace povrchovych
a podzemnich vod

koncentrace polutantt

od 1994 (CHMU)
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Abstract

Many Eastern European countries suffer the lack of data on concentrations of persistent organic pollutants in the environmental matrices. This
absence of information is preventing the local authorities from taking the adequate actions to protect the people and environment. This is even
more alarming in the countries recently affected by the wars where the chemicals released to the environment during the military operations can
cause a significant ecological damage and health effects on the population. A potential of passive air sampling technique as a tool capable of
providing seasonally and spatially resolved information about the local sources and levels of contamination was explored in this study as a first
step to the establishment of a cost-effective long-term monitoring in this area. The passive air samplers proved to be a powerful technique capable
of detecting the concentrations ranging over four orders of magnitude providing the information very comparable with the conventional

techniques.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Persistent organic pollutants; Polychlorinated biphenyls; Atmosphere; Soil; High volume sampling; Passive air sampling; Balkan war; Yugoslavia

1. Introduction

There is a general lack of information on the levels of
persistent organic pollutants (POPs) in the countries of Central
and Eastern Europe (CEE) (UNEP, 2002a). A better situation is
in the Czech Republic, Slovakia, Poland, and Slovenia.
Satisfactory information about the pesticides exists also in
some others, like Hungary, Bulgaria, and Croatia. In the rest of
CEE countries, available data on the POP sources and levels are
very limited, and there is no systematic monitoring of POPs in
the countries of former Yugoslavia (UNEP, 2002b). Considering
the fact that this region has very specific environmental pro-
blems resulting from the recent wars, an improvement of this
situation is obviously needed.

Epidemiological studies focused on the evaluation of health
risks related to the air pollution suggest that the ambient air
pollution may be responsible for increasing rates of diseases like
a lung cancer (Kappos et al., 2004; Pavuk et al., 2004; Tam and
Neumann, 2004; Parodi et al., 2005). From this point of view,

* Corresponding author. Tel.: +420 549 495 149; fax: +420 549 492 840.
E-mail address: klanova@recetox.muni.cz (J. Klanova).

0160-4120/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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frequent measurements of the air concentrations in affected
areas as well as an establishment of the monitoring program
with the priority in the identification and evaluation of the
sources of POPs are the matter of a great importance.

Although the high volume air sampling campaigns performed
in Croatia, Serbia, Bosnia and Herzegovina in 2003 and 2004
(Klanova et al., 2007) offered first systematic data on the
atmospheric levels of POPs, more coordinated effort is required
for determination of the seasonal fluctuations and long-term
trends, for the assessment of impacts and potential risks, and for
the effectiveness evaluation of applied measures. This is,
however, complicated by the lack of both sampling equipment
and laboratory capacities in the region.

Addressing these needs, the additional atmospheric cam-
paign was designed for the APOPSBAL project using the
passive air sampling (PAS) technique as an alternative method
of a sample collection. Various passive air samplers were
developed recently as cost-effective tools enabling a semi-
quantitative measurement of the atmospheric pollution and a
relative comparison of the POPs concentrations on the
individual sampling sites (Ockenden et al., 1998; Shoeib and
Harner, 2002; Wania et al., 2003; Harner et al., 2004; Jaward et
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al., 2004a, 2004b). They have been currently employed in many
large scale projects (Pozo et al., 2006) as well as in the
assessments of the regional trends (Gouin et al., 2005; Motelay-
Massei et al., 2005; Harner et al., 2006a; Harner et al., 2006b).
The capability of those devices to reflect the spatial and
temporal fluctuation in the POP concentrations was investigated
(Klanova et al., 2006b) as well as their ability to serve the
purpose of toxicological studies (Cupr et al., 2006).

The feasibility of the long-term application of passive air
samplers for the evaluation of persisting influence of the war
damages on the atmospheric contamination of the Western
Balkan region was assessed in this study. Results of this
project were compared to those of previous high volume sam-
pling campaigns.

2. Materials and methods
2.1. Sampling sites

In order to collect an extended number of parallel air samples, to put the data
from the short-term high volume sampling events into the right perspective, to
gain more information about the spatial and temporal distribution of POPs, and
to collect the samples from remote places, a passive air sampling (PAS)
campaign was organized in Croatia, Serbia, Bosnia, Herzegovina, and Kosovo
in 2004. PUF based passive samplers were employed at 34 sampling sites for 5

10,000000 11,000000 12,000000 13,000000 14,000000 15,000000

49,000000 50,000000 51,000000

48,000000

Austria

iechtenstein

8
8
8
b

SIWAIRSZE 17l dind

Sllovaniz

45,000000 46,000000

44,000000

43,000000

16,000000

- . pe— —
120 180 24&ilomete

consecutive periods of 28 days between July and December of 2004. The
sampling design of previous high volume campaigns (Klanova et al., 2007)
was extended to cover a central part of Croatia (Zagreb) and Western Slavonia,
the industrial, residential, and rural areas were included. Two sites in Kosovo
were added to the network where an active air sampling proved to be difficult
to organize as well as new background site in Serbia to learn more about the
transport (Fruska Gora). Additional eighteen sites in the Czech Republic —
including the background monitoring station in Kosetice serving as an EMEP
observatory (Holoubek et al., 2001) — were sampled accordingly and they
served as a reference region. The map of the sampling sites in the Balkan
region as well as in the Czech Republic is provided in Fig. 1.

2.2. Air sampling

Passive air samplers consisting of the polyurethane foam disks (15 cm
diameter, 1.5 cm thick, density 0.030 g cm 3, type N 3038; Gumotex Breclav,
Czech Republic) housed in the protective chambers were employed in this
study. The theory of the passive sampling using similar devices was described
elsewhere (Shoeib and Harner, 2002; Harner et al., 2004). Sampling chambers
were prewashed and solvent-rinsed with acetone prior to installation. All filters
were prewashed, cleaned (8 h extraction in acetone and 8 h in
dichloromethane), wrapped in two layers of aluminum foil, placed into zip-
lock polyethylene bags and kept in the freezer prior to deployment. The
exposed filters were wrapped in two layers of aluminum foil, labeled, placed
into zip-lock polyethylene bags and transported in cooling box at 5 °C to the
laboratory where they were kept in the freezer at —18 °C until the analysis.
Field blanks were obtained by installing and removing the PUF disks at all
sampling sites.
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Fig. 1. The map of the sampling sites.

108


http://dx.doi.org/10.1016/jenvint.2007.02.004

J. Klanova et al. / Environment International 33 (2007) 727-735 729
Table 1
Amounts of PCBs sequestered in the polyurethane foam filters in Croatia and Western Slavonia (ng filter ')
Country Croatia
Sample PAS*
Sampling Zavizan Zadar Zadar Zadar Zadar Zagreb Zagreb Zagreb Zagreb Zagreb WS WS
site (V4 CT CA CV CM IMI IRB MSM JAK DEP POL GOR
PCB 28 2.2 274.1 4.3 4.5 1.7 4.0 3.0 4.7 11.8 29.8 3.1 2.2
PCB 52 2.7 77.9 3.7 3.1 2.0 4.5 43 44 12.1 17.9 3.6 2.2
PCB 101 1.6 9.7 4.0 1.1 1.3 1.8 2.4 2.8 54 12.1 0.5 0.4
PCB 118 0.5 5.6 0.9 0.5 0.4 0.9 0.6 2.0 2.9 3.7 0.5 0.7
PCB 153 2.4 6.9 4.5 1.7 1.6 2.2 3.0 3.6 3.6 44 1.2 1.6
PCB 138 1.8 5.4 3.7 1.3 1.2 1.3 1.6 1.8 2.5 4.2 0.7 0.9
PCB 180 1.9 2.4 1.1 0.8 0.6 0.5 0.8 0.6 0.7 1.2 0.3 0.5
Total PCB 13.1 382.0 222 13.0 8.8 15.2 15.8 19.9 39.0 73.3 9.9 8.5

 Passive air sample.

2.3. Sample analysis

All samples were extracted with dichloromethane in a Biichi System B-811
automatic extractor. One laboratory blank and one reference material were
analyzed with each set of ten samples. Surrogate recovery standards (Dg-
naphthalene, D (-phenanthrene, D;,-perylene for PAHs analysis, PCB 30 and PCB
185 for PCBs analysis) were spiked on each filter prior to extraction. Terfenyl and
PCB 121 were used as internal standards for polyaromatic hydrocarbon (PAH) and
polychlorinated biphenyl (PCB)/organochlorine pesticide (OCP) analyses,
respectively. Volume was reduced after extraction under a gentle nitrogen stream
at ambient temperature, and fractionation achieved on a silica gel column; a
sulphuric acid modified silica gel column was used for PCB/OCP samples.
Samples were analyzed using GC-ECD (HP 5890) supplied with a Quadrex fused
silica column 5% Ph for PCBs: PCB 28, PCB 52, PCB 101, PCB 118, PCB 153,
PCB 138, PCB 180, and OCPs: a-hexachlorocyclohexane (HCH), 3-HCH,
v-HCH, 6-HCH, 1,1-dichloro-2,2-bis (p-chlorfenyl) ethylene (p,p’-DDE),
1,1-dichloro-2,2-bis (p-chlorfenyl) ethan (p,p’-DDD), 1,1,1-trichloro-2,2-bis
(p-chlorfenyl) ethan (p,p’-DDT). 16 US EPA polycyclic aromatic hydro-
carbons were determined in all samples using GC-MS instrument (HP 6890-HP
5972) supplied with a J&W Scientific fused silica column DB-5MS.

2.4. Quality assurance/quality control

Recoveries were determined for all samples by spiking with the surrogate
standards prior to extraction. The amounts were similar to detected quantities of
analytes in the samples. Recoveries were always higher than 76% and 71% for
PCBs and PAHSs, respectively. Recovery factors were not applied to any of the
data. The recovery of native analytes measured for the reference material varied
from 88 to 103% for PCBs, from 75 to 98% for OCPs, from 72 to 102% for PAHs.
Laboratory blanks were very low. Field blanks consisted of pre-extracted PUF

Table 2

disks which were taken on each sampling site. They were extracted and analyzed
in the same way as the samples; the levels in field blanks never exceeded 3% of
quantities detected in samples for PCBs, 1% for OCPs, 3% for PAHs, indicating a
minimal contamination during the transport, storage, and analysis.

3. Results

A sampling rate of the passive sampler of similar design was estimated
to be 3—4 m*/day based on the laboratory calibration experiments co-
employing passive and active samplers (Shoeib and Harner, 2002). Our
own calibration experiments performed in the field under various
conditions are showing that the sampling rates range between 3 and 8 m®
in the field conditions (Klanova et al., 2006c) probably due to the
fluctuations of the wind speed, temperature, irradiation or humidity. This
means that using a flat sampling rate to derive the atmospheric concen-
trations from the amounts of POPs sequestered in the filter can cause a
significant error. Since no performance reference compounds indicating
the sampling rates on the individual sites were applied, the amounts of
POPs found in polyurethane foam filters on various sampling sites after
28-day exposure are reported bellow. Data given in the following tables
represent the amounts of PCBs determined in the samples from the first
exposure period (between 7/14/2004 and 8/11/2004).

The highest amount of PCBs captured in the PUF filter in 28 days
was 6 ng for the sum of 7 indicator congeners (2 pg for the individual
congeners) in Zastava factory in Kragujevac, Serbia, while the same
sum only reached hundreds of nanograms in other PCB contaminated
sites (Zadar, Tuzla), and stayed in the range of tens of nanograms in the
residential areas (Tables 1-3). This corresponds to the results of the

Amounts of PCBs sequestered in the polyurethane foam filters in Bosnia and Herzegovina (ng filter-1)

Country Bosnia & Herzegovina

Sample PAS?

Sampling site  Sarajevo ST ~ Sarajevo HMI  Sarajevo VW Sarajevo VL Sarajevo IS~ Tuzla HO  Tuzla FI =~ TuzlaMl  TuzlaME  Tuzla BU
PCB 28 10.9 9.4 6.7 2.9 2.3 57.6 13.8 2.9 2.1 10.2
PCB 52 5.4 7.4 4.5 49 34 26.4 14.4 5.2 5.7 7.0
PCB 101 2.0 25 3.2 33 1.5 10.7 16.0 1.5 1.8 23
PCB 118 0.7 0.8 0.8 1.2 0.6 2.7 3.4 0.3 0.3 0.3
PCB 153 2.7 1.6 3.8 8.3 2.1 2.3 9.9 1.3 1.6 2.5
PCB 138 2.0 1.1 2.6 5.0 1.3 1.6 6.9 0.8 1.4 1.0
PCB 180 0.6 0.4 0.8 1.9 0.6 0.3 1.4 0.3 0.5 0.4
Total PCB 243 23.0 224 27.5 11.8 101.6 65.8 12.3 13.4 23.7

 Passive air sample.
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Table 3

Amounts of PCBs sequestered in the polyurethane foam filters in Serbia and Kosovo (ng filter ")

Country Serbia

Sample PAS*

Sampling Kragujevac ~ Kragujevac ~ Kragujevac Pancevo Pancevo Pancevo Novi Sad Novi Sad Novi Sad Novi Sad  Kosovo  Kosovo
site G ZF UK NIS PE CH RAF SAN SPO FG HMI PP
PCB 28 175.2 87.2 3.9 8.4 2.0 5.9 6.4 6.8 6.5 34 6.7 7.2
PCB 52 1931.0 43.6 13.5 8.5 10.2 6.0 7.3 6.6 6.7 33 5.7 7.6
PCB 101 2290.4 58.6 22.3 11.9 18.2 1.0 6.6 3.9 4.1 2.0 2.7 15.3
PCB 118 789.6 36.9 11.7 5.6 7.8 2.4 4.0 4.1 0.8 1.0 1.1 3.0
PCB 153 517.2 442 7.9 9.5 53 34 3.1 32 1.7 1.9 1.4 16.9
PCB 138 548.6 50.4 9.3 9.0 5.6 3.9 42 3.9 1.4 1.8 1.4 11.3
PCB 180 84.0 38.1 1.5 1.9 1.1 0.7 0.6 0.8 0.6 1.1 0.4 6.6
Total PCB  6336.0 359.0 70.1 54.8 50.2 23.3 32.2 29.3 21.8 14.5 19.4 67.9

# Passive air sample.

active air sampling when the air concentrations in Zastava were as high
as 40 ng m >, but the levels in other industrial objects and the storage
places were bellow 10 ng m™ >, and the concentrations in residential and
background areas never exceeded 200 pg m > (Klanova et al., 2007).

A generally decreasing trend in the levels of PCBs in the atmosphere
corresponding with a decrease of the average daily temperatures in this
region between July and December was observed in all sampling sites
indicating enhanced evaporation of chlorinated compounds from the
secondary sources during the warm season (Fig. 2).

The top layer soil samples were collected near all passive air
sampling sites and the range of PCB concentrations (7 congeners)
between 1 ngg 'and 3 pg g ' was determined. A correlation between
both the PCB levels in the atmosphere and in the soil surface (Fig. 3),
and between the congener distribution in the air and soil (Fig. 4), is
obvious. Correlations between the passive air samples and the
corresponding soil levels of PCBs were tested using the non-parametric
Spearman test (Statistica for Windows 6). A strong correlation was
found between the ambient air and soil data for the sum of indicator
congeners (0.83). Majority of the sites with the sum of 7 PCBs in the
PAS filter bellow or around 30 ng had the soil concentration between
Ingg 'and 10ng g ' indicating that soil is not a main source of PCBs

A

ng filter-1

in the atmosphere. In the sites where the amount of PCBs in the filter
reached several hundreds of ng, concentrations in hundreds of ng g~ '
were also found in the soil showing that evaporation from
contaminated soils adds to the total atmospheric pollution (Trafostation
Zadar: 382 ng filter !, 242 ng g ! in soil; FNP Kragujevac: 359 ng
filter ', 197 ng g~ ' in soil). However there were two places with a high
PCB content in the soil (Zastava Kragujevac: 1292 ng g ', Gorica:
3085 ng g ) and very different result of the air sampling (Zastava
Kragujevac: 6336 ng filter ', Gorica: 8 ng filter ') (Fig. 5).

OCP levels were determined in all air and soil samples as well. The
concentrations in soils were bellow 1 ng g~ ' for HCHs and between 1
and 60 ng g ' for DDTs with maxima in Zastava Kragujevac and
Elektrodistribucia Tuzla. The amounts sequestered in the PAS filters
remained bellow 20 ng per filter for both HCHs and DDTs in all places
except for Zastava Kragujevac, where the levels reached 80 ng for
HCHs and 100 ng for DDTs. It means the atmospheric concentrations in
Zastava factory were almost an order of the magnitude higher than on
the other sites.

The PAH concentrations in the soils varied between 35 ng g !
and 8 ug g ' with the maxima in industrial centers — in Zastava
Kragujevac, Zadar, and Sarajevo the levels were above 2 pug g ', in

Fig. 2. Decreasing trend in the amount of PCBs in the atmosphere (ng filter ') on various sampling sites from July to December. (A) all sampling sites, (B) sampling

sites in Serbia excluding the most contaminated sites in Zastava Kragujevac.
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Fig. 3. Corresponding PCB concentrations in the ambient air (ng m~*), PAS (ng
filter '), and the soils (ng g~ ") for all sampling sites. PAS (ng filter ') vs. soil
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Kragujevac University or Zagreb IMI above 6 pg g '. Summer
air maxima never exceeded 10 pg per filter even in the industrial
cities (Zagreb, Poljana, Tuzla, Pancevo, Kragujevac) while the
winter maxima went as high as 140 ug per filter in Tuzla. The winter
levels doubled in Kragujevac or Pancevo when compared with those
of summer but they increased more than twenty-fold between
summer and winter in Tuzla. Whole Tuzla region has the PAH
levels about one order of the magnitude higher than all the other
sampling sites and the pollution sources as well as toxicological
risks were assessed in independent studies and published separately
(Skarek et al., in press).

4. Discussion

Development of passive air sampling devices capable of
being deployed in many locations at the same time opens new
possibilities not only for the large scale but also for regional
monitoring projects (Klanova et al., 2006b). Since this
technique offers information about a long-term contamination
of selected sites, it also becomes a very suitable tool for the
evaluation of the spatial and temporal variations and trends of
the atmospheric concentrations of POPs. Here the passive
samplers were successfully applied on the regional level as a
screening method for the comparison of the atmospheric
contamination of various sites in the Western Balkan affected
by war accidents.

The study revealed a very good agreement between the
results obtained from the initial high volume air sampling
campaigns performed in Croatia, Serbia, and Bosnia and
Herzegovina in 2003-2004 and from the passive air sampling
campaign. Both the range of concentrations and the congener
distribution derived from two techniques corresponded very
well. While the air concentrations in Serbia determined with a
high volume sampler varied from 100 pg m ™ to 40 ng m™* for
the sum of 7 indicator PCBs, the amount of PCBs in a PAS filter
ranged between 20 and 6000 ng per filter which indicates the
average sampling rate around 7 m>/day.

Screening of the surface soils drew our attention to several
heavily polluted sites and it confirmed that the evaporation from
contaminated surfaces is still an important source of elevated
PCB concentrations in the atmosphere. However, there are sites
where the contaminated soil is not fully responsible for the high
levels of PCBs in the atmosphere. The soil concentrations of
PCBs in Zastava factory are similar to the other sites with
damaged capacitors (about 1 ug g~ ') but the air concentrations
are an order of the magnitude higher. This is probably due to the
evaporation from the primary source — a Pyralene filled
transformer still operational in this facility. Several serious
hotspots deserving further investigation were found during the
soil survey. In destroyed factories and storage facilities in Banja
Luka, Bosnia, the concentrations as high as 3800 pg g~ ' were
found in the soils, for instance, threatening to contaminate the
aquatic environment. A detailed soil and sediment survey as
well as the application of PAS for the air monitoring were
suggested and both are currently in progress.

A concentration range of PCBs found in the Balkan region
was compared to 18 sampling sites in the Czech Republic as a
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Fig. 4. PCB congener pattern in the ambient air, PAS, and the soil for all sampling sites.

country of reference. In the Czech Republic, the average amount
of PCBs in a PUF filter of the passive sampler was 50—130 ng for
the sum of 7 indicator congeners for the industrial sites, 10—
40 ng for the residential and rural sites, and 7 ng for the
background observatory which means the PCB levels in resi-
dential and background areas were comparable in both countries
while the concentrations in the areas with a war damage were
about two orders of the magnitude higher than in any industrial
area of the reference region.

The human health risks were quantified for the basic
exposure scenario (Fig. 6). The incremental probability of an
individual developing a cancer over a lifetime (IECR) was
computed according to the US EPA methodology (EPA, 1989)
upgraded for the new reference values (Cupr et al., 2005). For an
inhalation of evaporated congeners, the ambient air PCB
concentrations can be associated with the specified risk levels
(upper-bound inhalation unit risk: 1x10"* [ug m ] "). The
risks in the range of /ECR from 1E—06 to 1E—04 have been
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Fig. 6. Summary of risk values /ECR (incremental probability of an individual developing a cancer over a lifetime) for basic inhalation scenario (exposure duration

ED=70 years, exposure frequency EF=365 days per year, inhalation rate IR=20 m> day ',

exposure time ET=24 h per day) based on the estimated concentrations of

PCBs determined in the PAS samples from the first exposure period (7/14/2004—8/11/2004) (sampling rate 100 m*/28 days). Red line — acceptable IECR =1.00E—06.

typically judged to be acceptable by EU and US EPA. This level
(IECR=1E—06) was exceeded only in the Zastava factory in
Kragujevac.

There were no hot spots of OCP contamination detected in the
investigated areas. With the exception of Zastava in Kragujevac
where the levels of HCHs and DDTs in the atmosphere were
significantly higher, the soil and air concentrations on other
sampling sites were similar to the Central Europe.

A contamination of the atmosphere with PAHs is apparently
not connected with the war but with the existing industrial
activities and especially with the local heating and incineration
processes. Very pronounced seasonal trend was observed. The
range of concentrations on most sampling sites resembled the
one in the reference region; the PAH levels in the Tuzla area
were however significantly higher and they are the subject of
further investigation.

The passive air samplers proved to be a powerful technique
capable of detecting the POP concentrations ranging over four
orders of the magnitude providing the information very
comparable to the conventional techniques for the fraction of
the price. Beside the costs, an integrative character of the sample
and the feasibility of obtaining the temporally resolved data are
the main advantages of this method. It is necessary to consider a
possible uncertainty caused by the variations in the sampling
rates in the field conditions when interpreting the results.
However it is encouraging that even in the simplest design
without the application of performance reference compounds the
error is limited to the factor of 3. This is very acceptable for a
preliminary screening of the regions with no monitoring data.

The Stockholm Convention on Persistent Organic Pollutants
defines the problems of the effectiveness evaluation of the
Convention measures and parties to the Convention are required
to demonstrate how the obligations of the Convention will be
implemented. Therefore they need to establish arrangements to
provide themselves with comparable monitoring data on the
presence of the chemicals listed in the Annexes and their
regional and global environmental transport. Several countries
involved in this study are currently working on development of
such a monitoring system however it is understood that it will

take several years before it is fully operational. The APOPS-
BAL project not only provided a suitable set of information for
ongoing POPs inventories in these countries; it also evaluated
the potential of the passive air sampling technique in the current
effort to establish an appropriate monitoring capacity in the
area.
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Abstract

Organic pollution is a complex mixture where besides usually discussed polycyclic aromatic hydrocarbons (PAHs) a lot of other toxic
or potentially toxic compounds occur. In this case, the organic air pollution in two important industrial cities, Sarajevo and Tuzla, in Bosnia
and Herzegovina (part of former Yugoslavia) was assessed with the emphasis placed on genotoxic risks using both chemical (PAHs
analyses) and biological approaches (genotoxicity testing with a screening bacterial genotoxicity test — SOS chromotest). The study was
performed as a part of the APOPSBAL project (ICA2-CT2002-10007). So far there has not been any information either about the PAHs
pollution or the genotoxic activity of the organic air pollution for the localities under the study. Therefore, the presented information is
considered absolutely unique. Both used approaches made possible to identify the localities with the highest pollution level and genotoxic
risks in both cities. Generally, higher levels of both parameters were determined in Tuzla, which is much more industrialized than
Sarajevo, and especially at localities close to city centers and affected by traffic emissions, but also at localities polluted by emissions from
industry and household heating. Even if benzo(a)pyrene concentrations exceeded the maximum permitted levels for this pollutant at some
localities in Tuzla, the PAHs concentrations were fully comparable with the levels determined in other industrial European cities.
Significant genotoxicity of the organic extracts was detected for almost all of the urban localities in the test both without (—S9; direct
genotoxicity) and with the addition of metabolic activation (+S9; indirect genotoxicity). The observed direct genotoxic activities were
discussed in relation to a potential presence of PAHs derivatives in the air. The indirect genotoxic activities were apparently higher at the
localities with higher contents of carcinogenic PAHs. The significant relationship between the determined genotoxic activities and the
PAHs pollution was also confirmed by a regression analysis. However, the correlations were not absolute because the observed genotoxic
activity was also dependent on the presence of other organic pollutants than the PAHs. It concerns predominantly direct genotoxicity
which is not related with the PAHs, but with their nitro-, oxi-, and hydroxy-derivatives and also other unknown polar organic pollutants.
However, the concentrations of the direct genotoxins apparently correlated with the PAHs contents in the air. The study showed that
screening genotoxicity tests, such as the SOS chromotest, could be effectively used for the identification of localities with increased
genotoxic risks. In comparison with the health risk assessment which is usually based on the chemical analyses of only a small part of the
pollution mixture, the bioassays enable us to evaluate the risks of all the mixture. The localities with the highest detected human health
risks according to the screening bioassays may then be analyzed in detail with specific chemical methods to identify their causes.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Air pollution; Urban air; PAHs; Genotoxicity; Bioassay

* Corresponding author. Tel.: +420 549 493 511; fax: +420 549 492 840.
E-mail address: cupr@recetox.muni.cz (P. Cupr).

0048-9697/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2007.06.040

117


mailto:cupr@recetox.muni.cz
http://dx.doi.org/10.1016/j.scitotenv.2007.06.040

M. Skarek et al. / Science of the Total Environment 384 (2007) 182-193

1. Introduction

Adpverse effects of air pollution on human health and
a close relationship between the levels of air pollution
and increased frequencies of certain diseases (e.g. acute
respiratory infections, chronic respiratory diseases,
asthma, bronchitis, cardiovascular diseases and cancer)
have been proved by numerous epidemiological studies
(Dockery et al., 1993; Pope et al., 1995; Abbey et al.,
1999; Hoek et al., 2002). The increased risks were
observed mainly for the population exposed to urban air
which is affected predominantly by traffic emissions,
emissions from household heating and industries.

Air pollution is a very complex mixture consisting of
hundreds of different inorganic and organic compounds.
Regarding health effects importance is attached to the
organic part of the mixture and mainly to polycyclic
aromatic hydrocarbons (PAHs) and their derivatives.
Some of them and their environmental mixtures show
strong mutagenicity and carcinogenicity (Meller et al.,
1985; Nardini and Clonfero, 1992; Cerna et al., 2000).
According to IARC (1983) the PAHs are the main cause
of the genotoxic activity of the urban air.

The PAHs, emitted into the air especially as a result of
combustion of fossil fuels, occur in the air both in gas and
particulate phases (Kamens et al., 1995). The adverse
health effects are related mainly to PAHs of high
molecular weight (benzo(a)fluoranthene, benzo(a)pyrene,
dibenz(a,h)anthracene etc.) absorbed on particles, but
some toxic effects may be also shown by PAHs of low
molecular weight (naphthalene, anthracene, phenanthrene
etc.) present in the gas phase. Moreover, as proved, these
low molecular weight compounds have a potency to
increase the genotoxic activity of the PAHs of high
molecular weight (Hass et al., 1981). Therefore, it is
necessary to analyze joined samples of both the
particulate matter and gas phase. Besides the parental
PAHs, growing attention is also pointed to their
derivatives (i.e. nitro-, hydroxy-, oxi-PAHs). They may
come from the same sources as the parental PAHs, but a
large amount of them may also result from reactions of the
PAHs with other pollutants in fumes and in the ambient air
(NO,, O3, OH), or from transformation reactions under
irradiation (Nielsen, 1984; Niclsen et al., 1984; Finlayson-
Pitts and Pitts, 2000). While the PAHs require metabolic
activation to show their genotoxic effects (Legator and
Au, 1994), the PAHs derivatives may show direct
genotoxicity in bacterial genotoxicity tests. In addition,
some of these reaction products show even higher toxicity
than the starting materials (Rosenkranz and Mermelstein,
1983; Nardini and Clonfero, 1992; Finlayson-Pitts and
Pitts, 2000; Feilberg et al., 2002).
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The level of organic air pollution is generally
evaluated based on results of chemical analyses that
enable us a qualitative and quantitative evaluation of the
pollution based on only a limited number of compounds.
Detailed analyses of a larger spectrum of pollutants are
very expensive and time-demanding. However, human
health may also be affected by other pollutants than the
ones generally monitored. Alternatively, air pollution
may be evaluated by the quantification of various
biological effects (toxic effects) of the pollution using
screening bioassays. One advantage of this approach is
the possibility to evaluate air pollution as the complex
mixture that is or at least close to its original state and,
especially, in relation to the identification of human
health risks. Even if the bioassays do not make it
possible to determine the exact composition of the
pollution mixture, they are able to provide quite exact
information about its toxic effects. The samples or
localities with the highest found toxic potencies may
consequently be analyzed using chemical methods to
identify possible causes of the found toxicity. Therefore,
there are efforts to find suitable screening tools based on
bioassays that are simple, cheap, quick and sensitive to
an objective group of pollutants. Genotoxicity dom-
inates the concern about toxic effects of air pollution.
For the analyses of air pollution the well-known
bacterial screening test on Salmonella typhimurium
(Ames test) is used exclusively (Cerna et al., 1999,
2000; Feilberg et al., 2002; Ciganek et al., 2004 etc.). On
the contrary, other screening genotoxicity tests like the
SOS chromotest are seldom used for this purpose
(Courtois et al., 1988; Schleibinger et al., 1989).

In this paper, the usage of both approaches, chemical
analyses and toxicity testing, for the evaluation of
organic air pollution and its genotoxic activity is
demonstrated. The analyses of PAHs contents in organic
extracts from air samples collected in two important
industrial cities of Bosnia and Herzegovina (part of
former Yugoslavia), Sarajevo and Tuzla, and analyses of
the genotoxic activity, using the SOS chromotest, were
performed. Besides the evaluation of air pollution at the
urban localities, both approaches were compared to
confirm the practicability of the SOS chromotest for the
evaluation of air pollution and identification of localities
with increased health risks.

2. Materials and methods
2.1. Air sampling

Sarajevo and Tuzla (which lies approximately 75 km
north of Sarajevo) are important industrial cities of
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Bosnia and Herzegovina. While in Sarajevo there are
mainly light industries, Tuzla is characterized by a high
concentration of heavy industries (heavy engineering,
chemical industry) and mining. In both cities dispersion
conditions for air pollution are affected by the fact that
they are situated in basins with west-eastern orientation.
Ten sampling sites covering both urban and reference
background localities were chosen for the study. The
localities are described in Table la and b, and their
positions are visualized in maps in Fig. la and b. Five

24-hour samples of total suspended particles (TSP) and
organic compounds in the gas phase were collected
during 5 consecutive days at the localities. The samples
were collected using a high volume sampler PS-1
(Graseby-Andersen, USA) equipped with a tandem of a
glass fiber filter (GF), where TSP was collected, and
polyurethane filter (PUF), where organic compounds in
the gas phase were collected. Sampling volumes were
200-400 m> of air per day. All the samplings were
performed during May 2004 as a part of the EU project

Table 1

Description of the sampling localities in Sarajevo area (a) and Tuzla area (b)

Identification Position Characteristics
(WGS 84)

a. Sarajevo area

L1 N 43°50’41.0” Standard Plant — industrial area about 5 km to the west of the city center, the sampling site was located in the
E 18°19'50.1”  area of the plant nearby the main thoroughfare.
509 m above
sea level

L2 N 43°52'04.0" Hydrometeorological Institute (12 Bardak¢ije street) — residential area on a hillside above the city center; the
E 18°25'22.3"  sampling site was located in the area of the meteorological site surrounded by local routes and family houses.
645 m above
sea level

L3 N 43°53'59.6”  Volkswagen Vogosc¢a Plant — industrial area separated from the city center by a hill; the sampling site was

E 18°21'35.7"  located in the area of the plant close to a parking site without any heavy traffic.

531 m above
sea level

L4 N 43°51728.0”  Tenax (Vlakovo) Plant — marble-working plant; the sampling site was located in the area of the plant

E 18°15'03.4"
526 m above
sea level

L5* N 43°45'04.1”  Ivan Saddle (reference background locality for Sarajevo) — background locality in the mountains about 20 km to
E 18°02'10.6"  the west of Sarajevo; sampling site was located in the area of a meteorological site; no impact of traffic and

972 m above
sea level

household heating emissions

b. Tuzla area

L6 N 44°31’48.4"” Tuzla Hotel (2 Vrapce street) — residential area about 1 km to the east of the city center, the sampling site was
E 18°41'08.9"  located nearby the main thoroughfare
249 m above
sea level

L7 N 44°3154.9"  Fireworks Station (N.H.M. Trifunovica street) — the sampling site was located in the area of the transformer sub-
E 18°39'18.3"  station Elektrodistribucia Tuzla close to the main thoroughfare
247 m above
sea level

L8 N 44°32’50.1”  TusSajn Salt Mine (104 N.H.Hasana Brkica street) — abandoned salt mine in a side valley close to the city center
E 18°39'55.8"
253 m above
sea level

L9 N 44°3125.2"  Tuzla - Bukinje Power Station — residential and industrial area; the sampling site was located nearby the power
E 18°36'01.6"  station; the site was surrounded by local routes and family houses
227 m above
sea level

L10* N 44°32/31.5"  Tuzla Meteorological Site (33 Trnovac street) (reference background locality for Tuzla) — urban background in a

E 18°41'06.6"  residential zone above the city center the sampling site was located in the area of the meteorological site,. the site

313 m above
sea level

was surrounded by local routes and family houses
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APOPSBAL (ICA2-CT2002-10007). The meteorolog-
ical situation during the sampling was the following:
Sarajevo — daily average temperatures from 9.2 °C to
11.6 °C; west-southwest wind with the daily average
velocities from 1.1 m/s to 2.7 m/s; Tuzla — daily
average temperatures from 9.4 °C to 13.8 °C; wind of
variable directions with the daily average velocities
from 0.4 m/s to 1.1 m/s.

2.2. Extraction and chemical analysis

All the samples were extracted with dichloromethane
in a Soxhlet extractor (Biichi System B-811 automatic
extractor). Surrogate recovery standards (Dg-naphtha-
lene, Djp-phenanthrene, D,-perylene) were spiked on
each filter prior to the extraction. The extracts were then
concentrated under a gentle stream of nitrogen at
ambient temperature and divided into one part for the
chemical analysis and another part for the genotoxicity
testing. The fractionation achieved on a silica gel
column (30 cm length, 1 cm i.d.) was then used for
the chemical analysis of the contents of 16 priority
PAHs according to U.S. EPA (2004). The analysis was
performed using a GC-MS system (HP 6890—HP 5972)
equipped with an autosampler and J&W Scientific fused
silica column DB-5MS (60 mx0.25 mm, 0.25 um film
thickness) coated with (5%-phenyl)-methypolysiloxane.
Samples (1 pl) were injected at 80 °C oven temperature.
After 2 min, the temperature was raised at 15 °C/min to
180 °C, then at 5 °C/min to 310 °C, and the final
temperature was held for 20 min. The carrier gas was
helium at a flow of 0.2 ml/min. The mass spectra were
collected in the scan range of 550 m/z for identification
purposes. Terphenyl was used as an internal standard.
The standard solution PROMOCHEM PAH mix 27 was
used for calibration. One laboratory blank and one
reference material were analyzed with each set of the
samples.

For the genotoxicity testing the individual extracts
within one locality were pooled to obtain samples of
sufficient amount for each locality. The extracts of GF
and PUF were pooled, too. Then the samples were
transferred into dimethylsulphoxide (DMSO) and stock
sample solutions were adjusted to the final concentra-
tion of 2000 m*/ml.

2.3. Quality assurance/quality control

The regression coefficient (R?) for calibration curves
of individual PAHs ranged from 0.995 to 1.0. The limit
of detection (LOD) of 0.8 pg/m’ and the limit of
quantitation (LOQ) of 2.5 pg/m3 were achieved for all
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the analytes. The variability of the determination was
less than 2%. Recoveries were determined for all
samples by spiking with the surrogate standards prior
to the extraction. The amounts were similar to the
detected quantities of the analytes in the samples. The
recoveries were higher than 78% and thus any recovery
factors were not applied to any of the data. The recovery
of native analytes measured for the reference material
varied from 72% to 102% for PAHs. The laboratory
blanks were very low. Field blanks consisting of pre-
extracted filters were taken on each sampling site. They
were extracted and analyzed in the same way as the
samples, and the level of PAHs in the field blanks never
exceeded 3% of the quantities detected in the samples,
which indicates a minimal contamination during
transport, storage and analysis.

2.4. SOS chromotest

The genotoxic activity (potency) of the samples was
determined using a microplate version of the SOS
chromotest with Escherichia coli PQ 37 as a bacterial
test strain (Quillardet and Hofnung, 1985). The test was
performed using a procedure based on Xu et al. (1989).
The samples were tested both without and with the
addition of the metabolic activation (—S9/+S9). The
final concentrations of the tested samples corresponded
to 20, 10, 5, 2.5 m*/ml and they were tested in
triplicates. An overnight culture of the test strain,
cultivated in LB-medium supplemented with ampicillin
(20 pg.ml™ ") at 37 °C, was diluted 50-fold with the fresh
medium. After further incubation (2 h), its absorbance
was adjusted to 0.04 at 600 nm with the fresh medium
and then a test mixture was prepared. In the case of the
test —S9, the inoculum was mixed with a phosphate
buffer in a ratio of 3:1. In the case of the test +S9, the
inoculum was mixed with S9 mixture (0.5 ml of
MgCl,—KCl solution+0.125 ml of 1 M glucose-6-
phosphate+1.0 ml of 0.1 M NADP+12.5 ml of
phosphate buffer+8.875 ml of sterile water+2.0 ml of
S9 fraction) in a ratio of 3:1. The prepared test mixture
was pipetted per 990 pl into Eppendorf tubes (1.5 ml)
with 10 pl of the sample. In a negative control, the
sample was replaced with 10 pl of DMSO. In a positive
control, the sample was replaced with a solution of 4-
nitroquinoline-N-oxide (4-NQO) (test —S9) or 2-
aminoanthracene (2-AA) (test +S9). After a 2-hour
incubation at 37 °C, 25 pl of the content of each tube
was transferred into wells of one 96-well microplate
filled with a P-buffer with p-nitrophenylphosphate
(PNPP) (cytotoxicity test) and one 96-well microplate
filled with a B-buffer with o-nitrophenyl-p-D-
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galactopyranoside (ONPG) (genotoxicity test). Then the
activities of alkaline phosphatase and [-galactosidase
for each of the tested sample concentrations were
quantified with the microplate reader GENIOS (Tecan,
Mannedorf, Switzerland) at 420 nm. Using the obtained
absorbances, Induction Factors (IFs) were calculated for
each of the tested concentrations. The IF shows by how
much the response of the detection system is induced by
the tested sample in comparison to the negative control,
adjusted to the sample cytotoxicity. The IF is valid if the
tested concentration of the sample does not show any
significant cytotoxicity checked by an alkaline phos-
phatase activity. The G-factor, the alkaline phosphatase
activity ratio between the tested sample and the negative
control, must not be less than 0.5. The genotoxic
potency of the tested samples was quantified based on
the maximum obtained IF with the tested concentrations
of samples (Maximum Induction Factor, MIF) and the
estimation of the so-called SOS Induction Potency
(SOSIP). Those samples showing the dose—response
relationship and achieving a MIF higher than 1.5 were
classified as genotoxic. Those samples that show the
dose—response relationship and their MIF is not higher
than 1.5 were classified as probably genotoxic. The
samples without any observed effects were classified as
non-genotoxic (Quillardet and Hofnung, 1985). The
SOSIP, in units per m>, is in fact a slope factor of the
relationship between induced (3-galactosidase activity,
adjusted to the sample cytotoxicity, and the sample
concentration (Quillardet and Hofnung, 1985). The
slope factor was estimated from the dose-response curve
using a simple linear regression (R*>0.9). The PB-
galactosidase activity was calculated according to the
following formula:

1 la4 le) — A4,(NC)]
p-galactosidase activity = Vi X g(samp ej‘t s(NC)

x 1000

Inhibition(/) = 320!
,

Here AA, (sample) corresponds to the B-galactosi-
dase activity induced by the sample solution (an increase
in absorbance at 420 nm), AA, (NC) corresponds to the
[3-galactosidase activity detected in the negative control
and At corresponds to the time interval between two
measurements. The parameter | (inhibition) correcting
the cytotoxicity of the tested sample is a ratio of the
alkaline phosphatase activity detected for the sample
solution (AA, (sample)) and the alkaline phosphatase
activity detected for the negative control (AA, (NC)),
determined within the time interval At.

All the chemicals used for the extraction of the
exposed filters, chemical analyses and genotoxicity
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testing of the samples were at least of analytical grade
quality.

3. Results and discussion

Samples of the organic air pollution were collected in
Sarajevo and Tuzla areas as a part of the APOPSBAL
project (APOPSBAL, 2005). From the group of various
organic pollutants in the air, an analysis of 16 priority
PAHSs according to U.S. EPA was performed using the
GC-MS system. Average concentrations of the PAHs,
sums of 16 PAHs, sums of 8 carcinogenic PAHs (benz(a)
anthracene, chrysene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene,
dibenz(a,h)anthracene, benzo(g,h,i)perylene) determined
during the sampling periods at the localities are presented
in Table 2. In both areas the PAHs levels at the urban
localities were much higher than the ones at the
corresponding reference background localities (L5%,
L10%). Generally, a much higher level of PAHs pollution
was determined in Tuzla than in Sarajevo. The sum of 16
PAHs at the Tuzla urban localities ranged from 70 ng/m’
to 121 ng/m® while in Sarajevo it ranged from 22 ng/m’ to
50 ng/m’. The lowest sum from all the localities was
detected at the locality L5* (15 ng/m®). The sum
determined at the reference background locality for
Tuzla (L10*) (58 ng/m®) was higher than the ones
detected at all the urban localities in Sarajevo. The highest
sums from all the localities were observed at the localities
L7 (121 ng/m?) and L6 (100 ng/m?). In Sarajevo, the
highest sums were observed at the localities L4 (50 ng/
m®), L1 (47 ng/m®) and L2 (44 ng/m’). The sums of
8 carcinogenic PAHs at the urban localities in Tuzla
ranged from 12 ng/m’ to 22 ng/m’ and, in Sarajevo, from
3.9 ng/m’ to 5.9 ng/m’. Even if the sums of the
carcinogenic PAHs at the reference background localities
were lower, the sum detected at the background locality
L10# (8.4 ng/m’) was again higher than the ones at the
urban localities in Sarajevo. The highest sums of the
carcinogenic PAHs were detected at the localities with the
highest sums of 16 PAHs but they did not fully correlate.
The highest sums of the carcinogenic PAHs were
observed at the localities L7 (22 ng/m®) and L6 (19 ng/
m®). In Sarajevo, the highest sums of the carcinogenic
PAHs were observed at the localities L2 (5.9 ng/m®), L4
(5.4 ngm®) and L1 (4.6 ng/m®). The concentrations of
benzo(a)pyrene (BaP), an indicator of carcinogenic risk of
the PAHs (WHO, 1998), correlate with the levels of the
carcinogenic PAHs. The BaP levels at the urban localities
in Tuzla ranged from 1.8 ng/m’ to 3.4 ng/m> and in
Sarajevo from 0.48 ng/m’ to 0.75 ng/m’. The concentra-
tions of BaP at the reference background localities were
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lower, but the one determined at the locality L10* (1.2 ng/ PAHs in Sarajevo contained almost the lowest portion of
m’) was again higher than all the concentrations the carcinogenic PAHs (11%). The portions of the
determined at the urban localities in Sarajevo. carcinogenic PAHs were higher at almost all localities in

Some differences between the sums of 16 PAHs and Tuzla than at the ones in Sarajevo. In Tuzla, the portions
the carcinogenic PAHs at the localities were observed. of the carcinogenic PAHs were very similar at all
For example, even if the sum of 16 PAHs was higher at localities (16—19%) while in Sarajevo the localities
the locality L4 than at the locality L2, the sum of the showed higher variability (10—18%). The portion of
carcinogenic PAHs was higher at the locality L2. The BaP reached about 3% at the urban localities in Tuzla

higher sums of 16 PAHs at the localities L4 and L1 than while in Sarajevo its portion was lower (1-2%). The
at the locality L2 resulted from significantly higher potential PAHs sources in the studied areas include

levels of some of the PAHs of low molecular weight at predominantly traffic emissions, emissions from chem-
the localities (L1 — acenaphthylene, acenaphthene, ical industries, steelworks, an incineration plant and
fluorene; L4 — phenanthrene, anthracene, fluoranthene, household heating. In Tuzla, they also cover mining and
pyrene). The same contrast also concerns the localities electricity production. Since the fingerprints of PAHs
L8 and L9. This fact may be explained by different emissions from different sources usually overlap, it is
sources of the PAHs pollution at the localities. Besides it impossible to identify specific sources of the pollution
is also necessary to consider the positions and distances for individual localities even if e.g. ratios of individual
from the sources. Here, the wind direction plays an PAHs (fluoranthene/pyrene, pyrene/benzo(a)pyrene or
important role. The impact of different sources is also benzo(a)pyrene/benzo(g,h,i)perylene) in the air in
apparent from the calculated portions of the sums of relation to different PAHs sources (Holoubek, 1996)
carcinogenic PAHs and BaP contents on the sums of 16 are used. Thus the identification of the potential sources
PAHs presented in Table 2. For example, the urban is based only on local investigation. The background
locality in Sarajevo with the lowest sum of 16 PAHs was locality L5* in the mountains, 20 km to the west of
L3, but, on the other hand, this locality showed the Sarajevo, is not significantly affected by any air
highest portion of the carcinogenic PAHs (18%). On the pollution sources, which was also confirmed by the

contrary, the locality L4 with the highest sum of 16 very low PAHs level detected there. On the other hand,

Table 2
Average concentrations of 16 U.S. EPA priority PAHs in the air [ng/m®] and portions of the sum of 8 carcinogenic PAHs and the concentration of BaP
on the sum of 16 PAHs [%]

Sarajevo area [ng/m’] Tuzla area [ng/m’]

Pollutants L1 L2 L3 L4 L5® L6 L7 L8 L9 Lio*
Naphthalene 2.99 2.71 0.58 0.75 0.43 2.84 2.93 2.30 1.46 1.61
Acenaphtylene 4.04 2.83 1.33 1.66 0.70 9.79 11.84 5.67 2.52 3.79
Acenaphthene 0.70 0.33 0.26 0.26 0.16 0.79 1.07 0.60 0.41 0.53
Fluorene 5.96 3.95 2.48 5.14 2.16 11.77 17.06 9.39 8.41 7.98
Phenanthrene 17.95 15.73 8.34 20.83 6.77 33.37 38.98 26.53 26.52 22.29
Anthracene 1.55 1.83 0.64 2.39 0.50 4.87 5.87 3.53 3.37 2.38
Fluoranthene 5.08 5.33 2.56 7.43 1.95 9.48 10.84 7.46 8.02 6.04
Pyrene 4.45 5.18 1.99 6.60 1.46 8.49 10.28 6.28 6.53 5.11
Benz(a)anthracene 0.55 0.79 0.45 0.60 0.09 2.95 3.36 1.75 1.64 1.18
Chrysene 0.99 1.26 0.79 1.21 0.28 3.57 4.09 2.26 2.43 1.81
Benzo(b)fluoranthene 1.03 1.24 0.97 1.10 0.22 3.28 3.77 2.16 2.80 1.64
Benzo(k)fluoranthene 0.46 0.57 0.38 0.064 0.14 1.56 1.74 1.06 1.17 0.83
Benzo(a)pyrene 0.57 0.75 0.48 0.69 0.11 3.10 342 1.87 1.76 1.21
Indeno(1,2,3-cd)pyrene 0.41 0.56 0.35 0.49 0.08 222 2.69 1.45 1.22 0.82
Dibenz(a,h)anthracene 0.05 0.05 0.05 0.04 0.01 0.24 0.31 0.17 0.14 0.09
Benzo(g,h,i)perylene 0.55 0.73 0.43 0.60 0.10 2.05 2.99 1.31 1.21 0.85
Sum of 16 PAHs 47.31 43.83 22.08 50.44 15.15 100.36 121.24 73.80 69.61 58.17
Sum of 8 carcinogenic PAHs 4.61 5.94 3.90 5.38 1.02 18.96 22.37 12.04 12.38 8.44
Portion of 8 carcPAHs 10% 14% 18% 11% 7% 19% 18% 16% 18% 14%

Portion of BaP 1% 2% 2% 1% 1% 3% 3% 3% 3% 2%

Carcinogenic U.S. EPA priority PAHs: benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)
pyrene, dibenz(a,h)anthracene, benzo(g,h,i)perylene.
# Reference background locality.
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the locality L2, where the highest level of the
carcinogenic PAHs in Sarajevo was detected, lies in
the east of the city center and close to the main
thoroughfare. The locality L1, where the level of the
carcinogenic PAHs was lower than at the locality L2, is
also found close to the city center and affected by traffic
emissions. Since the locality L1 is located in the east of
the city center, the difference may result from the
general wind direction during the sampling period. The
high pollution level determined at the locality L4 is
related to the local sources (traffic, marble-working
plant and household heating). The high portion of the
carcinogenic PAHs at this locality is probably caused by
traffic. In Tuzla, the localities with the highest levels of
PAHs (L6, L7) are also located close to the city center
and affected by traffic emissions. The localities L8 and
L10= are found to the north of the city center. Almost no
air flow was determined in this area during the sampling
period. The locality L8, close to the abandoned mine,
was probably affected only by emissions from heavy
trucks operating at the site. The background locality
L10= is in fact an urban locality in the residential area.
The PAH concentration at this locality corresponds to
the generally increased level of organic pollution in the
air of Tuzla. The local sources cover mainly traffic and
household heating. The locality L9 lies in the western
suburb of Tuzla where the air is affected more by
emissions from traffic and household heating than from
the power plant. To summarize, the localities with the
highest concentrations of PAHs are located close to the
city centers and/or are significantly affected by traffic
emissions. There, high levels of the carcinogenic PAHs
were observed, too. This is fully in compliance with the
fact that traffic is considered the main source of PAHs,
including the carcinogenic ones, in the air (Wild and
Jones, 1995; WHO, 2000). As expected, the PAHs of
high molecular weight were absorbed on the particulate
matter while the PAHs of low molecular weight were
predominantly in the gas phase. Fluoranthene, pyrene,
benz(a)anthracene and chrysene were distributed be-
tween both phases (detailed data are not presented in the
paper).

None of the analyzed compounds exceeded the
maximum allowable limits according to AHEM (1986)
or the risk-base concentrations (RBC) stated by U.S.
EPA (2004) with the exception of average BaP
concentrations at the localities in Tuzla, including the
urban background locality L10*. It concerns the
maximum allowable limit of 1 ng/m’ for BaP according
to AHEM. This limit is equivalent to the target limit of
the average annual BaP concentration established
according to the European directives 96/62/EC and
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2004/107/EC which must be met by the year 2010. The
RBC of 2.02 ng/m’ for BaP, equal to the stated non-
significant risk level, was exceeded at the localities L6
and L7. But generally the determined levels of PAHs in
the air fully correspond with the levels determined in the
urban air elsewhere and published in literature (Lin
et al., 1999; Ciganek et al., 2004; Du Four et al., 2004).
The genotoxic potency of the air samples was tested
using the SOS chromotest. In comparison with the
frequently used Ames test, the SOS chromotest enables
us to analyze quickly genotoxic effects of the samples
using only one test strain. In addition, its miniaturized
design decreases the consumption of tested samples.
Quantification is based on a simple evaluation of the
end-point using a spectrophotometer. Samples can be
tested both without and with the addition of metabolic
activation. The genotoxicity test is very sensitive to a
large spectrum of genotoxic compounds and shows high
similarity with the Ames test (Quillardet et al., 1985).
The results of the evaluation of genotoxic activity
without (—S9) and with the addition of metabolic
activation (+S9) are summarized in Table 3. The validity
of the genotoxicity data was confirmed by significant
responses of the detection system to the standard
mutagens used for the positive control. None of the
tested samples showed unacceptable cytotoxic effects.
In the case of the genotoxicity test —S9, all the tested
samples reached IFs higher than 1.5 in the range of the
tested concentrations. They showed significant direct
genotoxic activity. The samples from the urban localities
were more genotoxic than the ones from the reference
localities (L5*, L10*). Based on the obtained SOSIPs, a
much higher direct genotoxic activity was shown by the
samples collected in Tuzla than the ones collected in
Sarajevo. The highest direct genotoxic activity was
detected at the locality L7 (SOSIP=0.49). High

Table 3

Determined Maximum Induction Factors (MIFs) and estimated SOS
Induction Potencies (SOSIPs) for the air samples at the localities
[units/m°]

Sarajevo area Tuzla area
MIF SOSIP MIF SOSIP
[unit/m’] [unit/m®]

Locality —S9 +S9 —S9 +S9 Locality —S9 +S9 —-S9 +S9
L1 3.03 1.63 0.15 0.05 L6 5.23 2.65 0.28 0.14
L2 2.75 2.00 0.13 0.08 L7 6.93 2.62 0.49 0.14
L3 1.86 1.48 0.08 0.04 L8 5.33 2.03 0.37 0.08
L4 1.96 1.60 0.07 0.05 L9 4.57 2.26 0.30 0.11
L5® 1.53 1.39 0.05 0.04 L10*" 3.33 2.29 0.20 0.09

MIF values indicating significant genotoxicity are written in bold.
# Reference background locality.
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activities were also detected at the localities L8
(SOSIP=0.37) and L9 (SOSIP=0.30). On the other
hand, the lowest activity in Tuzla was detected at the
locality L6 (SOSIP=0.28) and at the urban background
locality L10* (SOSIP=0.20). In Sarajevo, the highest
activity was determined for the samples from the
localities L1 (SOSIP=0.15) and L2 (SOSIP=0.13).
The localities L3 and L4 showed similar low activity
which was still twice as high as the direct genotoxic
activity detected at the reference background locality
L5* (SOSIP=0.05), in the mountains. The direct
genotoxic activity determined at the urban localities in
Sarajevo were always lower than that detected at the
urban background locality L10* in Tuzla.

Even if the direct genotoxic activity in Tuzla was
significantly higher than the one detected in Sarajevo, in
both cities the highest activities were determined at the
localities situated close to the city centers and affected
mainly by traffic emissions. The direct genotoxicity of
organic air pollution is related to the presence of PAH
derivatives, especially nitro-, hydroxy- and oxi-PAHs
(Nardini and Clonfero, 1992; Cerna et al., 2000;
Finlayson-Pitts and Pitts, 2000; Feilberg et al., 2002).
But the direct genotoxicity is also shown by a spectrum
of polar organic compounds which have not been
identified so far (Lewtas et al., 1990; Crebelli et al.,
1991; Cerna et al., 2000). They are both emitted from
the combustion of fossil fuels related to e.g. traffic,
household heating and electricity production, and
products of the transformation reactions of PAHs and
other organic compounds in the atmosphere. Large
amounts of nitro-PAHs are also emitted from diesel
engines, which explains the high direct genotoxic
activity of the air samples from the locality L8. The
high direct activity determined at the locality L9 may be
related both to the emissions from traffic and the power
station. Unfortunately, no information about the PAH
derivatives levels at the localities is available because
they were not covered by the chemical analyses. But
even if the PAHs do not show the direct genotoxicity,
some relationship was observed between the para-
meters. No relationship with the wind direction was
observed, and thus the direct genotoxicity is mainly
related to the pollution sources at the locality and in its
surroundings.

In the case of the genotoxicity test +S9, all the
samples showed lower activity than in the test —S9. In
contrast to the Ames test, air samples tested with the
metabolic activation in the genotoxicity tests based on
the SOS response usually show decreased genotoxic
activities (Courtois et al., 1988; Schleibinger et al.,
1989; Hamers et al., 2000; Du Four et al., 2004). This is
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explained by metabolic detoxification of toxicants,
including direct genotoxins, with enzymes contained
in the S9 fraction and complexation effects of proteins
of the S9 fraction, which result in lower availability of
toxicants for the bacteria (Hamers et al., 2000).
However, significant indirect genotoxicity was still
detected for all the localities with the exception of the
localities L3 and L5*. These localities were classified
only as probably genotoxic. Again much higher
genotoxic activities were observed at the localities in
Tuzla. The highest activity detected in Sarajevo was
comparable with the lowest activities detected in Tuzla.
The highest indirect genotoxicity in Tuzla was shown at
the urban localities L6 and L7 (SOSIP=0.14). The
samples from other localities in Tuzla showed a lower
activity. The indirect activity detected at the urban
background locality L10* (SOSIP=0.09) was slightly
higher than the one detected at the locality LS8
(SOSIP=0.08). In Sarajevo, the highest activity was
observed at the locality L2 (SOSIP=0.08). On the other
hand, the lowest indirect genotoxicity was observed at
the localities L3 and L5* (SOSIP=0.04).

Increased direct genotoxic activity was observed at the
localities affected by traffic emissions and household
heating. While in Tuzla comparable indirect genotoxic
activity was observed at the localities L6 and L7, in
Sarajevo the locality L2 showed higher activity than the
locality L1, which may be explained by the impact of the
west-eastern air pollution transport on the detected
genotoxic activity of the air pollution at the locality L2.
No definite correlation was observed between the direct
and indirect genotoxic activities at the localities, which is
explained by fact that different pollutants induce these
activities. In contrast to the direct genotoxicity, the
indirect genotoxicity of the organic air pollution is related
to the parental PAHs and their alkyl-derivatives (Cerna
et al., 1999, 2000; Feilberg et al., 2002; Du Four et al.,
2004). This relationship was confirmed by the correlation
between the carcinogenic PAHs level and the detected
indirect genotoxicity at the localities (see below). But
there are also other organic pollutants that affect the final
activity. The impact of the whole mixture of organic air
pollution on the genotoxic activity may explain the higher
indirect activity detected at the background locality L10*
than the one detected at the locality L8. The background
locality L10* is not a real background locality as the
reference locality L5* used for Sarajevo. It is an urban
locality placed in a residential zone, not far from the city
center. The air is affected by both traffic emissions and
emissions from household heating there.

The observed similarities between the PAH levels
and genotoxic activities at the localities have been
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confirmed by the results of an analysis of these
relationships using a simple linear regression. The
results of the performed comparisons are summarized in
Fig. 2. The individual graphs visualize the relationships
between the genotoxic activities expressed as SOSIPs
obtained with the genotoxicity tests —S9 and +S9, and
the sums of 16 PAHs, sums of 8 carcinogenic PAHs and
the BaP concentrations. Determined regression coeffi-
cients (R*) prove the significant relationship between
the genotoxic potency and the indicators of the organic
air pollution. As expected, a closer relationship with the
PAHs was determined for the indirect genotoxicity than
for the direct genotoxicity, but the differences are small.
The R? values were slightly higher for the sum of the
carcinogenic PAHs (R*>=0.896) and the BaP concentra-
tion (R*=0.886) than the R? value for the sum of 16
PAHs (R*=0.849). So the results confirm the role of the
carcinogenic PAHs in the detected indirect genotoxicity.
The similar relationship determined for the concentra-
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tion of BaP and for the sum of the carcinogenic PAHs
confirms the usage of BaP as an indicator of the
carcinogenic PAHs pollution and its important role,
regarding its high genotoxic activity, within the group of
the carcinogenic PAHs. On the other hand, in the case of
the direct genotoxicity the lowest R* was obtained for
BaP (R*=0.808). But the relationship is still significant.
The R? values obtained for the sum of 16 PAHs and the
sum of 8 carcinogenic PAHs were slightly higher than
for the concentration of BaP. The lower R? values for
the relationship to the direct genotoxicity result from the
fact the observed genotoxic activity was induced by
other organic pollutants. The results fully confirm the
observed relationship between the concentration of
PAHs and the genotoxic activity of the organic air
pollution determined at the localities. The similar
significant relationships between the genotoxic activity
of the air samples detected with the Ames test and the
concentrations of PAHs in the air were published by
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Fig. 2. Relationships between the sum of 16 PAHs, sum of 8 carcinogenic PAHs and BaP concentration, and the SOSIPs for the direct (—S9) and

indirect genotoxicity (+S9).
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several authors in literature (Cerna et al., 1999; Feilberg
et al., 2002, Du Four et al., 2004). The study of Feilberg
et al. (2002) also showed the significant correlations
both for the direct and indirect genotoxicity activities
with the BaP content in the urban air.

However, it should be considered that the correla-
tions are not absolute and the total response of the
bioassay is also affected by other organic compounds. It
concerns the relationship observed for the direct
genotoxicity where a mediated interaction is apparent.
As mentioned above, the PAHs must be activated to
show their genotoxic activity in the genotoxicity test.
The explanation of the significant relationship between
the direct genotoxic activity and the PAHs level in the
air can be found in the co-existence of the PAHs
derivatives and other organic pollutants with the direct
genotoxic activity with the parental PAHs in the air.
They may be emitted by the same sources or they may
be products of various transformation reactions of the
PAHs in the air. But information about the levels of the
PAHs derivatives and the other pollutants is not easy to
obtain and so they do not belong among routinely
determined pollutants yet.

The results confirm the applicability of the bioassay
for indication of the organic pollution level in the air.
Therefore, for the determination of the presence of
genotoxic pollutants and consequently for the identifi-
cation of possible health risks or localities with
increased air pollution level, the usage of screening
genotoxicity tests, such as the SOS chromotest, is highly
recommended. Then detailed chemical analyses may be
applied on the positive samples for further investigation.

4. Conclusions

An evaluation of the organic air pollution in two
important industrial cities, Sarajevo and Tuzla, in
Bosnia and Herzegovina, was performed, using chem-
ical analyses (concentrations of 16 U.S. EPA priority
PAHs) and genotoxicity testing (SOS chromotest). Both
approaches confirmed a higher level of pollution in the
much more industrialized Tuzla. But even if the
permitted levels for BaP were exceeded at some
localities, the concentrations of the PAHs were still
comparable with the average concentrations determined
in other European cities. The highest pollution levels
were determined at localities lying close to the city
centers and main thoroughfares that are strongly
affected by traffic emissions. The highest levels of the
carcinogenic PAHs were also detected there. But the air
pollution must be also related with other sources at the
localities including the emissions from industrial
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processes and household heating. The highest direct
genotoxic activities were detected at the localities
affected by traffic. Indirect genotoxicity was observed,
in addition, at the localities affected by the emissions
from industries and household heating. The identified
localities with the highest potential health risks are the
urban localities L6, L7 and L9 in Tuzla and the localities
L1, L2 and L4 in Sarajevo. But some genotoxic risks of
the air pollution may also be expected at other urban
localities. Moreover, since the study was performed in
spring, even higher organic pollution and health risks
are expected there in winter due to the higher emissions
from household heating. The levels of organic pollution
may also increase due to reduced dispersion conditions.
Due to a quite high organic air pollution level and
genotoxic activities determined at the urban background
locality L10* in comparison with all the localities from
Sarajevo, the only real background locality was the
locality L5* in the mountains which is apparently not
affected by any air pollution sources. The observed
relationship between the PAH levels at the localities and
genotoxic activities of the samples was proved by a
regression analysis. The strong correlation of the
indirect genotoxicity with the carcinogenic PAHs level
and BaP concentration was expected as well. But it was
not absolute due to the probable presence of other
pollutants with the indirect genotoxic activity. The
correlation of the direct activity with the PAH level was
lower but still significant. However, the correlation with
the concentration of BaP was weaker. This fact confirms
that a correlation exists between the PAH level and the
level of the direct genotoxins, e.g. the PAH derivatives,
in urban air. Unfortunately, the contents of PAH
derivatives were not determined during the study. The
study contributed not only to the assessment of the
organic air pollution in the region, where any similar
study had not been performed, but it also supports the
evaluation of the pollution level using the determination
of genotoxic activity as an indicator of the human health
risk. The screening genotoxicity tests can be highly
recommended for the assessment and monitoring of the
organic pollution in the air and the identification of
localities with increased organic pollution based on the
genotoxic activity.
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Polyurethane foam (PUF) disk passive air samplers were
evaluated under field conditions to assess the effect of temperature
and wind speed on the sampling rate for polycyclic aromatic
hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs),

and organochlorine pesticides (OCPs). Passive samples integrated
over 28-day periods were compared to high-volume air
samples collected for 24 h, every 7 days. This provided a
large data set of 42 passive sampling events and 168 high-
volume samples over a 3-year period, starting in October 2003.
Average PUF disk sampling rates for gas-phase chemicals
was ~7 m® d~' and comparable to previous reports. The high
molecular weight PAHs, which are mainly particle-bound,
experienced much lower sampling rates of ~0.7 m? d=". This
small rate was attributed to the ability of the sampling chamber
to filter out coarse particles with only the fine/ultrafine
fraction capable of penetration and collection on the PUF
disk. Passive sampler-derived data were converted to equivalent
air volumes (Vgq, m3) using the high-volume air measurement
results. Correlations of Vgq against meteorological data collected
on-site yielded different behavior for gas- and particle-
associated compounds. For gas-phase chemicals, sampling
rates varied by about a factor of 2 with temperature and wind
speed. The higher sampling rates at colder temperatures
were explained by the wind effect on sampling rates. Temperature
and wind were strongly correlated with the greatest winds
atcoldertemperatures. Mainly particle-phase compounds (namely,
the high molecular weight PAHs) had more variable sampling
rates. Sampling rates increased greatly atwarmer temperatures
as the high molecular weight PAH burden was shifted toward
the gas phase and subject to higher gas-phase sampling
rates. At colder temperatures, sampling rates were reduced
as the partitioning of the high molecular weight PAHs was shifted
toward the particle phase. The observed wind effect on
sampling for the particle-phase compounds is believed to be
tied to this strong temperature dependence on phase partitioning
and hence sampling rate. For purposes of comparing passive
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sampler derived data for persistent organic pollutants, the
factor of 2 variability observed for mainly gas-phase compounds
is deemed to be acceptable in many instances for semiquan-
titative analysis. Depuration compounds may be used to improve
accuracy and provide site-specific sampling rates, although
this adds a level of complexity to the analysis. More research
is needed to develop and test passive air samplers for particle-
associated chemicals.

Introduction

Persistent organic pollutants (POPs) are long-lived in the
environment, bioaccumulative, toxic, and prone to long-
range transport. International conventions such as the
Stockholm Convention on POPs (SC) (1) deal with regulating
these chemicals in order to reduce their potential to cause
environmental and human harm. For effective POP control,
information about their sources, distribution, levels, and
transport is needed. Signatory countries of the SC are required
to conduct source inventories and develop national imple-
mentation plans to demonstrate how the obligations of the
Convention will be implemented. Coupled with this is the
need for a monitoring strategy to show that ambient levels
of POPs are declining as a result of control measures.

As part of the “effectiveness evaluation” of the SC, a global
monitoring program has been initiated that will use air and
human tissues (milk and blood) as core media for assessing
trends of POPs (2). Air is expected to respond quickly to
changes in emissions and is therefore well-suited for this
purpose. Also, because air is relatively uniform and abundant
throughout the globe, it is well-suited for investigating spatial
trends and the regional and global transport of POPs.
Guidelines have been established for conducting air moni-
toring (3) that include a combination of conventional high-
volume monitoring stations that are supplemented with a
higher-resolution network of much more cost-effective,
passive air samplers (PASs). Passive samplers are especially
useful in situations where electricity is not available or for
initial installations (screening efforts) in regions where there
is a lack of POPs data for air.

PASs of various designs have been used in a number of
studies to derive data on the levels of POPs in the atmosphere
(4-28). The Global Atmospheric Passive Sampling (GAPS)
project has been monitoring POPs at background sites around
the globe since 2002 using polyurethane foam (PUF) disks
(22, 25, 29). Similarly, aregional-scale effort has been initiated
at 50 sampling sites in the Czech Republic (including various
industrial sources and urban, rural, agricultural, and back-
ground areas) and another 50 sites in other countries of
central, southern, and eastern Europe to assess the effective-
ness of the protective measures on POPs (30, 31).

Despite the feasibility and widespread acceptance and
use of PUF disk passive air samplers, there exist some
operational parameters that need to be more fully charac-
terized in order to improve confidence in the derived, time-
weighted average air concentrations. This is required for a
comparison of data between sites and for assessing temporal
trends of POPs concentrations in the air. One operational
parameter requiring further investigation is the extent to
which particle-associated compounds are captured by PUF
disk samplers. Although many POPs are mainly in the gas
phase at ambient temperatures, there are some POPs and
related chemicals that are substantially particle-bound at
ambient temperatures [e.g., polycyclic aromatic hydrocar-
bons (PAHs) and polychlorinated dioxins and furans (PCDDs/
Fs)].Itis also important to understand the potential changes
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in sampling rates associated with variable environmental
conditions, most notably wind speed (4) and temperature.
Results from laboratory calibrations (4) for PUF disk samplers
and field deployments where depuration compounds were
used (these are isotopically labeled chemicals added to the
PUF disks prior to exposure and are used to assess site-
specific mean sampling rates) (15, 24) suggest that typical
sampling rates are in the range of 3-5 m?® of air per day (4).
However, larger variations are observed in some cases,
between sites and from season to season (15, 24). Some
studies have investigated the wind effect on PUF disk
samplers in the laboratory (28) and using 3-D flow models
(27), but so far no comprehensive field calibration has been
undertaken.

In this study, data from the long-term concurrent passive
and high-volume air samples over 42 consecutive 28-day
periods were used to assess the performance of PUF disk
samplers under various meteorological conditions.

Materials and Methods

Sampling Site. Passive and high-volume air samplers were
deployed at KoSetice observatory of the Czech Hydrom-
eteorological Institute, located in the southern Czech Re-
public (49°35' N, 15° 05' E). The climatic classification of the
region is a moderately warm and moderately humid upland
zone with a mean annual temperature of 7.1 °C, a mean
annual total precipitation of 621 mm, 60—100 days of snow
cover per year, 1800 h of sunshine per year, and prevailing
westerly winds. The observatory was established as a regional
station of an integrated background monitoring network in
the late 1970s, and it is part of the EMEP (European
Monitoring and Evaluation Program) monitoring network
(32-34). Passive air samples were collected for 42 consecutive
periods of 28 days starting in October, 2003. During each
28-day integration, four 24-h high-volume samples were
collected—one per week.

Air Sampling. Passive air samplers consisting of the
polyurethane foam disks (15 cm diameter, 1.5-cm-thick,
density 0.030 g cm 3, type N 3038; Gumotex Breclav, Czech
Republic) housed in protective chambers (4, 11) were
employed in this study. These disks have approximately 30%
greater planar surface area compared to PUF disks used in
a GAPS network (21, 25, 29). Since a diameter of the chamber
was larger as well and all the other parameters (gap or overlap
of two domes) were kept the same, it did not affect PAS
performance. Sampling chambers were washed and solvent-
rinsed with acetone prior to installation. All PUF disks were
prewashed, cleaned (8 h Soxhlet extraction in acetone and
8hin dichloromethane), wrapped in two layers of aluminum
foil, placed into zip-lock polyethylene bags, and kept in a
freezer prior to deployment. Exposed PUF disks were wrapped
in two layers of aluminum foil, labeled, placed into zip-lock
polyethylene bags, and transported in a cooler at 5 °C to the
laboratory where they were stored at —18 °C until analysis.
Field blanks were obtained by installing and removing the
PUF disks at all sampling sites.

High-volume ambient air samples were collected using a
PS-1 apparatus (Graseby-Andersen, U.S.A.; volume 250-400 m?
per24h, d,. <50 um) with a quartz fiber filter (QFF) for collecting
the particle phase (Whatmann, fraction > 2 ym) and a PUF
plug (Gumotex Breclav; density 0.030 g cm3) for trapping gas-
phase compounds. All PUF plugs were cleaned before the
campaign (8 h Soxhlet extraction in acetone and 8 h in
dichloromethane), and QFFs were baked at 450 °C. QFFs and
PUFs were treated and stored in the same manner as the PUF
disks. Field blanks were obtained by installing and removing
the quartz and PUF filters at the sampling sites.

Sample Analysis. All sample media (PUF plugs, QFF, and
PUF disks) were extracted with dichloromethane in a Biichi
System B-811 automatic extractor. Surrogate recovery stan-
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dards (d8-naphthalene, d10-phenanthrene, d12-perylene,
and polychlorinated biphenyl congeners PCB 30 and PCB
185) were spiked on each sample media prior to extraction.
Sample extract volumes were reduced under a gentle nitrogen
stream at ambient temperature and divided in two halves
for PCB/OCP and PAH analyses. PAH cleanup was achieved
on a silica gel column (30 cm length, 1 cm i.d., 5 g of silica,
eluted with 10 mL of hexane—discarded, followed by 20 mL
of dichlomethane). A sulfuric acid modified silica gel column
was used for further cleanup of the PCB/OCP (eluted with
30 mL of 1:1 hexane/dichloromethane). Terphenyl and PCB
121 were applied as internal standards for PAH and PCB
analyses, respectively. Air samples were analyzed using a gas
chromatograph equipped with an electron capture detector,
HP 5890, supplied with a Quadrex fused silica column, 5%
Ph, for PCBs and OCPs; a gas chromatograph coupled with
amass spectrometer (GC-MS), HP 5975, with a J&W Scientific
fused silica column, DB-5MS, was used for confirmation. A
total of 16 United States Environmental Protection Agency
(U.S. EPA) PAHs were determined in all air samples using a
GC-MS instrument (HP 6890, HP 5972 and 5973) supplied
with a J&W Scientific fused silica column, DB-5MS.

Quality Assurance/Quality Control. Recoveries based on
surrogate standards added prior to extraction were higher
than 71% and 69% for all samples for PCBs and PAHs,
respectively. Recovery factors were not applied to any of the
data. Recovery of native analytes measured for the reference
material varied from 88 to 100% for PCBs, from 75 to 98%
for OCPs, and from 72 to 100% for PAHs. Field blanks were
extracted and analyzed in the same way as the samples, and
the levels in field blanks never exceeded 1% of the quantities
detected in samples for PCBs, 1% for OCPs, and 3% for PAHs,
indicating minimal contamination during the transport,
storage, and analysis. Laboratory blanks were always lower
than 1% of the amount found in samples. Due to potential
breakthrough during high-volume air sampling, low-mo-
lecular-weight PAHs (namely, naphthalene, acenaphthylene,
and acenaphthene) were excluded from the analysis of the
sampling rates.

Meteorological Parameters. Meteorological information
was recorded during the entire period using the professional
service of the Czech Hydrometeorological Institute. Wind
speed and temperature were monitored continuously at 5
and 10 m above the ground using an automatic weather
station (Vaisala HydroMet, Finland). Median values based
on the hourly synoptic reports were calculated. Fluctuations
of the temperature and wind speed can be seen in Figures
1 and 2, where average values were calculated for the 28-day
period that the PUF disks were deployed. Both parameters
were significantly negatively correlated—the statistically
significant Spearman rank correlation is 0.65 (p < 0.05).

Results and Discussion

Uptake Rates. For short deployment periods of 28 days, most
of the target compounds will be accumulated by the PUF
disks in the linear phase (21), and a linear sampling rate R
(cubic meters per day) can be derived from high-volume air
concentration data. There are two potential problems with
this approach that should be acknowledged. First, the high-
volume data represent just 4 days (14%) of the 28-day
deployment period of the PUF disk. Gouin et al. (15)
demonstrated, using back-trajectory analysis, that discrep-
ancies between intermittent high-volume samples and
continuous passive sampling data are possible and occur
when high-volume samples are collected on days that are
not typical of the passive integration period. However, due
to the large number of passive sampling periods (n = 42) in
this study, we expect that the net effect of these discrepancies
will be diminished. Second, some of the more volatile target
compounds (those with low Koa values) will exceed the linear
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FIGURE 1. The 3-year temperature (°C) and wind speed (m s~') record at KosSetice for the individual passive and high-volume
sampling events showing the mean temperature and wind speed (based on hourly data) for each 28-day deployment period for
passive samplers. Dates indicate starting days of PAS sampling periods; there were five high-volume samples for each PAS period.
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FIGURE 2. Summary of equivalent sample volumes (Vo values,
m®; calculated using eq 1) for all target compounds (pentachlo-
robenzene/PeCB; hexachlorobenzene/HCB; a-hexachlorocyclohex-
ane/a-HCH; S-hexachlorocyclohexane/b-HCH; y-hexachlorocyclo-
hexane/g-HCH; p,p'-DDE; p,p'-DDT; PCB 28, 52, 101, 153, 138, and
180; fluorene/FLN; phenanthrene/PHE; fluoranthene/FLU; pyrene/
PYR; benz[a]anthracene/ANT; chrysene/CHR; benzo[b]fluoranthene/
BbF; benzo[klfluoranthene/BkF; benzo[a]pyrene/BaP; indeno[1,2,3-c,d]
pyrene/IND; dibenz[a,h]anthracene/DBahA; and benzo[g.h,ilpery-
lene/BPE) and 42 passive sampling events at Kosetice observatory.
Values are arranged according to decreasing volatility (p.° values
at 25 °C, Pa) with the lowest volatility compounds expected to be
particle-bound.

phase as they approach equilibrium between the PUF disks
and the atmosphere (15, 24). This is more likely to occur at
warmer temperatures since Ko, decreases (and consequently
the PUF—air partition coefficient also decreases, i.e., reduces
the capacity of the PUF disk) as the temperature increases.
For these chemicals, the net uptake rate is not constant over
the entire period. For all target chemicals, the equivalent
sample volume of the 28-day passive sample (Vzq, cubic
meters) was calculated as
Ve = Gop/ Caig €8]
where Gpp (nanograms per sampler) is the PUF disk con-
centration and Cyr (nanograms per cubic meter) is the mean
air concentration (gas + particle phase) derived from the
high-volume air samplers for each integration period.
Equivalent sample volumes (Vxq values) are summarized
in Figure 2 for all target compounds (12 PAHs, 6 PCB
congeners, and 7 OCPs) and for all 42 passive sampling
periods (besides low-molecular-weight PAHs, also com-
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pounds occurring in very low concentrations were excluded
from this analysis). Results are presented according to the
chemical’s volatility (supercooled liquid—vapor pressure) to
help distinguish chemicals that are mainly in the gas phase
from particle-bound compounds. For mainly gas-phase
chemicals, with p.° values greater than about 10~* Pa (this
result is confirmed by the gas/particle split observed in the
results of the high-volume sampling), the derived V;q values
are in the range 150—250 m?, with a mean of ~200 m?. This
corresponds to linear range sampling rates of approximately
7 m3 day~!. This is slightly higher but within the variability
of the mean rate derived for more than 30 sites under GAPS,
of ~4 + 2 m? day™!, or for proper comparison, 5.2 m® day!
when scaled up to the 30% larger surface area of the KoSetice
PUF disks. Furthermore, some of the remaining difference
may be attributed to the different chamber configurations
used under GAPS.

Lower Vi values of about 20 m® (~0.7 m® day™!) are
derived for mainly particle-associated chemicals (in this case,
only the higher-molecular-weight PAHs), compared to ~200
m?® for gas-phase chemicals as shown above. This result
suggests that approximately 10% of the ambient particles
are sampled by the PUF disk, likely representing the finest
particle component. As discussed previously (35), these fine
particles (likely less than 100 nm) can enter the sampling
chamber because they behave much like gas-phase chemi-
cals. This component is important because it is respirable
and the least susceptible to deposition (i.e., greatest air
transport potential).

Temperature and Wind Effects on Sampling Rates. In
assessing the effect of meteorological parameters on sampling
rates, gas-phase and particle-phase target compounds are
considered separately. Previous studies have investigated
these parameters under controlled conditions or using
theoretical principles. For instance, Shoeib and Harner
showed that the uptake of gas-phase compounds by the PAS
sampler is air-side-controlled, and that the mass transfer
coefficient in relatively calm air is likely to be similar to the
chemicals molecular diffusivity, D (4):

D,={107°T""[(1/my,) + A/m 2} /PVi + V] (2)
where T is the absolute temperature (Kelvin), m. is the av-
erage molecular mass of air (28.97 g mol 1), mis the molecular
mass of the chemical (grams per mole), P is the gas-phase
pressure (atmospheres), Vi is the average molecular volume
of the gases in air (20.1 cm?® mol™), and Vis the molecular
volume of the chemical (cubic centimeters per mole).

Since molecular diffusivity is a weak function of tem-
perature, it will increase by only a small factor of (293/273)1-7
or 1.13 with a temperature increase of 20 °C. Tuduri et al.
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(28) and Thomas et al. (27) showed that increases in sampling
rates occurred when ambient wind speeds exceeded ap-
proximately 5 m s

Figure 3 shows the correlation of Vi values for mainly
gas-phase compounds against temperature (left panel) and
wind speed. Contrary to theoretical predictions discussed
above, the Vi value is negatively correlated with temperature
and ranges from a high of about 300—400 m? at —6 °C (267
K) to approximately 150—250 m? at +22 °C (293 K). However,
the higher sampling rates at colder temperatures may be
partly explained by higher wind speeds at colder temperatures
(see Figure 1) and the dependence of the sampling rate on
wind speed (27, 28). This is confirmed by Figure 3 (right
panel), which shows a fairly steep and positive correlation
of Vg against wind speed.

On the basis of these findings, we expect PUF disk
sampling rates to be slightly higher (up to a factor of about
2) during colder periods. It is necessary to account for this
increase when interpreting and comparing seasonal data
derived from PUF-disk samplers or when comparing data
from samplers deployed in different climates. In many cases,
PAS-derived air concentrations are interpreted semiquan-
titatively, and this magnitude of variability is not a concern.
However, in instances where greater confidence is required,
for instance, for a more quantitative comparison, we recom-
mend the use of depuration compounds. Although this adds
an additional step and cost to the sample analysis, it does
allow for site-specific sampling rates (15, 24, 25) thataccount
for the wind and temperature effects on the sampling rate.

Figure 4 shows the correlation of Vg values against
temperature (left panel) and windspeed for two mainly
particle-phase PAHs, chrysene and benzo[a]pyrene. This
behavior is typical for other high-molecular-weight PAHs. In
this case, the Viq values range over larger magnitudes and
are positively correlated with temperature (increase with
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increasing 7) and negatively correlated with windspeed
(decrease with higher windspeeds)—opposite to what was
observed for gas-phase compounds. This behavior is driven
by the fact that, at warmer temperatures, high-molecular-
weight PAHs begin to partition more to the gas phase. For
instance, applying the Junge—Pankow model for chrysene
for rural air (36, 37), we can predict that it will be almost
entirely particle-bound at —6 °C while at 22 °C it splits
between both phases with about 10-20% on particles.
Benzola]pyrene, which is less volatile, is expected to be
80-90% particle-bound at 22 °C and entirely particle-bound
at —6 °C. This analysis is consistent with the observed Vgq
values for chrysene and benzo[a]pyrene with greater tem-
perature sensitivity observed for chrysene, due to its greater
presence in the gas phase at warmer temperatures. The
increase in sampling rates at lower wind speeds (right panel)
is largely a result of the strong negative correlation of
windspeed with temperature; that is, higher winds tend to
occur when temperatures are colder, and high-molecular-
weight PAHs are partitioned more to particles, leading to
low sampling rates.

The correlation of theoretical sampling volumes with other
meteorological parameters (wet precipitation, vapor pressure,
atmospheric pressure, and sunshine) was studied as well.
No significant correlation was observed for these parameters.

In summary, this is the first comprehensive study to
investigate the effect of temperature and wind on PUF disks
passive air samplers under field conditions. The results
provide new information that can be used to interpret and
compare passive sampler derived air concentrations. Overall,
the variability in sampling rates for mainly gas-phase
compounds is expected to be fairly low (within a factor of
about two) over typical field conditions. When greater
quantitative power or confidence is required, depuration
compounds should be used. For chemicals that are split
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between the gas and particle phases, sampling rates are much
more variable and increase substantially with increasing
temperature as chemicals partition more to the gas phase
and are subject to the much higher gas-phase sampling rate.
Consequently, care must be taken when deriving air con-
centrations for chemicals that are split between the particle
and gas phases over the range of sampling temperatures.
Furthermore, sampling rates derived from depuration com-
pounds cannot be applied as they are only valid for gas-
phase chemicals. More research is needed to investigate
passive air samplers for particle-associated chemicals, as
many compounds of interest fall into this category. Future
field assessments should also strive to do passive and air
sampling concurrently and continuously, using low-volume
active air samplers, to ensure better comparability of the
results.
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ABSTRACT

A majority of ongoing monitoring of persistent organic pollutants (POPs) is currently focused on chemicals
emphasized in the Stockholm Convention. Quantitative detection of other substances (especially those with
numerous anthropogenic sources such as polyaromatic hydrocarbons (PAHs)) is, however, also needed since
their concentrations are usually several orders of magnitude higher. A goal of this study was to determine
how various groups of compounds contribute to total human health risks at the variety of sampling sites in
the region of Western Balkan. Distribution of the risks between the gas and particulate phases was also
addressed. Results showed that inhalation exposure to organochlorine pesticides (OCPs) does not represent a
significant risk to humans, while polychlorinated biphenyls (PCBs) re-volatilized to the atmosphere from
contaminated soils and buildings can pose a problem. PCB evaporation from primary sources (currently used
PCB-filled transformers or non-adequate storage facilities) generally resulted in much higher atmospheric
concentrations than evaporation from the secondary sources (soils at the sites of war destructions). A
majority of the human health risks at the urban sites were associated with PAHs. Between 83 and 94% of the
cumulative risk at such sites was assigned to chemicals sorbed to particles, and out of it, PAHs were

responsible for 99%.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

A potential impact of polluted air on human health has been a
subject of numerous investigations recently. It has been suggested
that air pollution is likely to increase mortality and hospital
admissions (Brunekreef and Holgate, 2002). The inhalation exposure
can result in a range of effects from breathing difficulties to
development of a lung cancer (Boffetta and Nyberg, 2003; Vineis
and Husgafvel-Pursiainen, 2005). In addition to respiratory tract, vital
functions of other organs can be affected as well (Cohen et al., 2005;
Kunzli and Tager, 2005). A quantification of such harmful effects is
complicated by the fact that ambient air is a complex mixture of
components with variable chemical composition, physicochemical
properties, persistence in the environment, long-range transport
potential, toxicity and carcinogenicity.

Several regulations on production, marketing, application and
disposal of persistent toxic substances have been introduced in recent
years but many of these compounds persist in the environment at
significant levels long after they have been banned. To evaluate the
effectiveness of recently introduced regulations on production,
marketing, application and disposal of persistent toxic substances;
reliable air monitoring programs are needed worldwide. As many of
these compounds persist in the environment long after they have

* Corresponding author. Tel.: +420 549 493 511; fax: +420 549 492 840.
E-mail address: cupr@recetox.muni.cz (P. Cupr).

0160-4120/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envint.2009.06.005

been banned, such programs should provide information on present
concentrations and their long-term trends (Middleton, 1997). Ambi-
ent air concentrations derived from the regular monitoring of POPs are
also a source of data for evaluation of the long-term population
exposure and related effects, in particular for pollutants for which
ambient air represents a dominating exposure pathway.

A majority of ongoing monitoring of persistent organic pollutants
(POPs) is currently focused on chemicals emphasized in the Stock-
holm Convention (UNEP, 2001) which regulates emissions of
compounds such as polychlorinated biphenyls (PCBs), polychlori-
nated dibenzo-p-dioxins and furans (PCDDs/Fs), and organochlorine
pesticides (OCPs). Quantitative detection of other substances, (espe-
cially those with numerous anthropogenic sources such as PAHs) is,
however, also needed since their concentrations are usually several
orders of magnitude higher (PCDDs/Fs: pg m™> or less, PCBs and
OCPs: tens to hundreds of pg m™3, PAHs up to hundreds of ng m~3)
(Menichini et al., 2007). Even though reduction of the human
exposure to POPs in ambient air has been a primary focus of the
public health policy, the lack of available data often prevents the
authorities from the adequate actions.

Countries of the former Yugoslavia represent a European region
with very limited information on the levels of atmospheric pollution.
As many industrial sites and energy installations were damaged in the
bomb attacks and missile strikes during the Balkan war conflicts in the
late 1990s, and large amounts of hazardous substances were released
into the environment (Picer and Holoubek, 2003), contamination of
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the former Yugoslavia has been a subject of numerous investigations
in the last decade (Rapsomanikis et al., 2002; Picer and Holoubek,
2003; Klanova et al., 2007a,b; Ruzickova et al., 2008). The scientific
attention was focused mostly on determination of the PCB concentra-
tions in soil and air, while other classes of pollutants were largely
overlooked. A first study investigating toxicity of the air samples from
this region, however, showed that toxic effects were much stronger
(Skarek et al., 2007) in the air samples from industrial sites
contaminated with PAHs than in the samples from PCB hotspots.

A contribution of various classes of toxic compounds (PCBs, OCPs,
PAHs), both particle-bound and gas phase-associated, to total human
health risks was assessed in this study. Large number of ambient air
samples from background, urban and industrial sites including hot
spots in Croatia, Serbia, Bosnia and Herzegovina was collected.
Ambient air concentrations of selected pollutants and related
human health risks associated with the inhalation exposure were
determined for all samples.

2. Materials and methods
2.1. Sampling locations

A total number of 127 ambient air samples were collected in the
countries of former Yugoslavia (Croatia, Serbia, Bosnia and Herzego-
vina) in the early summers (May-June) of 2003 and 2004 under
comparable meteorological conditions at all sites (median tempera-
ture 19°C). In 2003, ten high volume samples were collected from
each of five sampling sites in Croatia. Four samplers were positioned
in the city of Zadar (damaged transformer station, industrial zone,
historical center, meteorological station). Background sampler was
150 km north on mountain Velebit at the Zavizan location. Similarly,
five samples were taken from each of five sampling sites in Sarajevo
area (industrial zones, residential areas, background site) and another
five sampling sites in Tuzla region in Bosnia and Herzegovina (service
and storage place for damaged capacitors, transformer station, salt
mine, residential area, background site). Ivan Sedlo meteorological
station served as a background site for Bosnia and Herzegovina. In
Serbia, Kragujevac (Zastava factory, university), Pancevo (Petrochi-
mika, refinery, center) and Novi Sad (refinery, residential part, center)
were the cities of interest, each providing three sampling sites and
three high volume samples from each site.

2.2. High volume air sampling

The high volume air samplers PS-1 (Graseby-Andersen, USA, flow:
20-25m> h™!, volume: 250-300 m> per 24 h) and two types of
adsorbents were used: a Whatmann quartz filter (fraction dae
<50 pm) for a collection of particles, and a polyurethane foam filter
(Gumotex Bfeclav, density 0.03 g m~3) for a gaseous phase sampling.
A sampling duration was 24 h. All filters were cleaned before the
campaign: PUF filters were extracted with acetone and dichloro-
methane in a Soxtec extractor, quartz filters were heated to 450 °C.

2.3. Passive air sampling

To assess the seasonal variability of the air concentrations of
investigated POPs, passive air sampling technique has been employed
at all sampling sites for the next six months following the active air
sampling. Passive air samplers consisting of the polyurethane foam
disks (15 cm diameter, 1.5 cm thick, density 0.030 g cm™3, type N
3038; Gumotex Breclav, Czech Republic) housed in protective
chambers (Shoeib and Harner, 2002; Klanova et al., 2006) were
employed in this study. Sampling chambers were washed and solvent-
rinsed with acetone prior to installation. All PUF disks were
prewashed, cleaned (8 h Soxhlet extraction in acetone and 8 h in
dichloromethane), wrapped in two layers of aluminum foil, placed
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into zip-lock polyethylene bags and kept in a freezer prior to
deployment. Exposed PUF disks were wrapped in two layers of
aluminum foil, labeled, placed into zip-lock polyethylene bags and
transported in cooler at 5 °C to the laboratory where they were stored
at — 18 °C until analysis. Field blanks were obtained by installing and
removing the PUF disks at all sampling sites.

2.4. Sample analysis

All samples were extracted with dichloromethane in a Biichi
System B-811 automatic extractor. One laboratory blank and one
reference material were analyzed with each set of samples. Surrogate
recovery standards (D8-naphthalene, D10-phenanthrene, D12-pery-
lene for PAHs analysis, PCB 30 and PCB 185 for PCBs analysis) were
spiked on each filter prior to extraction. Terfenyl and PCB 121 were
used as internal standards for PAHs and PCBs analyses, respectively.
Volume was reduced after extraction under a gentle nitrogen stream
at ambient temperature, and fractionation achieved on a silica gel
column (30 cm length, 1 cm i.d.); a sulphuric acid modified silica gel
column was used for PCB/OCP samples. Samples were analyzed a GC-
MS instrument (HP 6890-HP 5975) supplied with a J&W Scientific
fused silica column DB-5MS for PCBs (PCB 28, PCB 52, PCB 101, PCB
118, PCB 153, PCB 138, PCB 180), OCPs (o-HCH, 3-HCH, y-HCH, 8-HCH,
p.p-DDE, p,p"-DDD, p,p'-DDT) and 16 US EPA PAHSs. Analytical details
and Quality Assurance/Quality Control measures have been published
previously (Klanova et al., 2007a,b).

2.5. Risk assessment

According to EPA (EPA, 1998), a human exposure depends on a
Chronic Daily Intake (CDI) of every single contaminant inhaled by the
receptor. The CDI value (mg kg™ ' day~!) can be derived from Eq. (1)
(EPA, 1992; EPA, 1996):

CDI = CA'IF, (1)

where CA is a compound concentration (mg m~>) and IF is an Intake
Factor (m~> kg~ ' day~ ).
Intake Factor is derived from Eq. (2):

IR-A-EF-ED-ET
IF= BW-AT ’ @)

where IR-A (Inhalation Rate) is a breathing rate (m®> h~!), EF
(Exposure Frequency) is a number of exposures per year, ED
(Exposure Duration) is a duration of exposure in years, ET (Exposure
Time) is a number of hours per exposure, BW (Body Weight) is a
default weight of the receptor body (kg), and AT (Averaging Time) is
an average exposure extent over a lifetime (35,500 days for carcino-
genic exposure). Appropriate default exposure parameters were
obtained from EPA (EPA, 1998) [IR-A=20m>/day; EF =365 days;
ED =70 years; ET=24h/day; BW=70kg]. CDI for carcinogenic
substances is called Life Averaged Daily Dose (LADD).

Human health risk related to contaminated air depends on the
extent of exposure as well as on the toxic effects of chemicals. The
chemical-specific risks were calculated from the Life Averaged Daily
Dose and the Slope Factor (SF) (1/mg kg™ ' day~ ') using the linear
low-dose cancer risk equation (Eq. (3)):

Risk = LADD-SF 3)

A Slope Factor is a plausible upper-bound estimate of probability of
the response per unit chemical intake over the lifetime. It is used to
estimate an upper-bound probability of the individual developing a
cancer as a result of the lifetime exposure to certain level of potential
carcinogen. Cancer potency factors for chemicals of concern were
obtained from EPA, OEHHA (OEHHA, 2002; EPA, 2003). Cancer
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Table 1
Cancer potency factor expressed as inhalation unit risk [(ug m™
chemical compounds (OEHHA, 2002; EPA, 2003).

3)=1] for all assessed

Compound IUR

Naphthalene 3.40E—05
Acenaphtylene 1.10E—06
Acenapthene 1.10E— 06
Fluorene 1.10E—06
Phenanthrene 1.10E—06
Anthracene 1.10E— 05
Fluoranthene 1.10E— 06
Pyrene 1.10E— 06
Benz(a)anthracene 1.10E—04
Chrysene 1.10E— 05
Benzo(b)fluoranthene 1.10E—04
Benzo(k)fluoranthene 1.10E—04
Benzo(a)pyrene 1.10E—03
Indeno(123cd)pyrene 1.10E—04
Dibenz(ah)anthracene 1.20E—03
Benzo(ghi)perylene 1.10E—05
PCB 28 1.00E— 04
PCB 52 1.00E— 04
PCB 101 1.00E— 04
PCB 118 1.00E— 04
PCB 153 1.00E— 04
PCB 138 1.00E— 04
PCB 180 1.00E— 04
alpha-HCH 1.80E—03
beta-HCH 5.30E— 04
gamma-HCH 3.10E—04
p,p’-DDE 9.70E—05
p,p’-DDD 6.90E— 05
p.p’-DDT 9.70E—05
HCB 4.60E— 04

potency factors for inhalation exposure are expressed as Inhalation
Unit Risk (IUR). The IUR values used in this risk assessment are
presented in Table 1.

The final SF values were calculated according to Eq. (4):

[ mg ]71 _IUR[] ’1*70[kg]*1000[m&@g] "

kg*day 20 {%]

A final cumulative health risk related to each sampling site was
calculated as a sum of the partial risks of the individual pollutants.

A carcinogenic benchmark level is an exposure that poses an
upper-bound lifetime excess cancer risk of 1E—6 (EPA, 2003).
Exposure for which the risk factor exceeds 1E— 6 (i.e. one occurrence
over 1 million people) is then scored as significant.

3. Results and discussion
3.1. Site-to-site variability

Determination of the human health risks was based on the atmospheric
concentrations measured in summer using an active air sampling technique. The
cumulative cancer risk values for 25 sampling sites are presented in Table 2 and Fig. 1.
Partial risk levels for the gas phase associated and particle-bound chemicals are
presented separately in order to identify a fraction that most of the risk-posing
chemicals associate with (Lee et al., 1995; Mader and Pankow, 2000; Halsall et al., 2001;
Mader and Pankow, 2001). As expected, the lowest risks (entirely associated to the gas
phase) were found in Croatia as the Zadar area is a seashore resort. Previously damaged
Zadar transformer station demonstrated a risk several times higher than other sites
(4.3E—7) but still it barely reached a half of the significant risk level. All sites in Serbia
posed higher hazards than the Zadar transformer station and, at the same time, a major
risk contribution was assigned to particle-bound chemicals. The only exception was the
Zastava car factory in Kragujevac. It was the only site where the acceptable risk level of
1E—6 was exceeded 4.5 times, but only less than 7% of the risk was connected to
particle-bound fraction. Fig. 2 distinguishes not only between the phases but also
between the individual classes of compounds responsible for human health risks. As
can be seen from Fig. 2, PCBs were the compounds responsible for elevated risks
associated with the gas phase in Kragujevac. Volatilization from the PCB-filled
transformer which is still in use at this site was a source of high atmospheric
concentrations. The overall health risk more than one order of magnitude higher than
anywhere else was, however, found in Bosnia and Herzegovina (Fig. 1) where the only
site with low risks was the background station Ivan Sedlo. For all the others, a
significant risk level was reached or overdrawn. It was exceeded 6.5 times in Tuzla fire
station where volatilization from the storage place of the old electrical equipment

Table 2
Overall summary of the health risks at the individual sampling sites (CRO — Croatia, BIH — Bosnia and Herzegovina, SER — Serbia, CZE — Czech Republic).
Locality Country  PUF GF GF/
PAH PCB HCH DDT 3 RISK PAH PCB HCH DDT 3 RISK (th +PUF)
ratio
Zadar CZ CRO 2.02E—08 575E—09 3.15E—08 153E—09 5.90E—08 136E—08 850E—10 345E—09 298E—10 181E—08 0.24
Zadar CM CRO 194E—08 9.70E—09 572E—08 523E—09 9.15E—08 213E—08 8.60E—10 2.66E—09 249E—10 2.51E—08 0.22
Zadar CT CRO 235E—08 266E—07 7.57E—08 7.06E—09 3.72E—07 3.58E—08 422E—09 3.34E—09 3.20E—10 4.37E—-08 0.11
Zadar CA CRO 551E—08 124E—08 790E—08 5.71E—09 152E—07 522E—08 126E—09 148E—09 418E—10 5.54E—08 0.27
Zadar CV CRO 536E—08 1.24E—08 6.23E—08 299E—-09 131E—07 4.18E—08 126E—09 2.87E—09 515E—10 4.65E—08 0.26
Sarajevo IS BIH 341E—-08 1.00E—08 214E—08 117E—09 6.68E—08 188E—07 282E—09 248E—10 175E—10 191E—07 0.74
Sarajevo HMI BIH 1.50E—07 590E—09 177E—08 113E—09 174E—07 125E—06 121E—08 186E—09 8.70E—10 127E—06 0.88
Sarajevo ST BIH 1.63E—07 155E—08 241E—08 146E—09 2.04E—07 9.70E—07 108E—09 157E—09 130E—10 9.73E—07 0.83
Sarajevo VL BIH 1.08E—07 172E—08 196E—08 133E—09 146E—07 113E—-06 3.06E—09 3.80E—10 136E—10 113E—06 0.89
Sarajevo VW BIH 452E—08 104E—08 188E—08 233E—09 767E—08 840E—07 110E—-09 157E—09 299E—10 843E—07 0.92
Tuzla BU BIH 172E—-07 115E—08 248E—08 233E—09 211E—-07 2.87E—06 126E—09 7.82E—10 2.74E—10 287E—06 0.93
Tuzla FI BIH 2.85E—07 5.64E—07 174E—08 187E—08 8.85E—07 546E—06 165E—07 3.18E—10 9.68E—09 5.63E—06 0.86
Tuzla HO BIH 2.62E—07 137E—08 2.64E—08 173E—09 3.03E—07 4.83E—06 174E—09 4.34E—10 465E—10 4.83E—06 0.94
Tuzla MI BIH 211E—-07 109E—08 178E—08 2.27E—09 242E—07 298E—06 174E—09 212E—10 465E—10 298E—06 0.92
Tuzla ME BIH 142E—07 598E—09 3.76E—08 4.05E—09 1.90E—07 195E—06 2.02E—09 124E—10 463E—10 195E—-06 0.91
Novi Sad CA SER 487E—08 2.01E—-08 6.71E—08 543E—09 141E—07 349E—-07 3.33E—10 2.07E—10 647E—11 3.50E—07 0.71
Novi Sad KG SER 498E—08 4.80E—08 6.73E—08 4.98E—09 170E—07 3.69E—07 2.00E—10 0.00E+00 647E—11 3.69E—07 0.68
Novi Sad NIS SER 545E—08 1.86E—08 6.35E—08 4.05E—09 141E—07 3.04E—07 200E—10 O0.00E+00 9.70E—11 3.04E—07 0.68
Pancevo CH SER 110E—07 180E—07 7.78E—08 892E—09 3.77E—07 345E—08 140E—09 155E—10 0.00E4+00 3.60E—08 0.09
Pancevo NIS SER 1.01E—-07 167E—07 713E—08 8.08E—09 348E—07 3.00E—07 490E—08 335E—08 9.70E—11 3.82E—07 0.52
Pancevo PE SER 407E—08 103E—08 6.37E—08 5.80E—09 120E—07 281E—07 5.50E—10 3.10E—10 4.85E—11 2.82E—07 0.70
Kragujevac ZG ~ SER 739E—08 397E—06 3.25E—07 297E—08 440E—06 2.56E—07 4.85E—08 0.00E+00 220E—09 3.07E—07 0.07
Kragujevac ZF ~ SER 9.53E—08 2.70E—07 121E—07 4.85E—-09 4.91E—07 3.32E—07 813E—09 1.03E—10 104E—09 3.41E—-07 041
Kragujevac UK SER 6.34E—08 1.07E—08 116E—07 188E—09 192E—07 197E—07 533E—10 1.03E—10 0.00E+00 197E—07 0.51
Kosetice CZE 111E—-08 478E—09 265E—08 3.17E—09 4.55E—08 3.14E—08 5.67E—10 2.69E—10 189E—10 3.24E—08 0.42

Partial risk levels for the gas phase associated chemicals (GF) and the particle-bound chemicals (PUF) are presented separately showing also contributions of the individual groups of

compounds.
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Fig. 1. Contributions of the gas phase- and particle phase-associated chemicals to overall health risks at the individual sampling sites.

increased the atmospheric concentrations of PCBs and significantly contributed to the
gas phase associated overall health risks (Figs. 1 and 2). On the other hand, new results
confirmed previously published findings on elevated levels of atmospheric PAHs and
toxicity of the high volume air samples from Bosnia and Herzegovina (Skarek et al.,
2007). In this study, between 83 and 94% of the cumulative risk was assigned to
particle-associated compounds, and out of it, PAHs were responsible for 99% (Fig. 2).
This is not surprising considering that majority of the higher molecular weight PAHs are
particle-bound (Rehwagen et al., 2005; Omar et al., 2006; Cincinelli et al., 2007), and
that 5 and 6-ring PAHs manifest the highest cancer potency. This also corresponds to
the highest potency factors of individual PAHs relative to benzo(a)pyrene as a most
active compound in PAH mixture (WHO, 2001). PAHs are among the substances of a
great interest as they appear to be significant contributors to the genotoxicity and

carcinogenity of air pollution in the urban environments. Oxidative stress has emerged
as a mechanism that underlies the toxic pulmonary effects of atmospheric particles.
Experimental evidence (Ohyama et al., 2007) showed that redox-active transition
metals, redox-cycling quinoids and PAHs contained in aerosols act synergistically,
producing reactive oxygen species leading to oxidative DNA damage. Current evidence
also indicates that PAHs are transformed enzymatically to active metabolites that react
with DNA to form adducts that result in mutations (Ran et al., 2008).

It can be concluded that inhalation exposure to OCPs does not represent a
significant risk to humans in the Western Balkans while PCBs re-volatilized to the
atmosphere from contaminated soils and buildings can pose a problem at certain sites.
Elevated atmospheric concentrations of PCBs were found at the sites of war
destructions (Zadar, Pancevo, and Kragujevac), but PCB evaporation and leakage from
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Fig. 2. Contributions of the individual groups of POPs to overall health risks at all sampling sites.
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Fig. 3. Contributions of the individual groups of POPs to overall health risks in summer and winter season.

currently used PCB-filled transformers or from the non-adequate storage facilities for
the old and damaged equipment resulted in much higher atmospheric levels (Tuzla,
Kragujevac). A special attention deserves PAH contamination which was responsible for
a majority of human health risks in Bosnia and Herzegovina. Significant risk level was
exceeded at most of the sites in this country and the fact that some 90% of the risks were
assigned to particulate matter indicated serious contamination with atmospheric
particles.

Zencak et al. (2007) suggested recently that non-regulated incineration can
significantly affect PAH emissions in the Western Balkans. According to their study on
the source apportionment of the atmospheric contaminants in this region the biomass
burning was responsible for 50-60% of the atmospheric PAHs both, in the summer and
winter seasons. Improper waste management, common burning of waste, wood and
other non-fossil fuels for heating purposes as well as frequent forest fires contribute to
this high percentage. It is to be expected that such non-regulated incineration also
generates great amounts of particulate matter and can be responsible for elevated
human health risks found in this study.

3.2. Seasonal variability

When estimating the overall human health risks at various sites it has to be
considered that all air samples were collected between May and June, i.e. during the
season with lowest emissions from various combustion sources. Since the atmospheric
concentrations of PAHs are a subject of seasonal variability it has to be expected that the
risk levels found in this study (and already exceeding the safety limits) can be another
two orders of magnitude higher in winter.

To assess a seasonal variability of the risk levels at the sites of interest, passive
sampling technique was applied. Passive air sampling proved to be the most relevant
technique when addressing the seasonal trends since it provides the averaged
concentrations integrated over the sampling period. In the other hand, a main
disadvantage is a low efficiency of passive sampler in sampling the particulate matter.
Based on the field calibration of the passive sampler at the background monitoring
station it has been estimated that the gas phase chemicals are sampled with the rate of
7m> per day, while the same rate is only 0.7 m> per day for the particle-bound
substances (Klanova et al., 2008). Such sampling rate for the atmospheric particles is of
course just empirical value that may not be generally applicable since it probably varies
from site to site according to specific size and material distribution of the particulate
matter. It also differs among the individual compounds because the chemicals with
higher vapor pressure can partition between the particles and the gas phase where they
are a subject of higher sampling rates. Passive sampling efficiency for such chemicals
must be highly variable because it depends not only on the physicochemical properties
of the compounds but also on the meteorological parameters.

While the high volume air sampling campaign organized in early summer lasted
only 3-5 days at each site, passive air sampling campaign lasted 5 months between July
and December. To derive the values of inhalation risk, PAS data were transferred to the
atmospheric concentrations using different rates for the gas phase- and particle phase-

associated chemicals as cited above. Results for the summer (left) and winter (right)
seasons were compared in Fig. 3.

Theoretically, the left part of Fig. 3 (summer risk levels) should be identical to Fig. 1
(substances connected to the gas and particle phases cannot be separated in this case)
but it is not in reality. Results of the active and passive sampling campaigns were of
course comparable in Croatia since the atmospheric pollutants at these sites were
associated with the gas phase and could be sampled effectively by passive samplers.
Also the Serbian sites gave similar information for both sampling techniques: risks were
split between PCBs and PAHs at all sites except for Zastava Kragujevac where PCBs were
responsible for the risk exceeding a level of significant risks 4 times. Risks based on the
passive air sampling technique at the sites in Bosnia and Herzegovina were, however,
quite different from the values derived from the high volume campaigns. They
corresponded much better to the results from Fig. 2 (left) showing the gas phase
associated chemicals only. This indicates that the efficiency of PAS in sampling of the
particulate matter was much lower than estimated for the background sites (Klanova
etal.,, 2008). Particle-bound PAHs (contribution of which is critical for determination of
total risks) were found at very low concentrations, and often even below detection
limits which caused the underestimation of the risk values.

Keeping in mind that risks derived from passive air samplers are underestimated,
we can still assess the seasonality. As can be seen from Fig. 3, PAH related human health
risks increased by several orders of magnitude between the summer and winter
seasons indicating that winter inhalation exposure can significantly affect the health of
the population.

3.3. Uncertainties of the risk estimations

We have to be aware of the uncertainties of our results and the possibility of
underestimation or overestimation of the risk factors. Chronic cancer overestimation
arises from the application of the EPA's unit risk values based on 95% upper confidence
limits of cancer slopes. On the other hand, health risks may have been underestimated
due to the fact that inhalation was the only kind of exposure considered in this study.
Ingestion exposure via food consumption, for instance, can be very significant exposure
scenario for both, organochlorine pesticides and PCBs. Application of the simple
additive model avoiding all chemical interactions and synergic effects is yet another
source of potential errors.

Most important, however, is a fact that this analysis is based on the number of high
volume samples collected from each site within a period of several weeks. Such
sampling design does not assure collecting typical samples representing the site and
season. This may neglect potential temporal variations that can significantly influence
continuous exposures over a 70-year lifespan (Kim et al., 2002).

To reduce a risk of such failure, a feasibility of deriving information on the seasonal
variability from the passive air measurements was explored in this study. Previously
published sampling rates for the gas and particle phase associated compounds were
applied when calculating the atmospheric concentrations and associated risks. Since
the particle-bound substances usually represent only a minor part of the total air
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concentrations, their underestimation due to the sampling technique did not cause
much of a problem for estimation of total PAH concentrations. In case of their
application for the risk assessment, however, they led to serious bias in the risk values.
As the particle-associated PAHs play a dominant role in the health effects, the
underestimation of their total concentrations resulted in underestimation of the human
health risks by an order of magnitude. Therefore, passive air samplers alone are not fit
for the risk assessment of low-volatility compounds and should always be combined
with active air measurements. Even with these limitations, however, they can provide
valuable information on seasonal fluctuations at the sites where continuous active air
monitoring is not feasible.
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A 6-month air sampling survey was conducted at 26 sites across the African continent with the aim to
establish baseline information on contamination of ambient air with persistent organic pollutants
(POPs) as a reference for future monitoring programs in the region. Sampling sites included continental,
rural and urban backgrounds, agricultural and industrial sites as well as waste and obsolete pesticide
dumps. Concentrations of polycyclic aromatic hydrocarbons, polychlorinated dibenzo-p-dioxins and
furans, polychlorinated biphenyls and organochlorine pesticides were low at most of the rural
background sites, but they raise some concern in big cities. The large temporal variability in the pesticide
concentrations suggested seasonal application of y-HCHs and endosulfans; levels of p,p’-DDT were
often much higher than those of p,p’-DDE and indicated recent application of DDT.

Introduction

The history of application of persistent organic pollutants
(POPs) in the African countries dates back to the 1940s and it is
closely connected to pesticides. They were used in the agricultural
production of food crops such as maize, sorghum and millet as
well as cash crops for export such as cocoa, rubber, cotton and
timber. They were applied also for disease vector control, espe-
cially for mosquito (malaria) and tsetse fly (trypanosomiases).!
POP pesticides have been generally imported but pesticide
formulation plants exist in many countries. 1,1,1-trichloro-2,2-
bis(p-chlorophenyl) ethane (p,p’-DDT), endosulfan, chlordane,
lindane (y-HCH), heptachlor, toxaphene, hexachlorobenzene
(HCB) and aldrin were identified as the most frequently used
pesticides. The Republic of South Africa, Nigeria, Ivory Coast,
Kenya, Ethiopia, Ghana, Sudan, Tanzania, Egypt, Algeria,
Mozambique, and Mali were among the top users. The most
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serious problem the African region faces is an issue of stocks and
reservoirs of obsolete POP pesticides. It has been estimated that
there might be more than 40 000 metric tons of these chemicals
stocked or discarded over the African continent."? In addition,
banned pesticides continue to be used in practice without any
control of the authorities.

DDT stands for a very sensitive problem in nowadays Africa.
Based on the reports from the Global Environment Facility, the
global production of DDT for vector control was estimated to be
6269 metric tons in 2005.> DDT is currently being produced in
two countries; India and China. The production in India was
estimated to be 4250 metric tons of active ingredient in 2005
based on information on the domestic use of DDT for vector-
borne disease control alone. China has produced a total amount
of 4458 metric tons of DDT between 2003 and 2005, 55% of
which was used as an intermediate in the production of dicofol or
as an additive for production of anti-fouling paints. The
remaining 45% were exported to the South Africa, Ethiopia,
Eritrea, Namibia and Djibouti. DDT is being formulated in
Ethiopia and South Africa from the ingredients imported from
China. South Africa further exports some of the formulated
material to other African countries. Ethiopia, Mozambique,
Zambia and Zimbabwe reported recent increases in DDT use.
Various sources indicate that at least seven other countries are
considering re-introduction of DDT for disease vector control.
Indoor residual spraying of insecticides (IRS) is expanding in

Environmental impact

international conventions.

This is a first comprehensive study reporting levels of persistent organic pollutants (POPs) in the atmosphere over the African
continent. Baseline atmospheric levels of POPs at the variety of background sites (continental, rural, urban, and industrial back-
grounds) were established during 6 sampling campaigns covering a period of 6 months. At the same time, strong primary and
secondary sources of the atmospheric pollution were identified. Such results are important for global inventories of POPs, and for
development of the Global monitoring plan under the Stockholm Convention on POPs. All these findings should be considered not
only when planning future monitoring programs but also when preparing the national regulations, and implementation plans of the
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Africa and more countries are considering the introduction of
IRS in the future. Pilot IRS programs have already started in
Uganda and preparatory work is being conducted in Malawi,
Cameroon and Nigeria.

Regarding production of other POPs, especially poly-
chlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins
and furans (PCDDs/Fs), and polycyclic aromatic hydrocarbons
(PAHs), industrial production and generation of electric power
have been used as criteria to rank the countries. Based on this
evaluation, the countries releasing the largest POP emissions
were Egypt, South Africa, Nigeria, Zimbabwe, Ghana, Kenya,
Democratic Republic of Congo, Zambia, Ivory Coast, Sudan,
and Cameroon.'? Exhaust emissions from combustion of fossil
fuels in vehicles and electric power generators are probably the
main source categories for PAHs. Burning of domestic, hospital,
and industrial waste may be a dominant source of dioxins and
furans but this is the least known factor in production of POPs in
Africa. Based on the population figures (2001 estimates), the
largest potential emitters of dioxins from the waste burning are
Egypt, Nigeria, Ethiopia, Democratic Republic of Congo, South
Africa, Algeria, Tanzania, Sudan, Kenya, Uganda, Ghana, and
Mozambique.

There are no consistent monitoring programs focused on POP
levels in air, human tissues and other environmental matrices in
Africa. One of the few active air sampling campaigns in Africa
was performed in the Lake Victoria watershed. High volume air
samplers were stationed at two Ugandan locations and samples
were analyzed for organochlorine pesticides (OCPs), currently
used pesticides (CUPs) and polychlorinated biphenyls (PCBs).
PCBs had the highest mean concentrations ranging between 30
and 1729 pg m 7, and they were detected in all samples. Levels of
DDTs ranged from 7 to 733 pg m~3. Other detected POPs
included (maxima in pg m—): aldrin (1.6), dieldrin (109), endrin
(22), HCB (10), heptachlor (9), mirex (0.7), a~chlordane (113)
and y-chlordane (3.7). a-endosulfan (maximal concentration of
247 pg m~?) and y-HCH (220 pg m~*) were the most abundant
compounds from the group of currently used pesticides.

The first long-term measurement of POP levels in ambient air
was performed at four sampling sites of the Global Atmospheric
Passive Sampling (GAPS) study.* Levels of OCPs, PCBs,
and polybrominated diphenyl ethers (PBDEs) in the passive
air samples (PAS) from 2005 collected quarterly (January-
December, seasons I-IV) were published recently.* PCBs were
detected only in the first two sampling periods in Ghana (35 pgm 3
in period 1) and the Republic of South Africa (252 pgm~3in period
1, 50 pg m~* in period 2). Endosulfan I and II were the most
abundant pesticides found in the samples. Their levels were lowest
in period 1 when they were detected only in Ghana (564 and
358 pg m~* for endosulfan I and II, respectively) and the Republic
of South Africa (325 and 23 pg m~> for endosulfan I and II,
respectively). On the contrary, they were detected at all sites and
their concentrations were highest in period 2 (3 712 and 1
417 pgm~3 for 1 and 2 in Ghana, 162 and 10 pgm~3 for I and IT in
Malawi, 305 and 12 pg m~ for I and II in Kalahari, and 182 and
4 pg m? for I and II in the Republic of South Africa). p,p’-DDT
was not detected at any of the sampling sites and p,p’-DDE was
detected only in South Africa in periods 1 and 2 (2-44 pg m™3).
HCHs also had higher concentrations in the first two sampling
periods: a-HCH was most abundant in period 1 in the Republic of

South Africa (114-117 pg m~3), y-HCH was found in all four
periods in Ghana (44-95 pg m~?) and three periods in South Africa
although the levels were lower than those of a-HCH (10-
68 pg m~*). Among the remaining pesticides, dieldrin was detected
in Ghana (10-37 pgm?in periods 1, 3 and 4), Malawi (141 pgm*
in period 2) and the Republic of South Africa (16 pg m~3 in period
2). Chlordanes were found occasionally (especially in period 2) at
the picogram per cubic meter levels. XAD-based PAS were
deployed at three African sites in 2005 and four sites in 2006. By
sampling air for one year, XAD resin-based PAS provided
annually averaged concentrations of organic pollutants. Detected
concentrations were similar to the ones measured using PUF-
PAS.

Based on their unquestionable advantages, passive samplers
were recommended by the Technical Working Group for the
Global Monitoring Plan of the Stockholm Convention as
a suitable tool for the global monitoring of POPs in ambient air.
The sampling campaign reported here was conducted between
January and June, 2008 with the aim to screen POP levels across
Africa. Based on the pilot survey, a new monitoring network
addressing long-term trends of the continental and interconti-
nental backgrounds is proposed. The design of this network is
introduced in a companion paper.®

Methods and materials
Sampling sites

Sampling sites for the MONET_AFRICA project have been
selected in cooperation with the local partners in all 15 partici-
pating countries (Table 1). Each country was represented by
one site, background site was preferred wherever possible as
a potential candidate for the background monitoring for the
effectiveness evaluation of the Stockholm Convention. In Mali
and Kenya, four additional sites were selected to investigate the
gradient of pollution. Samples from more than one site were also
collected in Ghana and the Republic of South Africa.

Air sampling

Passive air samplers consisting of the polyurethane foam disks
(15 cm diameter, 1.5 cm thick, density 0.030 g cm—, type N 3038;
Gumotex Breclav, Czech Republic) housed in the protective
chambers were employed in this study. The theory of passive
sampling using similar devices was described elsewhere.®” The
sampling chambers were prewashed and solvent-rinsed with
acetone prior to installation. All PUF disks were prewashed,
cleaned (8 hours extraction in acetone and 8 hours in dichloro-
methane), wrapped in two layers of aluminium foil, placed into
zip-lock polyethylene bags and kept in the freezer prior to
deployment. Exposed disks were wrapped in two layers of
aluminium foil, labeled, placed into zip-lock polyethylene bags
and transported in cooler at 5 °C to the laboratory where they
were kept in the freezer at —18 °C until the analysis. Field blanks
were obtained by installing and removing the PUF disks at all
sampling sites.

One passive air sampler was exposed at each sampling site and
filters were exchanged every 28 days for six months, from
January to July. These six disks were used to assess temporal
variability in the air concentrations of PCBs, HCHs, DDTs,
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HCB, pentachlorobenzene (PeCB) and PAHs. Additional two
samplers were deployed at one site from each participating
country. One of these samplers was meant for analysis of
PCDDs/Fs, the second for extended selection of pesticides
(aldrin, dieldrin, endrin, heptachlor, isodrin, methoxychlor,
mirex, cis-chlordane, trans-chlordane, nonachlor, endosulfan I
and II). As most of these compounds were expected to be found
at the low levels, these passive samplers were deployed for 3
months. It means that two samples (January—March, April-
June) were collected from each site in six months, similar to the
GAPS sampling scheme. 3-month samples were not available
from Democratic Republic of the Congo and from the second
sampling period in Zambia.

Weather conditions

Below average temperatures prevailed throughout the continent
since January until February. While central and southern Africa
continued to have lower temperatures until May, the northern
part was up to 4 °C above the long-term average in March and
April.

Precipitation was above average in January but below average
since February until April throughout the continent. In May, the
eastern parts of southern Africa were dryer than average, but the
western parts were wetter. June was mostly dry, above average
precipitation was only observed in the northern tropics from
Senegal to the western Nigeria, in southern Sudan and South
Africa. The rainy season in January brought floods to southeast
Africa (Zambia, Zimbabwe, Malawi, Mozambique) as well as
heavy rainfalls in March to the south-east of the continent
(Namibia, Angola, Kenya and Tanzania), and in June to Kenya.
Meteorological data measured at or near the sampling sites
during the campaign are included in Table 1.°

Sample analysis

All 4-week samples were extracted with dichloromethane in
a Biichi System B-811 automatic extractor. One laboratory blank
and one reference material were analyzed with each set of
ten samples. Surrogate recovery standards (ds-naphthalene, d;-
phenanthrene, d;>-perylene for PAHs analysis, PCB 30 and PCB
185 for PCBs analysis) were spiked on each PUF disk prior to
extraction. Terphenyl and PCB 121 were used as internal stan-
dards for polycyclic aromatic hydrocarbons (PAH), and poly-
chlorinated biphenyls (PCB)/organochlorine pesticides (OCP)
analyses, respectively. The volume was reduced after extraction
under a gentle nitrogen stream at ambient temperature, and
fractionation achieved on a silica gel column; a sulfuric acid
modified silica gel column was used for PCB/OCP samples.
Samples were analyzed using GC-MS (HP 6890-HP 5975)
supplied with a J&W Scientific fused silica column DB-5MS for
PCBs: PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB 138,
PCB 180, and OCPs: «-HCH, @-HCH, y-HCH, 6-HCH,
1,1-dichloro-2,2-bis (p-chlorophenyl) ethylene (p,p’-DDE), 1,1-
dichloro-2,2-bis (p-chlorophenyl) ethane (p,p’-DDD), p.p’-DDT,
0,p/-DDE, 0,p'-DDD, o0,p'-DDE, HCB, and PeCB. 16 US EPA
polycyclic aromatic hydrocarbons were determined in all samples
using GC-MS instrument (HP 6890-HP 5973) supplied with
a J&W Scientific fused silica column DB-5MS. 3-month samples

were spiked with the isotopically labeled standards and extracted
with toluene. Extracts were cleaned-up on a silica column, frac-
tionated on an alumina and further purified on a carbon column.
PCDDs/Fs were analyzed using a GC-HRMS. GC-EI-MS/MS
and GC-NCI-MS were applied for the analysis of pesticides.

Quality assurance/Quality control

Recoveries were determined for all samples by spiking with the
surrogate standards prior to extraction. Amounts were similar to
detected quantities of analytes in the samples. Recoveries were
higher than 76% and 71% for all samples for PCBs and PAHs,
respectively. Recovery factors were not applied to any of the
data. For PCDDs/Fs, recoveries of the isotopically labeled
standards were 51-74%. Recovery of native analytes measured
for the reference material varied from 88 to 103% for PCBs, from
75 to 98% for OCPs, from 72 to 102% for PAHs. Laboratory
blanks were under the detection limits for selected compounds.
Field blanks consisted of pre-extracted PUF disks and they were
taken on each sampling site. They were extracted and analyzed in
the same way as the samples, and the levels in field blanks never
exceeded 3% of quantities detected in samples for PCBs, 1% for
OCPs, 3% for PAHs, indicating minimal contamination during
the transport, storage and analysis.

Results

Concentrations of selected POPs in the air samples from six
months (6 sampling periods between January and July of 2008,
28 days each) of the African screening campaign in 15 countries
are presented in Fig. 1 and 2. Each country is represented by one
site, industrial and waste dumping sites are not shown in the
maps. All results are presented in Tables 2-6.

Extremely high levels of HCHs in PAS (median 2450,
maximum 9310 ng sample~!' for the sum) corresponding to
median air concentrations between 10 and 20 ng m~ (the sampler
deployed for 28 days collects the amount of chemicals equivalent
to 100-200 m? of air)® were measured near the obsolete pesticide
dump site in Kenya. At all the other sites (with the exception of
one period in Tunis), concentrations were quite uniform with the
background sites in Zambia, South Africa, Mauritius or Mali
being at the lower end (below 5 ng sample™'), and Egypt, Togo
and Tunisia at the higher end. This range between 3.5 and 47 ng
per sample means the atmospheric concentration between 35 and
470 pg m~>. It corresponds to the GAPS results* where the sum of
a- and v-HCH ranged from traces to hundreds of pg m—>.

A similar distribution was observed for DDTs. The highest air
levels (median 2580 ng sample !, maximum 8970 ng sample~' for
the sum of p.p’- and 0,p’-DDT, DDE and DDD) were again
found at the Kitengela pesticide dump site. Hundreds of nano-
grams per sample were found at the sampling sites in Ethiopia,
Mali and Senegal, the lowest concentrations (1-2 ng sample™")
were measured at Mount Kenya, Tombouctou in Mali or the
background sites in the Republic of South Africa. It means that
most samples ranged between tens and hundreds of pg m~3 for
the sum of DDTs while there were also few samples with
concentrations above 1 ng m—*. DDT levels in samples from
background sites measured under the GAPS study were in tens of
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pg m* which corresponds to the background levels found in the

MONET_AFRICA study.

DDE/DDT ratio in ambient air was very variable between the
countries. DDE was more abundant at the sampling sites in
Congo, Ghana, Mali or Sudan while DDT had higher concen-
trations in Ethiopia or Zambia. In Senegal and Kenya, the levels
of DDE and DDT were comparable; DDT prevailed in the
summer samples from the sites in Kenya.

HCB concentrations in air were low and uniform except for
Egypt where the levels were one order of magnitude higher than
anywhere else (18 ng sample™' with the maxima of 23 ng sample™).
Levels of PeCB as a degradation product of HCB followed closely
the pattern of HCB. Egypt showed PeCB concentrations one order
of magnitude higher that all the other countries, but the Kitengela
dumpsite was also quite high for PeCB.

Table 2 Statistical evaluation of HCH and DDT concentrations

The highest median PCB level was found in the passive air
samples from Dakar, Senegal (104 ng per sample with the
maxima of 132 ng for the sum of 7 indicator congeners). It means
that PCB level measured in Senegal represented the ambient air
concentration of 500 pg-1 ng m—. Higher median levels were
also found in Cairo, Egypt (42 ng sample '), the industrial sites in
Kenya (36 ng sample™') and Kinshasa, Democratic Republic of
the Congo (30 ng sample~! with the maxima of 102 ng). The
lowest PCB levels (around 1 ng per sample) were measured at the
background sites in Ethiopia, Mali, Mauritius, Kenya and South
Africa, but also at the rural sites in Mali or Nigeria, while the
urban sites in Congo, Ghana, Mali, Sudan or Tunisia had levels
around 10 ng per sample. PCB levels from units to hundreds of
ng per filter corresponded to the air concentrations between tens
of pg and 1 ng m—. This is again in a good agreement with the

MIN-MAX (MEAN, MEDIAN)

HCHs ng sample™'

DDTs ng sample™!

Congo

DRCongo

Egypt

Ethiopia

Ghana Kwabenya
Ghana East Legon
Kenya Mt. Kenya
Kenya Kabete

Kenya Kitengela
Kenya Industrial
Kenya Dandora

Mali Tombouctou
Mali Bamako Center
Mali Bamako Airport
Mali Koutiala

Mali Niono
Mauritius

Nigeria

Senegal

S. Africa Molopo Reserve
S. Africa Barberspan
S.Africa Vanderbijl Park
Sudan

Togo

Tunisia

Zambia

10.2-14.8 (12.9, 13.4)
6.8-16 (12.6, 13.8)
34.1-102 (60.3, 47.1)
1.2-38.5 (16.5, 13.9)
6.3-9.2 (8.1, 8.4)
3.3-17.7 (9.1, 7.9)
4.9-19.7 (9.9, 7.5)
4.6-30.9 (10.5, 7)
1940-9 310 (4520, 4510)
1.7-18.8 (9.1, 8.3)
1.5-23.6 (14, 13.5)
1.9-7.4 (4, 3.5)
6.9-45.1 (22.3, 17.8)
4.9-29.4 (14.1,9.1)
3.4-17.7 (10.4, 10.2)
372 (4.5,4.3)
2.3-15.6 (6.8, 4.9)
3.6-10.1 (6.9, 7.5)
9.9-29.1 (20.1, 21.2)
2-8.9 (4.7, 4)
2.3-12.3 (7.1, 4.9)
8.7-43.7 (23.4, 21.4)
7.5-18 (12.4, 12)
19.7-147 (60.8, 43.3)
16.8-17 014 (2 860, 34)
2-9.3 (4.2, 3.5)

8.9-27.7 (16.9, 14.3)
19.5-85.6 (44.7, 36.5)
10.6-70.1 (38.3, 38.9)
61.5-152 (108, 111)
4561 (52, 5.1)
7.9-20.6 (12.1, 10.5)
1.3-2.4 (1.9, 2)
3.5.12.6 (7.7, 7.1)
1970-8970 (3980, 2580)
19.8-98.6 (54.2, 48.7)
14.7-40.1 (25, 20.1)
0.6-3 (1.8, 1.8)
68.6-164 (113, 101)
2.8-139 (37.7, 15.4)
23.4-74.1 (37.3, 28.8)
3.7-24.4(10.9, 9.3)
3.8-21.3(9.3,7.8)
1.7-14.9 (6.4, 4.7)
92.7-797 (411, 360)
1.1-3.1 (1.8, 1.5)
1-5.5 (2.9, 2.1)
1.5-6.5 (3.5, 2.5)
452-11.9 (75.3, 68.8)
2.8-6.5 (4.6, 4.5)
1.5-5.7 (3.4-3.4)
13.2-77.8 (36.5, 23.3)
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Table 3 Statistical evaluation of HCB and PeCB concentrations

Table 5 Statistical evaluation of PCDD and PCDF concentrations

MIN-MAX MIN-MAX PCDDs pg sample ~! PCDFs pg sample -
(MEAN, MEDIAN) HCB ng sample™! PeCB ng sample™!

Congo 246-268 335-524
Congo 1-2.5(1.7, 1.8) 0.3-1.7 (0.9, 0.9) Egypt 57006550 30 600-38 300
DRCongo 0.9-2.9 (1.7, 1.6) 0.1-0.8 (0.4, 0.3) Ethiopia 80-102 205-286
Egypt 9-23.4(17.8, 20.9) 8.7-33(20.7,22.5)  Ghana 373-1070 808-2 150
Ethiopia 2.8-4.1 (3.2, 3.1) 0.1-1.5 (0.9, 1.1) Kenya 22 25
Ghana Kwabenya 1.7-2.6 (2.0, 1.9) 0.3-1.5 (0.8, 0.7) Mali 15-65 3-52
Ghana East Legon 1.2-2.8 (1.7, 1.5) 0.1-1.2 (0.7, 0.8) Mauritius 52-78 63-87
Kenya Mt. Kenya 1.6-6 (3.2, 2.5) 0.4-1 (0.6, 0.5) Nigeria 39-286 554-1 200
Kenya Kabete 0.4-2.3 (1.5, 1.8) 0.1-1.2 (0.5, 0.3) Senegal 2220-3430 4260-7310
Kenya Kitengela 3.7-6 (5.2,5.4) 6.6-13.8 (11.0, 11.4) South Africa 23-31 22-23
Kenya Industrial 3.6-4.6(4.2,4.2) 1.5-3.2 (2.2, 2.1) Sudan 630-1 130 923-1290
Kenya Dandora 4.5-12.4(7.9,7.9) 2.6-13.0 (6.9, 6.0) Togo 46-210 103-259
Mali Tombouctou 2.0-4.0 (2.8,2.7) 0.1-1.5 (0.6, 0.5) Tunisia 368-917 440-1200
Mali Bamako Center 1.4-4.7 (2.6, 2.6) 0.3-3.3(1.3,0.9) Zambia 82 92
Mali Bamako Airport 1.2-2.9 (2.1, 2.2) 0.1-1.2 (0.6, 0.5)
Mali Koutiala 1.3-2.8 (2.0, 1.9) 0.1-1.7 (0.8, 0.6)
Mali Niono 09-3.2(1.7, 1.6) 0.1-1.8 (0.6, 0.4) sites in Egypt (11 ug sample™') and Senegal (9 pg sample™'),
Mauritius 0.1-3.2 (1.6, 1.5) 0.1-0.9 (0.4, 0.4) . o . > y
Nigeria 1222 (1.8, 1.8) 0.1-1.5 (0.7, 0.8) municipal dumpsite in Kenya or cotton growing region in Mali.
Senegal 2.3-3.4(2.8,2.8) 0.1-1.4 (0.7, 0.9) Air levels were also higher at the urban sites in Congo and
2- i?ica g’IOIbOPO Res. 8 ? ;(3) 8(1) %(1); 8 % 82 Eg ‘51 8 g DRCongo, Ghana, South Africa or Sudan. Very clean samples

. Africa Barberspan , o : :

S Africa Vanderbijl P. 1438 (28.27) 0112 (0.6 0.8) came from Mougtam Kenya,.Tombouctou in Mali, and both
Sudan 1.8-7.3(3.4,2.8) 1.0-2.4 (1.6, 1.5) background sites in South Africa.
Togo 1.6-2.3 (2.0, 2.0) 0.3-1.9 (1.1, 1.2) It has to be noted that PAH compounds in ambient air
Tunisia 08-11.6 (3.3, 1.8) 0.1-37.4 (69, 1.0) partition between the gas and particle phases. As passive air
Zambia 0.8-3.4 (2.1, 1.8) 0.5-0.9 (0.7, 0.7)

GAPS study where PCB concentrations between 35 and 252 pg m >
were found at background sites (there was, however, more than
7 indicator congeners analyzed in the GAPS study).

The highest levels of PAHs were measured at the urban

background in Ethiopia (15.5 pg sample™
80-150 ng m* for the sum of 16 EPA PAHs), at the industrial

corresponding to

samplers are designed to sample the gas phase only (although the
finest particle fraction cannot be prevented from entering
samplers), particle fraction in the atmosphere tends to be
underestimated. It does not represent a significant error in terms
of concentrations since the amount of particle-associated PAHs
is usually an order of magnitude lower than the one of gas phase-
associated PAHs. It can, however, cause a serious underestima-
tion of the risks since the particle-bound PAHs are significantly

Table 4 Statistical evaluation of PCB and PAH concentrations

more toxic.®

MIN-MAX (MEAN, MEDIAN)

PCBs ng sample™!

PAHSs ng sample™!

Congo

DRCongo

Egypt

Ethiopia

Ghana Kwabenya
Ghana East Legon
Kenya Mt. Kenya
Kenya Kabete

Kenya Kitengela
Kenya Industrial
Kenya Dandora

Mali Tombouctou
Mali Bamako Center
Mali Bamako Airport
Mali Koutiala

Mali Niono
Mauritius

Nigeria

Senegal

S. Africa Molopo Res.
S. Africa Barberspan
S.Africa Vanderbijl P.
Sudan

Togo

Tunisia

Zambia

6.8-16.2 (10.3, 8.6)
23.1-102 (39.1, 30.4)
25.3-46.4 (38.8, 41.6)

1225 (1.8, 1.7)
8.2-12.6 (10.1, 9.7)
6.9-20.3 (12.8, 11.4)

0.7-2.4 (1.4, 1.3)

1.6-2.8 (2.2, 2.1)

3.0-5.8 (4.8, 5.0)

11.7-71.3 (40.9, 36.0)

22.2-34.7 (26.0, 24.7)
0.7-3.2 (1.2, 0.8)

14.9-26.1 (20.0, 19.4)

3.5-25.6 (12.0, 9.7)

2.0-5.0 (3.7, 3.9)

0.9-2.8 (1.4, 1.2)

1.1-3.5 (1.8, 1.7)

1.4-12.9 (3.7, 1.5)

543133 (93.3, 104)
0.8-6.1(1.8, 1.2)
0.9-1.9 (1.4, 1.4)
1.0-4.5 (3.1, 3.1)

13.8-39.2 (23.6, 20.5)
0.7-5.3 (2.4, 2.3)

8.1-19.1 (11.7, 10.2)
1.5-7.9 (3.5, 2.5)

2330-4750 (3390, 3340)
4050-13 150 (6420, 5670)

4810-22 950 (11 640, 11 060)
9730-17 920 (14 550, 15 450)

1650-2790 (1950, 1750)
2970-4160 (3380, 3340)
145-212 (185, 191)
1570-2310 (1940, 2010)

818-1320 (1120, 1180)
6210-8 450 (7150, 6810)
6740-9680 (8150, 8110)
362-905 (688, 711)
3400-6310 (5040, 5280)
1100-2790 (1730, 1620)
5830-16 280 (9260, 6780)
581-3460 (1890, 1590)
17905430 (3130, 2530)
1410-6030 (3670, 3550)
5670-13 290 (9280, 9150)
303-640 (423, 413)
233-564 (385, 402)
3520-7800 (5430, 5220)
3170-5270 (4230, 4330)
993-3 980 (2310, 2200)
1090-2360 (1610, 1640)
834-2180 (1620, 1580)
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PCDD/F contamination of the air samples from Cairo, Egypt
was at least one order of magnitude higher than contamination of
samples from any other site. It is connected to the industrial
character of the site but especially to frequency of combustion and
open burning processes. I-TEQ concentrations in two 3-months
samples were 505 and 616 pg of [-TEQ per sample (providing that
the theoretical sample volume was 300-600 m* in 3 months, these
values should roughly correspond to the atmospheric concen-
trations around 1 pg of I-TEQ m . Concentrations of PCDFs in
these samples were almost half order of magnitude higher than
concentrations of PCDDs. PCDD/F levels in the range between
10 and 100 pg of I-TEQ per sample were also found at other
industrial (Senegal) and urban (Ghana, Sudan and Tunisia) sites
in this study. On the contrary, the lowest levels of PCDDs/Fs
(around 1 pg of I-TEQ per sample) were found at Mt. Kenya,
in Mauritius, Zambia or Tombouctou. As in the case of PAHs,
partitioning between the gas and particle phases plays an
important role for PCDDs/Fs as well. It is expected that PAS-
derived PCDD/F concentrations are somewhat underestimated.
This, however, deserves further investigation.

A broad selection of pesticides was also analyzed in two
3-month samples. Great variability between the levels of the
individual pesticides in 14 countries was found.

Aldrin was detected in Senegal, Sudan and Tunisia in the first
campaign, in the second campaign also is Egypt, Ethiopia,
Ghana, South Africa, and Togo. The only site with the high
levels was Cairo, Egypt, where the concentration reached 191 ng
sample ' in the second sampling period while all the other sites
were below 10 ng. Dieldrin was detected in Congo, Ghana,
Mauritius, Senegal, Sudan, and Tunisia in the first campaign
while they were found in all countries in the second period.
The highest levels were measured in Senegal (52 ng sample’,
85-170 pg m~?) and Congo (26 ng sample™', 45-90 pg m™3).
Under the GAPS study, dieldrin was detected in Ghana, Malawi
and South Africa between 16 and 141 pg m~>. Endrin, isodrin,
heptachlor and methoxychlor were below the limit of quantifi-
cation in most countries, they were found more frequently in the
second sampling period. The only two countries where endrin
was detected were Egypt and Sudan, levels in Egypt in the second
period reached 10 ng sample'. Heptachlor had also the highest
levels in Egypt (26 ng sample™') and Senegal (12 ng sample™).
Isodrin and methoxychlor were only found in Senegal and
Sudan: isodrin stayed always below 3.5 ng sample™!, methoxy-
chlor reached 42 and 34 ng sample™' in Senegal and Sudan,
respectively. In the first sampling period, mirex was detected in
four countries only (Ethiopia, Ghana, Sudan, Togo) while it was
found at most sites in the second period. The levels, however,
stayed always below 7 ng sample™".

Sum of chlordanes (cis-chlordane, trans-chlordane and non-
achlor) reached the highest levels in Senegal (23 ng sample~!, 35-70
pg m~%), Zambia (9 ng sample!, 15-30 pg m~*) and Ethiopia (6 ng
sample”!, 10-20 pg m™). Concentrations of the individual
compounds at background sites in the GAPS study were in units of
pg m~3, the highest sum was measured in Malawi (11 pg m~).
Endosulfans (sum of I and IT) were found at the highest levels from
all pesticides: 645 ng sample™' in Ghana (1 000-2 000 pg m™),
353 ngsample~"'in Senegal (600-1 200 pgm~3), and 275 ng sample !
in Ethiopia (450-900 pg m ). Their sum was over 100 ng sample ™!
also in Egypt, Togo and Tunisia. This corresponds very well with

This journal is © The Royal Society of Chemistry 2009
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the GAPS study where up to 3 712 and 1 417 pg m* of endosulfan
Tand II, respectively, were detected in samples from Ghana. Similar
to the GAPS study, the levels were always significantly higher in the
second sampling period.

Discussion

The aim of this African survey was not only to screen current
atmospheric levels of selected compounds but also to find most
suitable sites for the monitoring programs at various levels. In
order to address this question, sites have to be grouped according
to pollution sources.

Continental backgrounds

Mt. Kenya was the sampling site in Kenya, 3600 m above the sea
level. It could serve as a continental background for the region of
western Africa as the only source of POPs at Mt. Kenya is long-
range transport. Results confirmed the lowest concentrations of
PCDDs/Fs and PAHs, but also DDTs and PCBs. Levels of HCB
were uniform across Africa, and Mt. Kenya manifested results
comparable to remaining sites. The a-HCH/y-HCH ratio was
variable with y-HCH prevailing most of the time, p,p’-DDT was
prevalent in some samples while p,p’-DDE in others. From the
pesticides other than DDT and HCH, only traces of dieldrin and
endosulfan were detected at Mt. Kenya.

Similarly, Tombouctou in Mali was a candidate for the conti-
nental background site representing eastern Africa. The site was
located in the suburban area far from industrial activities.
Median PCB concentration was the lowest in this survey, two
orders of magnitude lower than the ones measured at industrial
sites in Senegal, Egypt or Kenya. Levels were also low for HCHs
and DDTs; PAH concentrations were the lowest after Mt. Kenya
and two background sites in South Africa. Traces of dieldrin,
heptachlor, mirex and chlordanes were detected, endosulfan was
found to have the highest concentration from all measured
pesticides. It was an order of magnitude higher than concentra-
tion measured at Mt. Kenya, but still more than an order of
magnitude lower that the ones detected at other sites.

Molopo Nature Reserve and Barberspan were the background
sites in South Africa with no industrial sources. Their results were
almost identical. Levels of PCBs, HCHs and DDTs were
comparable to those measured at Mt. Kenya or Tombouctou. For
PCBs, the highest concentration was found in July (only the less
chlorinated congeners were detected most of the time), for HCHs
(v-HCH higher than o-HCH) and DDTs (p,p’-DDT generally
higher than p,p’-DDE) in January. Traces of aldrin and dieldrin,
and somewhat higher levels of endosulfans were detected. Levels
of PAHs and PCDDs/Fs were the lowest after Mt. Kenya.

Reduit represented the background of Mauritius. PCB and
HCH, as well as HCB and PeCB levels were low, similar to other
background sites in Africa. DDT concentrations were 3—5 higher
than those typical for the background sites; it was more
comparable to the suburban sites in Kenya or Mali. Traces of
dieldrin and mirex were also detected together with endosulfan
which was higher than HCHs or DDTs. Low levels of PAHs and
PCDDs/Fs corresponded to the rural site not affected by
industry or transport. The medical waste incineration or open
waste burning did not seem to have a significant impact.

Kenya, Mali, and South Africa belonged to countries with
more than one sampling site. In Kenya, remaining sites repre-
sented the urban background, industrial site, municipal waste
dumpsite, and obsolete pesticide storage. Two agricultural sites,
rural and urban backgrounds were sampled in Mali. Industrial
site was investigated also in South Africa. Such design allowed
for evaluation of the overall situation at the continent and
assessment of an impact of various sources.

Rural and agricultural sites

Sheda was a site in the agricultural area of Nigeria. PCB levels
were accordingly low except for the fourth period when they
grew ten times. HCHs and DDTs were very low as well, with
dominant y-HCH, and variable p.p’-DDE/p,p’-DDT ratio.

Traces of dieldrin, chlordanes and higher levels of endosulfans
were detected. PAH concentrations were several times higher
than those measured at background sites but not very high. On
the contrary, PCDD/F levels (resulting probably from the bush
and waste burning) belonged to higher in this study.

The agricultural background area of Togo was sampled in
Koumakonda where various pesticides were used for coffee and
cocoa production. HCH levels were among the highest in this
study (aside from the pesticide dumpsite in Kenya) and much
higher in the first three months of the year. y-HCH was
responsible for this increase suggesting a fresh application of
lindane. Similar concentrations were measured also for endo-
sulfans while aldrin, dieldrin and mirex were only found in traces.
PCB, PAH and PCDD/F concentrations were quite low.

Bamako international airport was the suburban site in Mali.
PCB concentrations were at the urban levels, similar to HCH
concentrations. y-HCH was up to ten times more abundant than
«-HCH. DDTs were elevated when compared to most of other
countries and p,p’-DDE was higher than p,p’-DDT. HCHs and
HCB followed the uniform distribution common in most coun-
tries, and PAHs were at the low level typical for sites not affected
by massive combustion.

Koutiala was a rural site in the agricultural, cotton growing
region of Kenya affected by pesticide application and the cotton
oil factory. Levels of PCBs, HCB and PeCB were quite low but
HCH and DDT concentrations belonged to higher ones. The
mean PAH concentrations were the fourth highest (third
maximum) in the survey. Niono was another agricultural site in
Kenya affected by pesticide application. PCB concentrations
were very low again, but the levels of HCHs and DDTs as well as
HCB, PeCB, and PAHs were not very high either. At both sites,
v-HCH was more abundant than other isomers, and p,p’-DDE
concentration was higher than that of p,p/-DDT. In general,
none of rural and agricultural sites was heavily contaminated and
they were all suitable for monitoring purposes.

Urban backgrounds

Kabete was the urban background site in Kenya, not far from
Nairobi City. Possible sources of POPs included agricultural
activities and car emissions. PCBs were slightly higher than at
Mt. Kenya and so were DDTs and PAHs. On the contrary,
HCHs and HCB were found at lower levels.
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Tunis capital city represented the urban background of
Tunisia. PCB and DDT concentrations corresponded to the
urban character of the site but HCH levels were elevated.
Extremely high concentration of HCHs (two times higher than
those found at Kitengela pesticide storage in Kenya) with a high
fraction of 3-HCH was measured in the first sampling period.
From the group of other pesticides, aldrin, dieldrin, mirex and
endosulfans (highest median level from all investigated pesti-
cides) were detected. PAHs were low in Tunis but PCDDs/Fs
were high (fifth highest I-TEQ).

There were two urban background sampling sites in Ghana.
Kwabenya was the suburban residential area to the north-east of
the Accra city center and close to the Akwapim Mountains. East
Legon was the residential area close to Accra international
airport. PCBs were found at the levels typical for the urban sites.
Concentrations of HCHs and DDTs were only 2-3 times higher
than those at background sites. Levels of HCB and PeCB were
low, and aldrin, dieldrin, heptachlor and mirex were only
detected in traces. While endosulfans stayed below detection
limit in the first sampling period, their concentrations were the
highest from all sites in the second period. PAH concentrations
were again only 2-3 times higher than those at the backgrounds,
PCDDV/F level was, however, quite high: maximal I-TEQ was the
third highest in this survey after Egypt and Senegal.

Asela was the urban background site to the south-east of Addis
Abeba, Ethiopia. It is a residential area with no industrial or
traffic emission sources. As it is 2 372 m above the sea level,
possible sources of POPs include long-range transport and
atmospheric deposition. PCB levels were very low, at the level of
background sites. HCHs and DDTs were higher, detected
median level of DDTs was the third highest from all investigated
sites. DDT concentrations grew gradually from January to June
and levels of p,p/-DDT were 2-4 times higher than those of
p.p'-DDE. From the other pesticides, aldrin, dieldrin, hepta-
chlor, mirex, chlordanes and endosulfans were detected. Level of
endosulfans was the third highest after Ghana and Senegal.
Median concentration of PAHs in Ethiopia was the highest
measured in this study; it was 30 times higher than the one at
background sites and even higher than the level in Egypt.
Interestingly, PCDD/F levels were very low; the highest I-TEQ
concentration was less than 1% of what was measured in Egypt.

The sampling site in Lusaka served as the urban background
for Zambia. It was located close to the Zambia’s largest inter-
national airport, far from industrial emissions. Levels of PCBs,
HCHs, HCB and PeCB were low but DDT levels were higher
than those found at most of the other sites. All chlorinated
compounds had significantly higher concentrations in January
and February than in the later months. More volatile PCBs and
v-HCH dominated, p,p’-DDT was 2-3 times more abundant
than p,p’-DDE. Dieldrin, chlordanes and endosulfans were also
detected in the air samples. Both, PAHs and PCDDs/Fs were
measured at low concentrations.

Urban and industrial sites

The urban sampling site in Egypt was located to the south of
Cairo at Eltebin Institute, in the vicinity of various industries
(cement, steel and iron). 40% of the total amount of industrial
facilities in Egypt can be found in the greater Cairo which is

surrounded by agricultural land and receives winds contami-
nated with pesticides coming from the south. This sampling site
was the most contaminated with PCDDs/Fs in the whole African
survey. Maximal I-TEQ concentration was an order of magni-
tude higher than the second most contaminated site (Dakar,
Senegal) and almost three orders of magnitude higher than
background sites. Also PAH levels were high and confirmed
severe influence of combustion on the air quality. Median PCB
concentration was the second highest. HCH level was also the
highest apart from the obsolete pesticide storage site in Kenya.
a-HCH was found at concentration levels 2—4 times higher than
v-HCH in most of the sampling periods and p,p’-DDT and
p.p'-DDE were comparable. Median levels of HCB and PeCB
were at least an order of magnitude higher than any other
investigated site. Even higher were the concentrations of aldrin
and endosulfan. Dieldrin, endrin, heptachlor and mirex were
detected as well.

Urban industrial site in Dakar, Senegal was also one of the
most contaminated sites. The median level of atmospheric PCBs
was the highest in the survey and concentrations of more chlo-
rinated congeners (especially PCB 153) were significantly higher
than those of more volatile PCB congeners. Also level of DDTs
was very high, second highest after the obsolete pesticide
storage in Kenya. p,p/-DDE and p,p’-DDT were found at the
same concentrations. The second highest air concentration was
measured also for endosulfans while aldrin, dieldrin, heptachlor,
isodrin, methoxychlor, mirex and chlordanes were detected at
lower levels. Median concentration of PAHs was the third
highest after Ethiopia and Egypt, and maximum I-TEQ of
PCDDs/Fs was the second highest after Egypt.

Bamako center was the urban sampling site with a waste
dumping and open fire incineration near by. It was the most
contaminated site in Mali. PCB levels were comparable to
industrial sites in Kenya, Sudan or Congo. Higher chlorinated
congeners (especially PCB 153) were again found at higher
concentrations than more volatile congeners. HCH levels were
also elevated; y-HCH was up to ten times more abundant than
o-HCH. DDT concentrations were the fourth highest measured
in the survey (after the obsolete pesticide storage in Kenya,
Senegal and Ethiopia) and p,p’-DDT was 24 times higher than
p.p'-DDE. HCB and PeCB were detected in similar quantities as
those measured at most of the other sites while PAHs were
almost an order of magnitude higher. Orstom de Brazzaville in
the Republic of the Congo was the urban site. Possible sources of
POPs included stocks of obsolete pesticides, car emissions, sugar
cane, cement and petroleum industries, as well as open municipal
waste burning. PCB levels were quite high and comparable to
other big cities. HCHs were elevated, p,p’-DDE concentration
was somewhat higher than the one of p,p’-DDT. Dieldrin, mirex
and endosulfan were detected in the air samples, both, dieldrin
and endosulfan were found at similar or greater levels than
HCHs and DDTs. PAH and PCDD/F levels were similar to
other urban sites. The air samples from the Democratic Republic
of Congo were collected in the University of Kinshasa, in the
urban area with some industrial facilities. PCB levels were among
the highest measured in this campaign. HCH concentration was
similar to Congo (prevalent v-HCH) but DDTs were almost
three times higher (p,p’-DDT and p,p’-DDE were comparable).
Median PAH levels were almost two times higher than in Congo.
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Urban industrial background was also sampled in Khartum,
Sudan. Concentration of PCBs was among the highest values,
close to industrial sites in Kenya and Mali. Elevated levels were
found for HCHs and even more so for DDTs. For all chlorinated
compounds the levels in the last three months were about two
times higher than those in the first three months. y-HCH was up
to one order of magnitude higher than a-HCH while p,p’-DDE
was 3-5 times higher than p,p’-DDT. From the group of other
pesticides, aldrin, dieldrin, endrin, heptachlor, isodrin, mirex and
chlordanes were found at low levels, methoxychlor was about
one order of magnitude higher. On the contrary, endosulfans
were not detected. PAH concentrations were at the levels typical
for urban sites but the fourth highest I-TEQ concentration was
found indicating significant PCDD/F air pollution. It can be
a result of combustion processes in households and small
industries, emissions from the asphalt mixing station, road
traffic, and frequent solid waste burning.

The Industrial site in Kenya was positioned in a heart of the
industrial area. Main sources of POPs were supposed to be
industrial activities, open burning of used tires and vehicle
exhausts. PCB concentrations were the third highest found in this
campaign. Also DDT and PAH contamination was high, an
order of magnitude higher than backgrounds for DDTs and up
to 30 times higher than backgrounds for PAHs. HCHs and HCB
levels did not differ from other sites in Kenya.

Vanderbijl Park was the industrial site in South Africa. PCB
levels were 2-3 times higher than those at the background sites in
South Africa, DDTs were almost the same but HCHs were half
order of magnitude higher with the highest levels between January
and March. y-HCH was up to one order of magnitude higher than
a-HCH while p,p’-DDE/p,p/-DDT ratio was variable. Median
PAH level was high, similar to the industrial sites in Kenya and
Mali. Sources included the iron and steel manufacturing, petro-
chemical plant, power plant and coal mining in the vicinity.

Dumping sites

Kitengela was the obsolete pesticide storage in Kenya. For pesti-
cides, it was the most contaminated site found in Africa. DDTs
(2584 ng filter ') and HCHs (2451 ng filter~') were measured at
concentrations 2-3 orders of magnitude higher than most of the
other sites. Levels of a-HCH were similar or higher than those of
v-HCH, B-HCH reached only about 20% of their values. Most
surprising were the levels of 6-HCH, 2—4 times higher that those of
«-HCH or y-HCH. p,p’-DDT and p.p’-DDE were found at similar
levels in air but p,p’-DDT was an order of magnitude higher than
p.p-DDEin the soil samples. Levels of PCBs were quite low, PAHs
were at the same level as at the other urban or rural sites. HCB was
slightly elevated but level of PeCB was an order of magnitude
higher than at any other site except for Egypt.

Dandora was the sampling site located close to the municipal
dumpsite. Main source of POPs was expected to be a waste
burning. Elevated levels of PCBs, HCHs and DDTs were found,
HCH concentrations were several times higher in summer. Level
of DDTs was also much higher in the warm months when p,p’-
DDT dominated. Level of p,p’-DDT in soil was slightly higher
than the one of p,p’-DDE but concentration of 0,p’-DDT reached
up to 60% of the p,p’-DDT concentration. For PAHs, the median
air concentration was the fourth highest found in this survey.

Conclusions

The air samples from 26 sampling sites in 15 countries of the
African continent were collected during the 6 months of the
MONET_AFRICA survey. They ranged from continental, rural
and urban backgrounds to contaminated sites heavily affected by
industrial activities or old burdens. The levels of investigated
chemicals have been shown to range over several orders of
magnitude. A number of strong primary and secondary sources
of the atmospheric pollution were identified. The industrial site in
Cairo, for instance, introduced a problem of PCDD/F contam-
ination of ambient air in this urban area of Egypt. Together with
the Ethiopian site, the one in Egypt drew the attention also to
extremely high atmospheric levels of PAHs associated with
combustion processes. A site heavily polluted with PCBs, PAHs
and PCDDs/Fs was also found in Dakar, Senegal. The Kitengela
site in Kenya with very high atmospheric levels of DDTs, HCHs
and HCB revealed a problem related to obsolete pesticide stor-
ages and dumping sites in Africa. Low p,p’-DDE/p,p’-DDT ratio
at many sampling sites indicated the recent application of DDT.
Several sites showed a month-to-month variability of the pesti-
cide concentrations ranging over an order of magnitude and
suggesting fresh applications, especially of the currently used
pesticides, such as lindane or endosulfan. Although the atmo-
spheric levels of the investigated organic pollutants were low in
the continental and in the majority of rural backgrounds, it has
to be noted that they may represent serious health risks at some
of the urban sites. All these findings should be considered not
only when planning future monitoring programs but also when
preparing the national regulations, and implementation plans of
the international conventions.
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Data from ten years of integrated monitoring were used here to evaluate whether pine needles are
a feasible tool for an assessment of long-term trends of the atmospheric contamination. Pine needles
collected once a year were compared to high volume air samples collected for 24 h, every 7 days, and
passive air samples integrated over 28-day periods. Results showed the same concentration patterns of

Keywords: polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and organochlorine pesti-
l]zlne.neec'lle . cides (OCPs) captured in needles and high volume samples. Passive air samplers were less efficient in
Jszxgr?;rgsamp g sampling the particle-bound compounds. Theoretical air volume equivalent to each needle sample (Vgq)

Temporal trends was calculated as a ratio of the needle concentration over the mean air concentration. Results indicated
POPs different equivalent volumes for PAHs and organochlorines, possibly due to the faster degradation rates
of PAHs in needles. The most important finding is that in the long term a needle monitoring gives very
similar information on temporal trends of the atmospheric pollution as does a high volume air

monitoring.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) in the atmosphere are
conventionally monitored by an active air sampling technique
(Holoubek et al., 2007a). Various passive air sampling devices based
on semipermeable membranes or polyurethane foam have been
developed in the last years and utilized for spatial and time inte-
grated monitoring of POPs (Bartkow et al., 2004; Farrar et al., 2005;
Harner et al., 2006; Klanova et al., 2006). A monitoring of vegeta-
tion, however, remains a cheapest and best available tool for esti-
mation of the atmospheric contamination levels at remote and
poorly accessible locations like the high mountains. POPs as a group
of compounds with a very low water solubility, high n-octanol-
water partition coefficient, and low vapor pressure tend to accu-
mulate in lipidic tissues. That includes a wax layer on the surface of
plants, which can efficiently scavenge and accumulate POPs from
the atmosphere over the long time periods (Viskari et al., 2000;
Wyrzykowska et al., 2007) and in doing so, serve as an integrative
passive air sampler.

Plants selected for such monitoring have to show a high affinity
towards compounds of interest while tolerating high concentra-
tions of these substances accumulated in their tissues (Guidotti

* Corresponding author.
E-mail address: klanova@recetox.muni.cz (J. Klanova).

0269-7491/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envpol.2009.05.030

et al,, 2003). Most common matrices used as indicators of the
atmospheric contamination (Holoubek et al., 2000; Di Guardo et al.,
2003; Lehndorff and Schwark, 2004; Piccardo et al., 2005) are
coniferous needles, along with lichens and mosses (Riget et al.,
2000; Guidotti et al., 2003; Fuga et al., 2008). A surface of needles is
covered by a 1-5 um thick cuticle consisting of cutin (a polyester of
di- and trihydroxy fatty acids) and cuticular wax (lipids, free fatty
acids, n-alkanes, n-alkenes, primary alcohols, a,w-diols, ketones,
and w-hydroxyacids) (Dolinova et al., 2004). The epicuticular wax
layer is a barrier between the plant and its environment: it acts as
a protective layer against desiccation and ultraviolet radiation and
it is believed to play an important role in the plant defense against
the bacterial and fungal pathogens (Kunst and Samuels, 2003).

An advantage of conifers as evergreen species is that — unlike
broadleaf species - they can accumulate atmospheric pollutants for
several years (Di Guardo et al., 2003). A major disadvantage is
a poor characterization of a performance of such sampler. Many
species with different uptake characteristics are used for the
passive air sampling e.g. Picea abies, Pinus nigra (Di Guardo et al.,
2003), Pinus uncinata (Grimalt and van Drooge, 2006), Pinus
pinaster (Piccardo et al., 2005), Pinus sylvestris (Holoubek et al.,
2000; Keymeulen et al., 2001) or Cedrus deodara (Chen et al., 2006).
A sampling rate as well as an extent to which the plant sequesters
certain chemicals depends on the plant species, age of needles,
their structure (number and accessibility of resin channels, for
instance) (Di Guardo et al., 2003), or a terpene content of the wax.
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The external stresses such as acid rains or mechanical abrasion, low
humidity or a presence of moulds may cause important reductions
or alterations of the wax layers similar to the natural process of the
needle aging, and such needles exhibit much lower uptake rates.
Moreover, a degradation and loss of the cuticle leads to the loss of
previously accumulated compounds (Piccardo et al, 2005).
Geographical and meteorological factors are influential, too. More
volatile organochlorines as a-HCH, y-HCH, aldrin and a-endosulfan
positively correlated with the altitude, while DDTs were inversely
correlated (Wang et al., 2006), and Ockenden et al. (1998)
demonstrated that lower temperatures enhanced the accumulation
rates of PCBs.

Pine needles are probably the most frequently used bio-
monitoring tool because needles from 1 to 3 years old are found at
the same branch and their age can be easily determined (Piccardo
et al., 2005). Physicochemical properties of investigated POPs and
their ambient air concentrations in both, gaseous and aerosol
phases (Di Guardo et al., 2003) are also important. Piccardo et al.
(2005) investigated an accumulation of nine polycyclic aromatic
hydrocarbons (PAHs) in pine needles of different ages (6-30
months). The bioconcentration of more volatile compounds
(phenanthrene, anthracene, fluoranthene, pyrene) was more effi-
cient than the one of less volatile PAHs (benzo(a)anthracene,
chrysene, benzofluoranthenes, benzo(a)pyrene). Low molecular
weight PAHs diffuse and accumulate more readily in the inner
compartments, while particle associated chemicals very likely
linger in the surface compartment where they are exposed to the
effects of external environmental factors like temperature, solar
irradiation or atmospheric ozone. Liu et al. (2006), however, man-
ifested that pine needles accumulated higher molecular weight
PAHs as well. A time-dependent accumulation behavior of organ-
ochlorines was also investigated in the field experiments with pine
needles of different ages (4, 16 and 22 months) in the vicinity of
various emission sources (Wenzel et al., 2000). The concentration
increased with the age of needles for low chlorinated PCBs. For
highly chlorinated PCBs, HCH isomers, DDT and its metabolites,
however, the bioconcentration was not related to the age of nee-
dles. Explanation of this surprising result can be found in the work
of Kylin and Sjodin (2003) who observed differences in accumu-
lation behavior of HCHs and p,p’-DDT. He demonstrated that levels
of POPs accumulated in needles are consequently a subject of
seasonal fluctuations due to the annual cycle of terpene content in
the wax with winter minima (1%) and summer maxima (10%).
Observed seasonal variation of POP concentrations in needles was
significantly larger than the overall accumulation. Underlying the
prominent seasonal variation there still was a clear continuous
accumulation of POPs which could, however, be easily overlooked if
needles from several years were not analyzed in parallel (Kylin and
Sjodin, 2003). This natural process could be responsible for the false
conclusions about the rapid equilibria and exhausted hydrophobic
capacity in older needles reported earlier. In fact, Kylin and Sjodin
(2003) observed an accumulation of HCHs and p,p’-DDT in Scots
pine during the entire life span of the needles and hydrophobic
capacity did not seem to be exceeded at any time.

Even though needles are undoubtedly useful as an indicator of
the atmospheric pollution, a quantitative data interpretation is
complicated by the lack of comparative studies. A quantitative
statement can be made if the same methods have been used. A
variety of employed coniferous species and needle ages, sampling,
analytical and reporting techniques, however, prevent a reasonable
comparison of the results from various studies. A standardization of
the methods and approaches is highly desirable. The biological
processes in the plants further complicate the matter and cause
such difficulties that we may never be able to calculate absolute air
concentrations of the contaminants (Hellstrom et al., 2004) from
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their levels in needles. A question, whether these levels can be used
for establishment of the long-term trends of atmospheric
contamination, still has to be answered. To do so, a long-term study
has to be designed where needles are collected and analyzed yearly,
at exactly the same time of the year. Concentration levels and
patterns have to be compared to the continuous air pollution data
derived from the high volume air monitoring.

The attempts to compare the sampling efficiency of spruce
needles (P. abies) to the results of active and passive air measure-
ments have been made recently (Kirchner et al., 2006; Levy et al.,
2007). The homologue patterns of polychlorinated dibenzo-p-
dioxins and furans accumulated in 0.5, 1.5 and 2.5 year-old needles
were compared to the ones in semipermeable membrane devices
and high volume air samples. Needles were capable of the uptake
from both, gas and particulate phases, and the fingerprint of PCDDs/
Fs captured in needles correlated very closely with the one
obtained from the active sampler. On the other hand, SPMDs
appeared to be a very sensitive tool for lower chlorinated PCDDs/Fs
due to their ability to sequester compounds from the gas phase.
Such data are, however, not yet available on polyurethane foam
(PUF) based devices that are capable of fine particle sampling
(Klanova et al., 2008).

In the attempt to fill these gaps, data from the long-term inte-
grated monitoring project in the background observatory Kosetice,
Czech Republic (Holoubek et al., 2007a; Vana and Holoubek, 2007)
were analyzed. A multimedia sampling of ambient air (active and
passive), wet deposition, surface water, sediment, soil, and biota, as
the key components of the environmental system, has been per-
formed since 1988 as a part of the European Monitoring and
Evaluation Programme (EMEP) and provided an extensive data
base. Results of the comparative study focused on polychlorinated
biphenyls (PCBs), organochlorine pesticides (OCPs) and poly-
aromatic hydrocarbons (PAHs) and the efficiency of their seques-
tration in the pine needles, active and passive samplers are
reported here.

2. Materials and methods
2.1. Sampling methods

Air samples have been collected in the background station once a week (52
samples per year) since 1996 using a high volume ambient air sampler PS-1 (Gra-
seby-Andersen, USA, flow: 12-18 m® h~!, volume: 250-400 m? per 24 h) and two
types of adsorbents: a Whatmann quartz filter (fraction d,e < 50 pm) for collection
of particles, and a polyurethane foam (PUF) filter (Gumotex Bfeclav, density
0.03 g cm3) for collection of the gaseous phase. Duration of sampling was 24 h;
quartz filter field blanks and PUF filter field blanks were collected each month
(Holoubek et al., 2007a).

Passive air samplers consisting of the polyurethane foam disks (15 cm diameter,
1.5 cm thick, density 0.030 g cm~3, type N 3038; Gumotex Breclav, Czech Republic)
housed in protective chambers were employed with the sampling duration of 28
days (13 samples per year) since 2003. All PUF disks were pre-washed, cleaned (8 h
Soxhlet extraction in acetone and 8 h in dichloromethane), wrapped in two layers of
aluminum foil, placed into zip-lock polyethylene bags and kept in a freezer prior to
deployment. Field blanks were obtained by installing and removing the PUF disks at
all sampling sites (Klanova et al., 2008).

Pine needles (P. sylvestris) used in this project were collected annually in early
September from five sampling sites in the vicinity of the background station. 3.5-
year-old needles (P. sylvestris) were handpicked, transported to the laboratory
wrapped in the aluminum foil (Holoubek et al., 2007b), and air-dried before the
analysis.

2.2. Chemical analysis

All filters as well as needles were extracted with dichloromethane in a Biihi
System B-811 automatic extractor. Surrogate recovery standards (dg-naphthalene,
dio-phenantrene, di;-perylene for PAH analysis; PCB 30 and PCB 185 for PCB anal-
ysis) were spiked on each sample prior to extraction. Terphenyl and PCB 121 were
used as internal standards for PAH and PCB analyses, respectively. The volume was
reduced after the extraction under a gentle nitrogen stream at ambient temperature,
and fractionation was achieved on a silica gel column; a sulfuric acid modified silica
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gel column was used for PCB/OCP samples. Gel permeation chromatography was
used as an additional clean-up step for needles. Samples were analyzed using a GC-
ECD (HP 5890) supplied with a Quadrex fused silica column 5% Ph, and a GC-MS (HP
6890 - HP 5975) with a J&W Scientific fused silica column DB-5MS for PCBs (PCB 28,
PCB 52, PCB 101, PCB 118, PCB 153, PCB 138, PCB 180), and OCPs (a-HCH, B-HCH, y-
HCH, 3-HCH, p,p’-DDE, p,p’-DDD, p,p’-DDT). 16 US EPA polycyclic aromatic hydro-
carbons were determined in all samples using a GC-MS instrument (HP 6890 - HP
5972 and 5973) supplied with a J&W Scientific fused silica column DB-5MS.
Analytical details and the quality control measures have been described elsewhere
(Holoubek et al., 2007a,b).

3. Results and discussion

Long-term trends of the POP levels in ambient air, wet deposi-
tion, surface water, sediment, soil and biota at this background
station were assessed previously (Holoubek et al., 2007a,b). Most of
selected compounds exhibited decreasing trends of the atmo-
spheric concentrations in the last decade. In this study, we
compared the POP concentrations determined in pine needles
(P. sylvestris) to the ones derived from the active air sampling in
order to evaluate a feasibility of employment of the needle analyses
as a tool for determination of the long-term trends.

To confirm the findings of Kylin and Sjodin (2003) who reported
an accumulation of HCHs and p,p’-DDT in Scots pine during the
entire life span of the needles, pine needles from five individual
sites in the vicinity of the observatory were collected in September,
2007. Beside a regular collection of the 3.5-year-old needles, 0.5
and 1.5 old needles were handpicked and analyzed in parallel.
Needles from all sampling locations exhibited the same phenom-
enon: an increase of concentration with needle age was observed
for all investigated compounds (Fig. 1). While this method does not
exactly confirm a steady increase of concentration over time
because the needles of the different ages were taken in one point of
time, it can, however, be assumed that the accumulation over time
behaves very likely in a similar manner as indicated by the
concentrations of the three needle age classes taken at one point of
time. These results advocate a use of 3.5-year-old pine needles in
this long-term project.

For every year and needle sample, a mean atmospheric
concentration of POPs during the life span of needles (3.5 years)
was calculated from 182 corresponding high volume air samples.
A temporal variability of these mean air concentrations in the last
decade (black square points) can be observed for selected
compounds in Fig. 2. Grey bars represent the corresponding dry
weight concentrations of POPs in pine needles. It can be seen that
needle levels of the gas phase associated chemicals (as HCB or
v-HCH) corresponded to the mean gas phase air concentrations as
measured in the PUF filter of an active sampler (left column). Total
air concentrations (PUF + QF, right column) of these compounds
showed similar correlation since they are almost 100% in the gas
phase.

<20

o 1.8 OHcB

£ 16 @ DDTs __|
[l PCBs

_E 1.4

E 1.2

;:-; 1.0

3 08

5 06

o

o 0.4

g 0.2

e 0.0 T T T
0.5year 1.5years 25years 3.5years

Generally decreasing trends were observed for the air and
needle concentrations of PCBs and HCHs. On the contrary, HCB and
DDT showed increasing trends of the air concentrations until 2005
(reflected also in needles). This increase, as well as some minor
temporal fluctuations of other organochlorines in the last decade
may reflect the major flood events in the Czech Republic in 1997
and 2002. A large area in the eastern and southern part of the
country was flooded in 1997, including chemical factories with
a history of pesticide production, agricultural enterprises, and
storage facilities, causing the large amounts of pesticides to escape
to the environment. Similarly, the central part of the country was
flooded in 2002. Several large chemical enterprises were severely
damaged and variety of chemicals escaped to surface waters and
was distributed with the flood. The floods were followed by
extremely hot summer. Since semi-volatile persistent organic
compounds can easily re-evaporate from flooded soils during the
warm season, this could be the source of elevated atmospheric
concentration of chlorinated POPs in the years following these
disasters (Holoubek et al., 2007a). A reason for a steep decline of the
organochlorine concentrations in the last sampling campaign
remains unknown and has to be further confirmed in the following
seasons.

Lower molecular weight PAHs as phenanthrene exhibited
similar behavior: decreasing trend has been observed in needles as
well as in the atmospheric concentrations since 1996 followed by
a minor increase in 2003. This effect probably reflects the local
economic situation in the Czech Republic where growing prices of
gas in 2001 brought back the coal and wood combustion in local
heating systems (Holoubek et al., 2007a). Needles corresponded
with the gas phase concentrations. Particle-bound PAHs as
benzo(a)pyrene gave a different picture. After the initial decrease,
their levels in needles peaked significantly in 2003. As expected, in
this case the needle concentrations corresponded better to the total
air concentrations or the particle phase concentrations than to the
gas phase concentration. Chrysene is a compound which partitions
between both phases, being more in the gas phase in the summer
and more on the particles in the winter season. While the gas phase
atmospheric concentrations follow generally decreasing trend, the
total air concentrations can explain a sudden increase in the needle
level in 2005. Elevated particle-bound concentrations of chrysene
in the wintertime are probably responsible for this peak.

Presented results confirm that pine needles can be a valuable
tool not only for relative comparison of the sampling sites, but also
for an assessment of the temporal trends in the atmospheric
pollution. Needle derived temporal variability corresponds very
well to data obtained from the high volume samplers.

To compare a fingerprint of compounds sequestered in pine
needles to those of other sampling devices, a passive air sampler
with polyurethane foam was applied beside a high volume sampler.
Even though passive samplers were developed for sampling the gas

38 0O PAHs 1 |
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10 <|—\ -
o L

0.5year 1.5years 25years 3.5years

needle concentration (ng g™)

Fig. 1. Dry weight POP concentrations (HCB, sum of p,p’-DDE, DDD and DDT, sum of 7 indicator PCBs, sum of 16 EPA PAHs) determined in pine needles of various ages (0.5, 1.5, 3.5

years).
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Fig. 2. A comparison of the mean POP concentrations measured in pine needles (grey bars, ng g, left axis, d.w.) and ambient air (black square points, 25-75 quartile, ng m~
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axis) in the last decade (1996-2006, n = 182). Left column compares needles to the gas phase concentrations, right column to the total air concentrations.

phase associated chemicals only, they are known to sample a fine
fraction of the particulate matter (Klanova et al., 2008). PAS were
co-employed with high volume samplers in Kosetice station since
2003, and they integrated over 28-day periods. Using a similar
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design as described in the previous paragraph, we compared the
amounts of individual chemicals captured in needles to the ones
determined in high volume (Fig. 3, left) and passive (Fig. 3, right) air
samples. A mean concentration of each compound in 182 high
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Fig. 2. (continued).

volume and 42 passive air samples corresponding to the age of
needles was used to create a model fingerprint.

As can be seen in Fig. 3, the fingerprints of chemicals seques-
tered in the pine needles corresponded very well to the ones
measured in the active air samples (left). This is true for both, the
gas phase, and particle phase associated chemicals. Phenanthrene

20

was the most abundant PAH in both matrices, followed by fluo-
ranthene, naphthalene and pyrene. From the group of PCBs, the
lower chlorinated congeners as PCB 28, 52,153 and 101 were found
in the somewhat higher concentrations. To the right, needle
concentrations were compared to the mean values determined in
passive samplers. As expected, particle-bound chemicals have been

9 2500
18 fones 1,0 0,7 18
08 106
16 o8 Toeg 777 2000
14 2 04 |4 :( Toa3 6 .
< 12 02 ]—(’T’M 3 < 1500 @
, 1o, 5 [7e] )
g 10 00 T ﬂHh x S; - 3 g o]
g 4 T F T 4% 8 1000 5§
3 kN
6
s el | ﬂ“ 2 500
PR [ S— R S T 1
R A U XNED R ¥y L& RS o &
FEPXITENTF PSP LS
0.14 0.020 0.14 35
042 4 | [ 0-018 0.12 |- 3.0
L 0.016
0.10 - 1 [ 1 0.014 0.10 {-- T 1 2.5
© 008t 10012 3 < 008{- 20 @
o ] e o . o
g . 0010 3 g 2
0.06 }-- 4 oo0g & € 0.06 - 115 5
0.04 +-- .1 0.006 0.04 {--- ‘I’ -1+ 1.0
t 0.004 ‘
0.02 -
0.02  0.002 05
0.00 0.000 0.00 ' 0.0
o‘z’(ﬁ’ o‘*’(orb Q;\Q\ Q;\ogb Q»'\%Cb Q;\(bg o‘b{ﬁp cﬁz’éL ‘b@\ @'S;D @\%% Q»'\%Q
< ? &L L L &L R R L L L L

Fig. 3. A mean concentration of the individual PAHs (upper row) and PCBs (lower row) in three media over the period of 3.5 years was used for a comparison. Left: a fingerprint of
POPs captured in pine needles (grey bars, ng g, left axis, d.w.) and high volume air samplers (black square points, 25-75 quartile, ng m~3, right axis). Right: a fingerprint of POPs
captured in pine needles (grey bars, ng g~', left axis, d.w.) and PUF based passive air samplers (black square points, 25-75 quartile, ng PUF~!, right axis).
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also captured in PAS although less efficiently than by the high
volume device.

While Fig. 3 only compares the patterns of POPs in three media,
it tells nothing about the absolute air concentrations and the effi-
ciency of sequestration in needles for the main groups of POPs.
Based on the consistent results described above, a quantification of
factors predicting the atmospheric concentrations from the POP
levels found in needles was attempted.

For the passive air samplers, an equivalent sample volume (Vgq,
m?>) was adopted as a parameter for deriving the air concentration
from passive sampling data (Klanova et al., 2008). It is calculated as,

Veq = Cpp/Car, (1)

where Cpp (ng sampler™!) is the PUF disk concentration, Car
(ng m~3) is the mean air concentration (gas + particle phase)
derived from the high volume air samplers for each integration
period.

Using the same idea, the equivalent sample volume calculated
as a ratio of the needle concentration over the mean air concen-
tration was determined for all needle samples from the last decade.
Results indicated that the amount of individual PAHs contained in
1 g of dry needles was equivalent to the amount in some 3-10 m> of
ambient air for the gas phase associated PAHs, and 1-2 m? for
particle-bound PAHs. Interestingly, the equivalent sample volume
of organochlorines was higher — between 20 and 30 m? per 1 g of
needles for PCB congeners and most of the pesticides.

This was further confirmed by comparison of needles to PAS.
The amounts of individual gas phase associated PAHs captured in
PAS during the 28-days exposition period were equivalent to the
amounts found in 50-100 g of pine needles. On the contrary, the
amounts of particle-bound PAHs found in PAS after 28 days equaled
to the PAH quantity contained in less than 10 g of needles. This is in
a good agreement with previously published equivalent sampling
volumes for the same PAS (200 m> per 28 days for the gas phase,
and 20 m? for particle-bound chemicals) (Klanova et al., 2008). For
organochlorines, the equivalent sample amounts varied between
10 and 20 g of needles for one passive air sample.

While for passive air samplers the equivalent sampling volumes
of the individual compounds corresponded with their vapor pres-
sures (Klanova et al., 2008) (Vgq of organochlorines and gas phase
associated PAHs were comparable and volumes of the particle-
bound compounds were about ten times lower), these volumes
seemed to compare differently for needles. There was not so much
difference between the gas phase and particle phase PAHs
(approximately factor of 3) since needles sample particles more
efficiently than PAS do. However, there is a difference between
various gas phase associated compounds. Even though vapor
pressures of lower molecular weight PAHs are comparable to more
volatile organochlorines, their equivalent sampling volumes for
needles were lower (factor of 3). This could possibly be explained
by the shorter life times of PAHs in needles. We have to consider
that 28 days of exposure was used for PAS while polyurethane foam
as a sampling media was efficiently protected from solar radiation
by the chamber (Bartkow et al., 2006). Naturally, we can expect
a significant degradation of the compounds captured in the wax of
coniferous needles which are exposed to meteorological conditions
for several years without a shield. Degradation rates of POPs in
waxes are not available but we can draw some assumptions from
the atmospheric and soil half-lives. While an estimated half-life in
the atmosphere varies between several hours and several days
(Mackay et al., 2006) for PAHs, it extends up to one year for highly
chlorinated PCBs or hexachlorobenzene (Sinkkonen and Paasivirta,
2000; Mackay et al., 2006). This difference is even more significant
in soils: from 2 months to 2 years for PAHs and between 4 and 40
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years for organochlorines (Sinkkonen and Paasivirta, 2000; Meijer
et al.,, 2001; Mackay et al., 2006). Photodegradation experiments
with semipermeable membrane devices (SPMDs) filled with tri-
olein as a sampling media can provide certain guidance on the
photochemical behavior of POPs in needles. Bartkow et al. (2006)
performed a degradation study with SPMDs exposed for 29 days in
chambers of various designs. It has been demonstrated that SPMDs
in the cage chamber where the light intensity was about
100 pW cm~2, lost about one half of the captured PAHs in 29 days
when compared to the bowl chamber (similar to the one used in
this study). Such study is not available for organochlorines but
lower degradation rates are to be expected.

4. Conclusion

In summary, this is the first long-term comprehensive study
comparing the pine needles as an indicator of the atmospheric
pollution to the polyurethane foam based passive air samplers and
high volume samplers. It has been demonstrated that pine needles
are capable of the uptake of both, gas and particulate phase asso-
ciated chemicals. They can serve as a passive air sampler inte-
grating the air pollutants over the years and providing averaged
information about the contamination level. Fingerprints of
compounds (PCBs, OCPs and PAHs) accumulated in needles were
compared to the ones determined in the active and passive air
samples. While needle samples very closely reflected a pattern of
the high volume samples, passive samplers were less efficient in
sampling the particle associated compounds.

With the goal to provide a tool for estimation of the air
concentrations from the POP levels in needles, we estimated the
equivalent sample volumes of needles. These volumes varied an
order of magnitude between the groups of investigated compounds.
As needles integrate the air pollutants over the period of several
years providing the mean information about the contamination
level, we can speculate that such results can be significantly altered
by the photochemical degradation of the chemicals trapped in the
surface wax (much faster for PAHs than organochlorines). Our
estimation that 1 g of dry 3.5-year-old needles roughly corre-
sponded to 20-30 m> of ambient air for organochlorines while it
was equivalent to 3-10 m® for the gas phase and 1-2 m? for the
particle phase associated PAHs is a very preliminary result that calls
for further investigation. The most important finding is that in the
long run the needle monitoring gives very similar information on
the temporal trends as does the high volume monitoring, providing
that needle samples are collected at the same time of the year.
A standardization of the sampling, analytical and reporting proce-
dures is crucial for a success of such assessment.

We have to consider advantages and disadvantages of three
samplers for the purpose of each project. A high volume air sampler
provides precise ambient air concentrations of POPs at the time of
sampling. Since both, polyurethane foam filters and quartz filters,
are used, the gas phase and particle phase associated chemicals can
be distinguished. A major disadvantage is a sampling duration: it is
usually short due to the high expenses, and it gives no information
on the average situation or temporal fluctuations. This is exactly
a kind of information the passive air sampler provides. While
incapable of providing precise concentrations, it gives very useful
mean values, seasonal variations, long-term trends and relative
comparisons. It is impossible to distinguish between the gas phase
and particle-bound compounds, latter ones are, however, also
captured to some extent. Needles cannot provide any information
on the seasonal variability of the air concentrations since fluctua-
tions in needle concentrations are more influenced by the biolog-
ical processes than by the air concentrations (Kylin and Hellstrom,
2003). On the other hand, they are still very useful for a relative
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comparison of the sampling sites and - as has been shown in this
project — an assessments of the long-term trends. Both of these
applications have a great value especially for the background
monitoring of the atmospheric contamination at remote and poorly
accessible locations.
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Due to its large retention capacity for hydrophobic compounds, carbon-rich mountain soil showed higher concentrations for several persistent
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Detailed soil screening data from the Czech Republic as a typical Central European country are presented
here. Determination of a wide selection of organic and inorganic pollutants as well as an assessment of
specific soil parameters allowed us to study the soil contamination in relation to the land use and soil
properties. While HCHs and HCB were found at highest levels in arable soils, the higher concentrations of

Keywords: PCDDs/Fs, PCBs, PAHs and DDTs were observed in high altitude forest soils. Concentrations of these
153?31113 levels compounds strongly correlated with the soil organic carbon content. Several possible reasons have been

suggested for the observed higher concentrations in mountain forest soils but the impact of each of these
influencing factors remains to be identified. An inventory of the soil contamination is needed as a first
step in our effort to estimate an extent to which the secondary sources contribute to the enhanced
atmospheric levels of POPs.
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1. Introduction

A widespread production and use of persistent organic pollut-
ants (POPs) in industrialized regions together with their environ-
mental persistence led to the intensive contamination of soils
(Jones and de Voogt, 1999) representing potential ecological and
human health risks (Skowronski et al., 1990; Nessel et al., 1992; Dor
et al.,, 2000; Roos et al., 2004). Soil plays an important role in the
global fate and distribution of POPs. Due to its large retention
capacity for hydrophobic compounds, it has been identified as an
effective sink of these chemicals. It, however, has to be regarded as
a long-term archive of the atmospheric deposition rather than an
indicator of the actual inputs (Schmid et al., 2005). A net POP
content in soils is given by the balance between inputs and losses
(Sweetman et al., 2002). The main input (beside a direct applica-
tion) is wet and dry atmospheric deposition (including a part of
deposition sequestered in vegetation and deposited consequently
with a litter fall) and the principal loss pathways are volatilization,
degradation and leaching. Based on the physicochemical properties
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E-mail address: klanova@recetox.muni.cz (J. Klanova).
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of the individual POP, on the sorption capacity of soil, temperature
and other meteorological conditions (Hippelein and McLachlan,
2000; Sinkkonen and Paasivirta, 2000; Valle et al., 2005), the soil
bodies may currently represent a long-term storage system for
these chemicals. Soil was found to be a sink for highly chlorinated
PCB congeners while for lower molecular weight PCBs, as well as
for HCHs, soil tends to be a source of pollution to the air, especially
during summer (Ruzickova et al., 2008). As re-volatilization is one
of the most important elimination pathways, contaminated soils
should be considered an important source of POPs to the atmo-
sphere (Wild and Jones, 1995; Harner et al., 2001; Meijer et al,,
2002, 2003a,b; Ockenden et al., 2003; Hassanin et al., 2005),
especially for the POPs primary sources of which have been largely
eliminated. A fact, that significant shifts in the soil-air equilibrium
status are to be expected with potential climate changes, further
emphasizes a need for a detailed assessment of soil as a secondary
source of POPs to the atmosphere.

The Czech Republic, as a model country for this study, is
considered to be one of the most industrially developed among
new member states of the European Union. Simultaneously, it is
also a country whose industrial development in the last forty
years has led to a variety of negative environmental implications.
Polychlorinated biphenyls (PCBs) were produced in former
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Czechoslovakia between 1959 and 1984 as well as high amounts of
organochlorine pesticides (OCPs). Both technical hexachlorocycl-
ohexane (HCH) and lindane (y-HCH) were produced between 1958
and 1976, together with DDT and hexachlorobenzene (HCB). Due to
their long-term application, all these POPs are still detectable in
abiotic and biotic environmental compartments, including humans.
Despite of decreasing trends, PCB contamination of the food chains
and the human population (including breast milk) in the Czech
Republic is among the highest in Europe.

At the same time, the Czech Republic is a country with vast
information on contamination of the environmental matrices. POPs
have been monitored on the regular basis in the background station
of the Czech Hydrometeorological Institute in Kosetice. This
observatory is a part of the Environmental Monitoring and
Assessment Programme (EMEP) as the only EMEP station in the
Central, Southern and Eastern Europe measuring persistent
organics. It is also the only EMEP site that is focused not only on the
atmospheric concentrations but on the POP levels in a variety of
environmental matrices (ambient air, wet deposition, surface
water, sediment, soil, moss, and needles). POPs monitoring
program was established in Kosetice in 1988, and since then, data
have been used for an assessment of long-term trends in the levels
of POPs in the European background (Holoubek et al., 2007a,b). This
unique data set has been also used for the field validation of the
POP transport models in the EMEP MSC-East (Shatalov et al., 2000,
2001; Holoubek et al., 2001). This comparison of modeling results
with monitoring data indicated a significant underestimation of the
POP concentrations in all measured compartments (Shatalov et al.,
2001). EMEP MSC-EAST model is based on the emission factors
derived from a measurement at major industrial sources leaving
out a contribution of secondary sources (re-volatilization from
constructions, soils and water). Thus, we can hypothesize that this
omission results in the observed bias in predicted POP concentra-
tions. To confirm this hypothesis, an inventory of the secondary
sources (contamination levels of the soil and water bodies) as well
as a quantification of associated volatilization fluxes is needed.

To quantify a contribution of non-industrial sources to
contamination of the atmosphere by persistent, toxic substances,
and to assess associated risks, we have to accomplish several steps:
(1) a countrywide inventory of soils, their properties and contam-
ination levels based on available monitoring data, (2) a model

Germany
an

Austria

estimating total burdens and associated risks for human and
wildlife, (3) laboratory experiments on quantification of volatili-
zation fluxes from soils with various properties and contamination
levels, (4) a model estimating a contribution of contaminated soils
to ambient air pollution based on the measured soil burdens and
laboratory-derived emission factors. This paper summarizes our
efforts and achievements in the first step.

2. Materials and methods
2.1. Soil sampling

Soil samples analyzed in this study originate from two complementary sources.
A monitoring of agricultural soils has been performed by the Central Institute for
Supervising and Testing in Agriculture in the network of 190 representative sites
including arable soils and grasslands since 1992. From this large database, all 38
arable soil and 6 grassland soil samples, where the POP levels have been measured
annually, were selected for the purpose of this study. Remaining 59 soils came from
the RECETOX soil survey project focused on the inventory of the POP burdens.
Sampling sites were carefully selected to complement the agricultural set and to
provide samples from various geographical regions, altitudes, soil qualities and land
uses. This set included 8 arable soils, 28 grasslands, and 23 forest soils (14 from the
highlands and 9 from the border mountains). A soil profile and basic soil parameters
were described at all sites at the beginning of each project.

Each site was represented by ten sub-samples collected from the area of
25 x 25 m (about 1.5 kg of weight). The mixed plough layer (0-25 cm) was sampled
on arable soil, while only the top 10 cm soil layer was collected on grassland and
forest soils. In the forest, the litter (Op horizon) was carefully removed before
sampling, so the sample was a mixture of the overlaying organic horizons Of + Op.
At the sampling sites with the organic horizon layers thinner than 10 cm, this
mixture also contained a fraction of mineral horizon Ay. This sampling strategy
results in high variability of the physicochemical properties of the soil samples. On
the other hand, it is the only strategy enabling to compare the POPs concentrations
in the top soil layers countrywide, and to estimate the burdens, fluxes and risks in
the next steps.

All soil samples were transported to the laboratory in polyethylene bags, air-
dried at laboratory temperature, and sieved through 2-mm mesh. Such sample
preparation technique has been shown not to alter the POP content in soils signif-
icantly. A map of the sampling sites is presented in Fig. 1.

2.2. Sample analyses

Basic soil parameters were determined according to the standard operational
procedures: total organic carbon content TOC (ISO 14235, 1998), total soil nitrogen
Niot (ISO 11261, 1995), soil pHkc and pHy,o (ISO 10390, 2005), particle size
analyses (ISO 11277, 1998). Humic compounds were extracted by sodium pyro-
phosphate and separated to humic and fulvic acids (HA and FA). Cation exchange
capacity CEC was calculated as a sum of chemical equivalents of H" (from pH),

Altitude (m)
Average  Min-Max
O Arable soil (n=46) 377 (200 - 600)
@ Grassland (n=34) 346 (200 - 600)
Forest soil - higlands
389 250 - 550,
O (n=14) ( )
= Forest soil - mountains
(n=9) 478 (275 -1 050)

Fig. 1. Sampling network in the Czech Republic.
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Ca®t, Mg®* (by FAAS), and K" (by FAES) in soil extracts by Mehlichs II extractant.
Base saturation (BS) was calculated as a fraction of basic cations (Ca?*, Mg?* and
K*) in CEC. A soil concentration of heavy metals was determined after aqua regia
extraction (ISO 11466, 1996) of the soils using FAAS, ETA-AAS (Cd), ICP-OES (As),
and mercury analyzer (Hg).

For POP analyses, all soil samples were extracted with dichloromethane. Frac-
tionation was achieved on a silica gel column; a sulfuric acid modified silica gel
column was used for PCBs/OCPs samples. Samples were analyzed using a GC-ECD
and a GC-MS for 16 US EPA PAHs, seven indicator PCB congeners (PCB 28, PCB 52,
PCB 101, PCB 118, PCB 153, PCB 138, PCB 180), p,p’-DDT, p,p’-DDD, and p,p’-DDE, -, B,
v-, d-hexachlorocyclohexanes and hexachlorobenzene (Holoubek et al., 2007a,b).
Laboratory blank and reference material was analyzed with every set of samples.
Recoveries of PCBs, OCPs and PAHs were determined by spiking all samples with the
surrogate standards prior to extraction. Recoveries were higher than 73% and 71% for
PCBs and PAHs, respectively.

A toluene extraction was used for PCDDs/Fs analysis. Samples were cleaned-up
using a sulfuric acid/silica - sodium hydroxide/silica - activated silica mixed column.
A fractionation of PCDDs/Fs from PCBs was achieved on an alumina column. Each
sample was spiked with '>C»-labeled surrogates of all 17 2,3,7,8-substituted PCDDs/
Fs congeners and three di or trichlorinated DDs/Fs. PCDDs/Fs were quantified using
an HRGC/HRMS system tuned to 10 000 resolving power and running in selected ion
monitoring mode (Green et al., 2001). For PCDD/Fs recoveries, five sub samples were
fortified with unlabeled 2,3,7,8-substituted PCDDs/Fs at different levels. Measured
values for spiked soils were between 87 and 125% of the anticipated values for all
congeners (mean value 98%) (Green et al., 2001).

2.3. Data processing and statistical methods

A total number of 103 soil samples were analyzed for their content of POPs and
heavy metals. Data records were digitized and a validity of the database can be
regarded as high due to a double control of the key variables. Criteria for the
exclusion of a record from the analysis included inconsistent retrospective data on
contamination (3 arable soils, 2 grasslands), missing information on important
covariates, especially TOC (3 arable soils, 10 grasslands, 5 forest soils) or inconsis-
tency in other parameters (1 arable soil). A resulting file consisted of 79 soil samples
(39 arable soils, 22 grasslands, 18 forest soil samples). Such validation of the data-
base and exclusion of the inconsistent records changed neither the range, nor the
mean values of contaminants.

A standard set of summary statistics was applied (mean, standard deviation,
median, percentiles). Sample frequency distributions were examined prior to
statistical analyses, and robust summary statistics were used to describe the
distribution patterns in primary data (median, 5- 95th percentile range). One-way
ANOVA model was applied as the only parametric test to examine a relative
contribution of various soils to the overall experimental variability. A log trans-
formation In (X + 1) of all chemical and abiotic parameters was verified as effective
in reaching the normality (goodness-of-fit test and Shapiro-Wilk’s test). This
transformation also sufficiently stabilized a variability of parameters (Bartlett’s test,
Levene’s test) that further facilitated an ANOVA model. Pearson’s product-limit

Table 1
Abiotic characteristics of soil samples.
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correlation (log transformed variables) was applied as a measurement of association
among the chemical parameters and the organic carbon content in soils. Probabi-
listic level of @ = 0.05 was accepted as the critical level of statistical significance for
all analyses. The analyses were performed using Statistica for Windows 7.1. (StatSoft
Inc., 2005) and SPSS 12.0.1 (SPSS Inc., 2003).

3. Results and discussion
3.1. Soil properties

To correlate the soil levels of various compounds with a variety
of soil properties, arable, grassland and forest soils were assessed
separately. Forest soils were further aggregated according to their
geographical position. Czech Republic is surrounded by a ring of
mountains (maximum altitude of 1622 m) while the inland goes
from highlands to lowlands. A majority of forested areas are high-
lands and mountains. Since a forest can play an active role in the
scavenging of the atmospheric pollution, differentiation between
the border mountain forests which can be more affected by the
long range transport (especially along the north-western border
due to the prevailing wind direction), and other forests was
important. These groups also differed in the organic carbon
content, median of which was much higher in the set of mountain
soils (37.4%) than in inland soils (5.0%) from several reasons. While
deciduous woods are more common in lowlands, mountain forests
are almost exclusively coniferous. Since decomposition of needles
is a much slower process than decay of leaves, the annual carbon
loss is much lower in the litter covering the coniferous forest floor
than it is in the deciduous forest (Qualls et al., 2003). The lower
temperature also contributes to the slower turn-over of mountain
sites. This results in the thicker layer of organic horizon in moun-
tain soils, as well in generally higher organic carbon content. It
means that the organic layers of coniferous forests represent
a longer time of pollutant input than those of the deciduous forests.
It has to be also noted that due to low depth of organic horizons in
the deciduous forests and unclear or gradual transition between Oy
and Ay, we cannot exclude that small part of the mineral soil below
was sampled together with the organic layers. This would result in
decrease of Corg (and concentrations of contaminants as well) in
such samples by dilution.

Parameter Corg [%] pHy,0 PHkal Neot [%] FA [%] HA [%] CEC [meq kg~ '] Base saturation [%] Clay particles
<0.01 mm [%]
Arable soils®
Min/Max 1.0-2.7 5.4-8.2 4.8-7.6 0.09-0.28 0.18-0.28 0.16-0.25 257.8-568.8 88.2-98.5 12.7-335
Percentiles 5-95% 1.0-23 6.1-8.1 5.5-7.6 0.09-0.26 0.20-0.24 0.19-0.24 313.8-521.7 94.4-97.2 15.6-31.8
Median 1.5 7.1 6.6 0.16 0.21 0.24 371.7 95.7 22.6
Mean 1.5 7.1 6.6 0.15 0.22 0.22 400.9 94.9 23.1
Grassland soils (n = 22)
Min/Max 1.2-71 5.0-7.9 3.8-74 0.11-0.48 0.14-0.82 0.15-0.53 75.0-868.5 39.2-98.6 5.7-29.4
Percentiles 5-95% 1.5-5.0 5.4-7.9 42-73 0.13-0.48 0.15-0.79 0.15-0.52 110.5-756.9 53.4-98.6 7.0-29.4
Median 3.0 7.2 6.4 0.23 0.36 0.30 262.5 92.4 15.5
Mean 3.2 7.0 6.3 0.24 0.39 0.31 3374 87.2 16.3
Forest soils — highlands and hilly country (n = 9)
Min/Max 3.8-18.7 4.5-79 3.8-7.3 0.22-0.49 0.53-1.19 0.33-1.02 156.4-1121.9 37.6-98.8 5.7-23.4
Percentiles 5-95% 4.3-104 5.7-7.5 5.0-7.1 0.25-0.48 0.72-1.00 0.41-1.00 203.3-761.8 67.7-96.7 6.9-20.4
Median 5.0 6.9 6.4 0.31 0.95 0.55 478.2 91.8 18.2
Mean 7.1 6.5 5.9 0.34 0.90 0.66 503.1 79.4 15.0
Forest soils — border mountains (n = 9)
Min/Max 8.1-41.8 3.1-39 2.7-31 0.41-1.62 1.22-2.74 1.18-6.99 203.3-468.9 10.0-30.5 4.7-16.5
Percentiles 5-95% 30.5-38.9 34-38 2.7-3.0 1.26-1.59 1.97-2.47 3.53-5.41 332.4-410.6 10.5-18.2 53-134
Median 374 3.6 29 141 212 4.82 354.2 14.3 8.6
Mean 338 3.6 29 1.33 2.14 439 353.5 15.7 9.1

¢ Monitoring of arable soils did not include all abiotic characteristics in all sites: n = 39 for Corg, pH and Nior; 1 = 6 for other parameters.
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Similarly, the content of humic substances (humic and fulvic
acids) or total nitrogen increased along the line arable - grassland -
highland forest - mountain forest while pH, base saturation or clay
particle content decreased along the same line. An introductory set
of soil parameters can be found in Table 1. The organic carbon
content was lower than the Czech national average (Sarika et al.,
2002) for arable and grassland soils in this study. Mean and median
values of pH, total nitrogen, and a content of humic compounds
corresponded to the reference values derived from the national soil
monitoring systems, a higher value of a cation exchange capacity is
typical for fertile soils. Base saturation corresponds to the indi-
vidual land use exceeding 90% in agricultural soils and being much
lower in mountains soils (14%). Regarding the content of clay
particles, a majority of selected soils were of the light to medium
texture category.

3.2. Heavy metals

A summary statistics of heavy metals is presented in Table 2. The
reference values (Sanka et al., 2002) of the soil content for heavy
metals (and POPs in the following tables) are included for
comparison. A reference value is defined as an upper boundary
(95th percentile) of natural and diffuse anthropogenic variability of
the soil level, and it is used in legislation as a safe level of toxic
substances in soils. Selection of the sampling sites including
contaminated areas resulted in the wide range of measured soil
levels. It is also a reason why the average values exceeded the
national average in the Czech Republic (Sanka et al., 2002), while
the medians stayed close to the national medians for all elements
with the exception of cadmium (measured arable: 0.47 mg kg™,
national median 027 mg keg™!), lead (measured arable:
29.1 mg kg, national median 20.4 mg kg~') and zinc (measured
arable: 93.5 mg kg™, national median 62.0 mg kg~ '). Similarly, the
median concentration of heavy metals was lower than the refer-
ence value in all arable soils, while the arithmetic mean exceeded
the reference value for Hg, Cd, Cr, Pb, Zn, and As for arable soil, and
Zn for grassland. All of these elements are associated with
anthropogenic activities. Heavy metals in forest soils had generally
higher median values than in arable and grassland soils. Median
soil concentrations exceeded the reference values for Hg, Cd and Pb,

for lead in mountains almost three times. It probably reflects an
accumulation of lead in the surface soil horizon over the years
when a leaded gasoline was used in the Czech Republic.

3.3. Organochlorine pesticides

From a group of organochlorine pesticides (Table 3, reference
levels are available only for DDTs and HCHs), the widest ranges as
well as the highest levels were found for DDT and its metabolites
(0.6-1509.8 pg kg~ for DDT and 0.6-599.8 g kg~! for DDE). These
levels are comparable to the ones published in Europe for Romania
(Covaci et al., 2001), for China (Feng et al., 2003; Gong et al., 2003;
Chen et al.,, 2005), or for US (Aigner et al., 1998). The median
concentration of DDT in mountain soils (46 ug kg~ ! dw) was twice
as high than the one in arable soils (204 pg kg~! dw), and it
exceeded the reference value (30 pg kg~! dw). For DDE, median
values in arable and mountain soils were comparable and none was
higher than the reference level.

DDT in soil is a subject of microbial degradation to more stable
and toxic metabolites (DDE and DDD). The degradation rate is,
however, very slow, and it depends on several factors including
a soil type, temperature, moisture and organic carbon content
(Hitch and Day, 1992; Boul et al., 1994; Harner et al., 1999). The
concentration ratio of the parent compound to metabolites is often
used to determine the age of the soil contamination or to detect
fresh inputs of DDT to the environment. Various combinations can
be found in the literature with DDT/DDE or DDT/DDE + DDD ratios
being used most often. In general, low values of the DDT/DDE ratio
indicate the old DDT burdens while high values indicate a fresh
application. In reality, this problem is more complex because
degradation rates differ greatly from soil to soil. The ratio is influ-
enced by longer life times of pesticides in soils with a high organic
carbon content (Diamond and Owen, 1996; Chen et al., 2005), by
soil pH values (Gong et al., 2003) as well as by different volatili-
zation rates of DDT and its metabolites. The median value of DDT/
DDE ratio found in mountain soils (3.16) was 2-3 times higher than
the one in arable and grassland soils (1.07 and 1.62, respectively).
The high ratio in mountain soils can be probably assigned to the
application of DDT in Germany in early 1980s. It was the latest
large-scale application of DDT in this part of Europe, impact of

Table 2

Heavy metals in examined soil samples [mg kg~].

Parameter Hg(tot) Cd(AR) Cr(AR) Ni(AR) Pb(AR) Zn(AR) As(AR) Be(AR) Co(AR) Cu(AR) V(AR) Mo(AR)
Ref. value® 0.3 0.5 50.0 50.0 60.0 120.0 20.0 2.0 30.0 60.0 130.0

Arable soils (n = 39)

Min/Max 0.05-0.78 0.14-6.25 11.9-517.7 59-106.0 14.3-825.2 40.3-10124 4.2-518.3 0.03-10.51 2.53-26.77 6.6-227.1 15.5-131.3 0.10-3.19
Percentiles 5-95% 0.05-0.78 0.19-5.23 19.4-394.8 9.4-68.1 14.4-813.5 45.2-477.0 4.8-3403 0.55-3.15 3.16-25.52 10.1-108.6 25.5-98.3 0.14-1.23
Median 0.13 0.47 382 239 29.1 93.5 11.8 1.19 11.53 239 48.7 0.41
Mean 1.11 1.15 63.7 27.5 1183 164.7 41.9 1.50 12.44 33.2 51.9 0.53
Grassland soils (n = 22 for Hg to As; n = 13 for other heavy metals)

Min/Max 0.07-0.89 0.13-1.98 10.6-129.0 5.2-44.2 16.1-124.0 62.5-1208.0 4.0-14.3 0.37-1.33 2.96-23.20 9.1-43.7 19.1-133.0 0.10-1.37
Percentiles 5-95% 0.09-0.38 0.16-0.77 13.1-92.9 11.7-42.6 17.1-55.8 77.2-347.0 59-139 047-1.00 7.26-1510 12.1-26.7 24.9-74.1 0.10-0.65
Median 0.14 0.39 333 29.0 314 87.8 9.1 0.70 9.79 23.7 4.7 043
Mean 0.20 0.46 41.9 27.5 36.6 159.9 9.2 0.74 11.61 224 54.2 0.46
Forest soils — highlands and hilly country (n = 9 for Hg to As; n = 6 for other heavy metals)

Min/Max 0.14-0.53 0.30-1.12 10.1-92.7 7.4-659 39.7-1080 61.8-282.0 5.7-18.6 0.20-1.30 2.59-26.70 9.7-39.1 19.9-143.0 0.20-0.83
Percentiles 5-95% 0.17-0.52 0.37-0.84 13.5-85.5 13.7-55.0 45.0-106.0 67.2-140.0 85-184 0.37-0.83 10.60-24.20 13.5-32.5 29.6-124.0 0.30-0.70
Median 0.25 0.53 46.6 36.3 48.5 121.0 114 0.73 17.80 25.5 82.8 0.44
Mean 0.28 0.61 494 33.8 61.6 122.1 12.6 0.69 16.62 243 80.4 0.48
Forest soils — mountains (n = 9)

Min/Max 0.18-1.02 0.15-0.63 7.9-22.7 57-15.0 54.7-372.0 36.5-69.5 5.1-32.7

Percentiles 5-95% 0.58-0.78 0.18-0.45 8.6-21.1 59-13.5 115.0-251.0 36.8-57.0 5.7-28.7

Median 0.66 0.24 14.6 7.5 146.0 46.8 12.2

Mean 0.66 032 14.5 8.8 170.9 48.1 14.8

2 Reference value (Sanka et al., 2002).
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Table 3

Selected organic pollutants in examined soil samples [ug kg~ '].

Parameter HCB a-HCH B-HCH yv-HCH 3-HCH ZHCHs a/y HCHs
Ref. value® - - - - - 10.0 -

Arable soils (n = 39)

Min/Max 0.60-16.60 0.43-1.00 0.03-1.00 0.13-1.13 0.01-1.00 0.65-4.00 0.44-3.80
Percentiles 5-95% 0.70-6.80 0.48-1.00 0.03-1.00 0.18-1.00 0.01-1.00 0.74-4.00 0.44-3.80
Median 3.40 1.00 1.00 1.00 1.00 4.00 212
Mean 5.41 0.93 0.86 0.91 0.85 3.54 2.15
Grassland soils (n = 22)

Min/Max 0.02-6.28 0.05-1.00 0.03-1.00 0.08-1.00 0.01-1.00 0.38-4.00 0.20-3.26
Percentiles 5-95% 0.50-5.92 0.06-1.00 0.03-1.00 0.09-1.00 0.01-1.00 0.38-4.00 0.20-3.23
Median 1.52 0.57 0.09 0.29 0.02 0.88 2.50
Mean 2.99 0.51 024 034 0.11 1.18 1.92
Forest soils — highlands and hilly country (n = 9)

Min/Max 0.47-3.40 0.06-0.71 0.03-1.76 0.14-0.45 0.01-0.04 0.55-2.34 0.15-3.08
Percentiles 5-95% 0.82-1.88 0.16-0.69 0.03-1.10 0.16-0.43 0.01-0.02 0.59-1.75 0.36-2.95
Median 1.36 0.63 0.10 033 0.01 1.09 2.12
Mean 1.55 0.50 0.39 0.32 0.02 1.18 1.81
Forest soils — mountains (n = 9)

Min/Max 0.50-2.92 0.12-0.94 0.03-0.39 0.08-0.67 0.01-0.01 0.26-1.66 0.62-1.72
Percentiles 5-95% 1.00-2.21 0.14-0.66 0.03-0.14 0.15-0.67 0.01-0.01 031-1.48 0.71-1.40
Median 141 035 0.03 0.26 0.01 0.65 0.94
Mean 1.57 0.38 0.09 0.37 0.01 0.86 1.06
Parameter pp’-DDT pp’-DDE pp’-DDD >DDTs DDT/DDE + DDD DDT/DDE
Ref. value? 30.0 25.0 20.0 - - -

Arable soils (n = 39)

Min/Max 1.88-516.40 1.76-599.80 0.32-52.10 4.,0-1018.3 0.28-0.78 0.58-4.12
Percentiles 5-95% 2.40-375.20 4.00-316.70 2.00-43.30 11.1-228.6 0.31-0.74 0.59-3.07
Median 20.30 13.80 2.49 34.2 0.46 1.07
Mean 58.36 48.46 6.85 113.7 0.48 1.39
Grassland soils (n = 22)

Min/Max 1.03-19.60 0.55-11.90 0.19-3.03 2.04-28.20 0.27-0.72 0.49-4.84
Percentiles 5-95% 1.20-15.90 0.65-11.78 0.19-2.81 2.19-26.25 0.30-0.70 0.51-3.59
Median 531 3.19 0.89 9.34 0.56 1.62
Mean 6.53 437 1.29 12.19 0.52 1.79
Forest soils — highlands and hilly country (n = 9)

Min/Max 0.63-852.79 1.34-26.50 0.25-75.58 2.2-954.9 0.28-0.89 0.47-2.71
Percentiles 5-95% 3.36-32.66 2.49-19.63 0.48-6.73 6.3-59.0 0.51-0.66 1.22-1.66
Median 4.63 3.37 0.76 8.5 0.54 1.45
Mean 102.15 7.61 9.72 119.5 0.56 1.46
Forest soils - mountains (n = 9)

Min/Max 5.02-1509.76 2.31-265.30 1.48-133.28 8.8-1908.3 0.57-0.79 2.17-5.69
Percentiles 5-95% 30.24-345.86 6.59-123.05 5.68-48.11 42.5-517.0 0.60-0.71 2.19-4.59
Median 46.04 15.23 9.14 69.2 0.67 3.16
Mean 236.81 52.48 25.93 315.2 0.67 3.54

@ Reference value (Sanka et al., 2002).

which has been observed in surrounding regions (Heinisch et al.,
1997). Prevailing western winds enhance a chance that mountains
at the Czech-German border were affected as well. High elevation,
enhanced vertical and horizontal wet deposition, scavenging effect
of coniferous forests, and high retention capacity of soils can all
contribute to elevated concentrations of DDT in the mountain soils.
Arable soils (a ratio from 0.58 to 4.12) corresponded to the values
published by Harner et al. (1999) for 36 Alabama agricultural soils
where DDT/DDE ratio ranged from 0.39 to 1.5 in six regions. DDT/
DDE + DDD ratio published for US soils was smaller than 0.1
(Pereira et al., 1996), while it was higher in countries like China,
where DDT production was banned later (1983). Chen et al. (2005)
presented results for 43 arable soil samples with a DDT/DDE + DDD
ratio higher than 2 in some samples, and even higher than 14 in two
cases. In our case, the same ratio ranged between 0.28 and 0.89
with the highest median in mountain soils again (Table 3).

On the contrary, the highest median levels of more volatile
pesticides (HCHs and HCB) were determined in arable soils
(Table 3). For HCB, the arable soil median concentration was
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3.4 pg kg~!, while it only reached 1.3 pg kg~! in highland and
14 pg ke~! in mountain forest soils. The levels of HCB in
grassland soils (0.02-6.3 pg kg~! dw) and both types of forest
soils (0.47-3.4 and 0.5-2.9 pg kg~!) were comparable to data
presented in the global background survey (0.01-5.2 pg kg™1),
but HCB levels in arable soils were two orders of magnitude
higher than those of the global survey (Meijer et al., 2003b). The
increased levels might be a result of the wide use of HCB-based
fungicides for a crop seed treatment together with an ongoing
HCB production related to the combustion of chlorinated wastes.

A similar trend was observed for all HCH isomers (Table 3):
median concentrations were 2-4 times higher in arable soils
(median level 4 pg kg~! for the sum of HCHs) when compared to
mountain soils (0.7 and 1.1 pg kg~! for highland and mountain
forest soils, respectively). Concentration levels of HCHs in Czech
forest soils (0.55-2.34 and 0.26-1.66 pg keg~' for highland and
mountain soils, respectively) were at least one order of magnitude
lower than those observed in Germany (4.4-82.4 pg kg~ ') (Wenzel
et al,, 2002). Similarly, the medians of arable soil levels of HCH
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isomers were 1-3 orders of magnitude lower than the ones
measured in the agricultural regions of China (Feng et al., 2003;
Gong et al,, 2003; Chen et al., 2005), India (Babu et al., 2003),
Romania (Covaci et al., 2001) or US (Aigner et al., 1998).

Various HCH ratios are often used to assign the sources. When
the a/y-HCH ratio is higher than 1, it indicates an application of
technical mixtures while the lindane application is most probable
at the sites with the ratio lower than 1 (Ballschmiter and Wittlinger,
1991; Haugen et al., 1998; Kim et al., 2002; Barra et al., 2005). The
actual concentrations and concentration ratios of all HCH isomers
are affected by their different physico-chemical properties. Since
the estimated half-life of lindane in upper soils is approximately 2
months (depends on the soil parameters) (Turnbull et al., 1997),
a prevalence of y-HCH isomer may indicate a recent input. A
predominance of B-HCH can be a result of the isomerization of
a-HCH to B-HCH in agricultural upper soil or y-HCH to B-HCH via
a-HCH. This isomer is energetically most favorable and thus, stable
in soils (Wu et al., 1997). It has also the significantly longer half-
time, and the bioconcentration factor two orders of magnitude

higher than those of the other isomers. The fact that ¢-HCH is more
prone to volatilization from soil than y-HCH or B-HCH, while y-HCH
is the most water soluble and thus, prone to leaching (Wang et al.,
2006) than a-HCH or B-HCH, can also alter final ratios. The median
value of a/y-HCH ratio in Czech soils varied between 0.94 (moun-
tain soils) and 2.50 (grasslands) with observed maxima of 3.8. A B/y
ratio ranged from 0.03 to 5.33, with a median of 0.3 (Table 3).

3.4. Polyaromatic hydrocarbons

The median values of PAH concentrations for arable
(729.9 pg kg~! dw), grassland (661.7 pg kg~! dw) and highland
(523.9 ug kg~ dw) soils were similar (Table 4) but these levels were
about half order of magnitude higher in mountain soils
(3713 pg kg~! dw). We can speculate about the sources of elevated
concentrations, however, it is probably a combination of the local
heating sources, traffic as well as long-range transport. Phenan-
threne, fluoranthene and pyrene were the most abundant
compounds. While for arable and forest soils the mean and median

Table 4

PAHs, PCBs [pg kg~ '] and PCDDs/Fs [ng kg~'] in examined soil samples.
Parameter PAHs PCBs
Ref. value® 1000.0 20.0

>homologous PCDFs Shomologous PCDDs

Arable soils (n = 39 for PAHs and PCBs; n = 32 for dioxins)

Min/Max 139.40-2436.00 3.50-42.10 16.53-726.31 16.82-746.77
Percentiles 5-95% 204.20-2306.60 3.50-34.60 26.00-502.86 19.72-679.42
Median 729.90 3.60 90.81 71.69

Mean 846.90 6.86 129.95 130.57
Grassland soils (n = 22)

Min/Max 123.10-15 284.30 2.01-29.21 33.40-338.35 21.30-646.00
Percentiles 5-95% 234.70-10 052.20 4.10-24.67 41.00-316.21 25.70-204.20
Median 661.70 6.31 145.44 66.79

Mean 2510.56 9.34 158.13 100.10

Forest soils — highlands and hilly country (n = 9)

Min/Max 148.90-1435.60 3.42-13.37 111.90-1061.02 76.00-324.30
Percentiles 5-95% 229.30-704.40 7.60-13.13 221.48-916.70 78.18-267.70
Median 523.90 8.40 435.70 110.81

Mean 538.73 8.87 500.59 157.40
Forest soils - mountains (n = 9)

Min/Max 1693.80-8187.50 7.90-36.18 888.82-5987.39 316.48-2395.25
Percentiles 5-95% 2089.90-4775.90 15.32-34.72 1156.07-3502.34 461.74-1667.62
Median 3713.20 22.64 2132.82 983.41

Mean 3767.93 22.76 2594.00 1141.54
Parameter 32378-PCDFs 32378-PCDDs 32378-PCDDs/Fs TEQ 22378-PCDFs TEQ £2378-PCDDs TEQ 22378-PCDDs/Fs
Ref. value® - - - - - 1.0

Arable soils (n = 32)

Min/Max 5.20-165.16 7.38-661.18 15.99-722.15 0.28-10.28 0.17-7.92 0.56-14.26
Percentiles 5-95% 6.33-164.41 10.03-483.11 17.58-497.92 0.36-3.03 0.20-3.97 0.57-8.96
Median 11.91 34.50 51.09 0.77 0.53 141

Mean 30.97 83.09 114.06 1.42 1.07 2.49
Grassland soils (n = 22)

Min/Max 4.90-50.66 7.90-483.93 12.80-522.42 0.33-2.35 0.15-2.73 0.47-4.06
Percentiles 5-95% 8.54-45.43 14.10-128.33 23.70-178.99 0.51-2.29 0.30-1.87 0.82-3.49
Median 20.75 28.87 50.03 1.17 0.76 2.00

Mean 21.53 57.51 79.04 1.24 0.87 2.11

Forest soils - highlands and hilly country (n = 9)

Min/Max 26.41-156.80 21.01-149.00 47.41-305.80 1.68-11.85 0.87-4.52 2.59-16.37
Percentiles 5-95% 27.40-145.00 31.02-113.70 65.20-258.70 2.12-10.31 0.91-3.28 2.99-13.59
Median 38.14 51.69 96.27 2.84 1.40 4.24

Mean 66.15 62.90 129.05 4.85 1.92 6.77

Forest soils - mountains (n = 9)

Min/Max 253.93-2255.86 171.85-1137.49 425.78-3393.35 14.68-106.67 4.49-34.91 19.17-141.58
Percentiles 5-95% 294.92-822.32 238.11-747.86 533.03-1525.41 17.58-51.87 6.28-21.04 23.86-72.91
Median 575.88 523.91 1041.19 34.05 12.41 46.09

Mean 756.88 561.80 1318.68 42.43 15.26 57.69

2 Reference value (Sanka et al., 2002).
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Table 5
Main types of soil sites compared in one-way ANOVA analysis: abiotic characteristics and content of heavy metals.?
Type of soil site Corg Clay particles CEC pHy,0

(%)° ANOVAS (%)P ANOVAS (meq kg~1)° ANOVAC (pH units)® ANOVA ©
Arable soils (n = 39) 1.5 (1.4-1.6)° 89.1% 21.8 (145;32.6)%  29.7% 385 (277; 533)%¢  7.8% 7.0 (6.8; 7.2)° 80.4%
Grasslands (n = 22) 3.0 (2.5-3.5)° (p < 0001) 147 (11.8; 18.3)° (p = 0.004) 283 (212; 377)° (p=0372) 69 (6.5;7.3) (p < 0.001)
Forest soils - highlands (n =9) 6.3 (4.1-9.2)¢ 13.25(7.8; 22.4)¢ 408 (211; 789)° 6.4 (5.3; 7.7)°
Forest soils — mountains (n = 9) 36.8 (34.2-39.8)¢ 8.53 (6.3; 11.5)¢ 346 (290; 412)° 3.5(3.3; 3.7)¢

Ntot Hg cd Cr

(%)° ANOVAS (mg kg~1)° ANOVAS (mg kg~ 1)° ANOVAS (mg kg~ 1)° ANOVAS
Arable soils (n = 39) 0.15(0.13; 0.16)° 80.2% 0.15 (0.11; 0.22)° 19.9% 0.64 (0.45; 0.89)°  12.3% 425 (33.6; 53.4)° 22.0%
Grasslands (n = 22) 023 (0.19; 0.27)° (p < 0.001) 0.16 (0.13; 0.21)° (p=0.001) 0.37(0.28;049)° (p=0.019) 34.6(262;458)° (p < 0.001)
Forest soils — highlands (n =9)  0.32 (0.24; 0.43)° 0.25 (0.18; 0.36)¢ 0.57 (0.41; 0.77)¢ 38.5 (20.4; 72.5)¢
Forest soils — mountains (n = 9) 1.25 (0.90; 1.74)¢ 0.61 (0.42; 0.88)° 0.28 (0.19; 0.42)¢ 13.3 (9.5; 18.6)°

Ni Pb Zn As

(mg kg 1)° ANOVA® (mg kg~ 1)° ANOVA® (mg kg 1)° ANOVA® (mg kg 1)° ANOVA®
Arable soils (n = 39) 23.3 (19.4; 28.0° 29.8% 453 (30.7; 66.9)° 20.0% 117.3 (91.9; 149.7)° 16.5% 16.0 (11.2; 23.1)° 8.8%
Grasslands (n = 22) 25.1(20.1;312)° (p < 0.001) 32.5 (26.4; 39.9)° (p=0001) 113.2(85.2; 150.5)¢ (p =0.004) 8.7 (7.6;10.1)°  (p = 0.073)

Forest soils - highlands (n =9) 27.8 (16.1; 48.1)°
Forest soils - mountains (n = 9) 8.2 (6.2; 10.9)¢

57.6 (43.4; 76.4)°

151.4 (100.9; 227.3)¢

109.2 (75.4; 158.1)°
47.1 (40.0; 55.4)°

11.8 (8.8; 15.8)°
12.3 (7.5; 20.1)°

All variables were transformed prior to the analysis: X = In [X + 1].

a
b
c
d
e

PAH values stayed close, it is not true for grassland soils. The mean
PAH concentration was about four times higher than the median in
this group due to some heavily contaminated soils in the study set.
The mean value of grassland soils exceeded the reference value 2.5
times, and both mean and median levels in mountains were almost
4 times higher than the reference value. According to classification
of the soil contamination published by Maliszewska-Kordybach
(1996), this reference level is also a threshold for heavily contami-
nated soils. This classification was derived from the results of PAH
screening in European soils, as well as from the estimation of human
exposure risks, and it indicates that Czech soils ranged from weekly
contaminated to contaminated, with mountain soils being
contaminated heavily. The mountain levels (1694-8188 pg kg™ 1)
were four times higher than the ones measured in Poland

Table 6

Geometric mean with 95% confidence interval (in parenthesis), expressed in original scale.

Outcomes of one-way ANOVA models: variance ratio (% of total sum of squares attributed to the influence of soil type); p value of global F test.
There is a limited sample size in case of arable soils (n = 6 sites, see also Table 1).

Soil types marked by the same letter are not statistically significantly different (p < 0.05; Tukey HSD test for unequal N).

(4.4-1906 pg kg~ ! in Holy Cross Mountains). For comparison, the
statistical values for PAH contents in upper organic horizons of forest
soils in Bavaria varied between 396 and 8189 pg kg~ ! (median value
2214 pg kg~ 1)in the areas with population density > 300 inhabitants/
km?, 205-6844 pg kg~! (median value 1710 pg kg™ !) in the areas
with population density > 150 and <300 inhabitants/km?, and
208-9304 pg kg~! (median value 2526 pg kg™ 1) in the areas with
population density < 150 inhabitants/km? (Joneck et al., 2006).

3.5. Polychlorinated biphenyls
A distribution with lower levels and narrower range was

observed for PCBs (Table 4). PCB levels increased from arable and
grassland to highland and mountain forests. Those in the mountain

Main types of soil sites compared in one-way ANOVA analysis: main groups of organic pollutants.?

Type of soil site HCB SHCH oy HCHs >DDTs

(ug kg )P ANOVA® (ug kg 1)° ANOVA® (ratio)® ANOVA® (ng kg )P ANOVA®
Arable soils (n = 39) 3.61 (2.64; 495)¢ 16.3% 3.21(2.69; 3.82)  55.0% 1.79 (0.81; 3.96)¢  3.2% 453 (29.9; 68.7)¢ 21.0%
Grasslands (n = 22) 1.57 (0.84; 2.92)¢ (p =0.004) 091 (0.67;1.25)¢ (p<0.001) 1.27(0.75;2.17)% (p=0.727) 11.4(5.6; 23.3)¢ (p = 0.005)
Forest soils — highlands (n = 9)  1.36 (0.89; 2.09)¢ 1.06 (0.73; 1.54)¢ 1.34 (0.60; 2.97)¢ 16.4 (4.2; 63.1)¢
Forest soils - mountains (n = 9) 1.42 (0.96; 2.10)¢ 0.69 (0.40; 1.20)¢ 1.00 (0.77; 1.31)¢ 96.0 (29.7; 310.3)¢

DDT/DDE + DDD DDT/DDE SPAHs SPCBs

(ratio)® ANOVA® (ratio)® ANOVA® (ng kg 1)° ANOVA® (ng kg )P ANOVA®
Arable soils (n = 39) 0.47 (0.43; 0.51)¢  17.3% 1.20(1.02; 1.43)¢  21.1% 657 (517; 835)¢ 27.5% 5.24 (4.29; 6.39)¢ 36.1%
Grasslands (n = 22) 051 (0.45; 0.57)¢ (p=0.002) 1.49(1.11;1.98) (p < 0.001) 1004 (554; 1821)¢ (p < 0.001) 7.63 (5.78; 10.07)¢  (p < 0.001)
Forest soils — highlands (n = 9)  0.54 (0.43; 0.68)¢ 1.90 (0.78; 4.62)¢ 442 (265; 738)¢ 8.33 (6.14; 11.32)¢
Forest soils — mountains (n = 9) 0.67 (0.62; 0.72)¢ 3.36 (2.60; 4.35)¢ 3393(2352; 4895)¢ 20.89 (14.58; 29.93)¢

22378-PCDDs/Fs 2homologous PCDFs >homologous PCDDs

(ng kg~ 1)° ANOVAS (ng kg )P ANOVAS (ng kg~ 1)° ANOVAS
Arable soils (n = 32) 64 (45; 92)¢ 57.5% 84 (60; 117)4 66.7% 80 (57; 112)¢ 53.4%
Grasslands (n = 22) 53 (38; 76)¢ (p < 0.001) 130 (96; 176)¢ (p < 0.001) 69 (49; 97)¢ (p = 0.001)

Forest soils — highlands (n = 9) 107 (66; 172)¢
Forest soils - mountains (n = 9) 1116 (698; 1383)¢

416 (246; 702)¢

2247 (1448; 2489)¢

137 (90; 208)¢
977 (604; 1109)¢

2 All variables were transformed prior to the analysis: Xi = In [X + 1].

b Geometric mean with 95% confidence interval (in parenthesis), expressed in original scale.
€ Outcomes of one-way ANOVA models: variance ratio (% of total sum of squares attributed to the influence of soil type); p value of global F test.
4 Soil types marked by the same letter are not statistically significantly different (p < 0.05; Tukey HSD test for unequal N).
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forests (22.6 pug kg~!) were three times higher than PCB levels in
highland soils (8.4 pg kg~!). Although some individual values
exceeded the reference levels in arable, grassland and forest soils,
these levels were never exceeded by medians or arithmetic means.
Since there are no primary sources of PCBs in rural and mountain
regions, evaporation from the secondary sources as contaminated
buildings, equipment and soil is the most probable source of the
soil pollution. Re-volatilized chemicals are then a subject to long-
range transport in the atmosphere and scavenging by vegetation.
Coniferous needles have a high capacity to accumulate atmospheric

pollutants from the gas phase, fine particle phase and wet
deposition, and to transfer them to soil with litter. Due to their low
degradation rates in soils, PCBs are still found in fairly high
concentrations. The levels found in this study are in the same order
of magnitude as the ones from the Global PCB soil survey (0.026-
97 pg kg~!) (Meijer et al., 2003b), higher when compared to the
PCBs levels in the Swiss soil monitoring (1.1-12 pg kg~!) (Schmid
et al., 2005), and lower than surveys in Poland (2.3-38 pg kg™!)
(Falandysz et al., 2001), Slovakia (Kocan et al., 1999) or France
(Motelay-Massei et al., 2004).

HCB X HCHs
A — A —
G PP S G —e—
F F °
M ° M .
0 2 4 6 8 0 I 2 3 4 5
-1 -1
hg.kg ng.kg
Z DDTs X PAHs
A —— Al &
G|® G ——
F|—o— F| o
M M —_—
S, (€D
0 50 100 150 200 250 0 2000 4000 6000 8000
-1 -
ug kg pgke’
Z PCBs X 2378-PCDDs/Fs
A - Ale
G —— Gle
F . F| o
M . M e
<0 »
0 1'0 2'0 3'0 4'0 0 5(')0 10'00 1 5'00 20'00
-1 -1
ne.kg ng.kg
% homologous PCDDs X homologous PCDFs
Al e Ale
G|e G|e
F - F —
M —_——— M —_——
-9 <D
0 5('JO l()'OO 15'00 0 5('JO 10'00 15'00 2d00 25'00 30'00
ng.kg'l ng.kg'1

h th B
<> 595" percentile overall range

@ gcometric mean

[ overall median

—— 95% confidence interval of geometric mean

Fig. 2. POP levels in soils as the range plots (A: arable soils; G: grassland; F: forest soils in highlands; M: forest soils in mountains).
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Fig. 3. Rank order of Pearson’s correlation coefficients between the POP levels and organic carbon content in soils. * Mark for statistically significant correlation (p < 0.05). Rank

ordered according to correlations in forest soils.

3.6. Polychlorinated dibenzo-p-dioxins and dibenzofurans

Among all substances, the group of PCDDs and PCDFs manifested
the greatest difference between the concentration levels in arable
and grassland soils, and mountain forest soils. The median value for
the sum of 2378-substituted PCDDs/Fs in mountain soils was as high
as 1041 ng kg~ ! (ranging from 426 to 3393 ng kg~ for the individual
soils) which was 20 times higher than in arable soils (51 ng kg™,
ranging from 16 to 722 ng kg~!) or grasslands. A comparison of the
concentration levels for PCDDs/Fs homologous groups (mono- to
hepta-) gave similar results: the mountain soil median reached
983 ng kg~ ! for PCDDs (ranging from 317 to 2395 ng kg~ !), and
2133 ng kg~ for PCDFs (889-5987 ng kg~ ), while for arable soils the
same median was only 72 ng kg~ for PCDDs (17-747 ng kg~!) and
91 ng kg~ ! (17-726 ng kg~ ") for PCDFs. The reference value for the
Czech soils is only available for TEQ (1 ng kg~1). This was exceeded in
all soils, both by medians and arithmetic means. The observed range
of PCDDs/Fs concentrations in arable (16-722 ng kg™ '), grassland
(13-522 ng kg~ ) and highland forest soils (47-306 ng kg~!) were
similar to the levels found in the Swiss national soil monitoring (72—
703 ng kg~!) (Schmid et al., 2005). Concentrations expressed as TEQ
were comparable as well: 0.6-14 ng TEQ kg~ ! for arable, 0.5-
4 ng TEQ kg~ for grassland, and 2.6-16 ng TEQ kg~ ! for highland
forest soils in the Czech Republic, and 1.1-11 ng TEQ kg~ ! in Swiss
soils. PCCD/F levels in the Czech mountain forest soils were, however,
one order of magnitude higher (426-3393 ng kg~!). While ranges
between 0.2 and 2.7 ng TEQ kg~ were published for the UK and
Norway soil survey (Hassanin et al., 2005) and 4.1 ng TEQ kg~ for US
soils (Rogowski and Yake, 2005), a median TEQ value for Czech
mountain soils was as high as 46 TEQ kg~

There was a strong predominance of homologous PCDFs in all
soils when compared to homologous PCDDs, most obviously for
forest soils: EPCDFs/ZPCDDs ratio was 1.27 for arable, 2.18 for
grassland and 3.93 for forest soils. It was not the same for 2378-
substituted congeners: in mountain soils, EPCDFs/PCDDs ratio for
homologous groups equaled to 2.17, and 2378-PCDFs/22378-PCDDs
ratio was only 1.11. For arable, grassland and highland forest soils,
2378-substituted PCDDs were prevalent: X2378-PCDFs/22378-
PCDDs ratio was 0.35 for arable, 0.72 for grassland, and 0.74 for
forest soils. When we expressed 2378-PCDDs/Fs concentrations as
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a toxic equivalent of 2378-TCDD, PCDFs strongly prevailed again:
TEQ PCDFs/TEQ PCDDs was equal 1.45 in arable, 1.54 in grassland,
2.03 in highland, and 2.74 in mountain forest soils. A median toxic
equivalent value TEQ PCDDs/Fs increased along the line arable
(1.41 TEQ kg™ 1), grassland (2 TEQ kg~ 1), highland (4.24 TEQ kg™ 1)
and mountain forest soils, with latter one being one order of
magnitude higher (46.09 TEQ kg~!) than all remaining soils.

3.7. ANOVA modeling and correlation analyses

One-way ANOVA models discriminating different types of land
use according to the levels of pollutants are documented in Tables 5
and 6 and also in Fig. 2. Many persistent compounds clearly
separated three soil categories (arable, grassland, forest). A high
discrimination potential had the sum of HCHs. Elevated HCH levels
are still associated with former field application and increased HCH
concentrations in arable soils exhausted 55% of the total data
variance (Fig. 2). On the contrary, PCDDs and PCDFs, as the chem-
icals produced un-intentionally and associated with the long-range
transport, were most abundant in forest soils. Their elevated forest
soil levels exhausted 53-67% of a total experimental variance. The
indication indices derived from DDTs (DDT/DDE, DDT/DDE + DDD)
also highly significantly separated low values in arable and/or
grassland soils from increased values in forests, namely mountain
forests, unlike o/y HCH ratio which did not contribute to the soil
discrimination. A low discrimination potential was also found for
rather ubiquitous PAHs and HCB, even though a separation of arable
and mountain soils was still significant for both.

A relationship between the soil organic carbon content and the
level of contamination was confirmed. Except for the most volatile
compounds (HCB and HCHs) which did not correlate with TOC in any
soil category (Fig. 3), all the other organic pollutants correlated to
some extent. A strong correlation of PAHs, DDTs, PCBs, and PCDDs/
PCDFs was observed in the carbon-rich forest soils. PCDDs and PCDFs
correlated significantly also in grassland and arable soils (Fig. 3).

4. Conclusion

Data on the country-wide screening of the soil contamination
in the Czech Republic as a representative of the Central European
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region is presented here. A wide selection of organic and inorganic
pollutants as well as a detailed assessment of a variety of the soil
parameters allowed us to study the soil contamination in relation
to the land use (cropland, grassland, forest), locations (highland
and mountain forest soils), and specific soil properties.

Results clearly differentiated between arable, grassland and
forest soils, and showed that due to the global atmospheric trans-
port, the mountain ecosystems can reach the contamination levels
higher than the ones found in urban and industrial regions. It is
most significant for a group of PCDDs/Fs, where concentrations in
mountain forests were 20 times higher than those in arable and
grasslands soils.

There are several reasons for the observed higher concentra-
tions in mountain forest soils. Frequent fogs and high wet depo-
sition together with a high capacity of coniferous needles to
scavenge and accumulate atmospheric pollutants and to transfer
them to soil with a litter are just a few factors possibly responsible
for these findings. The high retention capacity of carbon-rich soils
is another reason, as is the different vegetation cover of the
highland and mountain soils (deciduous and coniferous). The
litter of these forest types differs widely with coniferous litter
having a clearly longer turn over time than the deciduous one.
This also means that the organic layer of coniferous forests
represents a longer time period of pollutant input. The impact of
each of the possible influencing factors on the observed concen-
tration differences between the studied soils of various uses and
locations remains to be identified.

Even though there has been a number of regulations and
international measures successfully lowering the atmospheric
levels of toxic compounds in recent years, we cannot expect to see
similar fast decline of POPs in the mountain soils. Due to the very
low degradation rates of these compounds in soils it will probably
take several more years before we detect any improvement.

A variability of the POP concentrations in soils of different uses
was discussed so far. For the assessment of the soil burdens and
associated risks, however, large differences in the soil properties
(different soil densities, history of input, turn-over and accumula-
tion) become increasingly important. Chemical burdens in various
soils can only be compared when the total pollutant masses bound
in the soils (on a per square meter basis) are estimated. To achieve
that, information on the individual soil densities is needed in
addition to the concentrations in the various soil layers of the
profile. The fact that bulk density of overlaying organic horizons
(about 0.1-0.2 g cm™ 1), for instance, is very low when compared to
mineral horizons (1.2-1.4 g cm ™), can significantly influence a final
distribution of burdens.

Detailed information on the extent of contamination as well as
on the soil quality may also serve as a basis for an assessment of the
volatilization fluxes of POPs from polluted soils to air, and to
estimate an extent to which soil, as a secondary source of the
pollution, is responsible for elevated atmospheric levels of POPs. To
complete such model, the volatilization fluxes of organic
compounds have to be quantified for soils with various land use,
organic carbon content and level of contamination. Since the Czech
Republic represents a typical industrial country of the mild climate,
such information on both, soil burdens and atmospheric fluxes,
would significantly contribute to the on-going inventories of
persistent toxic compounds in the environment.
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Uncertainty

1. Introduction

Persistent organic pollutants (POPs) represent a diverse group of
toxic substances, which are semi-volatile, mobile in the environment,
and prone to long-range transport, accumulation in abiotic matrices
as well as bioaccumulation in living bodies. They encompass several
classes of organic contaminants including polychlorinated dibenzo-p-
dioxins and furans (PCDDs/Fs), polychlorinated biphenyls (PCBs),
organochlorine pesticides (OCPs), and other industrial and agricul-
tural chemicals. Polycyclic aromatic hydrocarbons (PAHs), although
much less persistent and bioaccumulative, are sometimes included
due to their great potential for long-range transport.

POPs have various physicochemical properties, which are respon-
sible for their specific environmental behavior (Lohmann et al., 2007),
efficiency of degradation or bioaccumulation. One of the matrices that
acts as a natural sink of these toxic chemicals (Meijer et al., 2002,
2003a,b; Hassanin et al., 2004, 2005) is soil. A total POP burden in soils
is a function of the balance between their inputs and losses
(Sweetman et al., 2002). POPs can be accumulated in forest, grassland,
agricultural and urban soils as a result of various anthropogenic

* Corresponding author. Tel.: +420 549 493 511; fax: +420 549 492 840.
E-mail address: cupr@recetox.muni.cz (P. Cupr).

0048-9697/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2009.09.049

activities (pesticide application, emissions from industry and traffic,
application of sewage sludge or compost, spills, and contaminated
water irrigation). As POPs are often released to the atmosphere where
they are a subject to long-range transport and soil-air exchange
processes, background soils can be contaminated as well (Dalla Valle
et al,, 2007). As the accumulation takes place preferably in horizons
rich in organic matter, it is important to sample and analyze both, the
overlaying organic horizons (O, O and Oy) and the first mineral
horizon (Ay) with a high organic matter content in natural (forest)
soils. In grasslands, the top 10-15 cm is usually enriched in organic
matter. The organic horizon is missing in arable soils, and the top
mineral horizons are homogenized by ploughing, which levels out the
POPs concentration in about the top 25 cm (WRB, 2006). The urban
soil concentrations are subject to great variability, which makes it
difficult to estimate their contribution to the land mass budget. In
temperate industrialized zones, soils generally contain concentrations
that are factor of 5-10 above the rural levels. On the other hand, urban
areas represent just a small fraction of the global surface (0.05%).
Once deposited to surface soils, POPs often persist for many years
and affect soil quality, accumulate in plants and enter food chains. They
are subject to further redistribution (erosion, percolation, re-emission,
and bioaccumulation) and transformation processes. Understanding
their fate in soils, though, becomes increasingly important (Armitage
et al., 2006). In order to assess probability of POPs release to other
environmental compartments, and to quantify this process, information
is needed not only on the POP levels, but also on their total pools in the
top soil layers. Both, the concentration and the pool, are influenced by
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many factors, especially land use, soil type, type of vegetation and
climatic conditions.

Data on the pools of POPs in soils are still quite scarce. Based on
data from the global background soil survey (208 undisturbed sites
throughout the world), for instance, it has been estimated that 21000
metric tons of PCBs are still present in the background surface soils
(0-5cm) globally (Ockenden et al., 2003). Number of studies
assessing the risks resulting from the soil pollution and providing a
spatial distribution of such risks is also limited.

Relevant human exposure pathways include inhalation of particles
(Nessel et al., 1992), skin contact (Skowronski et al., 1990; Dor et al.,
2000) or ingestion. All of these intake routes contribute to the overall
exposure, but the extent of such contribution depends on the
physiology and biochemistry of each individual with respect to
contaminant uptake and processing (Roos et al., 2004), person's
occupational and recreational activities, and age-specific behavior.

Historically, risks were assessed qualitatively, rating sites simply as
‘high’, ‘medium’ or ‘low’ risk. This approach was outmoded by
quantitative assessments giving a numerical evaluation of the risks.
A deterministic risk assessment uses a single point value for each
variable in the risk model, e.g. the average soil concentration and the
average bodyweight of receptor to produce an ‘average’ risk measure
(Gay and Korre, 2006). An effective and widely applied tool for the
environmental modeling is a Geographic Information System (GIS);
(Tristan et al., 2000; Korre et al., 2002; Gay and Korre, 2006). This tool
can combine data from various sources, present them spatially and
analyze their relations and interactions. It supports development of
predictive models and provides support for decision-making.

To assess the risks connected to the POP burdens in soil, we
proceeded in steps. In the first step, a country wide inventory of soils,
their properties and contamination levels was performed based on
available monitoring data (Holoubek et al., submitted for publication).
As a second step, we developed a model estimating total burdens and
associated potential risks for human and wildlife. Spatial GIS data
models were applied to facilitate a spatial modeling. Priority regions
where additional measurements would be most beneficial for
significant improvement of current work have been identified.

2. Material and methods
2.1. Available data

The Czech Republic stretches over the area of 78870 km?, out of
which 54.35% is agricultural land (arable land 39.31%, grassland
12.01%), and 33.4% are forests.

A total number of 471 soil samples originating from two moni-
toring programs were analyzed for their contents of POPs (selected
PCBs and OCPs). The first group consisted of 237 samples of
agricultural soils and represented the basal monitoring of soils of
the Ministry of Agriculture of the Czech Republic (Saiika et al., 1998).
The second group consisting of 243 grassland and forest soil samples
represented a database of the screening projects of the Research
Centre for Environmental Chemistry and Ecotoxicology (RECETOX) of
Masaryk University. This database includes 63 forest and 180
agricultural soil samples. Although these two programs served
different purposes and collected the samples from different land use
areas, the sampling strategies and procedures as well as analytical
methods were compatible (Holoubek et al., submitted for publication;
Sanka and Paterson, 1995; Saiika et al., 1998). Moreover, an inventory
of the old ecological burdens (SESEZ) (Gruntorad, 2006) containing
classified information on the risk levels from 3061 heavily contam-
inated sites was applied in the final step of the risk evaluation. This
database is supervised by the Ministry of Environment and collects
administrative, geological, hydrogeological, and geochemical infor-
mation on contaminated sites. Nowadays, it contains about 7000
sites, mostly the old dumps and brownfields. All sampling sites are
presented in Fig. 1.

2.2. Soil sampling and analysis

Detailed sampling and analytical procedures have been published
previously (Holoubek et al., 2009). In short: The mixed plough layer
(0-25cm) was sampled on arable soil. The top 10 cm soil layer
enriched in organic matter was collected on grasslands. In the forest,
the litter (Op horizon) was carefully removed before sampling; the

- SESEZ
o UKZUZ
=  RECETOX

Fig. 1. Location of the soil sampling sites.
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overlaying organic horizons O + Oy and the mineral horizon Ay were
sampled separately. This sampling strategy results in a high variability
of the physicochemical properties of the soil samples. On the other
hand, it is the only strategy enabling to compare the POPs
concentrations in the top soil layers countrywide, and to estimate
the burdens and risks in the next steps.

All soil samples were transported to the laboratory in polyethylene
bags, air-dried at laboratory temperature, sieved through 2-mm mesh,
and analyzed as described earlier (CSN-ISO, 1998; Holoubek et al.,
submitted for publication).

2.3. Concentration modeling

As a base for calculation of the POP burdens in soils, the POPs
concentration data were processed differently for agricultural and
forest soils. The Inverse Distance Weighting (IDW) method was
applied to the agricultural sites since they are well distributed over the
country forming a dense network. On the contrary, there were not
enough sites for application of IDW method on forest soils, and
arithmetic means were used to cover the area both, for the organic and
mineral horizons. The IDW is a method for multivariate interpolation
used usually for estimation of the environmental levels in areas with
no sampling data (Cheng et al., 2007; Zhou et al., 2007; Holoubek et al.,
submitted for publication). The values assigned to such points are
determined by the mathematical interpolation of the values of their
neighbors. Assuming that concentration values at locations that are
close to one another will be more alike than those far apart, IDW will
use the measured values surrounding the site of interest to predict an
unmeasured value. It means that the weight of each measured value
applied in prediction is decreasing as a function of distance. A general
form for interpolation of certain value using IDW is:

M
AN

Il
-

&y

I M=
N

where Z is a value of the interpolated point, Z; is a known value, N is a
total number of the known points used in the interpolation (N=10
for our study), d; is the distance between the interpolated point and
the point with a known concentration, and p is a positive real number
called the power parameter. As the weight decreases with increasing
distance between the points, greater values of p assign a greater
influence to concentration values closest to the point of interest. The
optimal p-value can be determined by minimizing a root mean square
prediction error (RMSPE). In order to calculate a minimal RMSPE, and
to identify an optimal p-value, a number of different power
parameters have been tested using an ArcGIS Geostatistical Analyst
(Johnston et al., 2001). All available concentration data were used
(Johnston et al., 2001) as an input to the IDW modeling.

An average POP concentration in soil was used for estimation of
the forest soil burdens. As the POP concentration was determined
separately for the upper organic layer (with a thickness hg) and the
mineral layer with humus content (with a thickness h¢a), the average
POP concentration was calculated for each sampling site according to
the following equation:

Ciohio + CGiah _
G = 00— g kg )
where:
Cro is a POP concentration in O horizon of forest soil at the site
of interest (ugkg™1!)
hto is a thickness of upper (organic) horizon of forest soil
(=0.05m)

Cea is a POP concentration in A horizon of forest soil at the site of
interest (ugkg™")

hea is a thickness of humus (Ah) horizon of forest soil (=0.20 m)

h is a total thickness of O and Ah horizons of forest soil
(=0.25m)

2.4. Calculation of the total pool of POPs in the top soil layer

The loading of POPs in background surface soils is a function
of cumulative atmospheric deposition minus losses due to volatilization,
biodegradation and percolation (Wania and McLachlan, 2001). Land
use, soil depth and turnover, bulk density, stoniness and a content of the
soil organic matter (SOM) were found to be important factors affecting
the POP persistence and behavior in soils (Mackay, 2001).

A pool of POPs in the top soil layer was calculated for each km?
according to following equations:

2.4.1. Agricultural soil

Pool = C,pgh, [kgm ] 3)

where:

G, is a concentration of POPs at the specific site on agricultural
soil (kgt™1)

Pa is a bulk density of Ap horizon of agricultural soil (tm™3)

ha, is a thickness of Ap horizon of agricultural soil (m)

2.4.2. Forest soil
An average bulk density pr for the top organic and mineral layers
was calculated according to:

‘heg + piah _
pr = w [tm 3] (4)
where:
Pro is a bulk density of upper (organic) horizon of forest soil
(tm~?)
hso thickness of upper (organic) horizon of forest soil (=0.05 m)
Pea bulk density of humus (Ah) horizon of forest soil (t m~3)
hea thickness of humus (Ah) horizon of forest soil (=0.20 m)
h is a total thickness of O and Ah horizons of forest soil
(=0.25m)

Average values of bulk densities po and pg, for the organic and
mineral horizons, respectively, were taken from Mackt (2006) (Table 1).

Stoniness was included as an important factor correcting the POP
concentration values measured in sieved soils to the stone content to
assess the POP pool values. Coefficients of stoniness were derived
for all soil types from the taxonomic classification system of Czech
soils (Nemecek and Kozak, 2003), and they varied between 0 and
1 according to the average content of gravel and stones in the top
0.25 m of soil.

Pool of POPs in forest soils was calculated according to:

Pool = CypyhyS [kgm ™’ (5)

where:

Cr is a POP concentration at the specific forest site (kg t™1)

Pr is an average bulk density for the top organic and mineral
layers (tm™3)

he is a thickness of the top organic and mineral layers (m)

S is a stoniness of O and Ah horizons of forest soil (unitless)
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Table 1
Parameters used for determination of the pool of POPs in the individual polygons.
Parameter Symbol Unit Value
Concentration of POPs at the specific site in O hor. of forest soil Cro pg kg ! Specific
Concentration of POPs at the specific site in A hor. of forest soil Cin pg kg—! Specific
Concentration of POPs at the specific site on forest soil Ce ug kg ! Specific
Concentration of POPs at the specific site on agricultural soil € pg kg ! Specific-IDW model
Bulk density of upper (O) horizon of forest soil Pro tm— 3 0.1
Bulk density of humus (Ah) horizon of forest soil PrA tm—> 1
Stoniness of O and Ah horizon of forest soil S Index 0-1 Specific
Thickness of upper (organic) horizon of forest soil hio m 0.05
Thickness of humus (Ah) horizon of forest soil hea m 0.2
Bulk density of Ap horizon of agricultural soil Pa tm 3 14
Thickness of Ap horizon of agricultural soil h, m 0.25
2.5. Risk assessment 2.5.2. SSL based on carcinogenic risks

The soil screening level (SSL) model was adopted for estimation of c TRAT. .
the human intake of soil contaminants and consequent risks. This T EF [(lFSadj . CSFD) + (SFSadj - ABS- CSF,,) + (InhFadJ - CSF,)] (7)
method is based on the risk assessment procedure developed by US "\10°mg/kg 10° mg/ke VE or PEF
EPA (EPA, 2001). Soil screening levels represent the risk-based soil
concentrations derived for the individual chemicals of concern from where:
equations combining exposure assumptions with toxicity criteria.

For each chemlca.l, S§L is back-ca!culated frqm the taEgGet risk leve!, c Contaminant concentration (SSL) (mg kg ") Chemical-specific
whereas an excess lifetime cancer risk (ELCR) is 1x 107" for the soil TR Target cancer risk 1E—06
exposure. The following equations are used to calculate SSL values for AT, Averaging time, carcinogens (days) 25550
a residential population exposed to hazardous chemicals via all three EFr Exposure frequency, resident (day yr™') 350
exposure pathways. Default exposure parameters are provided when- 1FSaqy Goimebifbi Bl e s i
ever site-specific data are not available (Moya and Phillips, 2002; EPA (Imgyr™ kg day])

p y ps, ’ ’ CSF, Oral cancer slope factor (mg kg~ 'day ') Chemical-specific

2009 update). SFS.qj Age-adjusted dermal factor 361

(Img yr~']/[kg day~'])
2.5.1. SSL based on non—carcinogenic risks ABS Skin absorption factor (unitless) Chemical-specific
InhF,q; Age-adjusted inhalation factor 11
_ THQ -BW_-AT, ©6) (Im?yr—"}/[kg day~]) 1
. 1 .__IRs 1 SA-AF.ABS 1 . IRA CSF; Inhalation cancer slope factor (mg kg day) ™ Chemical-specific
EF,ED. [(RfDu 10° mg/kg) + (RfDa 10° mg/kg) * (RfD: VEs O”’EFN ]

where:

C Contaminant concentration (SSL) (mg kg~ ')

THQ

Target hazard quotient

Chemical-specific
1

VF Volatilization factor for soil (m*kg~")
BEE

Chemical-specific

Particulate emission factor (m*kg~') Chemical-specific

Calculated SSL values (presented in Table 2) were further com-
pared to concentrations of contaminants measured in soils. In case of
the exposure to multiple chemicals, total risk is calculated as an

BW, Body weight, child (kg) 15 additive value according to following equation:
AT, Averaging time, non-carcinogens (days) ED x 365
EES Exposure frequency, resident (day yr— ') 350
ED. Exposure duration, child (years) 6 SiteRisk = ¢; /SSLy + ¢, /SSL, + ... + ¢;/SSL;.
IRS. Soil ingestion rate, child (mg day ') 200
RfD, Oral reference dose (mg kg~ 'day—!) Chemical-specific
SA. Dermal surface area, child (cm?day—!) 2800
AF, Soil adherence factor, child (mg cm™2) 0.2 Resulting ratio smaller than 1 indicates that the POP concentra-
ABS Skin absorption factor (unitless) Chemical-specific tions measured at the site are unlikely to result in an adverse health
IRA. Inhalation rate, child (m>day~!) 10 impact.
RfD; Inhalation reference dose (mg kg~ 'day ') Chemical-specific Th Ivsi f d usi imal . f h
VFs Volatilization factor for soil (m*kg~") Chemical-specific e analysis was performed using a maxima .Concenltratlon of eac
PEF Particulate emission factor (m*kg~ ') Chemical-specific chemical found at the individual monitoring site during the whole
sampling period (1998-2006). This approach guarantees the worst
Table 2
Calculated SSL (mg kg~ !) values for the individual POPs.
Compound p,p-DDT p,p”-DDD p,p-DDE o,p-DDT o,p”-DDD o,p”-DDE
SSL (mg kg~ ') 1.72 2.44 1.72 1.72 2.44 1.72
risk type ca ca ca ca ca ca
Compound HCB a-HCH 3-HCH y-HCH
SSL (mg kg~ ') 0.304 0.0902 0.316 0.437
risk type ca ca ca ca
Compound PCB118 PCB101 PCB52 PCB28 PCB180 PCB153 PCB138
SSL (mg kg™ ") 0112 0112 0112 0112 0.112 0112 0.112
risk type nc nc nc nc nc nc nc

Risk type ca — carcinogenic; nc — non-carcinogenic.
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Table 3
Risk categories and risk factors of the sampling sites in the SESEZ database.

Risk level Risk category Distance Risk factor

Extreme Local 1 km 2.00

3 km 1.80

5km 1.50

Point 1 km 2.00

High Regional 1 km 1.70

3 km 1.56

5km 135

20 km 1.14

Local 1 km 1.70

3 km 1.56

5 km 1.35

Point 1 km 1.70

Medium Regional 1km 1.40

3 km 1.32

5 km 1.20

20 km 1.08

Local 1 km 1.40

3 km 1.32

5 km 1.20

Point 1 km 1.40

Low Regional 1 km 1.20

3 km 1.16

5 km 1.10

20 km 1.04

Local 1 km 1.20

3 km 1.16

5km 1.10

Point 1 km 1.20

case scenario within the consequential risk assessment. Agriculture
locations were analyzed separately from the forest soil sites.

Applied methodology combined a quantitative human health risk
assessment with spatial GIS methods in order to assess the spatially
resolved human health risks originating from contaminated soil
providing measures of uncertainty at the same time.

To take in the influence of the hot spots on the overall risks, the
primary risk calculations were adjusted using the SESEZ database. In
the SESEZ database, the sites were divided into several categories
(point, local or regional impact) with various intensities of the effects
(extreme, high, medium or low). The final risk was derived from the
primary calculated risk value multiplied by an appropriate risk factor
based on the SESEZ effect classification (Table 3, Gruntorad, 2006).

3. Results and discussion
3.1. Estimation of the burdens

The IDW method was applied for a multivariate interpolation of the
POP levels in soils. Based on available POP concentration data, a total
pool of each chemical in the top 0.25 m layer of soil was estimated for
each polygon of 1x1 km. A summary of the statistical values of the
pools for the individual POPs per square kilometer is shown in Table 4
for both, agricultural and forest soils. Total pools of the individual POPs
in the top soil layers of the Czech Republic are presented in Table 5. As
can be seen from Table 5, DDT and its metabolites represent a group of
POPs with the largest pool, representing some 1669 metric tons of
chemicals while PCBs and HCHs were estimated to represent a pool of
280 and 303 tons, respectively.

This method presents a new approach to modeling of the
environmental burdens of POPs because until now, estimation of the
soil body burden has been solely based on available data on the POP
inputs to soils (e.g. fertilizers application). A comparison of both
approaches demonstrated a good agreement between the method
presented in this paper and the simple calculation of the POP levels
from the production and application estimates for various chemicals in
the Czech Republic (Holoubek, 2003) and their half-lives. It has been
estimated, for instance, that some 15665 tons of DDTs and 61680 tons
of lindane (gamma HCH) were used in the Czech Republic. Estimated
half-lives are up to 6 years for DDT, and 2 years for HCH (Holoubek,
2004). Provided that DDTs and HCHs have been banned since 1980s,
their environmental burdens should be around 1000 tons of DDTs or
100 tons of lindane today. Estimation of the total pools of POP in soils
based on the IDW model used in present study gave very similar
results suggesting that the IDW modeling offers a very useful tool for
an assessment of the environmental burdens and associated risks.

3.2. Estimation of the risks

A map of the IDW predicted concentrations can also serve as an
input for the exposure assessment. As can be seen from Fig. 2, the sites
with elevated risks can be found in the vicinity of potential sources of
POPs (mainly industrial areas). Nevertheless, a significant risk level
was determined only at the very small fraction of the investigated
region.

Table 4
Statistical values of the pools of the individual POPs (in metric tons per square kilometer) in agricultural and forest soils.
Compound Agriculture soil Forest soil
Min Max Avg Min Max Avg
t km? t km?

p.p'DDT 6.00E—05 8.60E—01 1.60E—02 2.20E—03 4.40E—03 3.50E—-03
p,p’'DDD 1.70E—05 2.00E—01 7.20E—04 3.40E—04 6.80E—04 5.40E—04
p.p’'DDE 3.50E—04 5.40E—01 9.80E—03 1.00E—03 2.00E—03 1.60E—03
0,p’-DDT 6.30E—05 1.30E—01 3.00E—03 8.20E—06 1.60E—05 1.30E—-05
o,p’-DDD 2.00E—05 9.80E—03 3.10E—04 8.40E—05 1.70E—04 1.30E—04
o,p’-DDE 2.30E—05 1.60E—02 4.30E—04 2.20E—05 4.40E—05 3.60E—05
DDT's 6.20E—04 1.40E+00 3.00E—02 3.70E—03 7.30E—03 5.80E—03
HCB 8.00E—06 2.00E—01 2.20E—03 2.50E—04 4.90E—04 3.90E—04
a-HCH 4.20E—05 3.40E—02 1.20E—03 3.20E—04 6.30E—04 5.10E—04
-HCH 6.60E—06 1.50E+00 1.60E—03 1.90E—04 3.90E—04 3.10E—04
y-HCH 3.80E—05 2.20E—02 2.20E—03 2.60E—04 5.30E—04 4.20E—04
6-HCH 2.40E—06 1.50E—02 4.90E—04 1.50E—06 3.10E—06 2.50E—06
HCHs 1.10E—04 1.50E+00 5.40E—03 7.70E—04 1.50E—03 1.20E—-03
PCB118 1.30E—05 2.20E—02 3.10E—04 8.50E—05 1.70E—04 1.40E—04
PCB101 1.70E—05 3.10E—02 4.60E—04 6.40E—05 1.30E—04 1.00E—04
PCB52 1.60E—05 8.80E—03 2.60E—04 5.70E—05 1.10E—04 9.10E—05
PCB28 1.40E—05 9.30E—03 2.40E—04 3.70E—05 7.40E—05 5.90E—05
PCB180 2.30E—05 5.30E—01 1.20E—03 1.30E—04 2.70E—04 2.10E—04
PCB153 4.10E—05 1.50E—01 1.00E—03 2.30E—04 4.60E—04 3.70E—04
PCB138 3.60E—05 4.50E—01 1.50E—03 2.20E—04 4.30E—04 3.50E—04
PCBs 1.90E—04 1.20E+ 00 4.90E—03 8.20E—04 1.60E—03 1.30E—03

181



P. Cupr et al. / Science of the Total Environment 408 (2010) 486-494 491

gzlepsools of the individual POPs (in metric tons) in the top soil layers of the Czech Republic.
Compound p,p’-DDT p,p’-DDD p,p’-DDE o,p’-DDT o,p’-DDD o,p’-DDE DDTs
Total pool 897.18 51.43 529.64 149.32 19.22 22.32 1669.11
Compound HCB a-HCH 3-HCH y-HCH Sh-HCH HCHs
Total pool 120.96 71.85 88.33 118.89 24.16 303.23
Compound PCB118 PCB101 PCB52 PCB28 PCB180 PCB153 PCB138 PCBs
Total pool 19.06 25.48 15.52 13.57 63.25 61.39 82.44 280.7

The target carcinogenic risk limit as a standard risk protection
factor was set to 10~° for the purpose of this study. Target risk levels
decide a degree of the human health protection to be achieved by the
risk-based soil cleanup standards. In the interest of the conservative
nature of the risk assessment calculations, there is an apparent
perception that firmer acceptable risk levels should be applied. There
are several approaches to utilization of the target risks: a single
specified acceptable risk level of 10~ or 10~ 4, a range of acceptable
risk levels (e.g. 10~ to 10~ ®) or specific risk levels depending on the
weight-of-evidence classification of each chemical (i.e., 107° for A
carcinogens, and 10> for B and C carcinogens, or 10> for A
carcinogens and 10~ for B and C carcinogens). Calculation of the
human risk levels using any of these approaches results in the
conclusion that situation in the studied area is much better and
contamination levels represent negligible human health risk.

3.3. Identification of uncertainties

Identification and quantification of uncertainties is a crucial step in
characterization of potential risks (EPA, 1989). In our study, an
uncertainty is defined as a function of the grid centroid distance from
the monitored sampling site which means that increasing distance
from the sampling site results in increasing uncertainty. This method
can identify uncertainties at various stages of the whole interpolation
model and allows for an assessment of the net homogeneity of
the monitoring sites (Fig. 3). Using this approach, we can alter

distribution of additional sampling sites to improve significantly the
accuracy of estimation of the environmental levels.

There is a continuous need to eliminate population health risks
associated with an exposure to the environmental contaminants. In
order to do so, it is necessary to identify the sites with high population
density and high contamination level at the same time. In most of the
previous studies, however, only the hot spots were identified. An
example of such analysis can be found in Fig. 4 presenting the
fractions of the whole investigated area where the risks fall to given
risk categories. It is apparent from the picture that the highest risk
(avalue greater than 2) was found on less than 1% of the studied area.

On the other hand, the areas with high population density
represent the highest hazards despite of medium potential risk levels.
An assessment of the most hazardous areas was performed in the next
step. The value of hazard was determined as a function of predicted
risk level multiplied by population density (Fig. 5). This approach can
identify the areas with the most urgent need to decrease the health
risks by decreasing the exposures. Similar maps can provide a
powerful tool for the risk managers, enabling efficient targeting of
the risk reduction measures to specific regions, as well as improve-
ment of the regional monitoring networks.

4. Conclusions

The IDW model represents a smooth transition between the
sampled sites in the non-sampled area. This character of modeling

0.00

0.01-0.10

0.11-0.20
I o0.21-0.30
N 0.31 - 0.40
I 0.41 - 0.50
B 0.51-0.75
I 0.76 - 1.00
I 1.01 - 2.00
I 2.01 - 5.00
Il 5.01 - 10.00
I 10.01-32,96

Fig. 2. Spatially resolved (grid of 1x 1 km) potential risk (unitless, EPA) from the POP (selected PCBs and OCPs) exposure via contaminated soil based on the IDW interpolation.
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Fig. 3. Relative uncertainty of the POP concentration map (a function of distance in metres from the monitored site = analysis of monitoring sites net homogeneity).

seems to be very efficient in avoiding the underestimation of the risk
levels as a possibility of the secondary contamination of the areas
adjacent to hot spots is considered (Xu et al., 2001; Hunova et al.,
2003; Cheng et al., 2007). Based on results of the IDW modeling, pools
of the individual POPs were estimated for agricultural soils in the
Czech Republic. The POPs pools for forest soils were estimated based
on the average concentration values in the following step. This
allowed for an assessment of total pools of POPs in soils over the
whole area of the country, as well as for comparison of these values to
the ones derived from the consumption/emission data on POPs.

It has been found that DDT and its metabolites represent a group of
compounds with the largest pool (1669 metric tons) in the Czech
soils. The pools calculated in this work from the POP concentrations
obtained in the country wide monitoring programs corresponded well

to the amounts estimated from the past usage of these compounds in
the Czech Republic.

The IDW-derived levels were also applied for assessment of the
risks related to contaminated soils. Only less than 1% of the studied
area was affected by the high levels of the health risks coming from
the POP contaminated soil. The IDW modeling seems to be a very
useful tool for the prediction of the health risks connected to the soil
pollution in the large areas with a scarce sampling network. Such
simple screening model can be used for setting the priority goals for
the second level of the risk assessment procedure. It is successful in
identification of both, the regions with the highest risks, as well as the
areas with the highest uncertainties (due to very low density of the
sampling points) where additional screening is required in order to
improve reliability of the model.

12000 T —
3891% 34,23% 19,88%

4,61%

1,52% 0,61% 0,22% 0,02%

10000 A

II Fraction of the whole area

8000

6000

Area (kmz)

4000

2000 +

0 0,01-0,25 0,26-0,50 0,51-1,00

1,01-2,00 2,01-5,00 5,01-10,00 10,01-33,00

Risk level

Fig. 4. Percentage of the studied area falling into the specified ranges of the risk levels.
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Fig. 5. Identification of the areas with elevated risk in relation to the high population density. The value of hazard was determined as a function of predicted risk level multiplied by

population density (categorization is based on “natural breaks” in GIS).
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Abstract

Background, aim, and scope Passive air sampling survey
of the Central and Eastern Europe was initiated in 2006.
This paper presents data on toxic organic compounds
such as polychlorinated biphenyls (PCB 28, 52, 101,
118, 153, 138, and 180), hexachlorobenzene (HCB),
pentachlorobenzene (PeCB), hexachlorocyclohexane
compounds (x-HCH, (-HCH,y-HCH, &-HCH), and
dichloro-diphenyl-trichloroethane (DDT) compounds
(p,p'DDE, p,p'DDD, p,p'DDT, 0,p'DDE, 0,p'DDD, and
0,p'DDT) determined in ambient air and soil samples
collected at Estonian monitoring stations.

Materials and methods Ambient air and soil samples were
collected in five sites in northern Estonia. Passive air
samplers were deployed four times over 4-week periods
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covering the period April-August 2006. Samples were
analyzed using gas chromatography—electron capture
detector (HP 5890) supplied with a Quadrex fused silica
column 5% Ph for organochlorine pesticides (OCPs). Local
ground-boundary wind field was modeled for each moni-
toring station and sampling period on the basis of observed
wind data from the nearest meteorological station with a high
quality of time series and compared with upper air (at 850-
and 500-hPa level) data from Tallinn-Harku aerological
station.

Results Median levels of PCB at Estonian stations varied
between 3 and 9 ngffilter, although the maximum in
Kohtla-Jarve reached as high as 28 ng/filter. Sampling
rates about 3.5 m’/day were determined by empirical
measurements, making approximately 100 m® for a 28-
day sampling cycle. In general, OCP levels in soil were at
the limit of detection, except Tallinn site and Muuga Port
affected mainly by local sources. However, the atmospheric
PCB concentrations are in agreement with the soil analyses
where highest PCB levels were found in the soil sample for
Tallinn (12.0 ng/g dry weight). For HCB, the atmospheric
distribution was quite uniform, with the background levels
sometimes higher than the urban ones. HCB and PeCB
concentrations were very low in May and June when
meridional airflow from the southern sector dominated, and
concentrations were slightly higher in July and August,
most probably due to revolatilization of adsorbed HCB
(with PeCB impurities) from former industrial applications
during the summer month and possibly enhanced by
forest fires in Russia. Also, the highest summary HCH
and DDT levels (63.5 and 2.5 ng/filter, respectively) in
Estonian monitoring stations were determined at the end
of July and beginning of August when the ground-
boundary wind direction was from NE with relatively high
speed (4-7 m/s). The highest DDT levels in ambient air
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(3.5 ng/filter) were determined in the spring samples. For
DDT and HCH, long-range atmospheric transport clearly
dominates persistent OCP, atmospheric input to Estonia as
well as for the Scandinavian countries. The DDE/DDT ratio
was >1, indicating no fresh input.

Discussion The passive air sampling demonstrates uni-
form distribution of OCPs. In the regional context, there is
no indication of increased levels of concentrations of
OCPs in the industrial Northeast Estonia where the oil
shale processing causes certain pollution impacts. Though
the passive sampling does not apply for monitoring of
short-term fluxes, the method is capable of reflecting
background levels in long-term prospective for potential
effect on human health due to long-term exposition of
OCPs.

Conclusions PCB and its congeners, HCB, PeCB, HCH,
and DDT were very low in Estonia. None of the persistent
organochlorine pesticides have ever been produced in
Estonia, and as of today, all old OCP stocks in the country
have been destroyed. Highest concentrations could be
expected in March and April when southwestern airflow
is still strong and dominant, but air humidity is lower and
deposition takes place far from the place of origin of OCPs.
In summer, the share of locally formed organic compounds
increases and deposition depends strongly on weather
conditions. In some cases in Tallinn and Muuga where
local anthropogenic impact occurs, HCB and PeCB stem
from revolatilization of industrial application.
Recommendations and perspectives The passive air sam-
pling could be employed more widely to explore long-term
human exposure to OCP deposition and assess potential
health risks. The survey based on passive air sampling
could be extended from Central and Eastern Europe to
other European regions to get methodically adjusted cross-
European data coverage. Based on the results of the survey,
the Lahemaa reference station is a feasible option to
represent background monitoring of persistent organic
pollutants.

Keywords Air- DDT- Estonia- HCB - HCH - Passive
sampler - PCB - Pentachlorobenzene - Pollution - Soil -
Ground-boundary wind fields - Revolatilization

1 Background, aim, and scope

The contamination of environment by hazardous sub-
stances such as persistent organochlorine pesticides
(OCPs) and other persistent organic pollutants (POPs)
is a worldwide public health concern (WHO 2003; The
Stockholm Convention 2004).

The 16 POPs listed by the UNECE protocol
(UNECE 1998), including also the 12 Stockholm Con-
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vention POPs (UNEP 2001), can be categorized into three
groups:

Intentionally produced substances, which are intended to
be removed [aldrin, chlordane, chlorodecon, dichloro-
diphenyl-trichloroethane (DDT), dieldrin, endrin, hepta-
chlor, hexabromobiphenyl, hexachlorobenzene (HCB),
mirex, polychlorinated biphenyls (PCB) and toxaphene].
Intentionally produced substances whose use is re-
stricted (DDT).

Unintentionally produced substances of which reduc-
tion of emissions compared to the reference year is
required [polychlorinated dibenzo-p-dioxins (PCDD),
polychlorinated dibenzofurans (PCDF), HCB, and
polycyclic aromatic hydrocarbons (PAH)].

The production and use of these compounds is governed
by a series of international conventions, among them the
Stockholm Convention and the Persistent Organic Pollu-
tants Protocol of the Convention on Long-Range Trans-
boundary Air Pollution.

Persistent organic pollutants are a group of toxic and
persistent chemicals whose effect on human health and on
the environment includes dermal toxicity, immunotoxicity,
reproductive effects and teratogenicity, endocrine disruption
effects, and carcinogenicity (UNEP 2001; GEF 2003). OCPs
are acutely toxic, persistent, and bioaccumulative. For that
reason, emission quantities do not necessarily have to be very
high before the initial effects of accumulations can be seen.

Because of slow rates of chemical, photochemical, and
biological degradation, persistent organic pollutants such as
PCB, HCB, DDT, HCH, etc. provide excellent model
compounds to survey atmospheric transport process of
organic pollutants (Gioia et al. 2007; Jaward et al. 2004;
Klanova et al. 2006; Roots and Sweetman 2007).

The European Community and its member states have
recently proposed pentachlorobenzene (PeCB) to be added to
the list in Annex A, B, and/or C to the Stockholm Convention,
and the POPs Reviewing Committee have finalized their
evaluation and recommended it to be listed. PeCB is formed
as a by-product in industrial processes (Heinisch et al. 2006;
POPRC Stockholm Convention 2007a, b) and combustion
processes and as an intermediate in industrial processes.
PeCB is moderately toxic to humans, but is very toxic to
aquatic organisms. PeCB is persistent in the environment and
is bioaccumulative. It can be transported over long distances
(POPRC Stockholm Convention 2007a, b).

The monitoring of POPs in the environment is a costly
and highly time-consuming process. The Environmental
Chemistry and Ecotoxicology Group of Lancaster Univer-
sity, UK, Meteorological Service of Canada, Environment
Canada (Gioia et al. 2007; Jaward et al. 2004) and Research
Centre for Environmental Chemistry and Ecotoxicology of
Masaryk University, Brno (RECETOX; Klanova et al.
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2006; Kohoutek et al. 2006) confirmed that passive air
samplers are sensitive enough to indicate even micro-level
differences, which makes them feasible for monitoring of
spatial, seasonal, and temporal variations. Passive air
samplers are suitable for measurements of long-term
average concentrations at various levels. Passive air
sampling is a cost-efficient screening method for compar-
ison of contamination at various sites or for verification of
information obtained by active samplers.

Model monitoring network in the Czech Republic has
been operated since 2005. Aiming to expand geographically
sampling, passive air sampling survey of the Central and
Eastern Europe (CEE) was initiated in 2006 when CEE
partners joint passive air monitoring network (MONET CZ).
A design of the study, including spatiotemporal features of
the sampling set, was synchronized with the program in
Czech Republic which provides continuous data coverage.
The RECETOX of Masaryk University in Brno, Czech
Republic has completed an exclusive full-scale CEE air and
soil sampling campaign within the framework of the project
“Pilot study for development of the monitoring network in
the Central and Eastern Europe (MONET CEEC)”. Sam-
plers were deployed and soil samples were collected at
remote, rural, and urban locations, in total 58 stations in
eight countries—Czech Republic, Bosnia and Herzegovina,
Estonia, Latvia, Lithuania, Romania, Serbia, and Slovakia. In
Estonia, five stations, Tallinn (Kopli), Muuga Port, Lahemaa,
Kunda, and Kohtla-Jarve, were employed in the survey.
Passive air samplers are used for the evaluation of point
sources in the scale of several square kilometers—from the
local plants to diffusive emissions from transportations or
household incinerators—as well as for the evaluation of
diffusive emissions from secondary sources (Gioia et al.
2007; Klanova et al. 2006). The import of OCP was banned
in Estonia from October 21, 1967. None of OCPs have ever

Table 1 Characteristics of monitoring sites in Estonia

been produced in Estonia (Miiiir 1996), and as of today, all
POPs stockpiles have been destroyed.

During recent years, our attention has also been drawn to
other toxic and persistent pollutants such as polychlorinated
naphthalene and polybrominated diphenyl ether, which
were analyzed in the ambient air in Estonia for the first
time in 2002 (Jaward et al. 2004; Roots and Sweetman
2007) and 2005 (Gioia et al. 2007).

The aim of this article was to assess the levels of POPs in
Estonian air in 2006. To assess micro- and mesoscale impact
of meteorological conditions on monitoring stations, ground-
boundary wind field was modeled at sampling plots. Also,
the article compares the sampling data with similar European
surveys for quality control and verification.

2 Materials and methods
2.1 Sampling locations

Five sampling sites, including the metropolitan, industrial,
urban, suburban, and background sites, were situated in
northern Estonia along the shoreline of the Gulf of Finland.
The sampling geographical profile was designed in the
west-eastern direction for the region-wide coverage of
pollution and wind conditions (Table 1).

This paper presents data on a range of different toxic
organic compound, as, PCB (28, 52, 101, 118, 153, 138,
and 180), HCB, PeCB, hexachlorocyclohexane compounds
(x-HCH, B-HCH, y-HCH, 6-HCH), and DDT compounds
(p,p'DDE, p,p'DDD, p,p'DDT, o0,p'DDE, 0,p’'DDD, o.,p’
DDT) determined in ambient air and soil samples collected
at Estonian stations.

Due to slow rates of chemical, photochemical, and
biological degradation, these pollutants provide excellent

Site specifics

Site Location Target
Tallinn EEO1 59°27'22" N Urban impacts
24°41"23"E
Muuga Port EE02 59°29'40" N Industrial impacts, at the Muuga
24°55'51" E Sea Port monitoring station
Lahemaa EE03 59°30'55" N Long-range impacts; the EMEP
25°55'41" E background monitoring station
Kunda EE04 59°30'10" N Industrial impacts, in a suburban
26°33"28" E area of the industrial town
Kohtla-Jarve EE0S 59°24'35" N Industrial impacts; in a suburban
27°16'43" E area of the industrial town

Near the car park

Suburban site, 17 km east of Tallinn, near the main
cargo harbor for the port of Tallinn. Nearly 75% of
the cargo loaded in Muuga port consisted of crude oil
and oil products in 2005-2006.

80 km east of Tallinn. Major pollution source is
supposed to be a long-range transport.

120 km east of Tallinn. Major pollution sources of the
cement and pulp-mill industries, and of transportation.

160 km east of Tallinn. Major pollution source is
chemical industry—oil shale processing, production
of fertilizers or benzolic acid—and manufacturing
of construction materials

@ Springer
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model compounds to study atmospheric transport process
of organic pollutants. Above the Baltic Sea, the concen-
trations of airborne pollutants proved to be higher with
southwest winds (Roots 1992; Agrell et al. 2001). In
particular, this endangers Estonian islands Saaremaa and
Hiiumaa, since these winds prevail on the Baltic Sea. This
problem was the reason why, at the beginning of 1990s, the
long-range transportation of OCPs to Estonia became the
focal item of this survey (Roots and Sweetman 2007).

2.2 Air sampling

Passive air samplers containing polyurethane foam disks
(15 diameter, 1.5 cm thick, density 0.030 g/cm’, type N
3038; Gumotex Breclav, Czech Republic) housed in the
protective chambers were employed in this study (Kohoutek
et al. 2006). The relationship between the amount of POPs
captured on a polyuretane foam filter and their concen-
trations in the sampled air has not been fully characterized
yet mathematically. Thus, only empirically estimated infor-
mation (for example, based on parallel active and passive
measurements) is available to evaluate and interpret the
results. Sampling rates about 3.5 m*/day were determined by
empirical measurements, making approximately 100 m* for a
28-day sampling cycle. Passive air samplers were deployed
over 4-week periods: 21 March—19 April, 19 April-17 May,
17 May—12 July, and 12 July—08 August 2006.

2.3 Soil sampling

Soil samples were collected in the same sites as the air
samples. In order to reduce the number (and costs) of
samples for analysis, soil samples were mainly composited.
Soil chemistry plot was divided into 10x10-m subplots
(Manual 1998). According to soil classification based on
soil genesis and morphology (FAO and WRB 2006
classifications), soils at Tallinn monitoring site are domi-
nated by luvic gleysol, at Muuga by hyposolic fluvisol, at
Kunda and Kohtla-Jérve by eutric gleysol, and at Lahemaa
monitoring site by calcaric cambisol (Reintam et al. 2000).
The humus layer was sampled separately with a steel
cylinder of known diameter. The sample included only the
0- to 10-cm topsoil layer. About six to ten small
subsamples (approximately 0.3-0.5 kg) from different
randomly placed subplot points were taken for one
composite sample. The above-ground plant and litter
material were excluded. All subsamples were placed in
one black plastic bag, were mixed, labeled, and trans-
ported to the lab within 24 h. Then, samples were dried (at
room temperature on lyophilized filter paper on trays),
thoroughly mixed, and sieved through 2-mm mesh to
prepare the material for chemical analyses (Klanova et al.
2006; Manual 1998).

190

2.4 Sample analyses

All samples were extracted with dichloromethane in a
Biichi System B-811 automatic extractor. One laboratory
blank and one reference material were analyzed with each
set of ten samples. Surrogate recovery standards PCB 30
and PCB 185 for PCB analyses were spiked on each filter
prior to extraction. PCB 121 was used as internal standard
for PCB/organochlorine pesticide analyses, respectively.
Volume was reduced after extraction under a gentle
nitrogen stream at ambient temperature and fractionation
achieved on a silica gel column; a sulfuric-acid-modified
silica gel column was used for PCB/OCPs samples.
Samples were analyzed using gas chromatography—electron
capture detector (HP 5890) supplied with a Quadrex-fused
silica column 5% Ph for PCBs and OCPs (Klanova et al.
2000).

2.5 Quality assurance/quality control

Recoveries were determined for all samples by spiking with
the surrogate standards prior to extraction. Amounts were
similar to detected quantities of analytes in the samples.
Recoveries were higher than 76% for all samples for PCBs,
respectively. Recovery factors were not applied to any of
the data. Recovery of native analytes measured for the
reference material varied from 88% to 103% for PCBs and
from 75% to 98% for OCPs. Laboratory blanks were under
the detection limits for selected compounds. Field blanks
consisted of pre-extracted polyuretane foam disks and were
taken on each sampling site. These disks were extracted and
analyzed in the same way as the samples, and the levels in
field blanks never exceeded 3% of quantities detected in
samples for PCBs and 1% for OCPs, indicating minimal
contamination during the transport, storage, and analysis
(Klanova et al. 2006).

2.6 Wind field analysis

Ground-boundary wind field was modeled for each mon-
itoring station, Johvi, Viike-Maarja, Kunda, and Tallinn-
Harku, and sampling period on the basis of observed wind
data from the nearest meteorological station of the Estonian
Meteorological and Hydrological Institute with a high
quality time series. Wind Atlas Analysis and Application
Program (WAsP) with standard procedure (Troen and Petersen
1989) was used to eliminate any effect of orography, land
use, and nearby obstacles (hedges, buildings) from observed
wind data in order to create undisturbed regional wind
climate. Based on reverse calculation, all local effects by
nearby obstacles, orography, and land use at monitoring sites
were added to regional wind to produce local wind field at
measurement sites for each sampling period. In addition,
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statistical data of upper air winds (at 500- and 850-hPa level)
from Tallinn-Harku aerological station was used.

3 Results and discussion

All four sampling periods of the current study (Mar. 21—
Apr. 19, Apr. 19-May 17, May 17-Jul. 12, and Jul. 12—
Aug. 08, 2006) had significantly different ground-boundary
wind (Fig. 1), but it followed a main course of long-term
seasonal wind speed at ground level (Kull and Laas 2003)
and at 850- or 500-hPa level (Keevallik and Soomere
2008). Average ground-boundary wind speed (3.7—4.2 m/s)
and maximum wind speed (10.5 m/s, SSW wind) was
highest in early spring (March 21-April 19, 2006). In this
period, winds from the south (strongest) and southwest

Tallinn-Harku
N

21.03.2006
-19.04.2006 "2

19.04.2006

-17.05.2006 V%S WATRS 20%E W 20%

17.05.2006 -
-12.07.2006 W2f°

12.07.2006
-08.08.2006 W 20°

s B

Fig. 1 Distribution of ground-boundary wind direction at regional
level where Tallinn-Harku meteorological station corresponds to
Tallinn and Muuga Port monitoring site, Kunda meteorological station
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sector dominated, while almost no airflow (less than 2% per
sector and mean wind speed <2 m/s) was coming in from
the north and northeastern sector. In Apr. 19-May 17, 2006,
mean ground-boundary wind speed was slightly lower
(3.4-4.2 m/s); strongest wind were blowing from the west,
but the most dominant wind directions were SE and NNE
associated with relatively low wind speed (2.0-3.7 m/s).
During the following monitoring periods, mean and
maximum wind speed steadily decreased, achieving values
typical for the summer period (2.5-3.5 m/s) where average
zonal wind component (#=4.8 m/s) slightly exceeds
meridional wind (v=2 m/s) at 500-hPa level. In May 17—
Jul. 12, 2006, ground-boundary winds from SW and N-NW
sector clearly dominated, both associated with winds of speed
above average, while winds from the eastern sector had lowest
occurrence (2-3% per sector) and speed (<2.5 m/s). During

Véike-Maarja

5 20%E W 20%

S

to Kunda, Viike-Maarja to Lahemaa and JShvi to Kohtla-Jarve
monitoring site
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Jul. 12—-Aug. 08, 2006, different from any previous monitor-
ing periods, meridional circulation type of upper air (at
500-hPa level) occurred, indicating a dominance of Gross-
wettertyp East which is associated in Estonia with dry and
warm weather (Keevallik and Rajasalu 2000). In this period,
there was very low occurrence of wind from southern sector,
while highly dominant were relatively strong winds blowing
from the NW to NE sector.

Unlike any other monitoring station covered by the
current study, the ground-level wind at Kunda station is
influenced by clearly formed breeze phenomenon which
causes a higher share of wind from the southern (land
breeze) and northern (sea breeze) sectors, especially in
summer. It has an effect on the deposition and transport of
locally formed and long-range airborne pollutants both
through diurnally changing local air movement and due to
periodically changing air temperature and humidity.

3.1 Distribution of PCBs, HCB, and PeCB

In this study, lowest PCB concentrations were measured in
Lahemaa, which is a European Monitoring and Evaluation
Program (EMEP) background station. Median levels at
Estonian stations varied between 3 and 9 ng/filter, although
the maximum in Kohtla-Jérve reached as high as 28 ng/
filter. PCB 28 was the most abundant congener in all
samples, followed by PCB 52. PCB concentrations were
highest in Tallinn, on the levels of one order of magnitude
higher than at all the other four sites. This level (maximum

70 ng/filter, median 44 ng/filter, which corresponds to 700
and 440 pg/m’, respectively), however, is comparable to
other urban and industrial sites in CEE (Gioia et al. 2007;
Jaward et al. 2004). It shows also clear regional trend
related to dominant wind direction where higher concen-
trations are characteristic of the westernmost monitoring
site at Tallinn, where southern and westerly winds are
prevailing, while PCB concentrations are lowered at
eastward-located monitoring sites where shares of westerly
winds are decreased and, in contrast, southern winds are
increased. This is associated with dominant zonal circula-
tion type in upper air (at 850- and 500-hPa level) where
zonal wind velocity (u=7-11 m/s at 500 hPa) clearly
prevails over meridional wind speed components (v=—4—
1 m/s). The atmospheric PCB concentrations are in
agreement (Table 2) with the soil analyses where highest
PCB levels were found in the soil sample for Tallinn, near
the car park, and for Muuga Port (Table 3).

For HCB, the atmospheric distribution was quite
uniform, with the background levels occasionally higher
than the urban ones, corresponding to other European
surveys. Seasonal trends are well correlated with the
atmospheric levels of pentachlorobenzene (see Table 2).
HCB and PeCB concentrations were very low in May and
June due to meridional airflow from the southern sector.
The concentrations were marginally higher in July and
August due to the forest fires in Russia. HCB levels in soil
were at the limit of detection, except Tallinn having a
significant, continuous technogenic impact (see Table 3).

Table 2 Temporal variations of each PCBs, HCBs, and PeCB summary of concentrations in the ambient air (ng/filter) at the sampling sites in

Estonia

Sampling site/Compound Tallinn EEO1 Muuga Port EE02

Lahemaa EEO03 Kunda EE04 Kohtla-Jarve EE05

Sampling date

Sum of PCB 18.8 2.6
HCB 8.0 <LOQ
PeCB 3.2 2.3
Sampling date

Sum of PCB 57.3 12.3
HCB 8.3 7.3
PeCB 3.2 2.5
Sampling date

Sum of PCB 29.9 5.6
HCB 29 2.9
PeCB 0.8 0.7
Sampling date

Sum of PCB 69.9 8.1
HCB 5.5 <LOQ
PeCB 1.6 1.2

21.03.-19.04.06

2.1 5.0 79
6.6 5.9 8.7
22 23 28
19.04.-17.05.06

4.6 4.0 27.8
53 5.6 6.7
1.6 1.7 22
17.05.-12.07.06

1.9 1.4 8.0
2.5 22 28
0.6 0.6 0.5
12.07.-08.08.06

33 3.5 9.5
4.6 46 <LOQ
1.0 1.3 2.0

LOQ limit of quantitation
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Table 3 PCBs, HCB, and PeCB summary of concentrations in soil (ng/g dry weight) at the sampling sites in Estonia (July 12, 2006)

Sampling site/Compound Tallinn EEO1 Muuga Port EE02 Lahemaa EE03 Kunda EE04 Kohtla-Jarve EE0S
PCB 28 0.2 <LOQ <LOQ <LOQ <LOQ
PCB 52 0.6 0.6 <LOQ <LOQ <LOQ
PCB 101 1.1 0.2 <LOQ <LOQ 0.1
PCB 118 3.6 0.6 <LOQ <LOQ 0.3
PCB 153 2.4 0.3 0.1 <LOQ 0.2
PCB 138 2.7 0.3 0.1 <LOQ 0.2
PCB 180 1.3 0.1 0.1 <LOQ <LOQ
Sum of PCBs 12.0 2.1 0.3 <LOQ 0.8
HCB 0.5 0.1 0.1 <LOQ 0.1
PeCB 0.1 0.1 <LOQ <LOQ 0.0

Pacyna et al. (2003) focused on European HCB
emissions, concluding that emissions had been reduced
from a total of 200 t/year in 1970 to 40 t/year in 1993. By
the mid-1990s, the greatest contributors to the European
inventory were Russia, Spain, the Ukraine, France, and
Germany. In the data of Jaward et al. (2004), the highest
value was obtained at a location in the southern part of rural
Germany where local agricultural usage of HCB in glass-
houses has been high.

Industrial HCB was emitted in the 100,000-t scale
(Barber et al. 2005) in history containing PeCB as an
impurity and were distributed in the environment. HCB
additionally were produced as industrial by-products in
some organochlorine production in the 1,000-t scale from
single facilities documented, e.g., for Ukraine or Czech
Republic (Weber et al. 2008a, b) and Russia, East Europe,
East Germany/Germany (Heinisch et al. 2006). Also, this
so-called HCB waste certainly includes PeCB and was
often landfilled from where it can slowly be released from
these deposits into the environment (Heinisch et al. 2006;
Weber et al. 2008a, b). A part of HCB (as other POPs)
already reached the arctic, while a part is adsorbed in soil
(Beck and Hansen 1974; Klanova et al. 2007; Sajwan et al.
2008) and also adsorbed by vegetation such as the forest
(Horstman and McLachtan 1998; Trapp et al. 2001).
Chlorobenzenes are also formed by waste incineration
processes and from other thermal processes, e.g., in metal

industry or biomass combustion. In these processes, PeCB
(and TetraCB) are formed in higher concentrations com-
pared to HCB (Ballschmitter et al. 1988; Weber and
Hagenmaier 1999; Weber et al. 2008a).

In our study, we found a relatively consistent ratio of
HCB/PeCB, ranging between 2.5 and 5.6. Therefore, the
HCB and PeCB do not stem from incineration processes
but mainly from the revolatilization of industrial HCB with
a minor impact of PeCB. The relatively higher impact of
PeCB in the air compared to the industrial product can be
explained by higher revolatization rates of the more volatile
PeCB. The revolatilization theory is consistent with the
finding of higher HCB and PeCB values in the hot months
(July and August) of our study. To which extent revolati-
lization of the forest fires in Russia could have contributed
cannot be clarified with the limited data set. Also, it is
unclear if and to which extent revolatilization from
deposited HCB waste stockpiles from organochlorine
production in East Europe and Russia have contributed.
To clarify these important questions, monitoring of the
known deposits and tracking of unknown industrial
deposits should be carried out.

Also, the ratio of HCB/PeCB which differs considerably
throughout European countries should be surveyed in more
detail (e.g., the ratio of HCB/PeCB, ranging between 2.5
and 5.6 in the present study, is two to three times higher in
Central Europe; Dvorska et al. 2008).

Table 4 Each HCH and its summary of concentrations in soil (ng/g dry weight) at the sampling sites in Estonia (July 12, 2006)

Sampling site/Compound Tallinn EEO1 Muuga Port EE02 Lahemaa EE03 Kunda EE04 Kohtla-Jarve EE0S
Alpha-HCH 0.2 0.3 <LOQ 0.3 <LOQ

Beta-HCH 0.2 0.3 0.1 0.2 0.2

Gamma-HCH <LOQ 0.5 0.1 <LOQ 0.2

Delta-HCH <LOQ <LOQ <LOQ <LOQ <LOQ

Sum of HCHs 0.4 1.1 0.2 0.5 0.4

@ Springer

193



Environ Sci Pollut Res (2010) 17:740-749

747

Distribution of H

CH concentrations in the ambient air samples in 2006

Distribution of DDT concentrations
in the ambient air samples in 2006
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Fig. 2 Location of sampling sites, meteorological stations (marked by flags), distribution of HCH (sum of «-, 3-,y-, and 6-HCH) and DDT in the

ambient air (ng/per filter) March—August 2006 in Estonia

3.2 Distribution of HCHs

For HCHs, the levels in Estonian sites were generally low
(Table 4; Fig. 2); the highest median values were
determined in Tallinn (near the car park) and Muuga Port,

but each site had a different seasonal pattern. While in
Tallinn the levels were highest in the spring, in Muuga
Port, these were highest in the last summer period. Lower
levels (one or two thirds) were found at the other three
sites, all of them showing the spring maximum. Interest-

Table 5 Each DDT and its summary of concentrations in soil (ng/g dry weight) at the sampling sites in Estonia (August 2006)

Sampling site/Compound Tallinn EEO1 Muuga Port EE02 Lahemaa EE03 Kunda EE04 Kohtla-Jarve EE0S
0,p'DDE 0.1 <LOQ <LOQ <LOQ <LOQ

p.p'DDE 5.7 0.9 0.1 0.3 0.3

0,p'DDD 0.8 0.5 <LOQ <LOQ 0.1

p.p'DDD 4.6 2.1 <LOQ <LOQ 0.2

0,p'DDT <LOQ 0.1 <LOQ <LOQ <LOQ

p.p'DDT 0.8 0.1 <LOQ <LOQ <LOQ

Sum of DDTs 11.9 3.6 0.1 0.4 0.5
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ingly, x-HCH was more abundant than y-HCH in most air
measurements.

HCH concentrations in all soil samples were very low,
highest in Muuga Port (see Table 4). It is directly related to
high HCH concentration in the ambient air at Muuga in
July and August. The steady ground-boundary wind with
low speed from the northeast to the eastern sector blowing
directly from Sea Port toward the monitoring station
(42.1% of the monitoring period) was dominating. This
allows us to suggest that HCH deposited in this period at
Muuga site was of local origin.

3.3 Distribution of DDT

DDT levels were very low in Estonia, slightly elevated in
Tallinn area (Tallinn and Muuga Port) and also in Kohtla-
Jarve compared to the background levels in Lahemaa.
Similar to HCHs, the highest DDT levels were determined
in the spring samples, although concentrations were
relatively uniform throughout the summer period. The
highest DDT levels in the soil samples were observed in
Tallinn and Kohtla-Jarve, one order of magnitude higher
than the other sites (Table 5). p,p'DDE was most abundant
in both the air and soil samples. Considering relatively high
wind speed (3.8—4.2 m/s) and dominant wind from SW, S
and SE sectors in spring, it can be assumed that part of the
DDT has a transboundary origin. The assumption is supported
by the survey of Jaward et al. (2004) indicating the highest
levels of these compounds in Russia and Italy, while the
lowest values of the DDT were observed in the north and
west of Europe. In both cases, low p,p’'DDE/p,p'DDT ratios
were measured, suggestive of a fresh p,p'DDT signal.

As DDTs were banned in Estonia since 1967, we could
summarize OCPs atmospheric input domination in Estonia
(Agrell et al. 2001; Roots and Sweetman 2007) as well as in
the Scandinavian countries (Gioia et al. 2007). In general,
DDE/DDT ratio was >1, indicating no fresh input (Agrell
et al. 2001; Gioia et al. 2007; Roots and Sweetman 2007).
When the winds blew mainly from the northeastern or
southeastern directions, the highest summary HCH and
DDT levels in Estonian monitoring stations were deter-
mined. The wind direction at the end of July and beginning of
August was from NE with relatively high speed (4-7 m/s)—
brought in air from the Russian side where several big wild
forest fires were in the northwestern part at this time. There is
no indication of increased levels of concentrations of the
above-listed isomers in northeastern Estonia where the oil
shale processing causes certain pollution impacts (Roose and
Roots 2005). Though the passive sampling does not apply
for the monitoring of short-term fluxes, the method is
capable of reflecting background levels in long-term pro-
spective for potential effect on human health due to long-
term exposition of OCPs.
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4 Conclusions

PCB and its congeners, HCB, PeCB, HCH, and DDT, were
very low in Estonia. None of the persistent organochlorine
pesticides have ever been produced in Estonia, and as of
today, all the old OCP stocks in the country have been
destroyed. Atmospheric input of OCPs to Estonia has a clear
seasonal pattern based on wind climate. Long-range atmo-
spheric transport is most important in the cold season from
October to March when strong and steady airflow from the
south, southwest, and west occurs, and zonal wind velocity
component clearly dominates over meridional wind velocity
component (u=7-11 m/s and v<=2 m/s at 500-hPa level).
Highest concentrations could be expected in March and
April when southwestern airflow is still strong and domi-
nant, but air humidity is lower and deposition takes place far
from the place of origin of OCPs. The highest share of local
sources prevails in summer (from May until August) when
ground-boundary wind speed is low, long-range transport is
limited, and locally formed convective airflows may tempo-
rarily increase the concentration of PCB, especially in the
vicinity of industrial and urban areas. In soil, the OCP levels
were at the limit of detection, except in some cases in Tallinn
and Muuga where local anthropogenic impact occurs.

Based on the results for persistent organic pollutants in
this article and the data from Sajwan et al. (2008) in a limited
number of air and soil samples from Estonia, the contami-
nation level of these contaminants seem to be relatively low.

Results of the passive air sampling in Estonia in 2006
confirmed that the method is sensitive in detecting even
small-scale differences, which makes them feasible for
monitoring the spatial, seasonal, and temporal variations.
Based on the results of the MONET CEEC campaign,
Lahemaa background station seems to be an appropriate
candidate for the continuous background monitoring of
persistent organic pollutants. Passive air sampling could be
employed more widely to explore long-term human expo-
sure to OCP deposition and assess potential health risks. The
survey based on passive air sampling could be extended from
Central and Eastern Europe to other European regions to get
methodically adjusted cross-European data coverage.

In future, the inclusion of PeCB in monitoring of the
different environments is necessary to understand sources
and the environmental fate of this POPs proposed to be
included in the Stockholm Convention. Here, one evalua-
tion parameter is the ratio of HCB/PeCB which differs
between the European countries and should be assessed for
other regions. In addition, ground-boundary wind condi-
tions should be related to tropospheric trajectories of air
masses to upgrade surveys of several previous studies
(Jaward et al. 2004; Gioia et al. 2007).

Future monitoring of POPs in Estonia including the
currently proposed new POPs is ultimately necessary to
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conclude on their relevance for the country and the impact
of transport from the regions in this area.
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Abstract

Background, aim and scope The breast milk has been rec-
ommended to carry out as a monitoring tool for effective-
ness evaluation of the Stockholm Convention on Persistent
Organic Pollutants (POPs). Polychlorinated biphenyls
(PCBs), dichlorodiphenyltrichloro-ethane (DDT) and its
metabolites (DDX), hexachlorbenzene (HCB) and isomers
of hexachlocyklohexane (HCHs) have been monitored in
the breast milk of nursing mothers in the Czech Republic
since 1994 as a part of The Environmental Health Monitor-
ing System. Knowledge about long-term POPs distribution
and accumulation in the human body is crucial to under-
standing uptake, degradation and subsequent effects as
well as to conduct risk assessments. The main aim of
this study is to evaluate 15-years long-term trends of
selected POPs in human milk in the Czech Republic
and to elucidate the questionnaire information about the
age, parity and social habits, to the final concentrations.
This effectiveness evaluation of POPs restriction is quite
precisely after 15-years monitoring campaigns.

Materials, methods and results The human milk samples
(4,753 samples) were analysed for a number of chlorinated
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organic chemicals including PCBs and selected chlorinated
pesticides (OCPs, HCB, HCHs, DDX). The relative change
of concentration per year for all chemicals was analysed.
The remaining percentages of POPs in breast milk in com-
parison to 1994 are also expressed. Czech population half-
lives of POPs in breast milk, derived from either linear or
exponential models were computed.

Conclusions and perspectives The long-term data indicates
a continuation of a decreasing trend of POPs concentrations
on breast milk. Our study did not confirm lactation and
parity as an important outflux resulting in the decrease in
concentrations in mothers, which is in the antagonism with
most of the studies. The higher BMI was associated with
higher amounts of HCB and lower amounts of higher chlo-
rinated PCBs. The results confirm the effectiveness of
restrictions of POPs usage in the Czech Republic. This
ongoing long-term study is very useful tool for parametric
effectiveness evaluation of Stockholm Convention.

Keywords Human breast milk - Long-term trends - POPs
monitoring - Half-lives of POPs in breast milk - Czech
Republic - Effectiveness evaluation - Stockholm Convention

1 Background, aim and scope

Persistent organic pollutants (POPs), as lipophilic chemi-
cals, accumulate in the environmental lipids. In humans,
they tend to be stored in the adipose tissues. In mothers,
just before the birth of a child, when the lactation starts,
amount of fat in the blood rises and chemicals are mobilised
from lipid tissues (Wang and Needham 2007). Chemicals
are believed to be transported across the mammary epithelial
membrane into milk by transcellular pathways driven by
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passive diffusion (Hausner et al. 2008). The very first infor-
mation about the environmental chemicals in the human
milk appeared in the 1950s (Laug et al. 1951).

Due to their toxicity, high resistance to biodegradation,
bioaccumulation and long-range transport ability, persistent
organic pollutants were restricted or banned (Lignell et al.
2009) in international parties by ratification of the Stockholm
Convention (Albers et al. 1996) in March 2004. National
Implementation Plans have been established and breast milk
has been recommended to carry out as a monitoring tool for
effectiveness evaluation of the SC in the time period following
its ratification in all of actual 173 parties (UNEP 2010, WHO
2007). Selected persistent chlorinated organic pollutants poly-
chlorinated biphenyls (PCBs), dichlorodiphenyltrichloro-
ethane (DDT) and its metabolites (DDX), hexachlorbenzene
(HCB) and isomers of hexachlocyclohexane (HCHs)
have been monitored in the breast milk of nursing
mothers in the Czech Republic since 1994 as a part of
The Environmental Health Monitoring System (EHMS)
in the Czech Republic based on the Government Decree
No. 369/1991 (Cerné et al. 2007). Former Czechoslovakian
production of chlorinated POPs was permitted in the mid
1980s (Holoubek 2004).

The study aims to summarize the whole long-term sam-
pling period in the Czech Republic and elucidate the ques-
tionnaire information about the age, parity and social habits,
to the final concentrations. Now, 15 years later, we can
evaluate the effect of POPs restriction and interpret the
results of monitoring quite precisely.

2 Materials and methods
2.1 Population in the study

In the period 1994-2003, monitoring was conducted in four
areas; two of them (Plzeii and Usti nad Labem) have a
higher level of industrialization and traffic load, whereas
the remaining two (BeneSov and Zd’4r nad Sézavou) repre-
sent rather rural areas (3,544 individuals), although they also
have industrial zones on the outskirts. The protocol of the
monitoring was approved by the Ethical Committee of the
National Institute of Public Health in Prague

Since 2005, the monitored urban areas with a potential of
increased exposure included the capital city of Prague and
Ostrava—a city in northern Moravia. The less polluted
urban areas are Liberec, Kroméfiz and Uherské Hradisté
(1,209 individuals; see Fig. 1).

A short questionnaire is used to obtain information on
age, weight, height and stay in the locality, medication,
occupational exposure and lifestyle habits, and above all
smoking (Cerna et al. 2007). Results were partially pre-
sented earlier by Cerna et al. (2011, 2003).

2.2 Sample preparation and chemical analysis

Samples were pooled from every single mother during
1 week; thus “weeks after delivery” are used instead of
days. The milk samples collected in glass vessels were
stored frozen (—18°C) until they were analysed. Isotope

Number of mothers from area
BE1
2
K]
4
. 5
EmG-7
- 10
1114
N 15 - 50

) 51 -811

Fig. 1 Number of participating mothers from the smallest NUTS 5 we used (Nomenclature of Territorial Units for Statistics- in the Czech

Republic) within different ages of the participants
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dilution method was used for quantification of the com-
pounds. Samples were spiked with internal standards ('*C
labelled y-HCH, p,p"-DDE, PCB 52, 101, 153, 138, 180).
Organochlorine pesticides and PCBs were extracted repeat-
edly with the mixture of diethylether—hexane (1:1) three
times in a shaker and centrifuged by 3,000 rpm. Samples
were dissolved in hexane and cleaned up on a silica gel
column (5 g of H,SO,4 deactivated silica gel, with 50 ml of
n-hexane). The syringe standard was added and samples
were concentrated to a final volume of about 100 pl of
heptane under gentle stream of nitrogen. Samples were
analysed by the GC/MS/MS on capillary column DB5-ms
(30 m»0.25 mmx0.25 pm).The lipid content was deter-
mined gravimetrically after evaporation of solvents.

The analysing laboratory is accredited by Czech Accredi-
tation Institute in accordance to ISO17025. The method was
validated using certified reference materials NIST 1588a and
BCR430 with properties similar to the samples. Process blank
samples are analysed with each series of sample (ca. 30—40
samples). In accordance with standard operating procedures,
the recoveries of internal standards have to range between
50% and 130%. When unsatisfactory recoveries obtained,
the analysis is repeated. The limits of quantification (LOQs)
for OCPs and PCBs ranged from 0.01 to 0.5 and 0.01 to
0.03 ng/g lipd weight (Iw), respectively.

2.3 Statistical analysis

Data processing and all analyses were carried out using the
following software programmes: STATISTICA version 9.1.
and IBM SPSS Statistics version 19.

In order to avoid misinterpretation of the results, half of
the detection limit was used in all summations. For compu-
tation of ratios, only cases with concentration higher than
the detection limit in all elements were involved.

Concentrations of lower chlorinated PCBs (28, 52 and
101) are very often below or on the limit of detection (up to
59% of cases). Higher chlorinated PCBs can be bioaccumu-
lated and are recalcitranting to degradation in comparison to
the lower chlorinated PCBs. This causes that the ratio of the
PCBs in the diet can vary in comparison with the ratio
present in milk (Watanabe et al. 1979).

Due to high skewness of practically all parameters, the
statistical results were conducted via non-parametric tests.
For correlations, Kendall’s statistics was used; Kruskall—-
Wallis ANOVA was used to evaluate the differences be-
tween groups with post hoc test (Tukey HSD).

3 Results

Within the last 15 years, an extensive database of breast
milk samples has been made. The samples collected from

@ Springer

200

volunteers in the various regions of the Czech Republic
covered in total 4,753 mothers originating from various
municipalities; with about 300 individuals per year.

3.1 Demographic and social background

Summary statistics are gathered in Table 1 together with
overall concentrations. Mothers were mostly primiparae
(75.6%), 20.4% were delivering for the second time and
only 4% had more than two children. The median age of
these women is 26 years; however, the year of the delivery is
of crucial importance, since the median in 1994 was 24.6
and the median in 2009 was 29.4. Statistically significant
linear relationship was found between a mother’s age and a
year of delivery, with 0.33 as the slope factor (i.e. every year
the average age of mothers increases of about 4 months com-
pared with the previous year). On the other hand, the age of
the oldest mothers has been stable for several years. Week of
the sampling in our study ranged between 1st—41st week.
Maternal body mass index was 24.09 and the standard
deviation was 3.52 resulting in the assumption of a fairly
homogeneous somatotype of mothers. The median fat con-
tent of the milk was 1.93%. Smoking habits were divided
into four groups to explore the contribution of present
smokers (7.2%), former smokers(27.1%), non-smokers with
smoking at home influence (25.7) and non- smokers (40%).

4 Discussion

Correlation coefficients between chemicals were highest
between higher chlorinated PCB’s, suggesting a similar
exposure pathway and similar behaviour. Other inter-
chemical variations were mostly significant (p<0.01), with
alpha-HCH being an exception with a significant correlation
with other HCHs isomers and lower chlorinated PCBs only.

Some of the chlorinated pesticides were measured only
for several years (two to four) and their time trends are not
discussed (alpha-HCH, o,p’-DDD, p,p’-DDD, o,p’-DDE,
0,p’-DDT). PCB 170 started to be measured in 2005. The
remaining chemicals were tested for time trends (Figs. 2, 3,
4 and S1-S9). In all cases, a significant decrease (p<0.001)
in their concentrations was proved, which corresponds with
other studies (Albers et al. 1996, Fitzgerald et al. 2001,
Lignell et al. 2009, Polder et al. 2009, Schade and Heinzow
1998). The year of the sampling is the most important
parameter since the Czech population lives in the postban
(after the end of primary emissions) situation. Table 2 shows
a relative change per year for all chemicals with sufficient
data and measuring period, expressed as a Kgec year» Which
refers to the decline in concentrations (nanograms per gram
per day) derived from either linear or exponential models.
See Table S1 for whole equations. HCB and gama-HCH
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Table 1 Summary of the statis-

tical data concerning the general Percentile 5 Median Percentile 95 Mean Standard deviation

characteristics of women who

took part in the survey and their Age 20 26 34 26 4

overall concentrations presented Number of delivery 1 1 2 1 1

g medn e i ) s e w e I
Height (m) 157 168 177 167 6
BMI (kg/m?) 20.07 24.09 31.23 24.81 3.52
Milk fat% 0.58 1.93 49 2.23 1.36
Concentrations ng/g LW
PCB 28 1.46 2.5 35 9.57 23.95
PCB 52 0.12 2.5 138.7 25.71 66.83
PCB 101 0.36 1.5 15 3.86 11.15
PCB 118 1.5 12.23 38.5 15.19 14.53
PCB 138 46 132 347 159.5 136.1
PCB 153 67.38 182 498 221.8 167.6
PCB 180 452 137 388.5 168.6 139.2
PCB 170 21.7 59.1 153 71.52 67.71
HCB 26.1 115 642.3 198.7 245.1
Alpha-HCH 0.06 0.5 2.25 0.72 0.69
Beta-HCH 1.5 20.3 75.2 27.65 31.43
Gama-HCH 0.47 2.5 19.8 5.94 10.61
p,p’-DDD 0.19 0.81 3.1 1.1 1.07
o,p’-DDE 0.04 0.25 0.8 0.32 0.3
p,p’-DDE 108 330 880 394 306.4
0,p’-DDT 0.22 0.65 2.09 0.86 0.78
p,p-DDT 1 16.8 98 29.97 46.59

LW lipid weight

concentration changes have an exponential character. The
remaining percentages of chemicals in population in 2009 in
comparison to the those in the 1994 are expressed in the
second column, Czech population half-lives (¢1/ popul) de-
rived from the same models as kgec year are shown in the
third column. Parent compound p,p’-DDT is present in the
samples in a low amounts, while p,p’-DDE, as a dominant

metabolite, persists. The ratio between the parent compound
and the metabolite can be used as a rough estimate of the
period of its application. A steady increase in the ratio has
been observed throughout the years (see Fig. 5). Other
chlorinated pesticides are still present in the breast milk,
but in much lower amounts which are closer to the limit of
detection.

Fig. 2 Time trend of PCBs. 500 -
Median concentrations in PCBs OPCB138
nanograms per gram of lipids in 450 1 O :02153
milk with 75% and 25% 400 4 2 PeB1S0
. EPCB170

percentile

350 1

300 4

250 1

200 1

150 1

100 1

50 1
0 T T T T T T T T T T T T T T 1

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2005 2006 2007 2008 2009
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Fig. 3 Time trend of HCB. 700 +
Median concentrations in
nanograms per gram of lipids in 600
milk with 75% and 25%
percentile

500 <

a00 [

300 4

200 1

100

0 T T

HCB

(PR

1994 1995 1996 1997

High concentrations of PCBs were detected in the Czech
Republic in the past (Cerna and Bencko 1999) and con-
firmed to be one of the highest in Europe in the WHO-
coordinated Exposure Study (WHO/ECEH 1996). Later
restrictions are the possible reason for elevated exposure in
comparison with other European countries (Cernd et al.
2003, Holoubek 2004).

To test the influence of parameters other than the year of
sampling, which is the most important, we have performed
standardisation in the Statistica programme according to
Eq. 1

Cstd _ Coriginal - Cyear (1)
SD

where Cyq stands for the standardised value, Coriginal 18 the
original concentration in the breast milk sample, Cyear is the
mean concentration of a chemical in a specific year and SD
is the standard deviation in that particular year. This equa-
tion was used for every chemical separately.

The age of mothers is another significant determinant
influencing final concentrations. Relative change with the

Fig. 4 Time trend of DDX.
Median concentrations in
nanograms per gram of lipids in
milk with 75% and 25%
percentile

650 7
600 <
550 1
500
450
400
350 1
300 4
250 4
200 -

150 1
100 1
50 4

0 T T T

1998 1999 2000 2001 2002 2003 2005 2006 2007 2008 2009
age of the mother for all chemicals with sufficient data is
expressed as a Kgec ages Which refers to the decline in con-
centrations (nanograms per gram per age) derived from
either linear or exponential models. (see Table 2). The data
have shown an increasing trend connected with the increas-
ing age; in agreement with other studies (Albers et al. 1996,
Fitzgerald et al. 2001, Lignell et al. 2009, Polder et al.
2009). This trend is clearer especially when an adjustment
of the year is applied. The results are summarized in Table 2,
and expressed as the increase in the level of POPs in the
term of 1 year of mothers. HCB and beta-HCH are
expressed in the exponential rather than the linear way.
Even though no samples have been collected from the
same participant repeatedly, the number of mothers sampled
every year allows us to perform statistical analysis of the
lactation period influence on final concentrations. Overall
scientific opinion presumes a decline in POPs level during
the course of lactation (Harris et al. 2001, Pan et al. 2010,
Schecter et al. 1996, Thomsen et al. 2010, Trapp et al. 2008,
US-EPA 2009). Our results, on the population bases, do not
support such hypothesis. A recent study done by LaKind et

DDX

O ppDDE
@ ppDDT

T

1996 1997 1998
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Table 2 Summary of trends of

chemicals within the years kdec,year (ng/g/year) Remaining% tl/Z,popul (years) kdec,age (ng/g/age)
and age of the mothers
PCB 118 0.89 3441 11.43 0.67
PCB 138 5.53 53.33 16.07 5.49
i lative ch PCB 153 7.70 54.65 16.54 9.32
dec,year Telative change per year
for all chemicals with sufficient T CD 180 4.01 66.09 22.12 9-00
data, Remaining% remaining PCB 170 4.34 43.14 13.19 3.25
percentages of chemicals in HCB (0164 year) 8.53 4.2 £(0-080><age)
ZOQ9 in comparison to '1994 sit- Beta-HCH 1.43 33.53 11.28 (0058 xage)
uation, /3 o, population based ©0.178 xyear)
half life, kdec,age relative change Gama-HCH € 6.95 3.90 0.0003
of chemicals concentration p,p’-DDE 6.97 72.03 26.81 15.24
within different ages of the p.p-DDT 2.75 775 8.13 0.90

participants

al. (2009) has shown that chlorinated organics do not con-
sistently decrease during lactation and they proposed that
this decline should no longer be assumed.

Statistically significant (p<<0.001) declination is observed
only for p,p’-DDT simultaneously with the increase in the
DDE/DDT ratio. Parent p,p’-DDT seems to be quite rapidly
metabolise into p,p’-DDE. HCB, beta-HCH and gama-HCH
showed higher concentrations (p<0.001) in the first week,
but no difference in the following weeks. Other compounds
do not show any decline with further weeks of the sampling.
The influence of the week of sampling is even lower when
results are standardised. Hereby, we agree with LaKind et al.
(2009) that additional studies that include large cohort
should be conducted to confirm these results.

The theory about decrease of life-stored POPs during the
course of lactation should support another theory of mothers
with higher parity who had already lost some proportion of
chemicals during their previous motherhood (Albers et al.
1996, Fitzgerald et al. 2001, Kostyniak et al. 1999). Higher
age of the multiparas can be sometimes responsible for no
decrease of concentrations in contrast to primiparas (Czaja
et al. 2001).

Fig. 5 Time trend of DDE/
DDT ratio in milk with 75%
and 25% percentile

60 1

DDE/DDT

50 1

40 1

30 1

20 1

10 4

If the time between subsequent children is not too long,
such decline should be observed. Mothers up to their third
child with less than 4 years from their last delivery were
chosen for comparison. Only PCB 153 have shown a down-
ward trend with the rising parity (p<0.05), other relation-
ships act inconsistently and were not significant.

Consumption of the fat-rich food, which often contains
higher concentration of the organics (Campoy et al. 2001),
could be typically linked to the higher body mass index
(BMI). On the other hand, large fat depot can serve as a
dilution reservoir (Polder et al. 2009). No direct association
between BMI and concentration was found (Sullivan et al.
1991); it is rather the diet that seems to influence adipose
concentrations (Campoy et al. 2001, Ramos et al. 1997).
The data for the dietary habits gathered in the questionnaire
are insufficient. BMI was used to compare different soma-
totypes of mothers and possible different fat depots. Higher
chlorinated PCBs (153, 180 and 170) were negatively corre-
lated with the BMI, unlike HCB (»p<0.001). The same results
were observed by Polder et al. (2009). Opposite trends of
industrial PCBs and HCB may indicate various origins of
the exposure pathway and different chemical-physical
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properties (HCB is smaller and more soluble in water, but still
very lipophilic).

Smoking habits of the mothers have been proved to be
linked with the heightened concentration of some POPs by
several authors (Hong et al. 1994, Rogan et al. 1986),
while other studies have not found any statistically signif-
icant relationship (Bates et al. 1994, Harris et al. 2001).
The mothers were divided into four “smoking” groups
according to the questionnaire (smoker, former smoker,
smoking at home, non-smoker) with the declining proba-
bility of exposure to cigarette smoke. There were no differ-
ences between those groups without normalization. The
data after normalization have shown slightly lower (in
units of percents) concentrations of higher chlorinated
PCBs, HCB, beta-HCH and p,p’-DDE for the less probable
exposed groups, in agreement with Polder et al.(2009). No
connection was found to number of confessed cigarettes
per day (p<0.001).

5 Conclusions

The sufficiently long sampling period with high number of
cases can reveal long-term trends much better than shorter
period with few data. As expected, in the postban period the
year of the sampling was a very important determinant,
because the declining trends are leading to a fraction of
original concentrations in comparison to 1994. With gama-
HCH, HCB and p, p’-DDT vanishing fastest (7-9% remains
nowadays of 1994 concentrations), while the amount
p,p’-DDE is about 72% of the 1994 levels. Population based
half-lives were determined from the long-term trends. It was
proven that age of the participant also strongly influences
the concentrations of monitored chlorinated compounds.
Older mothers have higher levels than younger ones;
this trend is clearer especially when a year adjustment
is applied. The population based results from our data-
base did not confirm lactation as an important outflux
resulting in the decrease in concentrations in mothers,
which is in the strong antagonism with other studies. A
similarly expected trend, the connection between the
parity and lower levels of POPs, was observed only
for PCB 153. The higher BMI was associated with
higher amounts of HCB and lower amounts of higher chlori-
nated PCBs. The normalization gives evidence of the influ-
ence of cigarette smoke exposure and concentration of several
chlorinated POPs.

Our results can reopen some discussions about factors
influencing the concentrations in breast milk. The results
confirm the effectiveness of restrictions of POPs usage in
the Czech Republic. This ongoing long-term study is very
useful for parametric effectiveness evaluation of Stockholm
Convention.
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Obsolete pesticide storage sites and their POP release
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Abstract Organochlorinated pesticides were widely applied
in Armenia until the 1980s, like in all former Soviet Union
republics. Subsequently, the problem of areas contaminated by
organochlorinated pesticides emerged. Environmental, waste
and food samples at one pesticide burial site (Nubarashen)
and three former pesticide storage sites (Jrarat, Echmiadzin
and Masis) were taken and analysed on the content of organo-
chlorinated pesticides, polychlorinated dibenzo-p-dioxins and
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furans and dioxin-like polychlorinated biphenyls. Gradient sam-
pling and diffusivity-based calculations provided information on
the contamination release from the hot spots on a local scale. A
risk analysis based on samples of locally produced food items
characterised the impact of storage sites on the health of nearby
residents. All four sites were found to be seriously contaminated.
High pesticide levels and soil and air contamination gradients of
several orders of magnitude were confirmed outside the fence of
the Nubarashen burial site, confirming pesticide release. A
storage in Jrarat, which was completely demolished in 1996
and contained numerous damaged bags with pure pesticides
until 2011, was found to have polluted surrounding soils by
wind dispersion of pesticide powders and air by significant
evaporation of lindane and (3-endosulfan during this period.
Dichlorodiphenyltrichloroethane-contaminated eggs, sampled
from hens roaming freely in the immediate surroundings of the
Echmiadzin storage site, revealed a significant health risk for
egg consumers above 1E—5. Although small in size and previ-
ously almost unknown to the public, storage sites like Echmiad-
zin, Masis and Jrarat were found to stock considerable amounts
of obsolete pesticides and have a significant negative influence
on the environment and human health. Multi-stakeholder coop-
eration proved to be successful in identifying such sites sus-
pected to be significant sources of persistent organic pollutants.

Keywords Obsolete organochlorinated pesticides -
Armenia - Gradient sampling - Emissions - Diffusivity-based
calculations - Health risks - Stockholm Convention

Introduction
Ten years after the adoption of the Stockholm Convention

(SC) on Persistent Organic Pollutants (POPs), major primary
emission sources are still poorly documented and secured,
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including large POP waste stockpiles (Breivik et al. 2002b;
Klanova et al. 2011; Vijgen et al. 2011). This, together with a
general lack of POP emission factor data and information on
production and consumption, leads to major uncertainties in
POP emission inventories (Barber et al. 2005; Bailey 2001;
Breivik et al. 2002a; Denier van der Gon et al. 2007; Pacyna et
al. 2003; Vijgen et al. 2011). Further, factors controlling
important re-emissions from secondary sources (soils, vege-
tation, water bodies and sediments) are not yet fully under-
stood (Nizzetto et al. 2010). This poses key challenges and
research requirements, as cost-effective exposure reductions
are based on the control of POP sources (Klanova etal. 2011).

Inventories list the amount of obsolete pesticides (many
of them POPs) stocked in developing countries and econo-
mies in transition to be about 290,000 t (FAO 2011). The
donation or purchase of pesticides in excessive amounts due
to commercial interests or the lack of inadequate aid coor-
dination, the donation or purchase of unsuitable pesticides,
poor stock management and no disposal of banned and
expired pesticides are the main reasons for the accumulation
of obsolete pesticides (FAO 2011; Haylamicheal and Dalvie
2009). Numerous research papers (e.g. Dalvie et al. 2006;
Dasgupta et al. 2010; Galuszka et al. 2011) state the world-
wide urgent need for the elimination of these dangerous
stockpiles and present detailed local and national inventories
and cleanup experiences. This paper focuses on the situation
in the former USSR, specifically Armenia.

There are about 180,000 t of obsolete pesticides estimated
as located in dumps, landfills, warehouses and stockpiles in
the territory of the former USSR (FAO 2011). As in all
republics of the former USSR, organochlorinated pesticides
(OCPs) were widely applied in Armenia until their ban in the
1980s. Subsequently, the problem of OCP-contaminated areas
(agricultural lands, former pesticide storehouses, pesticide
burial, dumps etc.) emerged. The Republic of Armenia ratified
the SC on October 22, 2003 (Republic of Armenia 2005).

As POPs possess toxic properties, resist degradation, bio-
accumulate and are subject to local, regional and global trans-
port (Stockholm Convention 2001), the SC requires the
disposal of POPs in a way that the chemical content is
destroyed or irreversibly transformed in such a way that they
do not exhibit the characteristics of persistent organic pollu-
tants. POPs are also permitted to be disposed of in an environ-
mentally sound manner when destruction or irreversible
transformation does not represent an environmentally prefera-
ble option or when the persistent organic pollutant content is
low (Stockholm Convention 2001). The SC regulates the fol-
lowing pesticides: chlordecone, x-hexachlorocyclohexane (o-
HCH), {3-hexachlorocyclohexane, y-hexachlorocyclohexane
(in 99 % purity referred to as lindane), pentachlorobenzene,
dichlorodiphenyltrichloroethane (DDT), aldrin, chlordane,
dieldrin, endrin, endosulfan, heptachlor, hexachlorobenzene,
mirex and toxaphene (Stockholm Convention 2010, 2011).
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Several sites in Armenia suspected of being contaminated
by obsolete pesticides were inspected in the past (Ritsema et
al. 2006). In the study presented here, four sites considered of
utmost urgency for a detailed assessment and identified during
a previous onsite visit were chosen for sampling. Among
them, the pesticide burial site Nubarashen is the largest and
best known obsolete pesticides hot spot in Armenia. This site
has been previously subject to the interest of the non-
governmental organisation (NGO) Armenian Women for
Health and Healthy Environment (AWHHE), the Food and
Agriculture Organisation, the Organization for Security and
Co-operation in Europe (OSCE), the International HCH and
Pesticides Association and the International POPs Elimination
Network (IPEN). The other sites, three former pesticide stor-
age sites (Jrarat, Echmiadzin and Masis), had not previously
been subject to detailed investigations.

There is evidence indicating that POP waste stockpiles,
landfills, contaminated sites and reservoirs are an ongoing
source important for the assessment of human exposure and
environmental impact (Klanova et al. 2011; Weber et al. 2008,
2011). Various mechanisms of off-site transport have been
described (for summaries, see Vijgen et al. 2011; Weber et
al. 2008) and several cases of POP release from stockpiles
documented (e.g. Elfvendahl et al. 2004; Jit et al. 2011; Marco
and Kishimba 2005). In this study, off-site transport is
addressed by investigating three aspects, i.e. emissions into
air, POP concentration gradients in surrounding soils and
toxic levels in local food.

This paper presents the results of a screening field study
based on a joint Czech—Armenian NGO project, with assistance
by scientific workers. Despite financial, temporal and personal
limitations, the sampling plan reflects the Czech rules of risk
analysis for contaminated areas (Ministry of Environment
2005) to the best possible extent. Cheap and simple tools were
used for assessing POP hot-spot effects on a local and regional
level, including passive air samplers, a simple human exposi-
tion model coupled with a health risk analysis and diffusivity-
based calculations in combination with an atmospheric trans-
port pattern analysis to discuss POP releases into air.

Methods

Sampling

Four sites (Fig. S1-S12, supplementary information) located
in the administrative territory of Yerevan and the Ararat and
Armavir regions were subject to investigation during multiple
sampling campaigns during 2010:

(a) The Nubarashen site was established as a pesticide

burial site in 1982 or earlier. Four concrete under-
ground cells are believed to contain 512 t of pesticide,
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including 192.5 t DDT and 48.4 t of HCHs (Helps
2010). The landslide-affected site has been fenced
and safeguarded since early summer 2010. An interior
drainage ends at the fence, where it transforms into a
ditch. On a hillock down the slope, livestock is occa-
sionally grazed. A bypassing temporal stream runs
down the slope to a settlement of summer houses a
kilometre away, the 2-km-distant village Mushavan
(1,500 permanent residents) and the river Getar, a
tributary to the Razdan river that runs through the 20-
km-distant capital of Yerevan. Seventeen soil, five
sediment, two egg, one cow milk, one cow cream and
four passive air samples were taken in Nubarashen and
its surroundings.
The Echmiadzin storage is a former local pesticide
distribution centre established in the 1970s or 1980s
with the majority of obsolete pesticides already
brought to the landfill (Ritsema et al. 2006). Two
locked storage rooms with a water-tight roof and
closed windows contained mostly empty packaging
and powders spilled on floors and shelves. Next to
the storage rooms are located a residential house and
vegetable bed. A fish pond filled with groundwater is
located approximately 50 m from the storage rooms.
The family (two adults, two adolescents) provides it-
self with privately grown vegetables, fruits, trout and
eggs. Another residential building is situated behind a
wall surrounding the farm. Four scratch-off/sweeping,
two soil, three water, two sediment and two egg sam-
ples were taken at the Echmiadzin storage.
The Jrarat formal governmental storage facility and
distribution centre for fertilisers and pesticides (cur-
rently referred to as Konstantin and Sisters LTD) was
established in the 1970s or 1980s and consists of a
small building that contained canisters with methyl-
mercaptophos insecticide (information provided by
the owner), rusted metal drums, spilled oils and, in a
back room, damaged bags of pesticides. A second
larger building contained dozens of damaged bags with
a consolidated substance of predominantly white col-
our and crystalline structure. Both buildings were com-
pletely demolished in 1995 or 1996. The spilled
pesticides of the outside storage were repacked in
March 2011 and transported to a third large locked
building approximately 100 m distant, with windows
and roof in reasonable condition. According to the
owner, this locked building is used for storage of
fertilisers and unspecified “biopreparates”. Close to
the site, a railroad is located that was formerly used
for pesticide transport.

Concrete ponds for commercial trout breeding (estab-
lished in 2000) and a muddy pond are 200 and 50 m
distant from the storage buildings, respectively, both

(b)

(©)
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supplied with groundwater. The fish are fed with
imported Dutch feed. In close proximity to the demol-
ished buildings, women occasionally cut grass and herbs
for consumption. Residential buildings and a fruit or-
chard are nearby. The fish farm workers may freely walk
around the site and dogs roam. The closest village is
2 km distant. Thirteen scratch-off/sweeping/plaster, three
soil, two water, one sediment, two egg, one trout and
three passive air samples were taken in the storage build-
ings and their surroundings.

The Masis privately owned and permanently safe-
guarded storage facility is located in a former facility
for the processing and distribution of agricultural prod-
ucts, established in the 1970s or 1980s. Pesticides were
stored in the past in three rooms. The largest of these, a
locked roofless room, has broken windows and is
locked. It contains damaged barrels, bottles, bags and
a thick layer of spilled powders of various colours on
the floor. The two smaller remaining locked storage
rooms are preserved and contain a thin powder layer on
the floor. The rooms are entered and used occasionally.
Nine scratch-oft/sweeping/plaster, two soil, one water,
one egg and one cow milk samples were taken in the
storage rooms and their surroundings.

(d)

For a further site description, see Ritsema et al. (2006) and
Arnika and AWHHE (2011). The sampling methodology,
sampling intervals and a detailed sample overview can be
found in the supplementary information (Table S1 and text).

Chemical analysis

Analysed pollutants are listed in Tables S3 and S4 (supple-
mentary information). The chemical analysis of solid sam-
ples marked with an upper “#” index was conducted as a part
of a doctoral thesis focused on the thermodesorption of
pesticides. These samples were processed by the standard
Environmental Protection Agency (EPA) 3550C ultrasonic
extraction methodology (EPA 2007), modified by Hendrych
et al. (2009) into a procedure for extracting water-insoluble
or slightly soluble semivolatile organic compounds from
soils, clays, sediments, sludges and waste solids. Briefly,
samples were extracted in hexane in an ultrasound water
bath. Extracts of samples N22 and E6 contained a very fine
fraction; therefore, they were cleaned up by centrifugation.
Extracts were analysed by means of gas chromatography
coupled with an electron capture detector (GC—ECD).
Other solid samples were extracted by dichloromethane.
Extracts were cleaned by means of gel permeation chroma-
tography. Water samples were extracted by microextraction
into isooctane, and no cleanup step was needed. The anal-
ysis of OCPs in solid and water samples was conducted by
means of GC-ECD. Food item samples were extracted in a
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Soxhlet apparatus by a mixture of hexane and dichloro-
methane (1:1). The extract was purified on a gel permeation
chromatogram and analysed on the OCP content by means
of gas chromatography coupled with a mass spectrometer
(GC-MS; Hradkova et al. 2012). Polyurethane foam discs
from passive air samples were extracted with dichlorome-
thane in an automatic Biichi extractor. Extracts were frac-
tionated on a sulphuric acid-modified silica gel column.
Samples were analysed by means of GC-MS (Lammel
et al. 2009).

In sample N2, the content of polychlorinated dibenzo-p-
dioxins and furans (PCDD/Fs) and dioxin-like polychlori-
nated biphenyls (PCBs) was expressed in toxic equivalents
(TEQs), and the quantification of individual congeners was
performed by an isotope dilution method using '*C-labelled
quantification standards added before extraction. Samples
were analysed by means of high-resolution mass spectrom-
etry (Neugebauer et al. 2011). PCDD/Fs-PCB TEQs in other
selected samples were analysed as dioxin receptor—chemi-
cally activated luciferase gene expression (DR-CALUX)
TEQs. Solid samples were extracted in a Soxhlet apparatus
by a hexane/acetone mixture (3:1). Extracts were cleaned in
an acid multilayer column with silica and dissolved in
dimethylsulfoxide. Food samples were extracted by a mix-
ture of hexane and diethyl ether (97:3) and the extracts
cleaned up on an acid silica column. The DR-CALUX
activity was determined (24 h exposure) and benchmarked
against 2,3,7,8-tetrachlorodibenzo-p-dioxin (Shyu et al.
2009; Stronkhorst et al. 2002).

Estimates of pesticide emissions into the atmosphere
from an open storage site

Between January 1996 and March 2011, the floor in the
small demolished building’s back room in Jrarat (Fig. S9,
supplementary information) was covered by a thick layer of
spilled pesticide powders. As only one wall and no roof
were preserved, emissions into the atmosphere were inves-
tigated. According to the authors’ knowledge, no OCP air
emission factors for open dumps were previously estimated.
Here we present a diffusivity-based approach for estimating
emissions of p,p'-DDT, p,p’-dichlorodiphenyldichloro-
ethane (p,p’-DDD), y-HCH and (3-endosulfan as pesticides
determined in high concentrations in samples J12 and J13'
(Table S3c, supplementary information).

The pesticide air concentration near the surface is based
on the ideal gas law (supplementary information). Regres-
sion equations based on Mackay et al. (1997) were used to
account for the influence of temperature on the saturated
vapour pressure of the pesticides studied. Mean daily tem-
peratures were obtained from the 50-km-distant Yerevan
meteorological station for 1996-2005 (the compilation
method of the relevant meteorological dataset is described
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in Klein Tank et al. 2002). The unavailable daily temper-
atures for January 2006—March 2011 were substituted with
corresponding median values from the previous years.

The volatilisation flux is defined as diffusion through a thin
laminar air layer above the substance surface (supplementary
information). Volatilisation is assumed to take place from the
entire surface of the contaminated area, i.e. the room of 5 x
10 m size with its floor covered by a layer of pesticide
powders with a crusted surface. A surface consisting of a pure
pesticide is assumed; therefore, the calculation represents the
maximum possible amount of the volatilised pesticide. This
major simplification is undertaken because the complicated
structure of the powder mixture (i.e. consisting of an unknown
amount of other than analysed chemicals and inert matter)
does not allow for an estimation of the pesticide’s actual
surface area. Molecular diffusivities were corrected for ambi-
ent temperature (supplementary information).

Air mass forwards trajectories

The atmospheric transport pattern of pesticides emitted from
the demolished building at Jrarat was studied for 1996—
2011. Three-dimensional air mass forwards trajectories were
generated at one starting time per day (12 UTC), using the
HYSPLIT4 model (Draxler and Rolph 2011). The periods of
June 1st—September 15th were selected for atmospheric
transport pattern analysis due to the highest daily temper-
atures (median of 24.5°C, Klein Tank et al. 2002) and hence
the highest pesticide emissions. The 120-h-long trajectories
were generated at a starting height of 200 m above ground
level, checked constantly for remaining within the atmo-
spheric boundary layer. The total of 192,600 hourly segment
endpoints (1,605 trajectories x 120 endpoints per trajectory)
was then sorted onto a 0.5°%0.5° cell grid, using ArcView
mapping software.

Human health risk analysis

The risk of food chain contamination by POPs released from
landfills and dumps has been brought to attention before
(Weber et al. 2011). In this study, human health risks result-
ing from consumption of food items produced in close
proximity to the four investigated POP hot spots were
evaluated with respect to the risk of developing cancer.

We applied the dietary exposure model of Renwick et al.
(2003), based on the EPA baseline risk assessment approach
(EPA 1989; Gaylor et al. 1997). This study assumes human
exposure is dependent on the lifetime average chronic daily
intake of every single contaminant in a food item. Pollutant
specific risks (i.e. an estimate of the probability that an
individual will develop cancer during their lifetime) were
calculated using the linear low-dose cancer risk equation.
The final cumulative carcinogenic health risk related to each
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food item at each sampling site was calculated as the sum of
partial risks related to individual OCPs. For details about
applied equations and parameters, see the supplementary
information. The results are compared to the carcinogenic
benchmark level, i.e. an exposure posing an upper-bound
lifetime excess cancer risk of 1E—6 (i.e. one cancer occur-
rence over one million people). An exposure for which the
risk factor exceeds 1E—6 is scored as significant. Carcino-
genic risks above 1E—4 are considered as unacceptable, and
addressing such health problems is a high priority (EPA
2011; Xia et al. 2010).

Results and discussion
POP contamination levels

The chemical analysis results are listed in Table S3 (supple-
mentary information). The composition of HCH isomers
indicates technical HCH stored in Nubarashen, Echmiadzin
and Masis, while lindane is stored in Jrarat.

A detailed review of legal standards and their comparison
with determined POP levels is presented in Arnika and
AWHHE (2011). In this study, we emphasize the most
contaminated sampling spots (Table 1) with regard to the
low POP content, as defined by the Basel Convention rati-
fied by the Republic of Armenia in 1999. Wastes consisting
of, containing or contaminated with POPs above the low
POP content (50 mg kg ' for individual pesticides, Basel
Convention 2008) should be disposed of in such a way that
the POP content is destroyed or irreversibly transformed.
When destruction or irreversible transformation does not
represent an environmentally preferable option, it must be
otherwise disposed of in an environmentally sound manner
(Stockholm Convention 2010).

The strongest soil pollution in Nubarashen is caused by p,
p'-DDT, with 4 gkg ™" in surface soil next to the lower fence

in the ditch following the interior drainage. A high PCDD/F
I-TEQ (2,280 ng kg™ ') may be connected with dioxin im-
purities in pesticides (Weber et al. 2008), e.g. pentachloro-
phenol (Masunaga et al. 2001) buried in Nubarashen (8.7 t,
Helps 2010) and 2.,4-dichlorophenoxyacetic acid (Becher et
al. 1996) detected in the ditch next to the fence (2.3 mg kg ';
Arnika and AWHHE 2011).

Downslope runoff of contaminated rainwater is indicated
by p,p'-DDT concentrations 1-3 orders of magnitude higher
in both the ditch and temporal stream, compared to the
hillock in between. Soil core sampling revealed concentra-
tions increasing with depth for many analysed OCPs, which
may be a result of contaminated rainwater infiltration into
deeper soil layers and/or landslides. In 60 m distance from
the lower fence, the concentration of p,p’-DDT decreases to
0.22 mg kg . Air pollution at the burial site is dominated by
HCH (2376.8 ng disc™', sum of four isomers). Up to 250 m
distant from the burial site, air levels decrease by 1 order of
magnitude for most detected substances. At a 2-km distance,
OCP concentrations are similar to levels at the Amberd rural
background Armenian EMEP station (not published).

The floor of the storage building’s inner room in Ech-
miadzin is highly contaminated by DDT isomers, aldrin,
endrin, hexachlorobenzene, chlordane (Table 1) and endo-
sulfan. On the freshly swept outer room floor, a significant
DR-CALUX TEQ (869 ng kg ' dry weight) was detected.
Contamination release from the storage to its immediate
surroundings is suggested by elevated p,p’-DDT levels
(0.22 mg kg ' dry weight) in the adjoining vegetable bed
and high levels in eggs (“Human health risks” section). The
deposition of dust swept from the storage into its surround-
ings could particularly be the contamination source. How-
ever, this hypothesis was not confirmed by the owners.

DDT levels in orders of grams per kilogram were identi-
fied near the barrels stored in the large locked building in
Jrarat. The entire building is contaminated, as demonstrated
by OCP levels in plaster and sweepings. In the small

Table 1 Sampling spots with pesticide levels determined in at least one solid matrix sample above the low POP content

POP hot spot Sampling spot p.,p'-DDT Aldrin Endrin Trans-chlordane
mg kg
Nubarashen Ditch 644,050 U U U
Temporal stream 100-115 U U U
Echmiadzin Inner room of storage building 117 50 84 109
Jrarat Large locked building 70-12,485 U U U
Small demolished building 298-515,918 U U 62
Area between two demolished buildings 257 U U U
Railway 163 U 0] U
Masis Outer small room U 111 U 6]

If more than one sample exhibited concentrations above this threshold, the lowest and highest concentrations above are listed

U under low POP content
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demolished building’s back room, spilled DDT, lindane,
chlordane and other OCP powders were identified. This room
is a source of nearby contamination due to pesticide powder
distribution by wind (256.91 mg kg™' p,p’-DDT in the nearby
soil), a release mechanism suggested to be more significant
than volatilisation (“Pesticide emissions into the atmosphere
from an open storage site” section). Significant soil contami-
nation by DDTs (sum of all isomers, 258.1 mg kg ') was also
found in the vicinity of the railway formerly used for pesticide
transport. Air pollution (i.e. the sum of pollutant concentration
in the gaseous phase and in the fraction of atmospheric as well
as pesticide particles sampled by passive air samplers) next to
the demolished building is dominated by DDTs (sum of all
isomers, 4320.4 ng disc ). Up to 200-250 m distant from the
storages, OCP air levels decrease by 1-2 orders of magnitude.

The contamination in the large roofless room in Masis is
dominated by 12.5 gkg ' HCHs (sum of o, 3 and vy iso-
mers) detected in scratch-offs sampled next to a damaged
barrel containing pink powder and 1.38 mg kg ' HCHs in
nearby plaster. Also, high p,p’-DDE and o,p"-DDT concen-
trations were determined here. High aldrin and dieldrin
levels (Table 1) dominate the floor contamination in the
small outer preserved room. Contamination release from
the storage to its immediate surroundings is suggested by
elevated p,p'-DDT levels (0.38 mg kg ™' dry weight) in the
soil nearby.

Pesticide emissions into the atmosphere from an open
storage site

The calculated emissions of pesticides into the atmosphere
from the small demolished building’s back room in Jrarat
during January 1996 and March 2011 were found to be the
lowest for p,p’-DDT and p,p’-DDD, i.e. 0.27 and 0.57 kg,
respectively. This is explained by a low vapour pressure of
DDT and its metabolites (Shen and Wania 2005). 3-
Endosulfan and y-HCH exhibit a moderately high vapour
pressure (Shen and Wania 2005; Willet et al. 1998), which is
reflected in significantly higher calculated emissions, i.e. 25
and 155 kg, respectively.

These results are based on the assumption of a surface
consisting of a pure pesticide (“Estimates of pesticide emis-
sions into the atmosphere from an open storage site” sec-
tion), which certainly leads to a significant overestimation in
the calculation, given the pesticide concentrations deter-
mined in samples J12 and J13' (Table S3c, supplementary
information). On the contrary, using a default value and
neglecting the influence of wind speed on the laminar layer
thickness may have resulted in an underestimation of the
calculated volatilisation flux. Further, the surface area sub-
ject to volatilisation is undoubtedly larger than 50 m?, due to
the real surface roughness and bumpiness (Fig. S9, supple-
mentary information).
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A further question attributes to the prevailing mechanism of
air-mediated release of particular pesticides from open dumps
into their immediate surroundings. A significant off-site trans-
port mechanism may be wind dispersion of pesticide particles
that is assumed to be more significant for DDT than volatilisa-
tion, due to its low vapour pressure and determined concentra-
tion gradients in Jrarat (“POP contamination levels” section).
These mechanisms are interconnected and difficult to quantify
by mathematical models. Flux-chamber studies would provide
information on air emission rates of pesticides and their mix-
tures from open dumps. However, they cannot fully replace re-
calculations based on field measurements due to necessary
simplifications. Passive air sampling would be a feasible onsite
monitoring tool, although it would benefit from detailed infor-
mation on sampling of airborne pesticide particles.

If discarded in open piles, these must be considered signif-
icant contributors to local air levels of moderately volatile
pesticides. However, the potential of HCHs and endosulfan
to undergo long-range atmospheric transport (Becker et al.
2011; Willet et al. 1998) has to also be considered. The
atmospheric transport pattern of pesticides emitted from the
small demolished building in Jrarat is depicted in Fig. 1. The
majority of the pesticides emitted during the summer months
(“Air mass forwards trajectories” section) are transported west-
wards, followed by a southwards turn. In a few circumstances,
fast moving air masses may transport the pesticides to the north
and east of the source. However, a full assessment of the
pollutant dispersion on a regional or global scale and identifi-
cation of potential receptor areas requires the incorporation of
wet and dry deposition, scavenging by vegetation and revola-
tilisation of moderately and highly volatile deposited substan-
ces (Bidleman 1999), i.e. multicompartment modelling.
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Fig. 1 Air mass forwards trajectories starting at the Jrarat storage
(white star). Levels of grey refer to numbers of trajectory hourly
segment endpoints per 0.5°x0.5° cell
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Human health risks

POP levels determined in food item samples are listed in Table
S3 (supplementary information). A detailed review of legal
standards and their comparison with determined POP levels is
presented in Arnika and AWHHE (2011). However, the esti-
mate of potential health risks cannot be conducted only by
consulting legal standards. A risk analysis is crucial. Non-
carcinogenic risks were found to be negligible when com-
pared to carcinogenic; therefore, they are not discussed fur-
ther. Health risks related to OCPs only were considered, as no
PCDD/Fs congener-specific chemical analysis was conducted
for any food item sample. A sensitivity analysis for under-
standing the dependency of risk estimates on the variability in
factors contributing to the health risk was conducted.

The calculated cumulative cancer risk probabilities are
listed in Table 2. For partial probabilities of individual
OCPs, see Table S5 (supplementary information).

The computed dietary exposure risk for all investigated
food items is >1E—6, i.e. significant, with p,p’-DDE con-
tributing the most (Table S5, supplementary information).
The highest cancer risk probabilities (>1E—5) were estimat-
ed in two Echmiadzin exposure cases, based on composite
egg samples taken from households located within a 10-50-
m distance from the storage rooms. A cow cream sample
from a household within a 2-km distance from the Nubar-
ashen burial site was close to 1E—5. Egg samples taken from
free-range hens within 80—100 m from the Jrarat storehouses
were slightly above 1E—6. Food item samples taken 300 m
from the storage house in Masis were well above 1E—6.
When calculating a child exposure scenario, the risk was
69 % of the adult risk, assuming children have the same
consumption rate as adults.

Sensitivity analysis identified consumption rate reduction
to be most effective in the elimination of potential health
risks. A recommended consumption rate (Table 2) suggests

areduction in consumption of each food item with respect to
the sampling site to achieve a recommended (acceptable)
risk level for long-term dietary exposure. Uncertainties as-
sociated with the cancer risk assessment method used here
include intake calculations, exposure parameters, toxicity
indexes and sample representativeness (samples N30 and
M14 were obtained from a single cow). Additionally to food
ingestion, occupational, accidental and inhalation exposure
roots are especially expected to significantly contribute to
human health risks in Jrarat, Masis and Echmiadzin as these
partially highly contaminated storages are also used for
storing currently used pesticides and other chemicals.

Conclusions

The study revealed a significant contamination of all inves-
tigated sites due to inappropriate securing of stored obsolete
pesticides, not only in outdated facilities but also in the
Nubarashen burial site. At all sites, some building parts
and immediate surroundings were contaminated well above
the low POP content, suggesting necessary cleanup actions
and appropriate disposal of this POP-contaminated waste,
along with preventing creation of new POPs, as suggested
by the Stockholm Convention. The release of PCDD/Fs
from stored obsolete pesticides (Weber et al. 2008) is sug-
gested by samples taken at the storage sites. However, at
more distant sites, other sources (e.g. possible waste burning
in house yards) may have significantly contributed to deter-
mined PCDD/F levels.

Cheap and technically simple passive air sampling revealed
significant air concentration gradients in Nubarashen and
Jrarat. For a more accurate estimate of volatile pesticide re-
lease into the atmosphere from open dumps, further research is
recommended to generate air emission factors. Soil concen-
tration gradients and contamination of soil in the immediate

Table 2 Cumulative cancer risk

probabilities for adults Sample POP hot spot Food item Cancer risk Recommended Recommended
number consumption reduction of current
amount consumption rate® (%)
N27 Nubarashen Eggs 1.28E—-6 2.3/week -23
N28 Eggs 1.79E-6 1.1/week —45
N29 Cow milk 3.06E-6 0.3 I/'week =70
N30 Cow cream 9.54E-6 0.1 I/'week -90
E12 Echmiadzin Eggs 1.59E-5 1/56 days -94
E13 Eggs 1.77E-5 1/62 days —94
123 Jrarat Eggs 1.40E-6 1.4/week =30
124 Eggs 1.89E-6 1.5/week =50
125 Trout 1.87E-6 123 g/day —49
M13 Masis Eggs 2.25E-6 1.3/week =57
“Table S2, supplementary Ml14 Cow milk 4.23E-6 0.35 week ~77
information
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storage surroundings were confirmed as well. Pesticides
leaching into groundwater could not be confirmed nor
rejected, as groundwater was sampled from taps. It is not clear
whether the DDT levels found originate in the contamination
of the groundwater itself or the pipe construction materials.

Pesticide release into nearby soils was also confirmed by
significant dietary exposure risks originating from locally
produced eggs and milk produced by freely ranging ani-
mals. These might be reduced in future by replacing the
domestic animals and a cleanup of the particular ranging
areas. Further health risks should be avoided by informing
employees and nearby residents about possible risks. The
wearing of personal protection equipment when entering the
sites should be highly recommended.

Due to limitations of the study, a detailed risk analysis
supported by additional sampling where necessary should
characterise and quantify all risks posed to humans and the
environment and define the precise extent of decontamina-
tion. Further screening field studies should be conducted at
sites supposedly contaminated by POPs, as listed in Ritsema
et al. (2000).
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ABSTRACT
The ambient air and soil monitoring network was established in 22 countries of Central and Eastern Europe (CEE) Keywords:

in support of the Global Monitoring Plan under the Stockholm Convention on Persistent Organic Pollutants.
Polyurethane foam based passive air samplers were used as a tool for monitoring of POPs in ambient air at
remote, rural, suburban, and urban sites with the aim of filling the information gaps identified in this UN region.
High atmospheric levels of PCBs, HCHs, DDTs or HCB were observed at the rural as well as urban sites indicating
that organochlorines still pose a significant problem in CEE. Pesticide storage, industrial complexes, military zones,
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and landfills were responsible for the elevated levels of POPs in this survey. The background levels of these

compounds, however, were often elevated, too.
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1. Introduction

Central and Eastern Europe (CEE) is a region suffering a
general lack of data on concentrations of persistent organic
pollutants (POPs) in the environment (UNEP, 2002a; UNEP, 2002b).
Many CEE countries (as well as former Soviet Union countries in
Asia) have to deal with the same historical burden: heavy industry
(coal mining, metallurgy, smelting, steel industry, and power
stations), former production of POP chemicals including
polychlorinated biphenyls (PCBs) or organochlorine pesticides
(OCPs), extensive agriculture, as well as poor environmental
management. Information on production, export, import and
application of the POP chemicals was scarce in the past but
improved significantly in the last few years with development of
the National Inventories (NIs) of POPs in the signatory countries of
the Stockholm Convention. In these documents, it has been stated
that there is currently no intentional production of POP chemicals
in the region. The stocks of obsolete pesticides, POPs containing
equipment, and old environmental burdens were identified as the
most important sources of the POPs pollution (Ruzickova et al.,
2008) together with the industrial technologies and open
combustion processes resulting in unintentional releases of
polychlorinated dioxins and furans (PCDDs/Fs) and polycyclic
aromatic hydrocarbons (PAHs) (Zencak et al., 2007; Kukucka et al.,
2009; Gasic et al.,, 2010; Lammel et al., 2010a; Lammel et al.,
2010b; Lammel et al.,, 2011). Various programs focused on
identifying POP pesticides. Re—packing and storing them under the
environmentally—sound conditions have been carried out in the
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CEE countries since 1990s. Still, it has been difficult to estimate a
total amount of legally and illegally stored pesticides and other
POPs in this region. The situation has been further complicated by
recent war conflicts. Burning or damaging of industrial and military
targets in the former Republic of Yugoslavia during the Balkan wars
and the "Allied Force" operation in the spring of 1999 resulted in a
release of the large amounts of POPs (including polychlorinated
biphenyls, flame-retardants, and explosives) into the environment
(Melas et al., 2000; Kerekes et al., 2001; Picer and Holoubek, 2003;
Picer and Picer, 2003). Many damaged PCB filled capacitors
remained in service posing further risks, and even when their
operation was discontinued, they were stored without proper
management (Klanova et al., 2007a; Klanova et al., 2007b; Radonic
et al., 2009) . The damaged military facilities presented a problem
of their own but no information on their status was available to the
public. Even less information was released on the impact of the
war conflicts in the Caucasian region (between Armenia and
Azerbaijan, in Georgia) or in the Russian Federation (Chechnya).

Availability of data on the environmental levels of POPs is
generally limited in the CEE region (Roots and Sweetman, 2007;
Skarek et al., 2007; Bartos et al., 2009). The only program
monitoring POPs in ambient air on the long—term basis has been
carried out in the Czech Republic. This background station of the
Czech Hydrometeorological Institute (CHMI) is a part of the
European Monitoring and Evaluation Program (EMEP). POPs in
ambient air (but also in atmospheric deposition, surface water,
sediment, soil and biota) have been monitored in Kosetice since
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1988 (Holoubek et al., 2007a; Holoubek et al., 2007b; Dvorska et
al., 2008). In 2004, the passive air monitoring network (MOnitoring
NETwork) was established in the Czech Republic (Cupr et al., 2006;
Klanova et al., 2006), and by 2006, it expanded to the rest of the
CEE region. One of the goals was to establish the regional baseline
of the POP concentrations in ambient air for the purpose of the
Global Monitoring Plan (GMP). A design of this network, however,
went beyond the first GMP report. It addressed a more general
need for collecting representative regional data on the POP
pollution (Mlilukaite et al., 2008; Roots et al., 2010; Stafilov et al.,
2011), and improving the knowledge on spatial and temporal
variability of POPs in the CEE region. For many countries, this
campaign provided the first information on the atmospheric levels
of POPs.

2. Materials and Methods
2.1. Sampling sites

Passive air samplers were employed in 22 CEE countries
(Armenia, Belarus, Bosnia and Herzegovina, Bulgaria, Estonia,
Hungary, Croatia, Czech Republic, Kazakhstan, Kyrgyzstan, Latvia,
Lithuania, Macedonia, Moldova, Montenegro, Poland, Romania,
Russian Federation, Serbia, Slovakia, Slovenia, Ukraine) between
2006 and 2008. This network consisted of 155 urban, rural and
remote sites, many of them affected by industry, traffic, agriculture
or residential activities. Out of this number, 55 sites could be
classified as remote, rural or urban background, and 10 of them
belonged to the EMEP network. Details on the sampling sites are
presented in Table S1 and Figure S1 in Supporting Material (SM).

2.2. Sampling

The passive air samplers consisting of the polyurethane foam
disks (15 cm diameter, 1.5 cm thick, density 0.030gcm_3, type
N 3038; Gumotex Breclav, Czech Republic) housed in the protective
chambers were employed in this study. A theory of the passive air
sampling using the similar devices was described elsewhere
(Shoeib and Harner, 2002; Harner et al., 2004; Harner et al., 2006).
The sampling chambers were prewashed and solvent-rinsed with
acetone prior to installation. All PUF disks were prewashed,
cleaned (8 hours extraction inacetone and 8hours in
dichloromethane), wrapped in two layers of the aluminum foil,
placed in zip—lock polyethylene bags and kept in the freezer prior
to their deployment. The PUF disks were exposed for 4 weeks and
the field blanks were obtained by installing and removing the PUF
disks at all sampling sites. An average sampling rate of such device
was estimated to be 3.5-7 m> per day (Klanova et al., 2008) based
on the co—employment of the active and passive samplers (giving
100-200 m” of air in four weeks of deployment). The exposed PUF
disks were wrapped in two layers of the aluminum foil, labeled,
placed in zip—lock polyethylene bags and transported in a cooler at
5°C to the laboratory where they were kept in the freezer at
—18 °C until the analysis.

2.3. Sample analysis

The surrogate recovery standards (PCB 30 and PCB 185 for
PCBs and OCP analysis, d8—naphthalene, d10-phenanthrene, d12—-
perylene for PAHs analysis) were spiked on each sample prior to
extraction. One laboratory blank and one reference material were
analyzed with each set of ten samples. All samples were extracted
with dichloromethane in a Biichi System B-811 automatic
extractor. After extraction, the sample volume was reduced under
a gentle stream of nitrogen at ambient temperature. Fractionation
was achieved on a silica gel column; a sulfuric acid modified silica
gel column was used for PCB/OCP samples. PCB 121 and terphenyl
were used as the internal standards for PCB/OCP, and PAH
analyses, respectively. Samples were analyzed using a GC-MS
instrument (HP 6890 — HP 5975) with a J&W Scientific fused silica
column DB-5MS (5% Ph) in electron impact ionization mode for
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PCBs: PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB 138, PCB
180, OCPs: o—hexachlorocyclohexane (HCH), B—HCH, y—HCH, 6—
HCH, 1,1—-dichloro—-2,2—-bis (p—chlorophenyl) ethylene (p,p"—DDE),
1,1-dichloro—2,2—bis (p—chlorophenyl) ethan (p,p’-DDD), 1,1,1-
trichloro—2,2-bis (p—chlorophenyl) ethan (p,p—DDT), o,p—DDE,
o,p—DDD, o,p —DDE, hexachlorobenzene (HCB), and
pentachlorobenzene (PeCB), and 16 US EPA polycyclic aromatic
hydrocarbons (PAHs) as described earlier (Klanova et al., 2009).
The samples (1 puL) were injected at 80 °C oven temperature and
280 °C injector and transfer line temperature. After 2 min, the
temperature was raised at 15 °C min~" to 180 °C, then at 5 °C min™"
to 310°C, and the final temperature was held for 20 min. The
carrier gas was He at a flow of 0.2 mL min~’. Data were collected in
selected ion monitoring mode.

2.4. Quality assurance/quality control

Recoveries were determined for all samples by spiking with
the surrogate standards prior to extraction. Recoveries were 76—
100%, and 71-98% for all samples, for PCBs/OCPs, and PAHs,
respectively. Recovery factors were not applied to any of data.
Recovery of native analytes measured for the reference material
varied from 88 to 103% for PCBs, from 75 to 98% for OCPs, from 72
to 102% for PAHs. The laboratory blanks were under the detection
limits for all compounds. The field blanks consisted of the pre—
extracted PUF disks that were taken to each sampling site. They
were extracted and analyzed in the same way as the samples, and
the levels in field blanks never exceeded 3% of the quantities
detected in the samples for PCBs, 1% for OCPs, 3% for PAHs,
indicating a minimal contamination during the transport, storage
and analysis.

3. Results and Discussion

The following sections summarize data on the ambient air
concentrations of POPs in CEE collected between 2006 and 2008.
As mentioned above, the temporal trends of atmospheric POPs
could only be assessed at Kosetice station in the Czech Republic
(Holoubek et al., 2007a), the only CEE site with a long—term air
monitoring program. The results of the present study, however,
extend the knowledge on the sources of atmospheric POPs in the
CEE region, their spatial distribution patterns and concentration
ranges. A full range of PCB, HCH and DDT levels measured in
background, rural and urban air are shown in Figures 1, 2, and 3.
Similar information on HCB and PAH levels is provided in SM,
Figures S2 and S4.

In order to establish the regional baseline of the POP
concentrations in ambient air, we have to pay special attention to
their levels at the background sites. Out of 155 sites assessed in
this study, 55 were the background sites (10 EMEP stations, 22
other remote and rural background sites, and 23 urban background
sites) (see the SM Table S1 and Figure S1). Descriptive statistics
(minimum, maximum, median and mean) of the atmospheric
concentrations of POPs at the remote and rural sites (including the
EMEP stations in Bosnia and Herzegovina, Estonia, Czech Republic,
Kazakhstan, Latvia, Macedonia, Slovakia, and Slovenia) are
provided in Tables S2-S6 (see the SM). Median concentrations of
POPs in the background air are shown in Figures 4, 5, 6, S2 and S4
for the individual POP groups. All concentrations are reported in
the units of nanogram or microgram per sample, each sample
corresponding to 100-200 m? of air collected in four weeks of
deployment (average sampling rate of 3.5 -7 m? per day) (Klanova
et al., 2008).

3.1. Polychlorinated biphenyls in the CEE atmosphere

Technical mixtures of PCBs were produced in several CEE countries
(former Czechoslovakia, Poland, former Soviet Union), and widely
applied in the whole region for several decades. It has been
identified in several CEE NIs that damaged transformers,



496

Pribylova et al. — Atmospheric Pollution Research 3 (2012) 494-505

BE 01

BE

m
m

e g o e )
=
s

Do
Fmm
BES

p
=

T mm
ogb
. R
2 OMN

uxjusjusjusjus)
GJIG‘>IG')IG'>IG')I
QLIILI
P =GN

A
=
=}

SR
Pl
=2

el
==
53}

0O Median
[]25%-75%
T Min Max

EE
EE

03
02 -

m
m

01

[}

01

05

PFEETETETETLLES
SEER

61 283.6 ——

187.3 —P
95715.7 —»

237 465.5
234 2 :;

=
ey
=
=)
&

40

60 80 100

Figure 1a. PCB levels in ambient air (PAS, ng samp/e'l) measured at the background, rural and urban sites of the CEE region, 2006-2008.

condensers, hydraulic systems and other PCB containing devices,
their dumping sites, waste incinerators and open systems (paints
and wood protecting layers) are the most important sources of the
atmospheric PCBs in CEE.

In the present study, the PCB concentrations ranged from 1 to
96 ug sample_1 in the ambient air samples collected in CEE
between 2006 and 2008 (Figures 1a and 1b). The highest PCB levels
(96 pg sample_l) were found in the air samples from Ust—
Kamenogorsk, Kazakhstan. These samples were collected outside
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the impregnation workshop in the industrial complex of the
capacitor plant where PCBs were used between 1968 and 1990 as
a liquid filling for the capacitors (inside this building, the PCB levels
reached 237 pg sample ™). Similar levels of PCBs (61 ug sample™)
were also found at former military base in Balchash, Kazakhstan. It
has been estimated that 980 metric tons of PCBs are still contained
in transformers and capacitors in Kazakhstan while the total
amount of wastes containing PCBs is 250000 tons. In the
Kamenogorsk city centre, the PCB concentrations were three
orders of magnitude lower but still up to 234 ng sample_l. PCB
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Figure 1b. PCB levels in ambient air (PAS, ng samp/e'l) measured at the background, rural and urban sites of the CEE region, 2006-2008.

levels comparable to Kamenogorsk city were also found at
urban/industrial sites in Romania (Braila, Filiasi or Timisoara, levels

-1 . .
up to 1 pgsample ). In the urban sites of many other countries
(Armenia, Bosnia, Czech Republic, Kyrgyzstan, Montenegro, Serbia,
Slovakia), the PCB concentrations were in the range of tens of
nanograms per sample.

As can be seen in Table S2 (see the SM) and in Figure 4, the
median PCB concentrations at the CEE background sites ranged
between 1 and 124 ng sample_l. Even lower concentrations were
found at the EMEP stations (1-23 ngsample™). In contrast, the
highest median concentrations were determined at the
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background sites in Kazakhstan, Kyrgyzstan, Armenia, but also in
the countries of former Yugoslavia (Serbia, Croatia or Montenegro)
and Romania. Generally, the PCB contamination of the background
air corresponds very well with the overall situation in each country.

3.2. Organochlorine pesticides in the CEE atmosphere

OCPs were produced in many CEE countries during the last
century, and applied in all of them. The high atmospheric levels of
OCPs are often being found in the countries where they were
never produced and their application was banned more than
20 years ago. Pesticide storages and burial sites, along with
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Figure 2a. HCH levels in ambient air (PAS, ng sample™) measured at the background, rural and urban sites of the CEE region, 2006-2008.

contaminated soils, are considered to be the main sources of
OCPs. In Kyrgyzstan alone, for instance, almost 5 000 metric tons of
pesticides were used annually to control pests, weeds, and
pathogens. Almost 2 000 metric tons of pesticides, including more
than 1 000 metric tons POP pesticides were buried in this country
and high levels of aldrin, HCH, DDT, as well as their degradation
products, have been detected in soils in the vicinity these burial
grounds. It has been estimated in the preliminary inventory that
more than 30 metric tons of DDT is still in the stockpiles. A similar
situation exists in Romania where almost 261 metric tons of POP
pesticides are known to be deposited in solid or liquid form, often
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without proper identification and adequate safety procedures.
Moldova is another country where the stockpiles of obsolete
pesticides have become a significant problem for the country, and
a major threat for the environment and population’s health. The
total stock constituted 3 000 metric tons of pesticides at the time
of the campaign, and it has been estimated that the average
amount of POP pesticides in the total stock is about 20-30%. The
obsolete pesticides are also the main reason for higher
atmospheric levels in Ukraine (5000 store houses in agricultural
facilities contained about 22000 metric tons of obsolete
pesticides, including POP pesticides) and other countries. Due to
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Figure 2b. HCH levels in ambient air (PAS, ng sample™) measured at the background, rural and urban sites of the CEE region, 2006-2008.

the lack of national strategies on obsolete pesticides management,
the large quantities of obsolete pesticides have been accumulated
in the warehouses often not properly equipped to store such
chemicals. Packing materials have deteriorated over time, causing
leakages of chemicals into the environment. The pesticides were
indiscriminately mixed during repackaging and as a result, the
whole stockpile of pesticides is contaminated with POPs.

The atmospheric concentrations of HCHs were not uniform
but ranged between 0.1 and 2320 ng sample_l. The highest HCH
levels (up to 2 320 ng sample™) were found at the industrial sites
in Romania (Turda, Onesti or Deva). Kazakhstan, Kyrgyzstan,
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Macedonia, Serbia, and the Russian Federation were among the
countries where the HCH levels reached hundreds of ng per sample
(Figures 2a and 2b).

At the background sites, the HCH levels ranged from 0.1 to
148 ng sample™* (0.5-50 ng sample™* at the EMEP sites). As with
the impacted sites, the highest concentrations were measured in
Kazakhstan, Kyrgyzstan, Romania, Moldova, and Ukraine. The
background sites in Romania and Moldova were high in
atmospheric levels of both HCHs and DDTs. Interestingly, the
lowest levels of HCHs were measured at background sites in the
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Figure 3a. DDT levels in ambient air (PAS, ng sample™) measured at the background, rural and urban sites of the CEE region, 2006-2008.

Western Balkan countries: Bosnia and Herzegovina, Slovenia, and
Croatia (see the SM, Table S3 and Figure 4).

The atmospheric levels of DDTs ranged between 0.1 and
173 ng sample_l. As with HCHs, the industrial sites in Romania
showed the highest air concentrations of DDTs (maxima were
reached at all Bucuresti sites). Kyrgyzstan, Ukraine, Serbia, or the
Czech Republic were also among the highest (Figures 3a and 3b).

A similar situation was observed for DDTs: their levels ranged
from 0.1 to 55 ng sample_1 (the same for the EMEP stations), and
the highest levels, observed at the background sites in Moldova,
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were order of magnitude higher than those found at the majority
of the other sites (see Figure 6 and Table S4 in SM).

HCB was found at much lower concentrations than the other
pesticides (0.1-46 ng sample_l). The maxima were detected in the
Russian Federation (46 ng sample_l) and Bosnia and Herzegovina
(38 ng sample™). Concentrations of 1020 ng sample™ were also
measured in Ukraine, the Czech Republic, Kazakhstan, Romania,
and Serbia (see the SM, Figures S2a and S2b).

The HCB concentrations at the background sites in Bosnia and
Herzegovina and Ukraine were an order of magnitude higher (tens
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Figure 3b. DDT levels in ambient air (PAS, ng sample'l) measured at the background, rural and urban sites of the CEE region, 2006-2008.

of ngsample_l) than those observed in remaining countries
(Table S5 and Figure S3 in SM). These levels corresponded with the
elevated levels of HCB at residential sites in Bosnia and
Herzegovina, and Ukraine.

3.3. Polycyclic aromatic hydrocarbons in the CEE atmosphere

Even though PAHs are not a subject of the international
conventions on POPs (their physicochemical properties do not
suggest persistence or bioaccumulation potential), they were
included in this survey because of their significant health impacts
and potential for long—range transport. It has been shown in
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previous studies that PAHs represent a serious problems in some
of the CEE countries (Zencak et al., 2007).

The atmospheric PAHs ranged from 118 ng sample_1 to
108 ug sample_1 and the highest levels were measured in the big
cities and industrial centers of Romania (Deva, 108 ug sample_l;
Bucuresti, 54 ug sample_l), Serbia (Kragujevac, 82 ug sample_l),
and Kazakhstan (Ust-Kamenogorsk, 30 pg sample™). Levels bet-
ween 10-20 pg sample_1 were also determined in Bulgaria, the
Russian Federation, and Kyrgyzstan (Figures S4a and S4b in SM). As
traffic and industrial emissions are the major sources of PAHs at
urban and industrial sites, a seasonality of their levels was much
less pronounced than at the background sites.
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Figure 4. The median levels of PCBs in ambient air (PAS, ng sample™) measured at the background sites of the CEE region, 2006-2008.
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Figure 5. The median levels of HCHs in ambient air (PAS, ng sample™) measured at the background sites of the CEE region, 2006-2008.
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Figure 6. The median levels of DDTs in ambient air (PAS, ng sample’l ) measured at the background sites of the CEE region, 2006-2008.

The atmospheric levels of PAHs still ranged over three orders
of magnitude (118-99 pg sample™) at the background sites of the
CEE region and their highest concentrations corresponded well
with the strongest source areas. The highest PAH levels were again
measured in Romania (Ruginesti, 99 pg sample™) but half of this
value (43 pg sample_l) was also measured at the lvan Sedlo EMEP
station in Bosnia and Herzegovina. Unlike the levels of
organochlorines, the PAH concentrations at the background sites
reached their maxima during the winter sampling periods due to
seasonal heating. The higher winter levels of PAHs were also found
in Bulgaria, Lithuania, the Czech Republic and Belarus, while the
lowest year—round concentrations were measured in Armenia and
Slovenia (see the SM, Table S6 and Figure S4).

3.4. A comparison of the results with previously reported studies

Ambient air concentrations of POPs were measured at
55 background sites in the CEE region, ranging from remote to
urban. Generally, polychlorinated biphenyls and polycyclic
aromatic hydrocarbons were found at the highest levels at the
suburban, urban and industrial background sites as their sources
are strongly associated with industry, combustion, residential
activities, local heating systems and traffic. Organochlorine
pesticides such as HCH, DDT, their isomers and metabolites were
most frequently detected at higher levels at the rural background
sites with a higher influence of the agriculture including pesticide
storage and burial sites. The EMEP stations involved in this study
showed generally low levels of atmospheric POPs when compared
to other background sites with the exception of the HCB
contamination. The atmospheric levels of POPs found in this survey
can be compared to those of the previous PAS campaign
performed at 86 EMEP stations in the summer of 2006 (Halse et al.,
2011). However, it should be noted that the previous campaign
was carried out during the warmest season, while all seasons were
equally covered in the current study. Thus, data from the two
studies may not be fully comparable. All concentration data are
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reported in picograms or nanograms per cubic meter for the
purpose of such comparison.

The average atmospheric concentration of the sum of 7 PCBs
calculated across the EMEP stations was 21 pgm™ (Halse et al.,
2011). In our campaign, the individual PCB levels measured at the
EMEP stations ranged between 10 and 293 pg m~ but their long—
term median concentrations were between 19 and 117 pg m™. The
range of PCB levels calculated across all background stations,
however, was between 10 and 1200 pg m_3, while the median
concentrations at the stations varied from 19 to 187 pg m>. It
shows both a large spatial variability in the PCB levels among the
background sites in the CEE region, as well as a large seasonal
variability that was not captured in the previous study.

The HCH concentrations at the CEE EMEP stations involved in
this campaign varied between 42 and 503 pg m= (between 60 and
434 pg m~ for the long—term median concentrations) while a
range of concentrations between 9 and 311 pg m~ was reported
previously (with an average of 64 pg m™ for all EMEP stations)
(Halse et al., 2011). These results also showed good agreement
between the old and new survey, and the results of two different
study designs. The HCH levels at all background sites involved in
this study varied from 34 to 1 062 pg m~ (median concentrations
from 52 to 883 pg m_3) demonstrating higher contamination of
background sites in the countries not involved in previous
campaigns.

Halse et al. (2011) reported that the concentration of the sum
of 4 DDTs varied between 1 and 356 pg m~ (EMEP average of
32 pg m_3) while the range of concentrations of the sum of 6 DDTs
at the CEE EMEP stations measured in this campaign was between
5 and 554 pg m~ (median levels at the individual stations 8—
414 pg m_3). This range was identical to the range of median DDT
levels determined at all background stations, showing that even
some EMEP stations (Rucava in Lithuania) have considerable
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atmospheric concentrations of organochlorine pesticides (the full
range of measured values was 5-554 pg m ).

A similar situation was observed for concentrations of HCBs at
the EMEP stations: their range was between 1 and 557 pg m™ (the
median at the individual stations was between 37 and 336 pg m™),
exactly the same as the range of all CEE background stations. In the
previously reported survey, the levels varied between 23 and
115 pg m™° (EMEP average of 49 pg m™) (Halse et al., 2011).

A greater difference between the EMEP levels and the levels
determined at other CEE background sites was observed for PAHs.
Previously reported EMEP levels were between 0.2 and 35 ng m
(the average of all EMEP sites was 6 ng m_3) (Halse et al., 2011)
while currently measured atmospheric levels of PAHs at CEE EMEP
sites ran§ed between 2 and 418 ngm’ (medlan levels between 5—
23 ngm °). The range of PAH concentrations found across all CEE
background sites was between 2 and 988 ng m™ ® (median between
5and 39 ng m_a). The inclusion of winter sampling periods into the
currently reported monitoring exercise is the reason for a greater
variability in the PAH levels.

4, Conclusions

As the EMEP stations with ongoing POP monitoring programs
are mostly situated in the northern and western parts of Europe
(Kosetice station in the Czech Republic is the only active station in
CEE), the CEE region suffers from a lack of information on the
levels of these compounds in air. First, consistent information on
the atmospheric levels of POPs in this region was generated in
2006 when the 3—-months passive air sampling campaign was
performed at 86 EMEP stations (Halse et al., 2011). In the current
study, the atmospheric levels of POPs and PAHs were monitored at
155 sites in Central and Eastern Europe. The passive air samplers
have been deployed for 6 consecutive sampling periods of 28 days
between 2006 and 2008. This survey provided new information on
(i) background atmospheric levels of POPs in the CEE countries, (ii)
concentration ranges of atmospheric POPs at urban and rural sites,
and (iii) seasonal and temporal variability of the POP levels.
Background data collected in this survey were used by the CEE
Regional Organizational Group to prepare the first GMP report
under the SC in 2009. In order to assess the long—term trends in
atmospheric levels of POPs required for the effectiveness
evaluation of the SC, selected background sites in the CEE region
continue to be monitored under the framework of the MONET
passive sampling network.
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ABSTRACT

Systematic characterization of morphological, mineralogical, chemical and toxicological properties of various
size fractions of the atmospheric particulate matter was a main focus of this study together with an assessment
of the human health risks they pose. Even though near-ground atmospheric aerosols have been a subject of
intensive research in recent years, data integrating chemical composition of particles and health risks are still
scarce and the particle size aspect has not been properly addressed yet. Filling this gap, however, is necessary
for reliable risk assessment. A high volume ambient air sampler equipped with a multi-stage cascade impactor
was used for size specific particle collection, and all 6 fractions were a subject of detailed characterization of
chemical (PAHs) and mineralogical composition of the particles, their mass size distribution and genotoxic
potential of organic extracts. Finally, the risk level for inhalation exposure associated to the carcinogenic character
of the studied PAHs has been assessed. The finest fraction (<0.45 um) exhibited the highest mass, highest active
surface, highest amount of associated PAHs and also highest direct and indirect genotoxic potentials in our model
air sample. Risk assessment of inhalation scenario indicates the significant cancer risk values in PM 1.5 size frac-
tion. This presented new approach proved to be a useful tool for human health risk assessment in the areas with

significant levels of air dust concentration.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polyaromatic hydrocarbons (PAHs) behaving like persistent organic
pollutants (POPs) are of a concern for human health (Bartos et al., 2009;
Delgado-Saborit et al., 2011; Shah and Balkhair, 2011; WHO, 2003) as
well as for the ecosystems of remote areas (such as the polar regions)
as they are bioaccumulative, resist degradation and cycle in the envi-
ronment for a long time. The atmosphere is a main pathway for their
long-range transport even though for most POPs the atmospheric
burden is only a small fraction of the total environmental load. As POPs
are semivolatile (saturation vapor pressures 10~5-1072 Pa) they parti-
tion between the phases of the atmosphere according to temperature,
particulate matter availability and chemical properties. The distribution
among the various particle fractions is important as it controls the atmo-
spheric fate. Gaseous molecules on one hand and molecules associated
with aerosol particles on the other hand side undergo different degrada-
tion and physical removal processes (dry and wet deposition). Particles
of different sizes and compositions have very different atmospheric
lifetimes.

The processes on aerosol particles and partitioning between
the gaseous and particulate phases are, however, insufficiently known
(Lohmann and Lammel, 2004) and are to be better understood in

* Corresponding author at: RECETOX — Research Centre for Toxic Compounds in the
Environment, Faculty of Science, Masaryk University, Kamenice 753/5, 625 00 Brno,
Czech Republic. Tel.: +420 549 493 511; fax: 4420 549 492 840.
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0160-4120/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.envint.2012.12.012

order to describe POPs cycling and assess related impacts to the ecosys-
tems and human health.

The health hazard of ambient air is believed to be determined by
conventional gaseous pollutants (ozone, nitrogen oxides) and particu-
late matter (PM). Numerous scientific studies have linked particle
pollution exposure to a variety of health problems, including increased
respiratory symptoms, such as irritation of the airways, coughing, diffi-
culty breathing, decreased lung function, aggravated asthma, develop-
ment of chronic bronchitis, irregular heartbeat, nonfatal heart attacks,
and premature death in people with heart or lung disease (Atkinson et
al, 2001, 2010; Kan et al, 2007; Li et al, 2011; Pope et al., 2009;
Schwartz et al., 1996; Shi et al,, 2003). A long-term exposition to elevated
levels can cause higher mortality, shorter life, higher incidence of cardio-
vascular diseases, bronchitis and lung cancers (Parodi et al., 2005). PM is
estimated to kill more than 500 000 people worldwide each year (UNEP,
1994). To prevent this loss of life we must understand the characteristics
of PM and gain insight into how these characteristics are related to
adverse health effects (Nel, 2005).

Particle size and morphology, disregarding its chemical properties,
obviously represent one of the hazards. Respirable particles are usually
divided into the coarse (diameter more than 2.5 um), fine (0.1-2.5 pm
in diameter) and ultrafine (less than 0.1 um in diameter) size fractions.
Currently, governments and quality monitoring agencies track and
regulate 10 um-diameter (PM;o) and 2.5 pm-diameter (PM, 5) particles
(European Parliament, 2008). Unfortunately, recent studies suggest
that the unregulated ultrafine particles are potentially the most danger-
ous. Growing attention is given to the potential effects of the ultrafine
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dust particles in the human health because they can penetrate deeper
into the respiration tract than fine or coarse particles do (Oberdorster
et al.,, 2002), and cause the respiratory problems (Boldo et al.,, 2011).
Pulmonary effects of PM include the triggering of inflammation in the
smaller airways, which can lead to the exacerbation of asthma and
chronic bronchitis, airway obstruction, and decreased gas exchange.
PM can also interfere with the clearance and inactivation of bacteria in
lung tissue.

The chemical composition of the particles themselves, as well as
the variety and amount of compounds sorbed on their surfaces, are
other factors expectedly responsible for the health effects. In the
ambient air, coarse particles are mostly derived from soil and sea salt.
Fine and ultrafine particles are predominantly derived from combustion
of fossil fuels and transformations of biogenic emissions (Manoli et al.,
2002; Ruusunen et al., 2011; Valavanidis et al., 2006). Ultrafine particles
are a major component emitted from vehicles propelled by fossil fuel
combustion engines. The high temperature processes are considered
to be the most significant contribution to air pollution in urban areas
(Oberdorster et al., 2002). A very large fraction of the total surface
area of PM is associated with this size range. Combustion particles com-
monly have a core of elemental carbon or fly ash coated with a layer of
chemicals including organic hydrocarbons and oxygenated hydrocar-
bons, metal ions, nitrates, and sulfates. It has been estimated for the
urban environment in Europe that 42% of these compounds originate
from traffic, 22% from industry, 11% from refineries and energetic
sources, and 9% from the local incineration, and all these components
may play a role in particle toxicity (Donaldson et al., 2002). There are a
lot of mineralogy studies (Ebert et al., 2004; Vester et al., 2007) however
connection with other particle characterization (such as toxicology) is
missed.

In spite of growing attention is devoted to the effects of PM on
human health, there are no complex studies linking the toxicological
effects of air particles to the PM size dependent chemical composition
and the most important chemical compounds sorbed on their surfaces.
Filling this gap is vital for future evaluation of the health effects of
various fractions of the atmospheric PM. We have to determine whether
in addition to monitoring the mass and the number of particles in the air
we also need to consider the chemical composition of the particles as
well as a number of toxic chemicals associated with their surfaces
when evaluating the effects of emission ultrafine particles. This study
also characterizes the human health risk for inhalation exposure to
main pollutant PAHs sorbed on air particles. The contribution of
individual PAHs congeners to total risks is determined.

In our study, a new combination of methods was used to describe the
morphology and sorption potential of various size fractions of the PM, to
determine the main chemicals associated with their surfaces and to link
it to main toxicological effect (genotoxicity) and related human health
risks.

2. Materials and methods
2.1. Air particle sampling procedures

For the purpose of this study, samples of airborne particulate matter
(<PM10) were collected in Brno, Czech Republic, in August, 2006. The
sampling location was in the industrially influenced area affected also
by road traffic and domestic emissions in the city of Brno (WGS 84
coordinates: X: 49.17725, Y: 16.573556, Z: 272).

A high volume ambient air sampler PM-10 (Graseby-Andersen,
USA, flow 1.13 m® min™!, volume 1620 m? per 24 h) equipped with
a multi-stage cascade impactor (Andersen Instruments Incorporated,
USA, series 230, model 235) for particle-size fractionation was used
for particle sampling. This impactor fractionates suspended particulates
into six size fractions (below 10, 7.2, 3.0, 1.5, 0.95, and 0.45 pm). Parti-
cles were sampled at quartz slotted collection substrates (Tisch
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Environmental, Inc, USA) and quartz filters (Whatman, UK), sampling
duration was 7 days.

Each filter has been stabilized for 48 h in a chamber with constant
temperature and humidity before weighting. Weighted filters were
loaded in to the cartridge, wrapped in two layers of aluminum foil
and transported to the sampling site. After exposition the sampling
cartridges were wrapped in the new aluminum foil, returned to the
laboratory and weighted (Mettler-Toledo GmbH, Switzerland) after
another 48 h of stabilization.

2.2. Mineralogical analysis

Scanning electron microscope (SEM) CamScan CS 3200 equipped
with microanalytical system Link ISIS 300 (Oxford Instruments)
with energy-dispersive SiLi spectrometer (EDS) was applied to char-
acterize morphology and semiquantitative chemical composition.
The filters with particulate matter (PM) were coated by carbon and
point spectra were measured in spot mode of selected grains, flakes
or droplets at magnification 1000 x. For bulk composition the 200 x
magnification was used and an area of 0.2x0.2 mm was measured.
The compositional spectra were compared with the EDS library of clay
and rock forming minerals (Reed, 1996). After the chemical analysis
was done, the samples were coated by gold to reach better morphology
resolution. Photomicrographs were taken in secondary electron image
(SEI) and backscattered electron image modes (BEI). X-ray diffraction
analysis (XRD) was performed using powder diffractometer Philips
X'pert MPD system with Bragg-Brentano reflecting geometry and
vertical goniometer PW 3020. From each filter a piece ca 10x10 cm
was treated by ethanol in an ultrasonic bath and the particles were
transferred to a suspension. Ethanol was partly evaporated, the denser
suspension was placed on a silicon monocrystal wafer with zero diffrac-
tion background and air-dried.

2.3. Chemical analysis

Each particulate fraction was a subject of the chemical analysis with
the goal of qualitative and quantitative determination of bound organic
compounds with the special focus on PAHs. Our previous experiments
indicate that other pollutants like HM or OCPs do not have significant
levels on this site. All samples were extracted with 120 ml
dichloromethane (DCM) in a Biichi System B-811 automatic extractor
(Biichi, Switzerland). Surrogate recovery standards (D8-naphthalene,
D10-phenanthrene, D12-perylene) were spiked on each filter prior to
extraction. The solvent was evaporated and then condensed back to
sample over 60 min. Volume was reduced after extraction under a gen-
tle nitrogen stream at ambient temperature, and fractionation achieved
on silica gel column (30 cm length, 1 cm i.d.). Sample was added to
activated silica gel in column (activation: 12 hod, 150 °C). Column
was rinsed with n-hexane from aliphatic fraction. Dichlormethane was
used for elution of PAHs. Terphenyl was used as an internal standard.
Samples were analyzed using a GC-MS instrument (HP 6890-HP
5973, Agilent Technologies, Germany) supplied with a J]&W Scientific
fused silica column DB-5MS (60 mx0.25 mm id.x0.25pm of
stacionary phase). Helium was used as an inert carrier gas. Injection
of sample was automatic in splitless mode (1 pl, 280 °C). Details of tem-
perature program: 80 °C (1 min), 15 °C min~! to 180 °C, 5 °C min !
to 310 °C (10 min). Temperature of transfer line was 280 °C and of
ion source was 200-300 °C. The 29 polyaromatic hydrocarbons (naph-
thalene, biphenyl, acenaphthylene, acenaphthene, fluorene, phenan-
threne, anthracene, fluoranthene, pyrene, benzonaphtho-thiophene,
benzo[b]fluorene, benzo[g,h,i]fluoranthene, cyclopenta[c,d]pyrene, benz
[a]anthracene, triphenylene, chrysene, benzo[b]fluoranthene, benzo[j]
fluoranthene, benzo[k|fluoranthene, benzo[e]pyrene, benzo[a]pyrene,
perylene, indeno[1,2,3-c,d] pyrene, dibenz[ah]anthracene, dibenz[a,c]
anthracene, benzo|[g,h,i]perylene, athanthrene, coronene) were analyzed
(more details see (Dvorska et al., 2012).
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2.4. Quality assurance/quality control

Recoveries were determined for all samples by spiking with the sur-
rogate standards prior to extraction. Amounts were similar to detected
quantities of analytes in the samples. Recoveries were higher than 78%
for all samples. Recovery factors were not applied to any of the data.
Recovery of native analytes measured for the reference material varied
from 72 to 102% for PAHs. Field blanks consisted of pre-extracted filters
and were taken on each sampling site. They were extracted and ana-
lyzed in the same way as the samples, and the levels in field blanks
never exceeded 1% of quantities detected in samples indicating minimal
contamination during the transport, storage and analysis.

2.5. Genotoxicity test — SOS chromotest

Genetically modified bacteria cells (tester strain Escherichia coli
PQ 65 harboring a sulA::lacZ fusion) were employed in the study
(Quillarded et al., 1982; Quillardet and Hofnung, 1985; Quillardet et
al.,, 1997). DNA is a molecular target and the reporter responds directly
to the DNA damage. Cytotoxicity as a result of more general macro-
molecular damage can be detected in this test as well. The 96-well
microtitre plate format was used for slightly modified SOS chromotest
(Bartos et al.,, 2005; Kubétova et al., 2004; Xu et al., 1989). The tester
strain was grown overnight in LB medium containing ampicillin
(20 ug ml™ 1) at 37 °C. After the incubation period, the culture was
diluted 50-fold into a fresh LB medium with ampicillin and it was incu-
bated for another 2 h. The optical density (600 nm) of the incubated
culture was adjusted to 0.04 and prepared culture was mixed (3:1)
with a phosphate buffer (pH=7.4). In the version with metabolic acti-
vation phosphate buffer is replaced by S9 mixture (phosphate buffer, S9
fraction, sterile water, G-6-phosphate and NaDP and KCl + MgCl,).

The stock solution of each DCM organic extract sample was trans-
ferred to DMSO. This applied approach simulates the worst case scenario
when total extractable fraction of particle bound chemicals are bioavail-
able. 10 pl of each organic extracts was mixed with 390 pl of the bacte-
rial inoculums in tubes (1.5 ml) to reach the final concentrations of
30 and 15 m?® in 1 ml of the reaction mixture. 10 pl of DMSO served
as a negative control; a solution of 4-nitroquinoline-N-oxide as a posi-
tive control. The mixtures were incubated for 2 h at 37 °C. Two
microplates were prepared for measurements of enzymatic activities.
[>-galactosidase activity (genotoxicity assay) was determined after
addition of 25 pl of the incubated culture into 100 pl of a B-buffer solution
(pH=7.0) with o-nitrophenyl-pB-p-galactopyranoside (2 mg ml™!).
Alkaline phosphatase activity (toxicity assay) was determined
incubated culture into 100 pl of a P-buffer solution (pH=28.8) with
p-nitrophenyl-phosphate (2 mg ml~!). The microplates were incu-
bated for 45 min at 37 °C and enzymatic activity was determined
spectrophotometrically at 420 nm. Toxic effects were quantified as
a percentage of the alkaline phosphatase activity in comparison
with the negative control. The concentrations showing more than
50% inhibition were excluded (Skarek et al., 2007a, 2007b). The SOS in-
duction factor (IF) was calculated for every tested concentration. The
samples with the induction factor higher than 1.5 for after the addition
of 25 ul of the any concentration were considered to be significant
genotoxins (Quillardet et al., 1997; Skarek et al., 2007a, 2007b).

2.6. Human health risk assessment

Human health risks resulting from inhalation exposure on investi-
gated site were evaluated with respect to the risk of developing cancer
(cancer risks). The risk assessment involves predicting the frequency of
these negative effects in exposed populations (probabilistic approach).
We applied the inhalation exposure model of the EPA baseline risk
assessment approach (EPA, 1998, 2012). Pollutant specific risks
(i.e. an estimate of the probability that an individual will develop

cancer during their lifetime) were calculated using the linear low-dose
cancer risk equation.

The chronic daily intake CDI was calculated using the following
equation:

CDI = Cg ° IF (1)

where C, is a compound concentration (mg m~>) and IF is an Intake
Factor (m~—3 kg~ ! day~1).
Intake Factor is derived from Eq. (2):

_ (IR—A'EF-ED-ET)
F=""war @)

where IR-A (Inhalation Rate) is a breathing rate (m>day~!), EF
(Exposure Frequency) is a number of exposures per year, ED (Exposure
Duration) is a duration of exposure in years, ET (Exposure Time) is a
number of hours per exposure, BW (Body Weight) is a default weight
of the receptor body (kg), and AT (Averaging Time) is an average
exposure extent over a lifetime (35500 day for carcinogenic exposure).
Site specific exposure parameters were obtained from EPA exposure
handbook (EPA, 2012) [IR-A=20 m> day~—!; EF=365 days; ED=
70 years; ET=8 h/day; BW =70 kg]. CDI for carcinogenic substances
is called Life Averaged Daily Dose (LADD).

Human health risk related to contaminated air particles depends on
the extent of exposure as well as on the physico-chemical properties of
particle-bound chemicals. The chemical-specific risks were calculated
from the LADD and slope factor (SF) using the linear low-dose cancer
risk equation (Eq. (3)):

Cancer Risk = LADD.SF (3)

Slope factor are a plausible upper-bound estimate of probability of
the response per unit chemical intake over the lifetime (EPA, 2012). It
is used to estimate an upper-bound probability of the individual
developing a cancer as a result of the lifetime exposure to certain
level of chemicals (PAHs).

Cancer potency factors for inhalation exposure are expressed as
Inhalation Unit Risk (IUR). The IUR values used in this risk assessment
are presented in supplementary data Table S1.

The final SF values were calculated according to Eq. (4):

mg 1-1 IUR[%] " 70kg) « 1000[ ]
F [kg.day*l} - - 20 {%] @)

The results are compared to the carcinogenic benchmark level,
i.e. an exposure posing an upper-bound lifetime excess cancer risk
of 1TE—6 (i.e. one cancer occurrence over one million people). An
exposure for which the risk factor exceeds 1E — 6 is scored as signifi-
cant. Carcinogenic risks above 1E — 4 are considered as unacceptable,
and addressing such health problems is a high priority (EPA, 2012).

A final cumulative health risk related to each sampling site was
calculated as a sum of the partial risks of the individual pollutants.

3. Results and discussion
3.1. Particle size distribution

The total volume of 9272.6 m? of air was filtered through the
multi-stage cascade impactor and six size fractions of the particulate
matter (PM) were collected. Mass of each PM fraction is in Table 1.
Histograms of relative particle size distribution on each filter (Fig. 1)
are based on SEM/EDS measurements. Some of the PM consists of crys-
tal aggregates cemented by amorphous material. The minerals and soot
carbon flakes are distinguished by grayscale. The highest mass of

232



P. Cupr et al. / Environment International 54 (2013) 26-34 29

Table 1

Amount of PM captured on the filters with different pore size and relative proportions of clays, rock forming minerals and soot particles estimated by point counting using SEM-EDS
and XRD. Specific surface areas (SSA) are based on published data (Brantley and Mellott, 2000; Dogan et al., 2006; Kandas et al., 2005; Ogata et al., 2006; Rancourt and Dang, 2005;

Ruan and Gilkes, 1995).

Filter sample KI2A KI2 B KI2C KI2D KI2 E KI2 F SSA
Filter pore size (um) 7.2-10 3-7.2 1.5-3 0.95-1.5 0.45-0.95 0-0.45 (m?%/g)
Yield (mg) 59.3 73.2 28.5 304 59.0 1333 Average
Soot carbon 10 9 24 32 51 56 255
Quartz 19 22 18 16 12 9 2E—05
Illite or muscovite 16 12 5 7 8 4 106.5
[llite—smectite (I-S) 12 8 7 1 4 1 415
Chlorite/vermiculite 11 12 3 0 0 4 42
Kaolinite 2 3 3 1 2 1 17.5
Plagioclase 4 4 2 0 0 2 2E—-04
K-Feldspar 5 3 0 0 4 0 1E—04
Amphibol 3 5 0 1 2 0 5E—05
Calcite/dolomite 4 12 3 0 0 0 1E—-05
Gypsum & sulfates 0 4 5 2 6 5 1E—-05
Goethite/hematite 0 4 0 0 0 0 217.5
No. of point counts 86 98 70 60 89 82

particulate material was collected on the finest filter (<0.45 um), the
lowest on the intermediate fractions (0.95-1.5 and 1.5-3 pm).

3.2. Mineralogical analysis

The mineralogy of the particulate matter is estimated from the
SEM morphology (Supplementary data: Figs. S1, S3, S4, S5, S6, S7),
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Fig. 1. Particle size distribution measured by SEM on 6 consequent filters (A-F) with
decreasing declared pore size in micrometers shown as horizontal bar. Minerals and
carbonaceous mater are distinguished by EDS and shown as gray and black columns
respectively. Numbers indicate the total yield of PM per fraction in mg.
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chemical composition of selected crystals, flakes or irregularly shaped
grains (SEM/EDS spectra, Fig. S2) and bulk XRD of the samples
(Fig. S2). The measured characteristics are compared with EDS and
XRD libraries or published data (Brantley and Mellott, 2000; ICDD,
2002; Meunier, 2005; Welton and Field, 1984) and the frequency of the
identified phases is estimated by point counting (Table 1). Diffractogram
of the coarse fraction (7.2-10 pm) is presented in Fig. S2, Supplementary
data: quartz, calcite, dolomite, gypsum, kaolinite, albite, muscovite and
other minerals were identified. Similarly, mineral materials as quartz,
muscovite, chlorite, and calcite are main components in the second
(3-7.2 um), quartz, chlorite and muscovite in the third (1.5-3 um),
quartz and muscovite in the fourth (0.95-1.5 um), and quartz,
mascagnite ((NH4)2S0,4), and other sulfates and nitrates in the fifth
(0.45-0.95 um) particulate fractions. On the contrary, the last fraction
(<0.95 um) is amorphous and consist mostly of soot (Fig. 2).

The coarse fraction A includes abundant spores and plant fragments
8-20 pm large along with rock-forming minerals, such as quartz, feld-
spars, mica, illite-smectite, chlorite and kaolinite. The intermediate
fractions consist mainly of clay minerals, e.g. kaolinite, illite—smectite,
dolomite, calcite and gypsum. The finest fractions E and F (<0.95 pm)
are dominated by carbonaceous PM, most probably soot flakes, droplets
and films, poorly crystallized quartz, gypsum, lead and copper sulfates.
Carbonaceous particles, however, occur in all size fractions as shown in
the histograms in Fig. 1.

The estimated composition of the mineral and carbonaceous phases
normalized to the total point counts in each sample was used together
with the published average values of the specific surface area (Rancourt
and Dang, 2005; Ruan and Gilkes, 1995) of the identified phases to
calculate the partial and total surface area of the particulate matter
captured on each filter (Table 2). The finest particles fractions have
the highest active surface.

3.3. Chemical analysis

Total amount of PAHs (29 compounds and 16 EPA PAHs) found in
each particulate fraction is 