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INTRODUCCIÓN 

Desde hace tiempo. se conoce el riesgo aue. para la salud humana' Y la 
sanidad ambiental, involucran las descargas anuópicas de elementos metálicos al 
ambiente. Por tratarse. en su mayoría . de elementos de densidad superior en 5 o 6 
veces la del agua {Davies, 1 98 1). se les ha llamado meta les pesados. que ha 
pasado a constituir un nombre impactante par a uno de los procesos contaminantes 
de mayor riesgo ambiental. aunque no involucra a todos los elementos posibles de 

present arse en estas descargas , como cinc y molibdeno. 

También, se ha usado el 
término elemento traza . que agrupa los 
elem entos presentes en la coneza 
terrestre en conten idos <O, 1 "lo 
iCuadro · 1). los que pueden verse 
fácilmente incrementados por apones 
antrópicos e inducir electos negativos 
en quienes habi1an y/o se nutren del 
ambiente afectado. Otro término usado 
es el de micronutrien te. que reúne los 
elementos esenciales y excluye los no 
esenciales, justamente los más tóxicos; 
en todo caso, la creciente exquisitez de 
las técnicas analíticas. está permi1iendo 
de1ec1ar la esencialidad de elementos 

iisiológicos no habían 
exper im en tal m ente 

cuyos roles 
podido ser 
comprobados. 

No existe un término ideal, que 
represente todos los posibles elementos 
contaminant es. Sólo a mod.o de 
ejemplo. considérese lo d iíicil de 
clasificar al h ierro o al manganeso. 
metales pesados y macroelementos de 
la coneza terrestre pero m icronutrientes 
para . plantas y animales. O bien. al 
aluminio , metal no pesado que es a la 
vez. macroelemento de la corteza 
terrestre y no esencial. además de muy 
1óxico en ambientes ácidos. 

La riqueza geoquimica del 
norte del país , sus1enta una minería de 
alto nivel, lo que se traduce en una alta 

cuadro l. Contenidos naturales (ag kq-
1
) 

de eienentos en suelos '/ roc.=s 
(Adriano , 1992; Bridqes, 199lr ; Berro·; 
y Bunidge , 1977; Davies, 1981, 19Sq 

-----------------------------------
Elenento Rango en 

suelos 
Proneóio 
rocas 

-----------------·------------------
Arsénico 0,1 - lO 

Boro 2,0 - 100 

CadilÍO 0,01 - 1 0, 2 

Cinc 10,0 - }00 70 

Cobal to 1,0 - 40 25 

Cobre 2,0 - 100 55 

ero Do 5,0 -1000 100 

rstafio <l ,O - 10 2 

~stroncio 50,0 - 1000 

flúor 30,9 - 300 

Bierro l · 10' - 2·10° 6· 10~ 

Litio 5,0 - 200 

Hercurio <0,01 - 0,5 0,08 

Hanqaneso 100,0 - 4000 ?50 

Holibdeno 0,2 - 5 l ~ -,, 
lllquel 5,0 - 500 75 

oro 0,05 

Plata 0,01 - 5 0,07 

PloDO 2,0 - 200 13 

Selenio 0,1 - 2 
------------------------------------ - .. 
i Bridqes, Brid<;es. S•ans2a Ccll~e, 

U.K. Conunicación personai 

' Recuérdese los episodios que condujeron a le tipilicación de las enfermedades de 
ltai-ltai y Minamata. por intoxicación de cadmio y mercurio, respectivamente 
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el poder modificador del paisaje, reflejado por la producción de relaves, que al año 
equivale a más de 30 veces el cerro -San ta Lucía, en Santiago. La expansión que 
ha experimentado la minería del cobre, durante los últimos quince años, señala que 
el país está obligado a disponer. -en forma más segura e inocua· volúmenes . 
crecientes de relaves que, por lo demás, no son las únicas materias residuales 
voluminosas. 

En f orma sucinta, el impacto ambiental de los relaves tiene relación con, al 
menos, las siguientes cuatro áreas de impa_ct o ambiental: 

• profunda rransformación física y funcional del escenario ambientaJ, al ser apilados 
en los llamados tranques de relaves, y donde necesariamente terminan alterando 
el paisaje y modificando la dinámica hidrica, 

alto riesgo de avalanchas. por derrumbe de tranques durante sismos de alta 
magnitud; aunque. luego de abandonado el tranque, la superficie de los relaves 
termina secándose. internamente preserva su ficiente humedad como mantener la 
capacidad de amplificar las ondas sísmicas, 

• potencial contaminante de aguas dulces, mediante las descargas de aguas claras· 
normalmente, con alta carga residual química y de elementos d isueltos· o por 
percolación hacia napas profundas. y 

t!S.Juf1J@dJtW lt@t V Z.L4SP4U!ih!Z# .e:.; .as 
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~ 
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potencial luente de mater ial particulado a la atmósfera. desde tranques 

abandonados . si se emplazan en sitios ventosos. 

FUENTE: Jl!'llSTEJllO DE /.ltlllERIA ~-~ OTRAS 3% 

V REOJOM 9"% 

111 REGIOM 1-r.4 

FUNDICION ES m 

V1 REGtO N 32% 

11 REGION 39% 

SEGUN OR I GEN 

SEGUN REGION 

FIGURA 3. EMJSJON DE AZUFRE A LA ATMOSFERÁ 
% DEL TOTAL EMITIDO (1.043 MIL TON EN 1989) 

En Chile, las fundiciones de cobre han generado imponantes procesos de 
contaminación atmosférica, gracias a emisiones lumigenas no controladas hasta 
1992. año de dictación del O.S. 182, del Ministerio de M inería . .El_ principal 
componente de estas descargas. es el anhídrido sulfuroso (SO,). g:s. irritante Y 
cáus tico que. bajo ciertas condiciones atmosféricas. genera un ae'.osol ac1do ~causa 
la lluvia ácida. Sin el desarrollo de país indusrrializado, pero gracias a las em1s1ones 
desde las fundiciones, Chile es un productor importante de SO, (Figura 3 ). 

Un componente poco considerado de estas descargas. es la masa de 
material particulado. que se emite asociado a los gases Y que es rico en metales .. Un 
elemento. que se presenta con frecuencia en estas par.ícula_s . es el arsénico. 
cancerígeno pulmonar. al ser inhalado, o gástrico. al ser ingerioo (Fi~ura 4) . _Este · 
componente de las descargas fumigenas tiende a ser mal evaluado, q~1zas debido a 
que no induce evidencias inmediatas de daño. Sin embargo , debido a la larga 
residencia de los metales en los suelos. la contaminación metálica es un proceso de 

un pronunciado impacto ambiental de largo plazo. 

GEOOUiM ICA REGIONAL 

El conocimiento de la riqueza natural de metales pesados en Chile, es 

~-
:-
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contaminación se define como un proceso con memoria. 

Entre 1981 y 199.0. INIA efectuó una caracterización preliminar del 
contenido en la capa superficial de suelos (0-20 cm). de algunos metales pesados, 
sobre los que existían antecedentes de constituir contaminantes ambientales en Chile 
!González Y Bergqvist. 1989). Es evidente que los resultados de esta prospección 
son insuficientes para establecer líneas de base y rangos de variación, por 

ecosistema . 

Cobre. La Figura 
1 11 m uetra el 
periil de cobre total 
en suelos lmg kg· 
'). Es posible ob­
servar que los pro­
medios por eco­
sistema, muestran 
un rango de fluc-
tuación amplio. 
donde el valor 
máximo (valle del 
Cachapoal. VI 
Región) equivale a 
32 veces el valor 
m1nimo (XI Re­
gión). Los prome­
dios más altos se 
ubican entre las 

FIGURA 11. PERFIL l>E COBRE TOTAL EN SUELOS DE 
CH/LE; ESTR..'.TA S UPERFTCIAL (0-20 cm) 

regiones V y VI , 
con exclusión de la R.M .. en lo que corresponde al valle del Maipo. Por su parte. los 
contenidos menores se alcan zan en la zona s.ur. todo lo cual es concordante con las 

condiciones ambientales dominantes. 

Es indudable que esta distribución espacial del cobre no es producto del 
azar ._ sino que. por el contrario, se asocia básicamente a la riqueza regional de cobre, 
refle1ada tanto en los niveles regionales de producción como en la cupricidad de los 
rios. Ello no significa que la cupricidad de los suelos responda siempre a 
contaminación por descargas de faenas mineras; por el contrario, en algunos casos 
se debería a procesos naturales de mineralización desde yacimientos cordilleranos. 
Analizando el periil de cobre total. quedan en evidencia dos situaciones distintas. a 

saber: 

la primera, representada por las unidades de la V Región (valle Aconcagua y 
Puchuncavil y un sector del valle del Maipo, en la que el valor promedio se 

' Significado de siglas; HU Huasco; EL Elqui; U Limari;. AC. Aconcagua; PU 
Puchuncavi; MP Mapocho; MA Maipo; CA Cachap oal; T I Tin guiririca; M T 

Mataquito; MU Maule; V III , I X. X y XI regiones 

.• 
1 
l 
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mantiene cerca del mínimo y, por tanto. distante del max1mo. lo que permite · 
estirrlar que los suelos cúpricos corresponden a inclusiones discretas Y puntuales, 

en áreas donde dominan los suelos no cúpricos. y 

la segunda. representada por el valle Cachapoal (VI Región l. donde el ·promedio 
equidista de-los extremos. señalando una mayor representación espacial de los 
suelos cúpricos. que corresponden a numerosas inclusion es discretas en un 

fondo no cúpricd, como efectivamente ocurre (INIA, 1990). 

Cada situación refleja un 
or igen distinto. En la primera. la 
cupricidad de los suelos es de origen 
antrópico ya que se remite a áreas 
vecinas a fun diciones de minerales 
!Catemu y Puchuncavil. que fueron 
cubiertas por una masa de 
sedimentos, al colapsar un tranque 
de relaves (Nogales). como indica el 
Cuad ro 2 (ver, también, el Cuadr o 
3). o vecinos a la zona industrial de 
Nos , en el Maipo. A excepción del 
sector de Nogales. además de 
cobre, los suelos han acumulado en 
superiicie otros metales (plomo, 
cinc, cadmio, .arsénico •. molibdeno) . . 
La marcada redu cción de los 
contenidos metálicos, en función de 
la distancia a las industrias. revela 
su origen antrópico. 

cuadro 2. Contenióo pro»eóio óe CU, Pb y ~n 
totales, en suelos (0·20 c:i) (nq kq"

1 
ss) 

óe la V Re<Jión 

----------------------------·--------. 

Onidad Sector coore ?1010 Cinc 
-------------------------·- ·------------ . 

~CONO.GO.l. Catenu 319 2~ 59 

Hoc¡ales 135 a 28 

Resto 63 ºQ o. 

General 275 28 65 

POC!IUNCl. VÍ cercano1 281 115 w 
JJejado¡ 38 40 110 

General w 75 128 : 

---------------------·---------·-- - . 
Muestras tonadas a senos de1 o a 1ás de

2 

Jk!/ aprox., de la ¡ona )nciustrial de" 
Ventanas .(Pro\'. Valparaiso, V P.eqión) · 

En la segunda , la presencia 
de áreas cúpricas distribuidos en 
todo el 'valle del ' Cachapoal. estaría . 
apuntando hacia ·una génesis natural (INIA. 1990). s'in descartar absolutamente la 
coparticipación de faenas mineras de alto volumen. emplazadas" en la pane alta de 
la hoya del río Cachapoal (Sudzuki, · 1964). · Esta hipótesis se refuerza por. la 
mantención del carácter cúprico en profundidad. de acuerdo a determinaciones 
efectuadas por el autor. en algunos suelos de este va lle. Un sector del valie del 
Mapocho. (González. 1992). adosada al cordón de cerros Lo Prac;io. corresponde a 
otra área discreta de suelos cúpricos de origen natural; se trata de u~a zon~'. con O 
yacimien tos de cobre. que ha permitido ei emplazamiento de faenas mineras. · · O 

Independiente del origen del cobre, algunas experiencias desarrolladas por O 
.el _autor ''. además de otros ª~-t~cedentes n acionales. proven_ientes de_ profesionales ¡.f'.tl> 

=·~ o 
' Incluidas parcialmente en el articulo "Upper critica! leve! in sorne · highly Cu­

polluted soils and the influence of compost additions •• expuesto en la 'Segunda 
Coníerencia Internacional sobre la Biogeoquimica de Metales Trazas· (Taipei, 

o 
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de empresas asociadas a cultivos industriales, como remolacha azucarera ', tabaco 
f.Rodrlguez Y Suáre:z, 1987) y maravilla, y de antecedentes encontrados en la 
literatura (M ISR-SAC, 1985; Pendias y Kabata-Pendias, 1985). permiten 
establecer Que el contenido de cobre, en algunos sitios. cae en el nivel tóxico para 
algunos cultivos. 

Plomo. El perfil de 
plomo en suelos 
(Figura 12) permi­
te deducir Que el 
rango de oscilación 
de los promedios 
de plomo por eco­
sistema, es bajo, 
presentand o el 
promedio máximo 
un valor de 1 ,8 
veces el mínimo. Si 
bien hay una re­
ducción de los 
promedios hacia el 
sur , este descenso 
es más bien difuso 
Y de baja magni­
tud. No se detectó 
una relación entre 

150 
~IDO s>g/l(g 

_J 

:J 
mi.U.rrwo 
o .. 20 ... r.010 

• MINl...0 

. ' ' . . . . . . ' ' . . 
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FIGURA 12 PERFIL DE PLOfJO roTM EH SUELOS Df 
CHILE: ESTRATA SUPERFICIAL (~20 cm) 

riqueza en plomo de los suelos y existencia de yacimientos plúmbicos; si éste fuera 
el caso, los mayores contenidos deberlan provenir de los suelos de la XI Región. Los 
valores máximos, por unidad, se alejan fuertemente de los respectivos promedios, 
excepto en los valles Maipo-Mapocho, Tingujririca y VIII Región. 

. En cuánto al origen, es indudable Que los contenidos totales de plomo son 
debidos mayoritariamente a causas naturales. con excepción del sector de 
Puchuncavi Y Nos, donde los altos contenidos de plomo se asocian a altos 
contenidos de cobre, siendo ambos de origen industrial. En el valle del Maipo, los 
c~ntenidos máximos alcanzados en el área vecina a las industrias de Nos. son de 

- ong~~ anuópico pero, por su escasa representación geográfica, no alcanzan a inf luir 
s1gmf1cauvamente sobre el promedio del valle. 

Cinc. El perfil de cinc total en los suelos (Figura 13) indica que la curva de los 
valores promedios presenta una situación menos variable que la del cobre, aunque 
algo m.ás .~ue la del .plomo, a lo largo del transecto reconocido; la amplitud del rango 
de vanac:on de los promedios fue de 3,5 veces. Sin embargo, no es evidente que 

Taiwán, 1993 ). Además, experiencias en desarrollo del Proyecto "Determinación 
de límites de tolerancias al cobre en suelos del país·, financiado por el BID 

Juan Arentsen. IANSA-Curicó. Comunicación personal ( 1987) 

\ 

: , 

haya asociación 
entre estos tres 
perfiles. 

Se es tima 
que la presencia de 
cinc de la estrata 
superficial de los 
suelos es de origen 
natural, resultando 
de los apones de 
los ma teria l es 
parentales de los 
suelos. por una 
parte. y la in tensi­
dad de los factores 
de formación de 
suelos. esoecial­
mente la pluviosi· 

"'°]::: ~G 
~ º"'°""º'º 
..._ llulHU.0 

~J 

·-
.Jillilllolllli!Bll ... -l.liiii:~--l&'llille&!llrmm1!11:11!11---C 
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FIGUAA 13. PERFTL DE Cff.IC TOTAL EN SUELOS DE 
CHILE: ESTRATA SUPfRFICJAl.. (0-20 cm) 
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dad. por la otra. La 
inf luencia de las lluvias aueda en evidencia por la tendencia a que los menores 

promedios se ubiquen hacia el sur del país. 

El valle del Huasco (111 Región) y el sector de Puchuncaví (V Regiór\l son 
exceociones. ya que poseen valores similares a los de! sur. En estas unidades. 
puesro que el factor climá tico no favorece el lavado de bases, los contenidos de cinc 
en suelos están reflejando la pobreza en cinc de los materiales parentales. En cuanto 
a Puchuncavi, se detectó un incremento del cinc. en paralelo al cobre, plomo. cadmio 
y arsénico (Gonzále:z e lte, 19921. lo que identifica un origen industrial ,común. 

Cadmio. En general , el contenido total de cadmio cayó bajo el limite de detección 
de la t écnica analitica empleada (alrededor de 1 mg kg·', para espectrofotomeuia de 
absorción atómica. con atomización de llama ). De ello, se exceptúan un sector del 
valle Ca temu y otro de Puchuncavi, vecinos a fundiciones de cobre en la V Región 
(Cuadro 3); es indudable que el enriquecimiento cúprico de es tos suelos ha sido 
acompañado por notables aumentos del contenido total de cadmio. Este aumento 
involucra un alto riesgo para la salud humana. por su fuerte carácter tóxico y por la 
facilidad en que entra a ser transferido dentro de las cadenas tróficas. a pesar de 
algunos ancecedentes que apuntan hacia su esencialidad para plantas (Regius-

Mocsenyi et al., 1 985!. 

Arsénico . Existen escasos antecedentes de arsénico en los suelos del país. Es una 
situación que debería superarse. ya que se trata de un elemento con fuerte impacto 
sobre la salud humana, no por su poder fitotóxico sino que por su capacidad de ser 
libremente absorbido por las plantas y así. transferido en las cadenas eróticas. sO 
cuenta con alguna información sobre altos contenidos en suelos de los va lles d0 
Azapa y Lluta (1 Región) (por estudios desarrollad.os por académicos de 10 
Universidad de Taraoacál. la que parece deberse al r1ego prolongado con aguas 
arsenicales. y en la estrata superficial de suelos aledaños a la zona incustrial d~ o 

~ 
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INTRODUCCIÓN 

En la actualidad, no cabe la menor duda de que el cuidado def ambiente no 
sólo significa la conservación y preservación de especies sobre el planeta. sino la 
salvación misma de él y de los seres v ivos que lo habitan. A nivel nacionaf. la 
temática ha ganado adherentes rápidamente y los c ientíficos debemos respon<;jer a 
esta situación, en una forma organizada, 

0

efectiva y eficiente. . . 

El problema acuciante de la contaminación de algunas áreas en el pais, debe 
ser atacado con prontitud; pero además se debe realizar acciones que consideren los 
riesgos potenciales a mediano y largo plazo. de modo que se impida una vuelta atrás 
af cabo d e pocos años. 

los metales pesados, la mayoría de los cuales son adicionados al ambiente 
por acciones no naturales, pueden constituirse en cont aminantes que generen graves 
problemas en el cono, mediano y largo plazo. Por lo tamo. deben ser 
cuidadosamente cuantiíicados y estudiados en su comportamiento una vez Que han 
ingresados al ambiente. 

las áreas urbanas, en tanto que cen tros con al tas ciiras de población. están 
sujetas a una potencial contaminación de sus suelos. aguas y aire, derivada tanto de 
la actividad natural de los seres humanos. como de las actividades industriales y de 
servicios que complementan la vida urbana. 

En este trabajo, el loco de atención se centra en los metales pesados 
presentes en el aire o detectados en otros medios. pero sin duda transportados hasta 
ellos a través del aire. En especial, se entregarán resultados obtenidos en la ciudad 
de Santiago. fundamentalment e debido a la escasez de información existente para 
otras ciudades del pais. 

ANTECEDENTES GENERALES 

Para el estudio de los elementos uaza, en especial metales ·pesados, es 
necesario entender primeramente algunos conceptos básicos sobre el substrato en 
el cual se encuentran dichos elementos en el aire. En lineas generales, en el aire se 
pueden distinguir dos grandes tipos de contaminantes: los gases, cualquiera sea su 
naturaleza química (orgánica o inorgánica) y el material particulado suspendido . 
denominado también aerosoles atmosféricos o simplemente, paniculas. Este trabajo 
se refiere especificamente al segundo tipo de contaminantes. en el cual se detecta 
la presencia en el aire de los meta les pesados. 

Relación tamaño del aerosol-impacto sobre la salud 

los aerosoles atmosféricos se presentan en una amplia gama de tamaños. 
forma y composición química. Con respecto al tamaño y para nuestros electos. los 
aerosoles atmosféricos presencan diámetros que se sitúan entre los 45 y los 0,01 
µm . Para el establecimiento de las normas, esto es. de las concentraciones máximas 
que pueden estar presentes en el aire. sin causar daño a la salud humana , interesan 

ISiJJiiAi&;Mt . , ,e ; caz ; ;:e -- * 
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sólo las concentra­
ciones tota les de los 
aerosoles de tamaños 
< 45 µm y < 1 o µm . 
Estos últimos se deno­
minan, también. la 
·fracción inhala ble· 
del aerosol. o sea , 
aquella capaz de pene­
trar en el aparato 
respiratorio. 

Es impo r · 
( 

• 1 Esaue~a del aparato respintor io, r1aura - . . : . . . 
cua !i tativa~ente ia penenac1on oel aer osol , se<¡Ull 
porcentaje de respirabi l idad para aerosoles < 10 µn 
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i ndi cando 
t aGÚlO Y 

tante enfatizar que 
dichas normas son 
determinadas con­
siderando la salud 
humana y se deno­
minan normas prima· 
rías. Cuando se t rata 
de la prot ección del 
ambiente (suelos. 

·aguas, plantas. etc.). 
mucho más exigentes. 

los va lores de las normas son bastante menores, esto es 
Y en Chile no existen; se tra ta de las normas secundarias. 

. d la salud humana Y debido a la estructura del 
Desde el punto de v ista e 1 nacimiento de las concentraciones del 

. · s muy 1moonante e co d. aoarato respiratorio, e _ . 1 10 µm y sus correspon 1entes 
. · 1amanos ba¡o os d 

aerosol en sus ~rsuntos 1· del hecho de que esos aerosoles pue en 
composiciones qu1m1cas. Est~ rlesu ~a 1 aparato respira torio. alcanzando mayor 

trar hasta diferentes nrve es e . . 
pene . 1 d"da que presentan menores d1ametros . 
pro fundidad en a me 1 

l a Figura 1 muestra cualitativa Y cuantitativament e la . s it~:;i~n 4a5n~o~ 
S precia que estrictamente . las particu . 

(Préndez et al.. 1991 ) . . e a . d de ~I punto de vista salud . Pero. en la medida 
hast a 10 µm . ca r ec~n d.e interes . els 10 su penetración al organismo es cada 
que sus diámetros disminuyen ba¡o os . µm~ente no se re tien e en el aparato 
vez mayor . El aerosol de 1 O µm . pracl.td1ca hacia ~fuera de él. los porcentajes· de 

· rápidamente reexpe 1 0 - llas respiratorio, pues es d"da que por su aún menor tamano. e 
. . · las aumentan a me 1 · . 1 retenc1on de las parucu .1. d s del aparato respira torio. es to es. os 

d 1 ar las zonas no cr 'ª a · 1 d son capaces e a canz . . . e ocurre ya para panrcu as e 
pulmones Y los alv éolos pulmonares. s1tuac1on qu 

diámetro < 3 µm . 
. . . 1 respira torio, la remoción de las partícu las 

A estas pro fundrdaoes oe apadrato anecer dentro de los pulmones por 
... ·1 d do que ellas pue en perm 1 ño 

es muy o1f 1c1 , e mo . 1 te ·mponame cuando se agrega a tama 
. E hecho es pan rcu armen 1 .. d d 

largo uempo. ste . . . imica Y con ello su pot encial 1ox1c: a · 
de la partícula, su compos1c1on qu . 

1 · en y fuentes de emisión 
Relación tamaño del aeroso -ori g 

o 
o 
o 
~ 
o 
w 



El tamaño 
del aerosol también 
está relacionado a 
su origen y sus 
fuentes de emi­
sión. Un método 
que permit e .. la 
separación entre 
los elementos· de 
origen natural y los 
antropogénicos 
está dado por el 
cá lculo del llamado 
factor de enrique­
cimiento (FE). que 
se obtiene hacien­
do una cierta razón 
entre las concen­
traciones de los 
elementos en estu-

FIGURA 2. F2; PARA M:;:, Mn, Ni, Cu, Zn, Cd y Pb, 
EN AEl'OSOLES O!: DISTINTOS LLGARES OE SANTIAGO 

Prenóez y 011h, 1!Ht9 

+ 

¡ -.., + ..., J>'. .i º Cu X Zn ' CO "' PO 

dio, de forma relativa a un elemento tomado como referencia. 
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Dicho valor suele situarse en el rango entre 1 y 1 O aproximadamente, para 
los elementos de origen natural. Valores superiores indican que los elementos se 
encuentran enriquecidos en el aire por los respectivos apoí1es desde una fuente de 
origen antrópico. 

La Figura 2 ejemplifica la utilización de este criterio {Préndez y Oniz .. 
1989). En ella, se ha representado el FE promedio geométrico (FEgJ para diferentes 
metales pesados cuantificados en el air e, en diferentes sitios de la ciudad de 
Santiago. El manganeso y el magnesio {no metal pesado, pero si elemento traza). 
tienen un factor de enriquecimiento < 1 O y por ende son de origen natural. 

El hierro ha sido elegido como elemento de referencia, pues previamente se 
ha demostrado su origen natural en Santiago {Préndez et al.. 1984). Los restantes 
elementos (níquel, cobre, cinc. plomo y cadmio) presentan FEg > 10 y, en 
consecuencia, tienen un origen antrópico. Esta conclusión es válida para cualquier 
zona de la ciudad de Santiago. 

Respecto del cobre, es fundamental indicar que. cuando el cálculo de los FE 
se hace respecto del contenido de cobre de los suelos chilenos y no en función de 
los promedios internacionales atribuidos a la corteza terrestre. como es la situación 
generalmente empleada en la literatura. la asignación de su origen cambia de 
an trópico a natural. Será de esta forma que se le deberá considerar normalmente. en 

la ciudad de Santiago. 

La conclusión anterior es de especial trascendencia cuando se pretende 
asignar el origen del cobre presente en el aire o a través de él en el suelo, emitido 
desde una fuente puntual determinada. Por ocra parte. esto entrega mayores 

fundamentos a la 
posición de que los 
problemas ambien­
tales sólo pueden 
resolver se realmen­
te si se : conocen 
adecuadamente el 
ambiente y sus 
condiciones natura­
les, o sea las líneas 
de base. 

Por otra 
parte, las concen­
traciones de los 
elementos cambian 
en una forma que 
relaciona sus fuen-
tes de emisión y 
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F I G.Jo:lA 3 . CCNCENTR.AC IOll:S P<ü.<ED IO OE NI, Cu, P::i. 
wr. Zn y F-e. !:N AEQ:3SX.ES Af\.OSF:;:i1ccs Oé S,:."'l'IAC.0 

<. 000 

ECO u;-:. 

sus diámetros. tal d 1 
como se ve en la Figura 3 (Préndez y Ortiz, 19821. donde ECO -~orrespon e a 
diámetro de corte eiectivo. que es una iorma de expresar el d1ametro de las 
part iculas. teniendo en consideración su forma . Se .observa aue los elementos 
antropogénicos aumentan sus concentraciones hacia las parnculas de menor 

diámetro. Casos tipicos son p lomo Y níquel. 

En cambio , las concentraciones de los elementos naturales aumentan hacia 
los diámeuos mayores. Aquí los casos típicos son hierro y manganeso. Cobr: Y cinc 
tienen compoí1amientos atípicos. El cinc, gen_eralment~ en:111do en_los proc -sos de 
incineración, se presenta en diámetros más bien granoes ( fly ash ). ' 

o"~ ·este modo. se cumple también en Santiago . la aseveraciór;i comúnmente 
· • de 1 a 2 µm o menos provienen en 

aceptada de que los aerosoles mas pequenos, . . . · . . 
general de fuentes anuópicas o derivadas de las ac11v1daoes humanas vinculaoas a 
procesos que ocurren a elevadas temperaturas. La excepc1~n es el fly ash. En 
cambio, los de mayor tamaño. mayores de 2 µm , tienen un origen natural. 

NORMAS 

Un problema grave que se suscita para poder evaluar e.! impacto. de los 
metales pesados contenidos en los aerosoles. es la íalta de n~rmauva que or1ente al 
respecto de las concentraciones máximas permitidas, comoat1oles con la salud de las 
personas {normas primarias) y con la salvaguarda del ambiente {normas secundar1as). 

Algunos paises t ienen reglamentados los contenidos máximos de ciertos 
meta les en el aire. como norma primaria. _s i.n embargo. n~ se encuentran normae 
todos los elementos potencialmente tox1cos y aoemas sus valores no es~ 
explícitamente v inculados a la fracción resoirable . O 

~ 
o 
~ 

:­
¡. 



El Cuadro 1 muestra Jos valores 
de la norma para plomo, cadmio y vanadio 
en aerosoles < 45 µrn, en algunos países 
del hemisferio none. Una característica de 
las normas es que deben explici tar, ade­
más de las concentraciones máximas Jos 
ti_empos de exposición. Así, Ja reglam~nta­
c1ón para p lomo por ejemplo, corresponde 
al valor de 1,5 µg m·3

, permitido como 
media aritmética para 3 meses. 

En Chile, recién el 18 de abril de 
1994, se eslableció la norma primaria 
para arsénico, Ja cual fue derogada a Jos 
pocos días. Para apreciar la magnitud de 
los valores establecidos en las normas, se 
pueden comparar por ejemplo, con la 
concentración de plomo y cadmio encon-

CUadro l. Hol1las prisarias para 
alguno? &etales pesados, en el aire 
(pg B - i) 

Ele~ . Conc. Ciudad, Pa1s 
----------------------------·-----
Pb l ,S Ciudad de Héxico, 

Cd 

caracas, OSA 
0, 7 ex OP.SS 

50 
30 

05~ 

ex OP.SS 

50 a 1000 OSA 
loo ex !ii'.SS 
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trados en los aerosoles de Ja Antártica 
chilena !Cuadro 2) y que corresponden a Jos de una atmósfera limpia. Se observa 
que la norma de plomo, por ejemplo, admite valores 50 a 200 veces superiores al del 
aire puro. En el caso de cadmio, el rango es entre 3000 y 5000 veces superior. 

CONCENTRACIONE S DE METALES 
PESADOS EN AREAS URBANAS 

Es usual estimar oue las 
concentraciones de los elementos 
traza en el aire, están vinculadas a Ja 
acción antropogénica y por Jo tanto, 
son mayores en las ciudades que en 
las áreas rurales y mayores también 
en las cercanías de fuentes emisoras 
puntuales. 

En el Cuadro 3, se dan Jos 

cuadro 2. Rango de concentraciones de 
Detales pesados en la oenínsula antártica 
( ng D -3) (Préndez et al., 1993b) 

------------------·--------------------
Elec. fracción aerosol 

< 6 µD < 3 µ;; 
---------------·-----------------------

Pb O,Oli- 0,030 o,ooo- 0,136 

valores encontrados para tres ciuda-
des latinoamericanas. haciendo la Cd 0,0 -<0,009 0,0 -<0,002 

comparación en función de Ja fracción 
del aerosol considerada. Se observa 
que las concentraciones de diferentes metales pesados . encontradas en la fracción 
de alta respirabiiidad en Santiago y en Sao Paulo son muy similares, pese a que las 
emisiones en Sao Paulo son del orden de 4 veces mayores a las de Santiago 

(Préndez, 1 994). 

Por su pane, la comparación del aerosol tot al entre Santiago y Caracas 
muestra valores claramente mayores para nuestra ciudad. a pesar de tener emisiones 
que son aproximadamente tres veces menores (Préndez, 1994). Particularmente 

'".: 

notables resultan las mayo­
res concentraciones de cinc, 
cobre y cromo en Santiago. 

La comparación con 
otras ciudades chilenas es 
difícil. fundamentalmente 
porque hay muy pocos estu­
dios para ellas. Hacen exceo­
ción las ciudades de Antofa­
gasta y Chillán, donde se 
han cuantificados algunos 
metales pesados en la frac­
ción del aerosol < 15 µm' y 
las ciudades de Arica (Hre­
pic et al. , 19831 y Ranca­
gua (Alvarez, 1981). para 
las cuales existe in formación 
para Ja fracción < 4 5 µm. 
Los resultados se presenta 
en el Cuadro 4 . 

Los estudios efec­
tuados en Arica, con respec­
to a los metales pesados 
presentes en la fracción 
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cuadro 3. Concentración de »etales pesados (no ,-l) 
~des latino~ericanas · • 

-------------------- -------------
Elei . sao Paulo Santiago caracas santiago 

< ~ µm < 3 µ1 < 45 µ¡ < 45 n 
19841 19832 1978-1980 1976--1983

1 

Pb 1041 1245 1211 

Cd 11 (( 20j 10 

V 340 760l 
6 

Bg 
Hn 129 90 129j 115 

Zn llO~ 596 690 1105 

cu 74 63 60l 370 

Fe 2099 1468 18301 4102 

Cr 260 < 54 75 
/ 

Jli 19 33 < SO' 35 

Ti 151 276 

-----------.. -------------- -----·-- ---
1 Orsini y Boveres, 1980; 2 Infoniación óe la 
autora; J sanllueta et al. , 1979; 

4 
Sanhueia y 

Lissi, 1980 

< 45 µm, indican que , de 
acuerdo al Cuadro 4, en general, las concentraciones no son muy elevadas. Por otra 
parte. se ha demostrado que cobre , níquel, cinc, plomo y cromo t ienen un origen 

antrópico (Hrepic et al., 1984). 

A la situación general , hacen excepción dos casos puntuales. uno relerido 
a las concentraciones de plomo en el aire, proveniente de suelo contamínado en las 
cercanías de una antigua v ia férrea de transpone de mineral y la otra. relativa a Ja 
p resencia de níquel y plomo y a cinc, emitidos en procesos diferentes por una misma 
industria de tostación de minerales y arrastrados por Jos vientos sobre un sector de 

la ciudad (Hrepic y Quintana, 1990). 

Las concentraciones de arsénico en el aire de Rancagua , son varia s veces 
superiores a las detecrndas en Santiago, como se deduce al comparar los valores 

dados en el Cuadro 4, con los valores citados más adelante. 

CON CENTRACIONES DE METALES PESA DOS EN SANTIAGO 

Santiago es la ciudad de Chile que presenta las mayores concentraciones 

' J .R. Morales. Comunicación personal 
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CHAPTER 7 

THE HEAVY ELEMENTS I N THEATMOSPHERE 

in this cha pter we will surve:-' the heavy ejements in the at:mosphere, inciuc-
1¡;~ frie ?rnoertiesoí aerosois. and the cnemisrrv of the hea \"V e!em"ents in the air. 
l:-1-c: cidi.tio~ we wrn ;eview the leve!s of the eÍements in the air, and efions to 
ce:e:mine their sources. 

i;-{E A D10SPHERE 

Composi tion 

Tii e earth's atmosphere consists of four prüKipal zones the troposphere, t.he 
ma wsphere, the mesosphere .rnd L~e the:-r;¡osphere. Tne zones are separated 
v~· regions of te:..;::-era tu re mversion, called the tropopau se, the stratopause and 
;ile rneso?ause respecrive!y. Tne relationship betv.,ieen the height of the zones 
ú:-:i ve the ear:h 2:1c the temper<:rure changes are shown in r ig 7.i. T hepnnci?al 
sc-=cies in ea ch s::-!-iere a; e a]S() listed. \Ve wilJ be coi1cerned in this cha p ier wifr1 
:he ''º?Csphere, :he sphere ciosest to the earth. The composition of wruch near 
se2 levei, is give;i in Table 7.1 !91). A;ound 50% of the mate!ial in tiie tropo­
S?nere occurs up to 5 km a nd 90% up to 12 km. The majority oi the heavy 
eie:nent speciesa;e in the particulate matter or aerosol. However, beca u se oí the 
\'Oiatii iry oí mercury, and of sorne heavy element compounds, they may also 
ocrnr in the vaoour state. 

\·ie!eoroiogy oí t..h e Troposphere 

Tne movemerH oi the air a.round the \vorld is dominated by two p rocesses. 
e.ir c-.irrents giving ve:tical movement and wincis giving horizontal m overnent. 

Vertical m ovement The stabiiity of the airdeterm.ines its verticai movem ent. lf 
c. parce! o í a ir in :.he atmosphere rises i : wiil expand as the pressure of :.he 
surrounciing air drops. lf the expansion is adiaba tic, i.e. if there is no transier of 
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TABLE 7.1 The Ccmposibon oi frie At::ncspnere ;-.iear Sea leve! 

Comoonent 

Major 
Dinirrogen. N, 
Dio:-:ygen, O, 

Minor 
Argon, Ar 
Grbon ciioxicie, CO, 
Wate~ vapour, H:O 

780,840 
209,460 

9340 
325 
variaoie 

J race 

Neon, Ne 
Heb:rn. He 
\,,~e:hane, CH, 
K;Ypton, K; 
Di~~;ciro':::en , H. 
Ni:;ous ~xicie, N,0 
Caroon monoxicie, CO 
Ozone, O .. 

i8.18 
5.24 
j .4 
j . j 4 

0.5 
0.25 
o.os 
0.025 

'
: 
.. 

~ 
~ ». :¡. 

.. ~·· 
6 X iO..; 
4 X )Ü..; 

2 X JO--< 

Ammoni¡, NH, 
Nitrogen ciioxide, N.O 
Su!?hvur dioxicie, so,· :-;; 

------------------- · ,:; 

nea t between the parce! of air and its su¡¡oundings, the gas temperature wm; 
fall. When the temperature drop, called the adiaba tic lapse rate, is greater ~an-~ 
the temperature change of the surround.ing air the parce] of air will begu~ to~ 
decend. Such a situaban is called stable. Therefore far a parce! of gas (p), u smg%, 

the ideal gas law, ~~ 
-~: 
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PY.=nJU,_, 
."' r . 

and replacing n / \' =by d the densiry of the air we get, 

P = d RT. 
? y 

Sirnilariy far the surrounding air (a ), 

P = d RT 
' 

Since the r,...·o oressures P and P wili oe the same, we have, • p 2 

lnitially the two tempera tu res will be the same, but as the parce] of ai;- rises and 
its ternoerature falls, T < T , and thereiore d > d and the c:2"2~ will ciecenc· a 

1 ¡:: l ;i i: - I 

stablesituation. however, if T, > T, thend, < d, and t.hegas wili continue torise, 
an un stabie situa tion, which · allows for · the verrical dispersion of material 
emitted into the a tmcsphere. Wnen the temperature o f the surrounciing ai; 
in creases wi tii he! ght a particulariv stabie si tua tion resul ts . caliec:i a temDera-

..... • ., • ¡ 

h.;.r e inve:-sion. 

A tmospheric tempera tu re inversion Norrnallyin the tropasohe:-ethe temoe~a­

ture fa.lls wi th increase in albrucie, but the reverse, a tem"Óera~re inversio~ can 
a.iso ocrnr. A subsidence inve:sion happe!1s when the hot air, produced around 
the e~ua tor, rises lln tii it reaches the tropopause. As the a.ir rises it will ex::;anci, 
cool and los¿ its moisture in the humid tropics. The cooleci air tnen ~oves 
towards the pales until around latitude3Ü"N or S when it begins to decend . The 
resuiting increase in pressure raises tne air temperature and cooler air is 
tJappee treiow (rig. 7.2). Seasonal variat:ion causes the subsicie!1ce to rnove 
north or south with t.he zone of greatest heating. 

A radia ti ve inversion can occur on clear cold nights, when the earth's sur face 
coois rapidly, raciiating heat in to the atmosphere. The air near the grounci cools 
C0"1pareci with ~he air higher up <Fig. / .3a). The following day the surface air is 
warrneci giving a limi ted rnixing a rea abo ve which sits wann air trapping in the 
low leve] material (Fig. 7.3b). During the day as the air warrns up the inversion 
is likely to disappear <Fig. 7.3c). 

Cold air from tl-ie ocean, being heavier than wa:rm air on the land, can slin 
under the the warm air. Trusair produces a sea breeze, but wnen the moveme~t 
is slow a frontal inversion occurs on the Jand near to the coas: (r!g 7.4). 

A fourth iemperature inversion called an advective inve~sion ;ccur~ 
when the siáes of a valley cools at night and the adjacent cooied, and more 
dense air, falls into the vall ey . Warmer air may flow across the top of the 
valley trapping the cold air (Fig. 7.5). · 
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\,Vinds Winci, which is the ito~izor,¡ai movement of air, varies from iight to very 
stroni:?:. lt prometes the dilution anci ciisoersai of air poliutants. Tne hof.zontaJ 
move~e~t arises from the interplay of three factors; a pressure gradient (~he air 
moving from high to iow pressure), the Coriolis deflection anci friction wi th the 
earth's surface. The corioEs cieílection (Fig. 7.6) arises from the míluence of the 
spin of the earth on the surrounciing air. A.s a parce] of air.moves.nor~ (~n the 
northern hernisphere) its velocity is greater than at any pomt nortn of 1t, aue to 
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rig. 7.6 Defiection of the wind 'oy the Coilo!is effect (r he oro:'<en C..iJOWs 
indica te tite cii;·ecbon of the wind i:' t:ne ea:-tn die no: rota;e ). 

tne fac: that a point on tite egua to~ has a greater veioc: ry t"-.a.n an:' other ?OiTlrs 
01. tite ea.;-tn ' s su;-face. lherefore to a..i1 o'oserver tne pa:-cei of air appears to 0e 
defiec;ed to the e2st (in tne northem hemis?he;-e). The result is that tne v.'inc 
moves aJong rathe;- than across tne iso'oars Oines of constan! p;-essure) Y.ith 
sorne deviat:ion D:?cause oí the effect oí friction. \"l;ind sttength is ir-.fiuence:: t)\· 
te:-rain, such as buildings in cines, and aii ru:-'ouience ·is áue to ecidies, i.é. 
packets o[ ú· rnoving ranciomiy, but with 2 circuja.~ motio;-.. 

E.miss i ar. bch avi o~ An em.ission pi u me üe;-;aves in a variet~y of v:a;'s ciepenci­
ing o:. tite verti::a.i te;nperatu re gradient, anc the presence or absence of rern::·· 
erarure inve;sions. Sorne behaviors e.re illust;-ateá in ?igs. /_/c.f. The dasned 
imes represent ti-le ad;aoa tic lapse ra te and the full iines the ve;-t:ical temperat-...:re 
gradient of the a.ir . ?astes: dispersai of the emission occu;s througit iooping C?ig. 
/ .7-a ), foliowed o:' coning (Fig.7.ib). In the ia.st fou;- exarnples (?ig. 7.7c-f) frie. 
einission is entrap~c in inve;sions, the wors: 'oeing furnigatíon (?ig. 7.7e). 

The clima te ir. cities Tne ciimate with.in cities can be difieren! to surrounc ing 
rura.J areas, and i:; iru1uenceci by the terra.in, i.e. 'ouiidings, nigh energy cor,­
surnption and su2sequen! lcss to tite a tmospnere, anc refiecting surfaces. Sorne 
oí tne ciifferences are highiighted in Table 7.2160) The ;-educed winci s~, ioss 
of hea¡ to the atmosphere at night from surfaces, which are gooci heat conduc­
tors, provicie tite conciitions that tra.? pollutants. In acidltion ci ti es 'oecome heat 
isiands and air circula tes w ithin them whicn helps to keep tne mareriaJ witri..1 
tne ciry. The buiid up of material with.in a city can be estimateci ;.ising a oox 
model. ln a steaáy state, with good rnixing, the concentration of material in c. 
city' s atmcsphere is given by; 

e( 1 !:.mission rate(E)(mass/::ime) 
mass/ vo .. ) = 

/:..ir f.low rate (vol. / time) 

The air ílow rate in to a box of width l and mixing height h anda wind speed 
v is vlh, hence; 

C= E . 
v 1;; 
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T .A.BLE 7.2 Clima te Di fie :-ences Betwe€n Urban 
a;-id Rurc. l A . ..-eas 

.::iement 

0u st pa.;-;ici es 
Cioudiness 
RaC:ztion 

Winó S?eeC 
Calm 
P~ioi:arion 

Comoa;-ison wi th 
:-..:~al a:e.25 

0.5-! .O OC: highe: 
:~, Jower 

iO rimes more 
S- ! O~, 7710re 

:.3- 20% less 
20-303 iower 
5-2Co/c more 
.3-10% m e re 

Source of C:2:a ; Wnds0e:5. i9ó2 íóO]. 

Tne buiid uo of an emssion in a box wii] inc-ease when ¡; and h are low. For a 
city with i ::: 30 k.In ,}; = 200 m and v = 8000 m h· l a:id E = 50 x i 09 rng h-1 of 
particulate matter. 

e 
Sx 1cr (m h·') x3x1cf (mh:2 x id (r;-, ) 

e ,. 1.0 mg m·=. 

lf the ·wind speed is halved the concentrc.tio n would double, demonstrating the : 
importance of wind. 

./.. 
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Atmospheric Particulate Material (Aerosols ) 

Particle size The size of atmospheric particles range from molecular soecies to 
ma terial that settles ou t ra:oidÍy, i.e. from 10" to 10-: m (0.001 to JOÓ µm) in 
diameter [85]. Tne particles, whose size varies with t.1-ie source, are either 
é!spersed in to the air, or forrned from condensa bon oí species aiready presen t 
in the atmosphere. The diameter of atmospheric oanícies has been defined in 
c iiferen t w ays, and it is not always~ clear whar· dehnition is useci m sorne 
::1ublications. The aerodvnamic diameter, is the di a meter oí..:: soherical oarticie 
~,rith unit density, but ~th the same properties of the rea l parÍicle. lt is,simiiar 
to the Stokes' ciiameter , wh.ich is the diamete; oí a sohere v.'i ü1 the same faliinc 

. e 
veloci ry and density as the reai particle. The mass size facror desc:ibe: tne 
va;-ja tion in mass with the size of the particles, and the mass median diameter, 
!'-{MD (or mass median equivaien t diameter, MMED) is the diameter beiow 
which 50% of the total mass of the particles, or the total mass of an elemen t 
occurs [77). 

Tne snaDe of aerosols range from svhericai to cuite irrerular. Tne ranee of 
::1anicle siz,es for vanous ae~osois are lis tea in Fig. 1.s ¡ 6. 16,85,94, 102¡~ the 
~.a iorirv of oarticles lie with.in 0.01-100 µm. Particles wifr1 diameters in the 
~ar..ge 0~38-'J'.76 urn ha ve comoarable dimensions to the wa;;eJent:th o í ~isioie 
~a ci ia tion, and .,;_,i ll iherefore ~ffect its transrnission o rociu c!ng ha~ze. 

The ciistrib u ti on oí :he sizes of aerosols is log-no~;,..a l [?9, 70), sk. eweci a t the 
h.igher end of the size range. Within this disrributior. iTlOSt of the !Tl2SS of 
ae:osois is in the 0.01 -1 0 ¡.un range [106] v.-iü1 a me3.n a rounci 1 µm [20]. 
:-iowever, the plot of m2ss d istribution versus size, fo:- a chernicai eiemen t, is of 
rhe íonn; 

1 Ar\ 

t fu..}J~iood versusdp . \e, e : . ~:;-. 

i: is often bimocial with oeak.s at <1 and >5 um; where ~ C is ::-.e airborne mass 
concentra tion or metal ~vi. e; is total airoor~e mass concen ;:;-arion, dp""' is the 
?a.nicle size c:. n ci ~logd, is t..:'1e d ifference d p,,,., - dp"''"' í21 ). ÜL"le:- stuciies ha ve 
iound tha ; the particle size ciistribution has two or three ;-nocies. arounci - 0.02 
ll;-n, -0.~ µm a~d - JO µ..111 in mass or size distrioutions [89] . Tne .A..itken nuclei 
r3.nge mode is cha racte:-istic of the freshly formed aerosol. the accumuiation 
range mocie is characteristic of the degre€ of aging and the coarse particle mocie 
is characteristic o í the amount o í winciblown dust. sea spray or mechanically 
produced dust such as fly ash [105). 

Coagu latio r. and sedimentation Thesmall sized particuies (i.e. <0.1 ¡.un) in the 
armosphere can combine into iar~r particles by coaguiation, the-movement 
and contact being controlled main.ly by Brownian motion. 1f each contact 
produces coagulation the reduction in the nurnber of particles is given by; 

n - no , 
1 + knot 
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where n = finaJ concentrarion, ne= in;¡; aj conce;-iüarion, : = ti:ne a:-ici k is 2 

cons~ant J 0-1º to i ~cm; s·;. For partid e~ < 0.01 µ.rn t:1e áecrease is 50% in a hour, 
cmd for < 0.05 µ.m the decrease is 50~c i;; a éav 129). __ 

The iarger pa.rt:icies in the atmosphere faÍloui ra picily, anc in still air the: : · 
settiing or sedimentarion velocit)' is f;iven by Stoke's Jaw; .. 

V e - 2(0 - p:i)g ( 5;fr 
9ii 12/ ' 

where v~ = veioci ty, p - p
0 
= density ciiff erence between the ai r and particle, ;{ 

= viscosity of the aií, g = gravi::atior.al acceieíation constan:, and d = ciic..-nete:-};.. 
of the part:ide 1106). The velocity \.\rill range from 9 x JO-" to 1.3 x 10·1 cm s-1 for-::: 
part:icles of diameter 0.1 to 20 U..'Tl. /f.~'. 

. -.~· 
··:;:. 
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PARTIClJLATE J\.{/.\ .. TITR A..1''D TrlE HEA VY EL.C:Mn,-rs 

Tne Size oÍHea\y.· Element Particles 

20? 

Particles <2 µm geneíally come from anthropogenic somces, whereas when 
they are above 2 µm the main source is wind blov.'Tl and re-entrained dust [78]. 
;:oí a numi::>er of cities, where anthro?Ogenic sources ciorninate, the aerosol siz.es 
¡;-.ainiy span C. ::?-O./ µ.rn, o f w;l.ici-, 20-25'Tc iies at the lower end of the range !78] 
ro: exampie the eiemern.s Sb, As, Pe, coming from man rnade sources. are 
rnostly z.ssociated \.\-ith the SLTi.3.ller sized fraction of the aerosol, i.e. <1.J µ m 
ISO,S3] . Pa.rticies containing ::aC.:-rUum ha ve 'oeen identified in the siz.e rangeO.ó-
10 u....., with a mea..1 ciiameter o: 2.2 .~-n l;1.E3) . . :-. rnnge of MMD's 0.2&-5.5 µm 
nave also De-en repo~ted fo: ::aci::uum conrairting parbcles !21) . . 4. gooc pro:.:>0r­
oon 9f these ?arrides are respira.ole [77). A;ounc 50-90% of the cadmium in fi)' 
ash aerosol is <5 µ..-n siz.e !9Bj. 

Lea.d Tne s1z.e of iead pa:-tic.ies have ~n extensively stuciieci, because of 
concem over automooile iead em.issions. Tnree parricle types are emitted by 
cars, tne prim.ary ex.;1a1,1s: particies <0.0!-0.i µ.m ), chain a&,CTegates, mostJ~· 

· ci1esel smoke W.3-1 µ..-n.) , anci Jarge material (>1 :µ..-n) IJ4). Tne MMD's of iead 
containing pa..-ticies are íe?Orteci to 6e a ppíOxima teiy 0.25-0.3µml15, i 6,66], bu t 
ioí aerosol near to moto;-v.;a;'s, the MMD is around 0.02-0.05 µm l14,65,66j . A 
?io: oí iead co;-icenrration againsi particle siz.e ciis?lays tv-•o concemíation 
rninirna, around the 1. i -2.0, and 2.0-3.3 µm sizes, and the concentíation of iead 
is higher in the smalier particles, i.e. <i.1 µm [98] . 

Tne size of particies from motor vehicles dec:reases with distance fíom the 
íOaG, up to JO';c of the particies are coa.rse within 3.7 m from the road, and 
a;ound 50% oí the particles are gieater than 6.S µm, óOO m away IJ6 .. 7S) . Lead 
comaining parricles a.íe bigge;- in urban a.reas compared with rural areas o;­
along motorv..·ays, r 15,65). ror exarnple around 30% of the pa;-ticles in the mban 
situation are <O.:; µ.rn, wheíeas along a motorway the proportion is 67% 
1J5,6.5,65]. The iead containing paíticles are prnbably iarger in urban areas 
De-cause of the association between the aernsol and genernl urban aerosol í65). 

Residence Ti.rrtes 

Tne Jifetirne of aerosols in tfie a.ir, wruch canta.in heavy elements, is a 
functio;-, of the :ia>ticie siz.e. The smaliest particles, O.OJi-0.08 µm, have a 
iiíetime of <} hour, beca use of coagula bon into bigger particles, wherea.s in the 
accumulation ;-ange, 0.08-i .O µ.m, the iife time is 4-40 days, and the Jarge 
particles >LO µm ha ve 2 life time of minutes to days [6,39,77,78,J02,105). 

E-ecause of the volatility of rnercury it is recycled througi-1 the envirnnment, 
including the atmcsphere, which increases its residence time ove;- land fTorn í 
to 3J5 days. The oceanic residence time is about J4 days, beca use in this case, 
there is less recycl ing of the element 171). 
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Transport of Aerosols . 

Beca use of the long residence times, transpon of particulate material in' 
atmosohere can extend over long distances e.g. 100 to 1000 km. In ice cores 
the Ar~tic and Antarctic, pre-1940 lead levels are ~0.08 ng kg-1, whereas ' . 
found for 1965 are 0.15-0.42 ng kg.;, a 2 to 5 foid increase, attributed to tra •. 
o( Jeaé from industrial areas (106j. The relationshi~ between U:e aerosol lev~ 
of trace elements and their concentration in snow 1s eXIJresseo by; . :1 

~ C, = kC,, -~ 
~ 

where e is the concentration in the air, k is a transfer cons::ant, and e, is thtl 
concer.tr~ tion in the snow. A.nother expression is; - :~1f 

.-~. 

where e is the rn.2.ss fraction of aerosol used in condensatic:in nucleation, r¡ isa'~ 
facto; ii~ed to evaooration below the cloud, and Lis the liquid water content~­
of the cJoud. Takin.g h ciose to i and O. i se,. s 1, 1 .s L s 3 g m·;, frie estimatea:. 
vaiue oí k is J .O to 6.0 (>' m" which is ciose to expenmental val u es [7). .::f 

A rnodel for the tra~S?Or~ of mercur;· which inciudes a number oí r~ctmg-~' 
patifüays is [71]; ., .. .,, 

.;;,· 
. . . Comben:?.! -+- Ü<:e2ffi:: aíT .. !np.i; ~3 C10S:00e!1C) - Co:uin enr;;.J ai: - Sne!J ai.; ~ 

"'x / • \ ' H ~ 
Lana ne2r sources / Lanci m genera l - Ocean (sink)1[. 

\ \~~.;; 
S ~ .~ ; • ''""' -+- i)ee? seaunent ~ inoi.:: .2012nc) -+ r.e:a.,~ ~ -~- (si.nk) • 

~!· · 

. . . ·~. 
To 2 iesser extent the same processes v.·-iii occur for seleruum ano arseru; .. 

Cadr...ium has been observed in air, which has not origina ted frorn local sour~ 

(40]. .~ 

~ 
HEI\ VY ELEME:,rr EMISSIONS AND FUJ:XES ~ 

--.. 
He3 ,-v element emissions in to the atmosphere, global ly or locally, are ei th_;::. 

na rurc.i ;r anthropogenic. Hea vy element a t:rnospheric fluxes are expressed a:,. 
emissions or fluxes in to the atmosphere or a.s fJuxes t::om the atmosphere to~¿. 

earth. íi-ie fl ux depends on the amoum of aerosol and l'1e co~centratio~ of ~~ 
element in the aerosol. Natural fluxes of total particulate ma. ter are eshma~f 
to be around 1000 Tg y-1 or 7.1 x 10;; g m·2 s·1. Tne sources are desert mate~ 
grass1c.nds, forests, oceans and point sources su ch as volcanoes, and forest fires::f 

·~:.·:~ 
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Tne urban flux is estimated to be 100 Tg :··; or 7.1 x J01l g m·2 s·1. On the basis o f 
these fluxes the concentra bons of total partícula te matter are; troposphere 1-1 0 
µg rn.;;, over de~rts 1-1CJ<?O µg m·3, over st~ppes and gra~slands 10-iOO µg m·;, 
over forests 10-::iOO µg m"", over marshlanas 10-1 00 µg m·•, over oceans l-50 µg 
rn·;, and urban J-1000 µg m·3 [39). A separa te estima te suggests higher leve!s i.e. 
üie natural flux of particulates in the airas í73-2200 Tg y-; and 185~15 Tg y; 
¡0 ; man made aerosol (70). 

Sorne estimates oí na turai emissions oí the hea':' elernents into the airare 
lisred in Table 7.3 [55, óJ, 8.<;] in units of ng kg.; (or pg g-;) of dust e:nitted. Tne 
ru~hes: concentrations occur in the voicanic emissions, however, compared 
with the amoun: oí windblown mareric. l the total conrribution oi voicanic 
.~rn!ssions is less . .<\round 60-85% of the total narurc.i emissions of iead (18.6 x 

;()" kg y-1 
[78) or 29.5 x J0

6
kg y-1 [88]) come from the windblown mate;ial, 5-10% 

:rom errjssions from vegetation and the rest from sea-spray, volcanic emis­
sions, fo rest fires and me teoritfc ma terial [78, 88). Tne natural emissions of 
cad:nium to the a::mosphere are estimatec ro be (in 106 kg :r1); windblown dus: 
0. l, forest fires 0.012, volcahic emissions 0.52, vegetation emissions 0.2 and sea 
sora;' 0.4, a totai of i .232 x l Qé kg y-; [88). ror mercury the natural degassing of 
:he eiernent is estima ted ro be 0.02-0.03 µ.g m·2 )Y1, whereas around mineralized 
a;eas the emissions are as high as 1.7 µg m·' ¡,·; [ ó3) . Global natural emissions oí 
:nercurv \·aoour are estimatec as 6 x JOf kg "~; and anihropc0cenic as 2 x JO' ko 
' .; • .,¿ ,; • e 
,,: [ó2] . 

· Giobal estimares of anthrop0genic emissions from a varie:v of sources and ._., . ..... . 
emissions from coa l and oil combusbor. are listed in Tabie 7.4, in 105 g :r; 

f 4 .ó2,é9,71,82,S3,.8S, l 01, l 07). Tne da ta suggests that oii is a sign.ificani S()urce of 
mercur;-·, and coal is a significant sou rce of seieniu:n. 

t;.,e ern.issiom o f lead to the atmosphere, frcm smelting anc refining 
:JíOcesses, have decreased from 5% in Roman times to 0 . .5% today. However, 
ove; the las: 50-&J _vea rs the use of tetraalkyliead in petroi has increased 
emissions 3 to 4 fo ld . More than i / 2 of the lead produced toda y gets imo the air 
in svme fonn or other, around 60-683 from tetraaik;·Jlead and 28% from metal 
Droduction [28,95). =missions varv considerablv with location, íor exampie in 
\;ew Zeaiand thev are estima ted '10 be l.33 x 1Ó0 kg v ;, ove; US cities it is 1.2-, .... , 

TABL:'.: 7.3 Natural Jnputs of Hea vy Elements iroto the Atmosphe:e 
(ng kg-1 oí dust) 

Eie:nent Volcanic Windblown Fores: ñres Vegeta don Sez s:ora:• 
.t..s 300-80.'.l 0.5-2.0 0.5-4.4 .3.5 O. i-0.6 
Ce 30-800 0.002-1.7 0.03-2 2./-3ó O.O:l1 -0.003 
P'::i 100-9600 0.4-70 j .1-78 21 -280 O.COJ --0.09 
Se 10-1700 0.6 
Sb 30 

Sources of data; references 55,61,78,84. 
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TABi ;:- !A Gio·oal emissions of nea,r;· =:Jements and 
ti-te Contribution from !:he Combustion of 
Coal and Oi! (1 C'1 g ;-1) 

!::iemen'. I O~a; Coa: e- , 
'"o: o.; ~" of 
ro~aj rotal 

. .;,s. 2..3.é C.í 3.0 o.oo:: 0.008 
Se ' ' O.O 3E.:: 0.03 -·-
Có ., -

' ·" 0.00:2 0.03 

Ht- 2. ~ o.o:::; 0.07 l.é óé./ 
Pb 44.9 3.~ 0.8 o.o:: O.Oí 
B: c.:: 
Sources o! da::.:. ; reference~ ~.52,69,71,82,&3,BS, 10:,107. 

2.0 x 1 C:: ng cm-':-:, remote rn;-aJ 2.5 x 10:. ng en.-" )-i, remo te mountain 4 x 101 
ne- crn·•,- 1, and over t:Íle oceans the flux is 7 x i 0·2 to 50 ng cm·" ;-1 [95). A t c. sire 
ir~Anta;cbca foe lead concent:ration in the snow is -4 ?g g-: and the áe¡:>0sition 
in snow is-::. g cr;Y~Y ;, wh.ich gives a flux o{ i 2 pg cm.:' )_;, for both ciry and we¡ 
depos:tion. :=.xr.-apoiatior. to ~ne wioole of the A nta;-ccic, with a snow accL!mu­
lation of 17 5 ~:-0 cm·:< the tota! lead Dux i~ -70 pg cm·=;~:, approximately 9 
tOD.5 \-'. ln the S::iuth ?acific easte:-h· :he iead fiux is-:? n~ c:r.·; ;-: , hence the fltD: 
rati o-..t;.ntarcri ca/Sfr1 Paciiic -1/3Ó. Similar ra ho5 occu:--ior other land masses 
and ocean environments, ror Gr~nland / !'-.' fri ?acific - i / 22 and Gr~niand/ 
Nth .t..tiantic - 1 / 3!, [8). 

Tne minciDal source of antiu-ooo e-enic iead emissions is the combt1sbon of 
tetraalk~'lieac", out as moíe countri.es ~eci uce the amoür.t of ieaci u sed this source 
wlli d~ease. Tne qu2ntity of lead consumed by a ca r e:-igine is a funcbon of the 
concentration of Jead in the peuol , rate o: períOi cor.sumption, the size, 
efficiencv and n...lnnin"' soeed of the enccine, ar1d the eni:;ine load. Tne propo;-tion ,.,. e: . ..... 

of lead exha usted áepends on the age, temperaru;e and physicai state of 
exhc ust systern, and the man.ner in wh.icr. car is operated . The amounts 
exha usted can range from 20-30J% v;i th ar. a ve:-a ge a..round 75%!15). Therefore, 
for 1000 caJS h·l, a perrol lead concemra tion of 0.4 9 g ¡·:, fue] consurnption of 0.24 
l J.:.m·;, and for a 7.5% emission of iead, the so urce srreílgth is JO .ug s-: m·1 

[ 14). 
in Los Angeles, for 2 lead in petrol concentra tion of 0.56 g i ·1, anda 753 emission 
factor, th e total emissio ns acided U:::l to 17.9 t ¿.:, (0.3 from evapoíation, 16.7 as 
aerosol and 0.9 as organic vapour) .. Tne material dispersed by the wind was 5.6 
t d·1 (5.3 aeros.~l, 0.3 organic vapour), v.·nereas 11.5: d .; áeposi ted on the gTOund, 
(9.5 nearbv and 2.0 further awav) [54) . 

Other a~rosol lead sources ar~, workroom exhausts, e.g. wh ere soidering is 
carried out, natural weatheíin¡; and burning of pa.int,"incineration of plastics 
and the recycling of lead batteries [16). 

Tne l-i eav;.· :C:lements iil the Armosphere 

ATMOS PHER.IC LcVELS OrTHE HEAVY ELEME.1\!S 

Tne levels o: tne heavy elemen ts in the atmcs?here a íe ciive.,-se ove;- tne 
earth's surface, ciepending on frie particular e;-1\ironinen: and prevaiimg cor,. 
ci irior.s. There a;-e ó.ifficulbes i..1 comparing results from cütie;em s:uci.1e,. 
oecause of ~he facto;s tnat C2.il in.fiuence the actüal leve] measuree. Detailsof th~ 
sarnpling hme, the ?€riod ove;- which the mean leve) was cietermined , a..'lc frie 
vear" wheí1 the woíi.: \~·as done are necesSG.;-;1 fo:- n-~kin¿; any com:oarison.s. T:1~ 
¿at"E civen in Tabie 7.5, are for a.ir ieaci levels ío:- a numi:>er oí enviroi'.ffienrs, 
v:her~ sorne o: :he a"s>vve cietails are avaiiable, an::i compariso;;s can ~ made. 

Leveis of H eavy E:iemen ts i..n Urban Aerosol 

_Muen urban aerosd is generated frorn poli u ::rng so;.irces with.in the urca;: 
area . Tnere is a weaJ !::1 oí da ta on air lead !evels, anc typicai urban air lead leve!; 
iie in the range 0.5-:? µg m·', out approach 10 µg m·'in hea,-y traffic areas (Ta.oie 
-: 5) [ ó 17 37 35 Q 75,80,Si ,88 93,95]. Tne ievels doseiv re la te to the combusrior. 
~{ o-e~o)

1 

Je~d,' this 0-=ing th~ main Jeaá source (-9o%) in ur·::>an a.reas. :=o~ 
ex~mvie in Bel~ium on traffic free days the air leac levels in urban areas were 
a;ou~d 0.6 u.~~.:, comoa.red with the usuaJ 5 µ.g nY'. Other emironments where 
aJkvlieaci ~~rces are ~iea.ri:• impli cated are in rn;-üleis with air lead concen.-r.:­
.;0;.,c. i·n tn" ra:iD'"" -,;-._ 1 OJ u.e- m·:. cicse ro t-a.Hic, (5-40 u.e- r:;·' ) and ciose w 
u ' ·- - ·c ... _... e ' · ..... 
hJahwav c. ( ;. in• •e- m·'·1 [ 17 7E: 19 ,80) .. A..i1 2.DiJroxi:-:-.a re orde; of ai~ lead ievels i.;-, 
oiÍferen.t ~rb;~ ~~ti:-!~S ar~: c~ntrai busin~;s a.rea> heavy densiry resi cienti~ > 
snopping corn.-nerciat> he2')' industrial> cemr~i park areas > ~edium d_ensiry 
residential > iiD'nt rraffic resiciential >open fiele s. A1r lead leve!s also re1ate to 
ooouiation de~siries as shov.-n by the foliowing mean da~ for L'SA cities !7S]; 
~ 0.1 mili ion oeo:Jle, i .4 7 ug m·:.; 1-2 mi Ilion people, -:?..O µg m·;; and >3 rniilio:-, 

?€Ople, > 3 µ.g r;-: :. . .. . . 
Other aerosol hean· metal Jevels have noi ~nas well stua1ed as for leac., 

cadmium bein!:: the n~x! mos: investiga red. Sorne ca~ for arsenic, cadrniu:-r., 
rnercu;-y, ¡ nci.iu~ .. ano mon:• and selenium a;e listed in Tabl e 7.6. Tne concent;-é.­
tions are generally, 2 ro 3 orders oí magnitucie, less than for ieé.d. 

Levels of Hea,-y Elements in Rural Ae rosol 

Tne le veis of the nea ' ')' elements are significan¡Jy l ess in ruraJ a reas, be-: a use 
of the dil ution oí the u:-jc.n ma terials as they are traílsported away. The hea\;· 
element concentratioils in rural air in Belgium, given in Tabie 7.7, were 
measured at times of low po!lution. Tne backgrnund levels were estimatee by 
compa;-ing the measureci values wi th those oí sulphur, using the equation, 

[E)=a[S).;. 6, 

where [E] and [S) are the concentrations of the me tal and suJphur respectively, 
at iow pollubon times, a is the E/5 ratio from the correlation coefficient ca.le-
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TABLE 7.5 Sorne Seiected Levels of Lead in the Atmosphere 

Sar;;oiing Leve! Comments ~ 

inie:va! µg m..:> ~· 
Ciry Locarion 

~~~~~~~~~~~~~~~~~~~~~~--,-~~~~~~~~~~-.:'~~ 

Osa ka 
Los Angeles 
Wanvick 
Paio Alto 
Los Angeies 
San Diego 
New York 
Lonc:ion, UK 
Lonc:ion. UK 

Main srreets 1955-Só 
Freewav 19ó3-&; 
Ciry cenrre 1965-00 
Freeway 196ó 
Down:own 1%6-75 
Mission Va.i. i9é9 
45:h. S:. 19ó9 
Fiee: s:-ree: ·1972-72 

Meibourne Ci:y ce::rre 197.;-75 
Bi:-rriingha..-n Va ;-;ou s 
Brisbane rreewav 
Londor., UK M~ 

Lonáon, \.JJ< 
Syáney 
Los Angeies 

M4D 
ürcan 
Len01ox 

C•ristc!--.urch ü;::;a.., 

ic-:. ., 1~ 

1975 
!9iS 
!978 
!979 
1979 
1981 

30 ;nir: 

weekiv 

\-veek:v 
~h 
24 ,, 

hol.:::v 
w~Kjv 
...,, 
.:..~ ,, 
Cc\·: irne 
C2v:il'i1E 
? ;_=. . ! 

2~ :-. 
2h 

Sou:ce oí ea:<:.; Si..T.::ionds e: a:. ;983 !93 ). 

]~ .x 

8.2-18.3 
2.80-4.46 
1-19 
5.1 2.8 

::..i 6-4.61 
9.3 

'" O.v 

1 . .;-3.9 
0 . .3-! .~O 

E.? 

Mean daiiv rane:e , -
Monthiy :-neans 
Range d uring eay 
.:-. n.n. mean 1971 & 76 
Quar.ely meam 
Two hourly meam 
Daii~' means 
Dayt:me oniv . 
Me.ans 2-í h 
No~ exoosec to ca;; 
Mea.;; 
:¿ m f;-om berrr, 
2 m from berj;¡ 
Dayrirne mean 
Momhly means 
Daiiy mean 

ujation,and b is frie esnmatec cacK.grou:-1d leve J. !:i the ru;al ar eas the levelsare 
h.igI'. comparec wifr1 remote piaces, indica¡!ng sorne pollution material was 
present (86]. 

On a mass oasis the concen:::-c:tion oi ieac'. in !::articles in cities is around 1-
10%, wnich d;ops to 0.1-) "le in n.:.:-al areas, a.nd stii~ fu:-ther, to< O.)%, in remote 
areas. T.r¡e íall is cue todiim ion oí the ae:-os.ol wirn other dusts (78]. Tne ajr lead 
levels in northem hernisphe:e ru ;-al areas lie in the range 0.05.lJ.2 µg m·3, 

whereas in the sou L'1ern he:nispnere the le·,;e!s are around 0.02 L!.g r.Y3 (79). Tne 
diiierence reflects tne greater antrJopogenic i:-:::n.ns in the no:-th. 

Leveis oí aerc50J cadmiurr: ;n rural e.reas are generally <] ng m ·1 [30,38,77], 
and the a.ir leve!s oí rnercury are reponed as; continental a.ir, 20 ng m..,;, 
ccntinentai shelf air 2.9 ng m·• and oce:.nic air O./ ng m·3 [71 ). Sirrülar leve!s of 
atrnospheric arsenic, antimOn)' and seleni um are reported in rural a reas, i.e. 1.4-
3.8 ng m·', 2.4 ng m-3 and 1.1-2.6 ng m·' respectiveiy [38). 

Lev e!s of the Heavy Elements i.-i Re.::note Areas 

Rural and rem ate a reas merge in to each other, and the aerosol leve!s of sorne 
of the heavy e!ements are given in Taoie 7.S. !.1e concentration ranges vary .. 
considerablv, but depend on the closeness of the area to urban, indus trial or ~ ., . ·rr· 
high ernission na tura] sources. -~~ 

.;~ 
".:¿-
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TABLE 7.6 Leve!s oí A.rsenic, Cadmi um, MerCUJ)', lndium, A.ntirnonv 
and Seienium in Urban Aerosol , 

::.ie:-nent Locatior. 

As Washington !X 
Portland 0:-. 
UK ci ties 
Swanse.a 
!oronto 
loronto fr~wav 

Ce :-iooar. 
Urban 
UK cities 
Lircan 
Bro;ix, ¡-..,ry 
Cincinnati 
Criicago 
Poiish tO\vns 
Anr. Arbor 
Washingtor: DC 

i-ig Long Is USA 
.\iew Z.e ~janá 
Toromo 
loronro excressw2v . . 
ürcan 
La.rge óies 

In Swanse.a 
Se UK c:ies 

Swansea 
Toronro 
T oronro ex;:¡resswa v . . 
Washington DC 
i3oswn 

B~ L. Mic;-. i~an 

Se Swansea 
Bost0n 
\-\' ashingt0n DC 
Po::Jand 0:-. 

O.:ie~ reíe;ence 13. 

Concen;ration 
ng rn.,; 

3.2 
5.0 
6.4 

·-
2 -20, r:i ear: iS 
2-~3, me2n iC 
1·9, mear~ 3 
2·!5, 1-50 
2.ó 
2-370 
' -... ~.!....!. 

80 
19 
2-5i 
100-300 
2.5 
2.9 
~ .15 me.a.n 
' ' ,e 

19 
2-30 
5-30 
<O.: 
~ . .;) 
2..9 
0.9-36, mear. S 
1.5-24. mea¡-, 6 
2.1 
0.55-40, 0-58. 8.1 
$0.05-3, mean ó 
27 
C.19-9.1, 0-3.8, 1.23 
2.4 
3.0 

Yea~ Refe~ence 
Reponee 

1986 38 
1986 38 
1979 88 
1974 88 
1976 80 
1"- · ~IC se 
1977 6 
1980 11 

197? 88 
1974 30 
1974 ... ,, 

j\) 

1974 30 
1974 3C 
1974 ... ,., 

j\) 

1971 ~2 
i986 38 
1985 95 
1985 , .J 

1976 80 
1976 80 
i982 62 
! 974,75 62 
1974 ss. 
1979 88 
1974 88 
1976 80 
1976 s~ 
1986 38 
1976 53 
10-·. . , I l " ": .! 

1974 88 
j 976 -... :;;.; 

1986 38 
1986 38 

.. 

Lea a' Lead levels decrease with height intc the troposohere, but are repcneci to 
mce2se agai:1 in the strarosphere [78]. Remete contin~nt.al and ocear:i¿ ieve!s in 
the nor:hem hem.isphere are reported as 0.5-1.5 ng m-3 and 0.2-6.0 ng m·" 
respectively, in t'"ie southern hem.isphere the leve!s are 0.5-5.0 n2" m·; and <lO 
ng m·3 respectively, the iatter resu lts are from limited data [79]. Lead Jevels in 
the Arctic regjon ha ve been observed to vary with the season,and over differen : 
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TABL::: 7.7 Levels of the Heavy Eiements in RUial Belgium 1 . . 

"~ 
'..~; :=:ier.lent Ave;age Range 

ng rr." ng m" 

. .!i..S 2.3 C.39-5.1 

Se 0.62 O. if...1.21 
Cd 0.78 C-.29-i .9 
Sb 1.7 O . .Q-3.0 

Fig í.2 O.Gl-U 
P'c 115 34-230 

Source of dato.; P;ies: e: a:., 19S: !8ój. 

!:.s:imare:: 
'oackpounci ng m" 

0.7 
0.17 
e --' .:>i 

!.O:: 

TABLE 7.8 Levels of Heavy i:lemems in Remote A.reas (pg m- 3
) 

M!o.al Re:-:iote UK Lake junc=-ai.: An:arricG Enewerok 
(range) Distric. Su:-:-:. Wint. º". We: 

P .. s 8.4-2300 1990 i.38 ií 8.4 

e:. 2..5-720 830 ---. .:,,:J,! <20J 49 4.6 .., -..:...:. 

z..ig 6X-3400 39 20 
!~ 0.05~78 --. 

.!...:. 7 O.!::- 0.05-4 
p·: 46-S' 7,00J 31.~0 2988 j3(.' 96 
..__ 0.45--930 6- - j 3:; 2.! C.45 :;.L 2. ~ 

Se 6.3-1400 6.,? 
1 - 2S , e 

\:',, 6.3 :so ; 10 

So:.i~ces of Cat¿; reference~ ó,7, 10, 1::,18, i 9 ,:?.2,2ó,38.62.77,78,8S,95 ,98. 

Green-
Jane 

Q 

15 

4% 

sites the ran ge is l./- 3.84 ng m·". with higher ieveis occurring iil the v-ri.nte; 
months .3.4.9-6.38 ng r.l.; [3,SO). 

At :=:newetok in the North Pacific(i J ºN, 162°:::) a tmospheríc Jead Jevels are 
90-260 pg m·:;. Tne Jead ricio particles are smalle; in si2e than the silicate dust 
oarticles, and there is no tempo;-al associarion be~ween the two particles. Trús 
suooests tha t the lead derives from a source difieren! from the si!Jcate dusl, anci oc 
is probabiy a cor.ti nen tal so u; ce [ 95]. Tne le ad and other hea vy elem ents display 
a seasona l change (Table /.8) which is reia ted to the amount of precipitation, the 
concentrations being less in the wet sea.son [26] . 

At Te Paki (N'º tip oí New Zeala.nd) the rainfall contained 17 pg g·1 of lead 
and was associated with the air ílow from the lndian Oc:ean. In the mid Tasman 
S=a, however, a le"el of 490 pg g-i was associated with the air flow from .. 
Australia, which fell to 4) pg g1 when the fiow swung further south [95). 1n 
remo te areas of Tas;nania levels of l -i60 ng m·3 ha ve been reported [6). Airlead 
concentrations in the Himalayas of 110-160 ng m·; are enriched·20 fold., and may 
a;-ise from open fires [23) . 

Other elements Over the South Polarregions theconcentrationsof theelements · 
As,Se, Sb, Cd and 1n are in the<l to few pgm .:; range (67). The levelsof cadmium ·· 

7:. 
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in remote areas are around 3-620 pg m..;, bu t in areas of high natural sources, 
such as Mt. =.rn.::. ieve!s in the volcanic plume of 92 ngm.;, and above a hot vent 
o[ 30,000 ng rr.·' have 'oeen recorcied [77]. Around namraJ mercury deposits, 
concentra tions of the eiement in the airare around 3G-1600 ng m·', and at 
geothe:-mal area.s concentratior>s of J0-40,000 ng m ·; are reported [63]. in 
!\io;v..·a~· backgrnund levels of ~me heav;· element~ (measured at two si tes 
óuring 1974 ) were as foliows: Hg 20-30,15-3 i ng rr.·', Cd 2C<31, 3-29 ng r.Y' aJ1d 
Po 23-.31 ; 3-29 ng ¡¡;:. Most of the mercury comes rrom naru•ai sources, whereas 
sorne o f tne lead and cad.mium is anthrnpogenic. There was a direct reia tionshi;:­
between tne concenrra tion o f Cd and Pb anci the winci direcrion, wi th the 
concent>anons increa.sing v.•hen tne flow v;a.s rro m polii;tion sou;-ces [98]. ir. 
rem9te areas the range oí mean concentra tions of me;cu;:' in aerosois is 0.015-
0.~ ng m·;. Tne total arrnospheric levels of mercu•y fall rapidiy wifr, height, 
suggestíng the flux comes from the soil [ 69] 

Industrial Le\1els of the Heavy El ements 

Concentrabons of the hcavy elements a;-ound industriai areas, sud1 a s 
srneirers, can reac;, ve;')' h?gh values and, uniike other a rea? i t is not pcssi'ole to 
give ry:iical leveis. Caó.mium levels of arou nci 508, 20::J, and i 60-320 ng m .;, ha ve 
bee:1 repo;-ted a;ound Japanese smelters ai distances 100, 400 a.nd 500 m awa:v 
respectivei~« Around Swedish smelters weekly means of cadmium aeiOsol 
ieveis were 600, 300 ng m·' , at distances 100, 500 m 2way. A :-:12.ximu;-;; vaiue of 
~.O'.)() ng m' has also 'oeen recorcied [30). 

Levels o f me1CU>)' around chior-alkali cell waste ponds were, JE,~ and 90 
ng ;.,-' a; temperatures around 6ºC. and 99i nb m' at 29ºC. P. pp:-oximately 2 
km a v.: ay the levei haci dropp!::d te 3-9 ng m·'. A si mil a;- fall off in concentra tions 
v;asoose;veó a t diffe;-ent distances from a coa! fired power station as shown by 
the data in Table 7.9 [é.3] . 

A stuó:· of the lea.:: ievel s a.round a smelter in ::C:l Paso (dunng 1969-1971 ) 
índicated tha t a¡ frie smelte~·s boundary, and dov:nwind, the a.ii leaci concen-

7.ABLE 7.9 Leveis oí MerCU;'}' .A.ssociated with a Coa) rired Power stahon 

So urce 

Coal 
P.sh 
Plume 
0.25 km 
7km 
22km 

l3ackgroUJló 

He- vaoou; o . 
in ai;, n5 m-3 

i7GJ 
·1000 

200 
12 

Hg aerosol Total particles 
ng m-3 µg m-3 

i.30 3460 
30 740 
2 o-

~::i 

0.1 17 

Sources of dar2; Li ndberg, 1987 162) and 1986 163). 

H¡;~ sol id 
µ5s- ' 

0.28 

µg/g ?<L ,icle 

µ¡; / ¡; coai 

0.0037 0.01 

o i.30 
40 140 
20 70 

6 
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tration was 15-2ó9 µg m ..; (annual mean = 92 .ug m·3) and this had fallen:~fo 
background levels4-5 km away. La ter, in1972-1973, the annuai m ean had fallen 
to 43 µg m·3 after sorne changes had been made. Tne concentration of lead was~ 
highest in the pa1ticies < 1 µrn, anci 42% o í the iead at 250 m frorn the smelter$ 
was < 2 p.m. At the smelter the 10 m onthJ:--· mean for the particulate rnatte; was"::'f 
204 mg m·2 m onlf1·1 [59]. 

VARIATJONS }]\,' ATMOSPHERIC LEVELS OF THE HEA VY ELEVfE1'.'ry5 

One of the cent:;aJ problems in com¡:iaring the concentra rior.s of the heavv 
elements in the ai;, deterrnined in cii fierenl studies, is the varíe!:"",, oí factors th;t 
influence the levels. Sorne oí the facto rs can be con r;-olled bv th~ exoeriment<>r .,, . ..... 
e.g. position of the sampler, whereas sorne are outside the contTol of the 
experi men t e.g. the weather. 

Factors Influencing Heavy Element Leve Is 

Sorne o i the factors that have a bearing on the measured leve] of a hea,)· 
element are: heigh t oí sampler a bove ground, distance from the saurce, distance 
from iJuiidings, rype oí sarnpler, winc speed, wind direction, a.ir temperature, 
a.ir stability, season, topogTa phy, ve:;:ical spread oí the p lume, and in the C2SE 

of lead arising from petrol; traffic de::sity. date of sampling, am ount o( lead in 
the petra l, driving mod e, traffic turbi..:iance, bouyancy of the exhaust gases, 
petrol consurn?tion, age and condition oí the car !1,i4,15,66]. 

Mod els for esfanating atrnos?heric leve!s take into consideration sorne of 
the aoove fac:ors. O ne m odel for the a tmospheric concentra bon of lead is [27); 

emission rate 
Concen traban= mean wind spe-ed x venica.i mixing heigni 

A.nother model, relating to traffic as L'1e source oí lead, is (93]; 

Aerosol lead leveis = KÍ VE )o, 
ITSH 

where K is a constant, V is traffic voli..:me, E is the leac ernitted, T is the 
temperature, S th e wind speed, J-1 tne :-:Uxing height, and D the wind di rection 
factor. It is n o t possible to produce a satisfactory qua ntitative model th.a t 
encompasses a ll factors. 

Seasonal or clima tic efiects Seasonai variations in heavymetal aerosol concen­
trations occur, bu t differ wi th si te, e.g. in New York Jevels were highest during 
the fall and spring, whereas in Los Angeles (see Table 7.10) and Boston the 
highest levels were in the winter. Seasonal variations ma ybe d ueto variations 
in source intensity, climatic variations, scavenging efficiency of precipita tion, 
and temperature inversion s [16, 78). The seasonal pattern of air lead leve!s in 
Denver during Jan 72-June 75, was peaks in the summer, with a gradual -f 
decrease in levels over the years. The seasonal pattern was related to the lead ;:. 
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TABLE 7 .1 O Atmospheric Lead Levels in Los .L\.ngles (~g m·3) 

Place Sea son Diu,naj 

DowntOV.'T1 3.0 Sumrner . o J., 1 i pm-3a,-;i 1.0 
Outiymg 20 Fall 2.8 3am-íam 1.1 

Winre: 3.: 7arn-i 1ar:-, : .2 
Spring 2.i 11am-3o::T. " -u. / 

3prn-i'pr.: O.S 
7pm-'i ! ':;i:: 1.i 

Source ol áata; NP..S. 1972 liój. 

..,_o 
L.1 .. 

:n the petrol, which was a¡ a higher concent:;-ation in the sunu-;ie:-. and the over 
c..ll decrease to the inrroduction of catalysts to cars. wh.ich couici not use leacied 
~rrol. Howeve:, at six si tes the plot o( monthJ;· mean air leaé ievels was ata 
~na ximurn in the winter, when the inpu t from petrol sales wer<: at 2 m.inimum. 
7"nis was ciu e to tJ1e mixing heis:hts being lowe:- in the winte:- (800-1008 ;n ) 

com pared with the sumrner ... (260J m). The dis~n factor, h\' , where h is the 
rruxing heigh:, anci v the speed of the wind. cor.eiated V..1ell wit..'1 the concerma­
rion oí air lead (p < 0.001) [27]. 

Wind speeci is a significan t fac~or in cietermining the arrnos:>ileric ieve!s oí 
trie hea vy elernents, whereas air tempera tu re is ;eia tively less i;:?Orta nt. Tnese 
;·ac.ors, and traífic densi tv, are comoared with the leve!s oí aerosol le:;d in fi o , . ·o 
/.9. T ne drai7\2tic efiect o( increase in winc veiocity on ;he ai:- leaci concent;a-
tions is clear from fnediag:am [93]. However, low concent:racions becauseof the 
"'inci, d oes not mean that the eiernent is not being emitted from the source, bu t 
;ather it is more rapidl;· dispe:sed and diluted [93). Cadr;Uurn,'leve!s, on the 
orher hand, 0.0024 µg m·' (urbari) and 0.0020 ug rrY' (ru:-ai), are reportee to be 
less iru1uenced by these factors [72). · 

oL-~-o-e_o_o~~,o~oo~~;-20-0~-,-,4-c-o~~,-&oo~ 

Time 

?ig. 7.9 Variation of lead levels with numbe: of vehicles, wind speed, and 
temperature. Source of data; Simmonds et al., 1983 [93]. 

e 
<'.:) 
o 
~ 
¡.._,. .. "' 

-....' 
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Seasonal affects h2 ve al so "oeen re¡x>rted fo:- ar::.enic ant'u-non:i-· and cacir.ti · · 
with higher levels in the v.rinte~. Tnis is prooably due to exr,a emissions-:" 
associated v.rith combustion for heating anc prociuction oí power 177,88]. 
Howeve~, the reverse seasonal si:Uaton has also ~n observeC., and this rna~ 
reiate to ciifferent d.isper:>al moóes in the su..-'71..1.-ner ar1d v.rinter íi7). 1 

',}e· 

Diurna/ variationf Diu:-nai variations correiate v,-;th traffic óensiry fo:- ieac 
(Table 7.10, ?ig 7.9), and concentrations are al so iow in the weei<.enás l 16,78,93). 
in urban and rural areas caá;nium leveis show ci.iurTi.iil and ca,· to éav 
variations. Tne reason isdue to the varia bon i:; saurce emissions, wind,and io~ 
ventiiation characteristics. 

Sampl ing f actors A numbe; of sampil:tg facto:-s influence the obse;ved ievels 
of the heav)' elements. Levels of leac ir. stree~s va:-y '"ifr1 heigh t a.o-ove tnf 
g;ound, e.g. 10.4 µg m·:, ato.:; m, 8.3 µg m·' a: 1.5 m and 5. i µg m ·:, at 9.:? m 178). 
Tne length of sampiing time has a marked efíect ori what is obse;ved. Sito;t 
intervals may pickup peak or low e:n:ssion. times tha! woulc be missed using 
longer sampling times 16). Orne; facrors are; frle ci.írecLion of the wind v.rith 
respeo to the sample~, the distance from L1e source, the ?Orosiry of the filtei, 
and the relation of frie samoie~ to vertical or inclined surfaces thai '7'10áifY air . -
movement l7S,93). 

The influ ene e of the aütom obi ie Tnec~:mcenr:-a :JOn of iea-:i in airreia tes to trafñc 
áensity anc mode oí operation. More lead is em.itte::i aiong rüghwa)'S tha..-, in 
city driving, approxirnateJ:· 20% i.s em.itred in su·ourban ci.ri\·ing, and 20Cl% at 
full th;-ottle when acceierating to 60 mpn. rrom an anal~1sis oí exhaust dust it 
appears that about 21-28% of t:he petro! lead is retainec iri L'f-ie exhaus'. systerr. 
178, 93, Si). Both t:he physical and che::rucai characie:istics of me particulare 
im tter is affected by fuei consumptior., e:1gine wear, na rure of the engine oi], tne 
exhaust system and ai;/fuel ratio [78). 

ln West Germany petrol lead v:as :-educeG from 0.6 to 0.4 g ¡-:in 1972 and 
then ro O. i 5 in 1976. Tne reduction in the lead conien: by 60% (1976) proáuceó 
a reduction in air lead b;· 55-QO')(; in strees carririg heavy traffic. fo¡ example in 
rrarikfurt the mean ai¡ lead was 2.56 .ug m·' befo re red uction in the pet;-oJ iead, 
and i .04 µg m·:,after. However, in streers with lower traffi c levels the red uction 
in a.ir lead was less, around 30%. This m2y be because of an additionaJ source 
of lead, but couid also be áue to the na:Ure of the exponential fall off in iead 
levels with ci.istance from the source. ln the Ru.nr a.rea the drop in air iead was 
oniy 20%, whereas in the Jead mining area, Stoiberg, the red uction of lead in 
petrol hacino effect on the ai r lead levels [56) . 

THE DEPOSITION OF HEAVY ELEME.1'.'T AEROSOLS • 

Aerosols eventuaJly deposit on the earth, either as 2 dry deposit oras wet 
deposi t (in rain or snow). Tne data in Table 7.11 indicates the magru tude of 
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TABLE 7.1 ! VYet Deposition for Sorne nea'-; ' :::iements (ug J·1
) 

. .i._s 5.8 
e¿ C.?&-2.3 (0.7) ' 
F-ig O.O::J2-3.8 (G.76) 
p·:; 5.4-j ~ 7 (4~1 

S'o 

R;!;aJ 

o.o~ cc286;· 
O.OE-46 (Q.5 ) 

G.005-2.2 (0.09) 
c . .:.:;--6~ e 2) 

0.019 
0.004--0.639 (0.00.S) 
O.O! i -0 . .QS (0.079) 
o.o:-OAi co.09! 
o.e~ 

· • \'aiues 1:-: parer.:nesis a~e mez•, ievels. S::n;.rces oi ca;a ; B~at-Me:.a~G ané 
CrJce,. i 9S7 ÍiO!. Galiow2~· e: al., 1982133]. 

óeposition ievels (in µ.g ¡-1 ) in rain founc ir. GiHereni envi;-onments. 

D'eposit ion Leve is 
Most in..formatio1: a vaiiaoie is on lea C.. aná sorne cate are pven_ in Ta.bi.e 7. l~. 

-:-ne deocsition is ex?ressed in mg m·; <·o~ µ.g ¡·: (ior wei ~eP?sm~n), ~ougn 
. . . . - . s· ·on J0 v0 1S Ot J0 aQ -ano-o ;: numb-~r of othe:- t:nits nave Deen usec. 1 ne ae~::) .rn • . ~ - ' - . · e_~ 

· <:;~e- rr·; ,,; 1·"' -<>morº a,."'""' to ...,::..3o:ims: r.; ·-,-· m u:-oa.i1 areas,ana muen rrom ...,,, LJ , • : ~ z ._, ... • .......- ..... , - ....... ,,. • . . 

rus:hei cic~ to ];ad óaseci inC.ustries, ano roacis DUS~' with traffic. Foroepos;~?r: 
oí~acirnium, the oulk precipita te (wei and dry) hase mean con~entrabon º'.:ne 
;-neta) in me we; material of 0.6-37 µ.g i.:, with rnosi concer.trab~n.s ª.roun:::i J -: 

l.: ·,n •·..._,,ca~"' o',.:. ., -~!aJ i (":-v cepa si cion). concent;a t1ons of b anc :?O:l-10)_. !..!.S: . ... J ""'''"- :;7;. • ..._._!:> l.J "'""''.. • , 

.. ~e-: havº ~;¡reportee í77). 
-o A number of ractors infiuence frie ievel of deposit1on in a;-iy a rea, su~h as t~e 
io:alitv i .e. remo te. n.iraJ , uroan or industrial. Wet preci?itation depenas on trie 
existe~ce 0 ; ;-ain 0 , snow, the arnount, its durayon and in.tens!t)'. T~~ co~ce.n­
iation o f Jeac in orecioit2tion decreases w1tn 1ncreasing intens,ry º' L1e 

~rº-'"'l.,_,b· on Tno -,·atºS ·oí cieoosirio;-; of cadmium conraining aerosol have 
- \..\..: ¡_., LD l J • • .._ - f"' • · • • 

'. ncre~seci ove~ t,;1 e vears. Tn!s relates to increasing Po?;_; la bon aens1ty, iocaJ 

:.:ariations anc is a fu nctior. of lar1d use 177]. 

Deposi ti on Mocie!s 
Different modeis for ooth wei and dr)' dep-osi tion ha ve be-::n deveiord . :=or 

wet deposition the fl ux ;-a te is gjven by, 

'Flux= v.,:RAfC '¡, 
- \ P · 2 

"'here W is t,'-¡e washout coefficient, R the a :i.nual rainfall (m), A the area ~m ), 
C is the metal concen:;-ation in air, and r is lhe densit;· of the air == 1200 g ~-· [?8J. 
\Vet deposi ti on is interrnit ten t and the washou t factor o~ sc2veriging ratio Vv is 

civen b\· [10]; 
~ , 

W = CR.p e 

CA' 
v:here ~is the concentration of the eleme~t i~ th~ rain µg.~~l, P the á~f':S~ty of 
ai..-,and e,.. theconcentrationo f theelement in tne al~, µgm -. J ne washou. ,actor 
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TABLE 7.12 Levels of Deposited Lead Aerosol 

Loca non 

Northern hemisphere 
Southe:-n hemis;here 
Remoce · 
France, mountains (wet ) 
Remete te;restial 

winte~ snow 
s~-nme~ snow &. ~ain 
¿ í)' 

Remete 
Ru;a.! are.as 
i=rance, :-ural (we;) 

R:.irai 
Pollu~ed areas 
Pa:is ;;affic (wet ) 
Urban a.re.as 
üroa.n 
Fra.."'lce, inct.:sr:-iai (we: ) 
."-iea ~ !ead sources 
j\je2;- mo:01\vay, O iO 33 :;-. 

Deposaion leve) 

0.8 mg m·• 1-' 
0.4 mg rn·' y-; 
< 5 ms m·; y ' 
9 µg :·' 

0.5 r7lb m·2 ~- ; 

0.4 i7ig m ·¿ :v-1 

2.0 mg rr.·: :,..; 
0.01 ~ mg ;n·' ~; 
5-20 ;ng ¡,¡·: :·; 

é-34 r:-1~ Ii"l": \- 1 

> 20 ;ng m·= ),..; 

10-30 ;ng m·2 y_, 
25-300 :m:: m·= \_; 

600-6000 :7lb m·' y-¡ 
~ 3 .4~.5 !":1g m·' c·i - - - , . . . 
:.: - ! .: ~g ~--e·· 

Reference 

78 
78 
78 
92 

28 
28 
28 
17 
78 

1í 
78 

28 
17 
92 
17 
óó 
56 

iencis t~ be g;-eaiest for t..'le lc.rger parricies [10,89), par~icula :-iy over land 
masses, out o ver remo te marine areas (e.g a t =:newetok) there appears to be no 
relationsh ip [10] . Tne efficiency oi tne w.:snout of aerosols is given o:1; 

f?vf]c,,, ::..-~: voi"-.-,,ec! ~• :._-.: Efficiencv = 
!Jví]c:,.-. co;;c:s~:iC::.iE; voi!.:..~~ cic.:o~C,j 

/ 

where .Mis the eiement [10,JOO]. 

Tne veloc;r;; of ciry deposibon <V _) in ;u¡al and ;emote areas is< i .O cm s·; 
(mean is 0 . .3 cm .s·; ), bu t the veloci ':' ciepc:.cis on the pa:-ticJe di ame ter and wínd 
speeci. The flux :ate (F) (mg m ·' v.: ) for ¿,, de:Josition is 0.ven bv· 

.... .,, - • ¡_,,; .,, , 

-F<downward flux ) mg m·' y- 1 
V¿(cm s·;) = 

C(airbome conc. ) mg m·' 

wh:_;e C i~ the '.11etal concentTation in the air [10,20,78,89). Jn polar regions V 
=O . .) ~m s··, ~ne o ver the oceans 0.8 cm s·;. The rem oval of large particles tak: 
~lace oy sed1mentat1on, i.e. gravitational settling, anc small particles by d iffu­
s1onal transpo; t a;id inertia l impaction anci interception [89]. The model is not 
adequate if a srnail fract ion of the airbo;-ne mass is responsible fo r the bulk of 
the deposi tion. The deposition velocí ty is a function of the aerosol aerodvnamk 
ciiameter (the diameter of spherical parricies of unit densitv which beha~es Jike 
the particle) the wind speed and surface conditions e.g.' the roughness. The 
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deoosi bon velocity of cadrruum varies by a factor of 20 be<:ause of different siz.e 
cii~trfoutions [20). 

Dry Versu s Wet Deposition 

Tne rnrio o f d.-v to wei deoosition is controlled bv the amouni of orecioi¡:a­
rion, and the ciry f;actio n can ~ary from 0.2-0.6, or 0.2:0.9, oí the tota l d.eposirion 
19,22,.3.3,77,89). Jt appears tnat wet deposítion fo:- rrace eiements is as importan t. 
or more so, than ar:· depositior .. 

Moss for Detecting Aerosol Falloi..:t 

A~mosoheric de:>asition ha.s been measured using the leveis oí tne rrace 
elements ~ccumulated in moss, such as sp.:...!ignum. For reiiaoie results the si te 
needs to~ treeless, omorotrnpic (we! and ;-ainy ), contain hur:-ü.1ocks with as 
little shrub cover as possible. Tne deposition rate is given o:'; 

R=(C P)-L.;-L, 

wnere R = depositíon in mg m·; y ;, C =metal concentr2tion ir: mg kg-;, P = 
biornass production in kg r;Y2 y-1, L = ieaching oí elemen! from :ne moss,'and L 
= uvtake oí the eiement from oider organic material. in ~uro~-e the annual rate 
of .;,etaJ accu mulation in sph11g:wm mosses !s 2. i-63 mg r ;y< )~: í3.5]. The re?rcr 
ducibiiity of L'oe method for Pb (.59.3 µ.g g·; d-;), and cac:ni'..lm (2.5ó.3 ng g·; d-1), 

is demonstrated by L~e coefficientsof Ya;iation of 16.7% anc !ó.3% respectively. 
3;-· using a netwoík oí bags it is possible ro build up contou:- C:iag:-ams of equal 
concenrrations of the elements in any area [64,96]. . 

Fallout From Au tomo biles 

Numerous sr...iciies ha ve been carried out on the cieposition of lead around 
roaci\,·ays irom automobiies. Tne iollowíng data (in mg l":l.; a·; ) cieariy snows 
a fail off in t..'le deposited iead with distance from tne rnad. 

Central reserve 2 8 18 33 mete:s 

13.40 5.20 2.91 1.00 0.52 
- n-/.v.) 7.3ó S.58 2.82 1.61 

A deposition ra te of >3.3 mg m·; d-1 is consiciered exces.sive ior residential areas. 
Trús is not nonnallv encou ntered at more than 15 m from the road [66). 
Approximately 10% ~f the lead emitred irom a car at cruise speeds is deposited 
within l 00 m of the road, when tnere is no intercepting su;faces. Tne fall in 
ahnospheric lead concentrations v.i:h distance from the ro.:d is in pan dueto 
depostition anci in~part ciue to the upward movement of the piume. The large 
particles deposit ciose to the road (> 90% ~rithin 1.5 m wnen tne size >5 µm) [1Sj. 
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HEA VY ELEMB\':'"f SPECIES A..1'."D REACTIONS D\ TKE A TM OSPHER.E ..., . 
Tn e identification of the chem..ical forms of th e trace elements in aerosols.is , .... 

a difficult prooiern, because, for mes; methocis avaiiabie for soiicis, relativeJfl! 
high concentrations of the species are required . Tne instrument~ metho~]._ 

employed are the s.::anning eie-::tron microsco~, electrnn microp rnbe and XRD. · .. · 
Tne firs: tw o methods are o:-Uy usefu l fo: particies >0.5 µm, though the 
:::-ansmission eiectron rnicroscope can be u sed on partides dovm to O. i µm L1 
the case of XRD onl~: crvstaliin e ma terials are observed and .each species neeQ.5 

to be >5% in concentrati on 146). 

Le ad Species 

Automobile lea ti Mos: wori;. has been done on lead species, beca use of the high 
levels of lead in the particulate matter. Tne iis; of lead compounds reported in 
aeíOi.'.)ls from 2 variery of sources is given in Table / .13 178). Tne actual ieaó 
comDounds ir. 2 i:Jarticul2r aerosol wil l de:>end on other consbtuents ir. the 
a tmÓs?here, and tne age of th e aerosol. The primar;· ma !erial from the exhausts 
of motor cars is mainiy PDC13r (when ooth C--:l.2Cl1 and C--''-:fü: are used in the 
oetrol). Howeve~, PDO, T'o(OJ--í)X (X = C!, Br), and sorne P bSO<, Pb,(PO),, 
?bO·PbSO< and Pb rr.a;: al so occur in the larger pa:-ticles, whereas in the-smalie; 

oarticies o. and ~N1-'.~Cl·2Pb03r, 2.~~, C·PoOBr are found. \'11hen ohcspho:-us 
~ ::>re:>e n t in oec-c~ the compoun d Pb ,(PÜ . ),(Ci,ór) rr.aY form . íS,4.3,46,Q . ..51,78]. 
sOme organ.oiecc com:oo~ncis, such as ~(-Po anc R,POC:l ase also emitted . A 

TAi3!....E / .13 Lead Soecies in Aerosois 

So:.i;ce 

.A. utomorive 

Mi:1in5 activities 
Base me--..al smei<in¡; 
anc refi.nin¡; 
Coal--fire:i powe~ 
statiom 
Ceme!1t ma:iufaC:: '1Je 
Feniiizer p;od uction 
Fe:-roa.lloys 
Lead píOducts 

PDCl~ Pbfü_, PóOB:-, Pó(Ün)C!, P!:>CL·PoCJfü, PDO·Pbfü~ 

PDO·PbOB;, PóO·!'bC1:-- !'i>8,... Pbso,.'voa.r::so .. PbP:O~ 
P-::)PO,l~, P-o,(PO,l:.P-oCJfü, P-:/P0,)

3
(Cl,Br), 

Pt-,O(PO),, 2N;-j ,Cl·PbClo:, ah1H,0.2Pb0Br, Pt>COY 
(Nn,):C!5r·2FoCl5r, p0.:H,Ci·2P'oCiB:, P-oO·PbCO, 
(PbO! .. ·PoCO. 
r:s, PDCO.., Poso . Pb/PO),O, P-:S·B! .. S,. Pb0,...J7o-siiicates 
P-o, PóO,... PbCO:>' Pesó,. !'oÓ·P"t::SO., (PbO):P'oCOi Pb in 
metal ox.ides, P'o--silicates, PbS 
PDO •. Pb(NO;i,, PcSO., P-oO·P'oSO., surface sorbeó material 
PDC!~ PcS, P-o 
PDCÓ"' P-o;(PO,l,Cl 
r·::ieo;, PbO,... Pb!(PO,l,O 
Pb, Pb-alioy pa;-;icies 
lnclucing leac a;-yznate, anti¡-¡-¡ona:e, enroma re, cyanamióe, 
iodióe, fiuorosiücat e, molybeate, nitra te, selenide, silicates, 
~i tan a te, vana é a re 

Sources o f d ata; i-ia.rrison, 1986 !43], Nriagu, 1978 !78], Pacyna, 1987 [83). 

Tne I-ieav;· Eiem ents in foe Atmosohere 

stuciy of the main crys~alüne lead compound i:-: the primary lead aerosol was 
found to be the soiici soiution Pbo~; ..: Oo.:. based on theunit cell ciimensions 193] . 
!=rom the specia::ion results given in Table /.1~ .. it ~s ciea~, tha t the pro:oorrion of 
haiogen containing compoun::is de-crease V1rifr1 time and ciistance, while ther e is 
2 corresoonciim: increase in frie oxv-comoouncis. Tnere is a ciose sirrúiaritv 
bet1veen' the le ad sDecies in the aero~ l coliec red ci irecth• h-orr. the ex.ha ust, an;..; 

' . -
collec tee nea;- the roaC. , a iso there is :: simiiaritY berween 2g-ee aerosol and 
aerosol colJecreó sorne ciistance from t:ne road sid~ (Tabie 7.1 4)f 57]. The pri.nc:i­
oaJ corn?onents in agec vehicle aero.>J! a;e ox~:--ieac spe::ies, POCO:, (PbO) .. -
. . ro p· SO , ..... ¡~ SO · p · r\ - " ::i· Sr\ -- ·- · / · r::. r ~ 11. ... - c--· PD'~ :' · D ,·,:"-' ( )~- ~ ano .. O'Ji::.n'-- .. e ,_,. ~(ctO.i::.Jo,aooutcU,,, ) -:. .),/C,~/ J . 

Smelter lea.d Tne Je2d species tro;;: smeirers are similar to agee 2utomobile 
a-erosol (ci. Tabie / .13) l 7&,83]. Panicu ia te materials from srnelte:s contain PbS 
(from the ?rima;:-· ore), PbSO<, a nc PO::)·PoSO, (ooth rrom the si r. renng of me 
Pb5 ore ) iri the S<a::K and in the ambie;--.t an d internai a tmospheres, Leac oxid e 
comes from oxiGation o{ Po áuring smelüng. G.J<d the rne<2i f-rom reducóon o: 
compouncisadciee to se wáust 143). Tne iead species, ir. t'ne s;:ack emissions from 
2 primary lead / zi nc smelter, iciencifiec u si ng X.T(D, di He; in form ciepending on 
t.he pcsi tion o { ü1e samples in the s tack. :=or different posirions the species were; 
(a) PbSO ~ · P-DO·PbSO <'(o) PcS, (e) PCO, Po, an d (d ) CdO. Outsicie the smelter the 
aerosol ieaci s~::ies va;-ied v:ith tne s:ze, as foliows; P':::S, PbSO, in >/ µm 
¡:;,articles, PbS, FuSO, in 3 .. 3-/ u.rn parn:ies. and PoSO, ir. 2-3.3 µm par ti eles [45). 

Reactior:s of lead s pecies In a s:uciy 1 ~3,47) of the cnernisrry of PbCiBr the 
iollowing cherrijcal pro cesses were identified; 

PbCl3r 

2PDOBr 

n e reaction, 

50 .. negiigfoie reaciion, 

r .. :p ---+ Po(OH)E~ othe~ ?rod u cts, 
siow rea r<ior. 

i(Nl-:1<):,SO, ---+ PbSO,-(Ni--l< l;SO( + tNH,)2BrC! ·PbC!Br, 
¡¡,ai r. ?TOC ua 

Tne las: reactio:-i, proceeds in moist air, and is the principal one beca use ammo­
nium sulphate is a major com)=><ment j¡-¡ aerosois. ln addition the reactions; 

PbCJi3r ..,.. :-i~so, ---+ PbSO( i-Kl ..,. HBr 

6Pb0Br ?J'\.11-:I/-l.SO,---+ 2PbSO, ..... c..J\.i}1,Cl·2PDOi3r + N'ri,Br·2Pb0Br 
+ HCl + HBr 

1 : 
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TABLE 7. 14 Lead Compounds in Automooile Exhaus~ Material 

s 6 - s 9 10 11 12 13 14 - - ' 
Exhaust ga s 
Oh 10.4 -·- 32.0 7.7 - .., 5.2 l ': 31.~ 1.2 1.0 0.1 -·-
18 h é.3 0.5 12.0 l .L O.i S.ó O.i !.ó :3.8 21.2 ?O' _,.o 0.1 
N ear a busy r oad 
Near . '? 4.0 , , 

4.0 2.0 H o.:- 2.[• 15.6 0.2 i2.0 37.9 1.0 2-1 J,_ ~.-:e 

400 y 10.5 0.1 O.ó 8.8 1.1 5.é 0.3 0.6 H.ó 0.3 25.0 21.3 ~.6 6.0. 
Rura l 5.~ 0.J 1.6 4.0 1 -.. :i ~ .0 30.2 20.5 .,- -_1.::: 5.0 3.2 

Wnere i = ?bQ 1 = i'':>or_ 3 = PbCBr, 4 = PbíOi-llC, 5 = Pb(OH)or, 5 = (PbO).-PoCl... 
¡ = C?bOJ.-Pboi_ s = C?oó>.·PbOB:. 9 =Poco_ 10 = Pt-.(PO,)_ 11 = ?bO,.. 12 = (PbOi.-.PbCO . 
13 = !'bO.°?l:SO,'. 14 = PbSÓ,. h = hours, y= ~·áró. s.:i.;ce ol°ca:.z: Servan;, i9Só !C?2f. , 

occur whereby bromine is los: from the aerosol [43,47,93) . Tne iead halides in 
the atmcsohere are said (in con tras t witn abo ve) to be ohotochernicaiiv decom-

; J ~ 

posed libe;-a ting í:ee dichJorin e and ci ibrom.i ne [0519) . The lead r.a iides (e.g. 
PbCJBr), react vvith a cid sulphates and ni ¡¡-ates al so forming frie dihalogens and 
HX.. Many 9f these reactions reduce the Br /?b ra tio in tiie aerosol [44). When 
hea ted in air to 250° C the PbClfü compounci showed no ciian2'e, but at400° C 
PbO and Pb"O~ were formed [93) . · ~ 

Tetraalkyllead compounds reac: 1n ti-1e 2 tmosohere with ozone and the 
racicais ·O and ·OH, a nd are ?ho toreac'Jve [24,43]. 

Tne Pb-Cbond can be broken [43), prnducrng othe; members oí the organolead 
S?ffies, as well 2s inorganic iead. 

RzPbX + RX ?bX... 

Species for O ther Elem ents 

Much less is known about the species of t.he e t.her heavy elemen ts in aerosols, 
mainly because oí their low concentrc.tion, making it difiicult to identify the 
compounds. The cadrnium species in aerc50ls are probably Cd, CdS, CciO, 
Cci(0H)2 and mixeci oxides with copper aJ1d zinc [77,83). From smelters there 
is evidence that the oxide CdO occurs in the stack, anci CdO, Cd and Cd(0H)2 
have been icientified in the interna] atmosohere [43,55). Cadmium dichloride 
rn.ay also form during the incineration of r.efuse (83). -

Mercury in the vapour state, w hich may be >90% of the to tal atmospheric 
mercury, is most likely to be Hg, HgC1

2
, Ct"..,HgCl, (Crí

3
)
2
Hg and other 
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org'anomercury compounds. Elemental mercury may account for 50% oí the 
vola ti le species {43,71,83). 

Tne major chernical species íor arsenic are As, AS-:0,, As,.S, anci or­
ganoarsenic compouncis from combustion and metallurgicaj proceises. Also, 
because o( the possibility o{ cnlorides in refuse, inciner2:ior. could produce 
volatile AsCl, 183). 

Solubility oÍ Aerosols 

The solubili tv of the hea\';· eiements m aeroso!s in water, such as in 
precipi ra tion, wi!l infiuence t.he reacti vit:' of the eiemets in the air. The soh.:oili tv 

~¡ ie~d aerosois is reportea 2s being around 50-90% ir, water, whe:e"~ í~r 
deoosited ciust it is <1% [78,92). Lead species are relativelv solubie n; wet 
sa~.oies, but are Jess so (<10%) in dry ~mpies [.34). Cacrnium aerc50ls are 
rela;ivelv soluble in water and acicis, so that as muer. as 30 m 95% oi !:he ¡¡-¡eta) 
w'ill be i~ solut:ion ir. precipí:ation. CaciIT'jum is re?oited m be more c::mcer.­
rrated on the surface of panicies produced by combustion. Tne ratio oi suriace 
:o 'ou ik levels of cadr.jum in aerosols is - 30, anc this mav be whv its soiuoilirv 
is high [77). In genen;.i , par tirnl2te cacirrüum is more soÍuble th~n particulate 
Jead [.34], and both thei~ soiubiiities incre2se with decre2se in particie si:z.e [88]. 

SOL"RCES OF T ñE HEAVY ELLvfE?<TS !:!'-' AEROSOLS 

P. number of w2;1s nave been cieveloped to determine the 50Urce o( the 
elements in aerosol s. T,.,e methods fall into three main ca tegories, (a) caiculation 
of e!Vich..rnent factors anc reia ting these to sources, (b) direct measurement, 
such as his toricai cha..i:ges, and (c) deterrnination of the composition of source 
receptors and the re lat:ion of these to the sources b:v use of techniques s-...:ch as 
a che:nicc.l element balance. 

EnriC:unen t F actors 

Re! c. i:'-.;e enricnm ent oj th e e leme:1 ts T.'1e calcula tion oí enrichment factors (E;:-; 
ior sorne he2vv elemer<ts in aerosois prociuced the orde~ Se> Pb >Se> Cd íor 
the elernents ~'ith the i:f > l . The fa ctors are c2iculated with re!erence to 
eiements, such as A.l, Ce, Fe, Si and Ta [i3]. Another measure is the mobii::atior: 
fac;or (MF), which is the ratio of emissions rrom human and natural sources. 
Tne orderin t:his case is Pb > Sb > Cd >As, Se> Eg. A study oí historical samples 
2'ives ~e orders Pb >> As> Cd >Se and Sb > Pb > CC.. A summary oí these 
~esul ts, for low , moderate and high enric,l¡ments, is given below indicating a 
<>ood Jevel of consistencv [33,ó1,88]. e , 

::ac;or Low Moci . hig:-. No ca:a 

Mobil i.zation Hg P.s, Se Cd, P':J, Sb, Se Te, TI 

E~riciunent Cé, F::, S'c, Se Te, TI, Hg,.:..s 

HistoricaJ Se Cci, F::i, So, .A.s Te, TI, Hg 
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Another measure is the rnuman activity' fac tor (sirrúiar to the mobilization~ 
factor ) which is the ratio of the con centrations of c. oa,-ticular element in uroari~ 
to remo te areas, or rural to remo te a.reas. Tne orcier is Po (489, 128) > A.s (305, 15)·~ 
> Cd (88, ó6) > Hg (9A , 1.1 ). Tne values formercury are low i::>ecauseof in.efficient ':' 
collection in wet cieposit1on, anci m ere are insufficient cata ior Sb, Se, Te, and 
1l [33]. 

in remate areas the a rder o f erüich;nent factors , caJcuia red witn resoec: to 
a.it.munium, are Se> Cd > Pb > Si::> As, <:=:rs range 350·J-49)!1S,10007}. Tne 
vol2tile eiements appear to be uncier-estimated . Tite en..-ic:iunent can not ir. 
ent:ireiy accounted f or Ó~' c:,-ustal ci u s:, sea sp;-a y and me1eo;; ne cius t. However, 
volcanic dust appears to be significanL in tne .Au1t:a.rticc. the eru-ichment o: A.s 
a_n¿ Se (and Sb, ln) increaseé in 1975, é. few weeks aher !:he eruptio;i of M:_ 
Ngaurunoe in J\iew Zealand [18] . Tne seienium a.rid antimon~· ievels iil the a ir 
at Heimaey (iceland) were eievated afte~ the 1973 volcaru c eru?tior:. Both eie­
m ents wereen;-iched in the aerosol, la va a sh, anci fumeroiedepcsi ts, aiid fo;- two 
aerosol samples, tile en;ichments, r ela rive to crus:.al al~~nium, were Se 620C1 
and 21,6GJ, anci So 97 anci 115. Tnese fac tor s are si:niiar to w na : was fauna a t 
Kila uea 1400-3ó,OOO, 17000, Sth pole 18,0J-J, 130::J, anci Nth Atlantic 10,002, 230J 
far Se a.id Sb respe-::tively. Tnis suggests that voicanoes may De a sigT.ificant 
so urce of bo~h metals l 67 ,73]. ln the Ntn. A tia..• :ic 2e;oso! tne enricrunent facrors 
for Ce 730, Pb 1 1 0J, Sb 230J and Se 1 C,OJO (CM ) are g;ea ter tha :, expect6:i f-íorr. 
c-us~al weathering and from the oceans. i: is suggestec, howeveí. tha t frie 
eJ"1'-icr..ment has a natural origin, and arises from tn e ,-oiarili;y of the eiernents 
and the1r com?Ouncis. This is based on the simiiarity of the enrichrnents in the 
Nth. Atiantic Y>1th t'iose a t the Sth Pole, as i! was suggestee tna 1 not ali o f tile 
rnztena! from the north would get to the south, because oí iosses b:: p :-ecipit:.:­
tion [25). however, it is no: so rnuch the amoun: tha t is transpo:-1ed that is 
impor-tant, but tite concentra bon, and this could w eli increase v:ith m ove ment 
from the no:-th to the south, b-eca'L!se o'. tne increase in the p;opo;-;ioil oí small 
partid es á uring r;ansport. 

The E.r·s in uróan a ir, such a s ir, Toron10, are as foilows: A.s 26C, 1-ig < ó308, 
Sb 1300 and Pb 250Cl iSO]. Tite hean· me;al eruiciullent facto:s i;i drv deocsition 
suspe;-,ded par<icles and raim~·ate'r, generall;· inc:r ease i ;; the oráé'•s po.trayeÓ 
ov the data in Tabie 7. i5 [38,107]. Greater enrichment occurs in the wet cieposit­
i~n, which m av be beca use the finer o articles tenci to be removed bv rai~ and , . , 
these gene rally ha ve the higher concentra tion oí tne heavy elements. Around a 
chemical factor:' using an timony, its E? is e ievateá compared with other 
elements: Sb 20,000, As 200, Se 4008, Hg 500, Cci 400, Pb 2000 and Bi 200 [75]. 

Tne estimateci EF's for sorne heavy eiements rneasured in the air ar 
i:newetok in the North Pacific, \Vith respect to crustai Al, and to Na (in sea 
water) are given in Table 7. 16. The~factors.for selenium anc lead nave also 0-een 
estimated with respect to the size of the particles, and the results are listed in 
Table/.)/. Lead is enriched rela tive to the crus t and s-eawater but i;i the dry 
se2son Íil the size range 1.5-3.0 µm the Er tend towards the crustaJ leve!, 
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7Ai3I-E 7.15 ::.ruichi.--nent Factors ir. Different 
Portions oí üroan Aerosols 

=:ie:nen: rm- Susoenóed Rainwa1e;-"" 

De:xisirion Par.i ~e 

ir. • I 
j. ~ ié 10 

.A.! 24 100 800 
Se 380 580 970 
Se ~ 7G i40'..l 4700 

• 2!>0 co ntaJ n> h.-.e ?a..-;:i cie~ . Sou;-ce; Goróor., ! 98ó i3S ]_ 

TA3:___::: 7. 16 Tne ::.nnóunen: ractors for sorne He.av-y 
!::lements a : Enewetok 

~ie:-ne n:S: D;·y 5-€2 s.o" We! s.-o..as.or. .AJ ~ 

Se 3700 (830'..l)' 48 ,000 (8000) 13,000 (8200) 

Ce 73 (7!,000) j 80 (j 0,000) 130 (4!,000) 

s;, 29 c:9) 180 (27) 93 (34) 
, ., ::::;,ooa) 1) o (30,000) 40 í26,000; - -· 

· =:r· ~ i..-. ?aren¡hes:s ar~ v.i :i-. res~ ¡o s.'Jdi~'Tl (Se.2'"·21e:-) 

So·..:rce o: ciara; Duce e: <!J. , 19S3 12ój_ 

T.L-..3L::: /_ i 7 !:.n..-i chn1em :=actors for Se a.n ci Pó with Res~ct to t.'-ie 
Si:.e of the Aernsoi 

Size~ 

=:le:.ien: - 3.C i.5 0.95 0.49 <0-~~ µ'7'". 1 .-:, 

s.: (D)" ! 90(• 2400 28'.>0 79::>0 .oo:; 450~ 

óLf'r.;. 5500 J5{l00 30JOO 550JO i 30JOC 
Se(\\")~ 3~.000 32,000 57,0JO 75,000 ó6,000 37,000 

S/0 5-600 32.0:JO 48,0JO 99,000 J 8,000:' 

Pb (D) .!.:. .{.9 I ' -,_o 1.) 4-D 
5500 i0,000 2S,OOO 14.,0000 56,0000 

P-o (\\' ) 360 35 70 2i0 810 

6600 17,000 64,000 22,0000 19,00000 

• G'}' se.asor .. •• we: sezsor., 1EF y,'Í~ n respec: to A l, HE:: wi tii respec: to Ne.. 

Source o f da:a ; Duce et aJ., 19S3 l25J. 
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inciicating that sorne fa c to r is masking the an:ivopogenic in puts. 5':leniurn is 
verv enriched, es;:>e<:iallv in the siz.e range 1-3 µm. Tne s ize d istTib;.i tion is 
bi~odal suggesti~g m uÍtiple sources [26], and i t is very iikely tha t voican.ic 
activity is coritributing to the high erüichment facto:-s. 
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Enrichment of le ad En.richment facto;s are high for lead in remote piaces e .. 
130-3500 in pola; and oceanic regions. They are generally lower over the oceaN; 
compared with Jc.nd. Tne factorsare around anorderofmagnitude greatert ·. 
eruichrnents at!:Tibutable to soil (-1 ), fue! combustion (- 9) and volcanic sourees -
(- 60-100). Reiative to b tanium the EF of iead in Gr.eertland aerosol (1979-1981~ 
was }?')-i330, c.nd brornine was also highiv eruiched., 2000-7000, [48,49) suo.:f'.: 
gesting tha t the high eruichrnents are frcm .lead brornide ernissions from c~.i:~ 
Approximateiy 10 times more iead has been found in p r ecipitation compare<l"':' . 
with what was measured in the air. Tnis may be be<::ause the smali particles/:~ 
which are lead rió. are rnissed in ai;- sampling, i.e. they wouici go through frie 
filter, wnere2s precipita tion remo ves a grea ter proportion oí the Si7'1all particles. 
Levels of lead in snow ha ve increased 300 times over 300 years, and concentra­
rions today, a1e c.round 50 times more tr.an woulci be exoected fromair iead 
leve!s, suggesting an efficient re.moval of t.,l¡e lead partides by the snov.• [76,90) . 

Anothe:- inci ic3tor for iead sources is the orornine to Jead concent;a tion ratio. 
The lbrornine]/íiead) ratio may be '!.!Sed beca use of the addition of CH.X, (X= 
O, Br) ;o perrol to sea ven ge the ieaci . Ra tio.s are often <0.38ó (the value expected · 
from pe:rol lead ) becaus.e of loss of voi2tiie bromine comoounds, ioss o f 
brorr-jne b;' rea cien in the a tmosphe;e, other sources of ieac, ~me lead erni tted 
c.s organolead, aged part;cles cont.aining re-t:ntrained dus;. over compensation 
for r..2,;:1e bror71i;ie, loss during storage and analytical e:.ors, espeda!lv 
bromine lcss Gt::"i:-ig XRD2naivsis ! ~..;]. Tne bror;-ijne losscan be 2s much.as 5-:(9; 
with 2 :-nean oi 36o/~ [68). On the orher hand, the ratio mav be hi<>h beca u~ o~ 

_, ,:) I l 

frie ieaci ret.aine-d in the ex ha ust s:-rstern rei2 ti ve to bromine, evaoora tion of 
ethylene-dibrorni cie, analyticc.J errors. inaciequate cor;ection for other sources oí 
bromine inciuding 2griculture, industrial and coal burrung sources. Near 
indus;r.al soi.;rces oi leaci the ratio ca:1 be less than 0.1 /44). The [Br]/[Pb) ratio 
200 m from a iead ST7leiter a t EJ Pe.so w2sQ.['j 6, which rnse to O 385 5-6 Km aw2v 
~e ratio exrcteci íor automobile ieac [59). in another exa~ple: sampiing í~; 
iead anc brorrüne tv•o hour interv2is re·;e2ied a ccncen¡ration profile which 
was the same íor each e!ernent, sugges¡im: a e:>nu-non source, ancÍ orobablv the 
automobiie [ i 03 ]. Seasonal varia ti o ns in the iea ci leve!s in the Arc:i¿, v,'i th a ~a.k 
arounG ;<:te Jan rnd Feb suggests an ant!-.ropogenic sour::e, v .. •hich was ·con­
iirmeci by the brornine leveis having a simiiar seasonal profiJe [3]. A simiial""­
associarion is íound íor Greenland <:e;oso! 0979-1981) í4S,49]. 

Direct Measo.irement 

Frec;uently ciirect measurement of the levels of the heavy elements in 
aerosols enabies identification of the sourcÉ: of the heavv element. For examoie 
seasor.ai changes in levels point to a source 2s discussed ~bove ior lead [3,48.49). 
Sor.1e oi the air iead in New Zealand comes from Aust;alia, and this is seen from 
the relariveiy high level of Jead in the T2srnan Sea (490 pg g·•), when the air flow 
carne from Australia [95). 
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:-Dstorical changes in emissions help in identifying sources of the heavy 
c]emen ts. A decrease in Jeaci emissions irom smel ting has occurred o ver recent 
vea.:-s even though the amoun~ oflead smel ted hc.s incre2seC.. This has, however, 
been offset bv petrol lead emissions. Tne data in Table 7.18, fo1 estimated 
aerosol Jead e~i.ssions and the lead levels in ai1 and snow, show the reiationship 
o-2 rween the quantites of lead smelteci and emitted and the environrnentai 
ievels. Tne last two coiumns of the ¡abie rr.a:• be compared directly, if ít is 
css;_¡med that the lead in the snow contains a consrant proportion of the aerosol 
ieac. it aopears that the increase in the environmental leaci since 1933 has been 
:..ainly d~e to petrol lead ernissions j/4]. Virtually ali present da y lead that is 
i;i excess ove; natural in the .A.rc1ic and An~arcric is due to anthropogenic 
s,:H.:rces, as shown from historic2l trenas in concentr2tions, mass inventories 
;;;id measurement of leaci in volcanic piumes [7ó]. 

.A samoiin!::'. time of two hours allows for rhe resolution of changes in sources 
over ti:ne~ For~exc.moie, in a sr.Jci v 1: w2s founci that on cenain davs the lead and 
brornine concentra tion profiles diífered from ea ch othe::-, wher~2s the profiies 
;o, tne elements Pb, H§;, Sb. As, In anc Se were similar. This inciicated a source 
oi iead ciifie;en: from automobiles. Tne results were also iound to relate to the 
¿:;e-c;ior: from wh.ich the wind blew [103}. 

A comparison of the levels of lead in e.ir, rain 2nd rock.s, has provided the 
s;..;gges~ion thc t sorne part of the metal in the 2i;-_ :-i2s come from vola tiiization 
:70;;1 !:he earth's suriace 136]. Lead isotooes mav 21so be t:sed to ident:ifv the Jead 
~urce beca use 21oPb only forms in the a¡;. from ~n. !ne !so tope ::::!R.,.., ~anates 
;';-orn the ezrü• and in the atmospnere dec2ys to gi ve 21ºPb P2Rn <~,:;: = 3.8 d ) _, 
?!GJ?b ( ~, .- = 22 v)). The Jead has a mean lifetime in the 2ir of 5 days, not long 
enous:h

1

for m~ch of the lead isotooe to have cieca veé to 2:oPo. T~erefore the 
activ;;, of =1oPb in aeroso!s is a g uide to its source. Át .Cnewetok a relationship 
exists between the ;icpb activitv and t.i'le alurninium concentration in the dust 
fi ux frnm A..si2, indicating the ~me source !99). 

TA.3LE 7.18 J--!Jstorical Trend in Leaci .Crnissions 2nd Envi:-onment.al Lead 

1-·- Pb ~e in p:, 
' R Pb ....... C. l': 

t"'~~ srne!tee 2e:-osol aerosol 

'ioi;1 p;, To•al Po Pb 
ae;osol ae~osol aerosol pg g-' 

j 0'1 /y from Hr/y 
srnelting 

ITOr:i JOl/y in 
R,Pb snow 

10l/y 10; / y 

i /53 j 2 2 2 O.Ol 

i8i5 2 2 4 4 0.03 

1933 1ó 0.5 s O.i 40 4 lO 0.07 
-c ...... !,oo 31 O.Oó 

.., 

.t. , 40 100 100 01 

Source of data; Murozumi et al., 1969174). 
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Source Receptor Mociels 

Tne third m ethoci oí iocating the source of the heavy elements in an aerosol 
sample is comparing the eiemental composition o f the source and receptor. 
Sorne of the methocis used are, pain.vise comparisons, m emical element baJ:_ 
anees, clusre;- ai1ai_vsis, cienciog;-arns, principal componen! and factor analysis --=~ ­
{1 L.57,58,75,84.,87]. Tne rnethocis of factor anal~1sis anci memicaJ eiernen: bal--:<.­
anees are the most corrm1oni}' used, and are based on mul ci-eiernen: analytical :: .. 
results on aerosois anc sources. The results reported he;e are just for the heavy 
elements, and mainJ;· iead, but norma.lly man:· other elements are considered 
in the anaJvses. 

Factor anaiysis resu/t5 By the use of facro;- analysis, the main sources of ieaci 
in Greenland aerosol were estimateé to be comous~on, encine exhaust, and to 
a lesser extent met.ai sources 148,49]. :=ro;-n a facto;- anal~1sis~oí Boston aerosol it 
was found the main sources of seienium in ur'uan areas were: oi! > soil > road 
dusr; and in suburoan a.reas: soil > road ciusL fo;- antimon:· in urba.n areas the 
IT.ain sources were: refuse > soil = roa ci dust, and in suouroan areas: roaci cius: 
> refuse > soii. There is reaso;oaole 2greement ·o-etween the preciicted anci 
obse;-ved levels of the e iements as snown b;: the áata in Table 7.19 [2,53]. 

Cherr. ical elem er.:: balance res u 1 ts in deterrrú ning lne source of trace elements 
in aerosois, tne ó1em.ic2! mass 'ualance metho:} ass'.lrnes t:-.at the un.ique trace 
elemen t co;itent oí a source can De usee as a tTacer far the presence o{ tnat source 
in the aerosol. Trie eouation is: 

¡ 

X . = ~ .. 2. .. !71. 1; u. J>. ~ 

where X;:= concentra bon of i"·eiemen: in tne j"·ae;-osol sample, e:;;.= coefficient 
oí fractiónation (áue to sett.iing) between source and rece?:or (often neglecteci, 
or taken as 1, i.e. rio fractiona bon, w ruch is un.iikely to be co;-rect), a;,: = 
concenrration of i"' element in the k"· source, and m .. = fracbon of particles fíom 
the kn. so urce in the j''· aerosol. lf there e.re :-nore soi.:rces thc.n elements analysed, 
or if sources can no! be identified on the oasis of their chem.ical cornposi tion then 
the number may be reciuced using principal componen! a;ialysis. [1 i,52,58). 

Tne sou;-ces of lead in the fine aerosol collected i;-i Houston Texas, were 8 % 
rrorn a tetraethylleaá plant, 29% from a steel mill aná 60c;c, from mobile sources, 
such as cars [11 ]. In a áifferent study in a difieren! emrironment, the Jead sources 
in aerosol at E. Helena are estimated to be: road and soii dust 18.5%, olas! 
fuma ce 2ó%, fuga ti ve emissions 35.3%, copper kiir., 0.6%, ZnO rr.ate:ials 9.4 %, 

slagpouring, 2%and rnotorvehicles3.8% 152). in the case of Los Angeles aerosol 
the sources considered were sea sa lt, soii and dust, auto exhaust, fue! oil, fi;· ash, 
portla,1d cement and tyre dust. The lead in the aerosol was 3 .3% by mass, and 
carne from auto exhaust f31 ). Forthe fine pa;-ticleemissions 83% of lead wassaid 
to arise frorn car exhausts, and 9% from re-suspended road dust [12]. 

Tne heavy Elements in the Atmosphere 

TABLE 7.19 Sources oí Selenium and Anhmon;' in Boston Aerosoi (ng r;-·') 

Eiement Soi: Oii Reiuse Man ne Mato~ Rea:: Preci1creC 0:-se;-
combust. indne:. vehicie: cius: ve.,: 

5 :.ii;u,-i= 

Se o . .:. o 0.02 0 0.09 O. ~ ' -. ~ 

S'r:: O.~ 0.2 L6 o 0 .3 ? , 
-·º .'.; _j 6.2 

Uri= 
Se 0.3 O.ó 0.08 o e C.2 J. J . ·-
S'c- i , __ e 0.7 I -..,_ .1 i.i i , . -. " -·º ·-
Y-i;.:;ce oí ca<e ... .1..::::ie:-: ané :-ÍODKE:, !980 ¡2;. 

The aerosol in hashington X was invesriga tec using the meü1oc of 
c;.;emicai eiement balance. Tne range of levels of sorne elements in lhe aerosoi 
were (in ng m-~ }: :'o 52-5802, Se 1.6-10. 1, _t._s O.S2- j ~ .7, Cci 0.81-7.0, So 1.7.:-26. Tne 
souíces invesrigatec we¡e soi!, rr.c.nne, coal, o i~, refuse, motor vehicies anc rne 
resuits are lisred in Tabie 7.20. Tnese indica te fr,a¡ tne mai n sources are; Cd and 
So from refuse, As anc Se rrom coal, anc Po from moto~ vehicies. T.1ere are 
lim.i ta ti o ns in tile method, as Se, Cci and So are not completei;· accounted fo~, as 

TABL::: 7.20 SDurces oí tn e Heav~· ::=:lements in Aer0sol frorn Washington DC 
(ng íl,.:: ; 

Me:a i ::::ou_ Ma:i..re Coa! Oíl Refuse Mo;o~ PreG >ced Oose~· 

Comb. in~ :ie;. Vehicle;; VP,.; 

P::- C.23 <0.00) 1.9 C.8ó Si 1300 i380 1400 
. .::.s. 0.09 <C.OOi 4.4 O.Oói 0. 2~ 4..8 -:>.! 

>e O.OOi <-0.0Ji 1.) 0.07ó C.037 } .2 . ~ 
Ce 0.002 &ODi 0.2 9 0.006 1.5 i.7 .:. .;, 

5!:' 0.0;2 <"J.OCl l 0.18 0.01 5 2.! 2.3 e -, . 1 

So:.i~ce oi cia:a; l<oh·aiczyi; e t al., J :>78157). 

TABLE /.21 Sources of thi:: riea,·y =: iements ;n .Aerc sols· 

M So; ' LL.1,e_c..- Coa) Oil Reru$e Moto; Marine Preó· 0":-5. 
sto;;~ Co~b. In cine~. ve:1icle iciec 

As O.Oó! O.OC2 3.1 0.028 0.10 O.OOJi ,; . .;) .1. 3.25 

Se 0.00:)9 O.OOJ2 0.78 0.035 0.01ó 0.035 0.0001 0.87 2.5 
Ce 0.001: 0.00::1 0.13 0.0028 0.064 l.03 <0.0JOi 1.SJ ~ I 

L .-, 

in 0.7 O. i 2.3 <0.J V º-~ 50 20 
St. o.oOSi 0.00'.J~ C.i3 0.007 0.89 0.6-J <0.0001 j .6 2.1 
Bé 7.1 0.02 4.7 2.0 0.3'.l ó.4 O.OCXlé 21 19 

P-o 0.15 0.019 2.i 0.39 34 Q8 <0.0:JOl 465 440 

· Concent~ations ng rrr =-, cxcept íor inciium p¿; m·:;. Sourcc: J<ov.-aiczyk et a l., J 982 !SS). 
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seen by comparing the Jast two columns of the table. Jt is possible, that beca u~ 
of the volatility of theseelements,som e fraction of themhad been missed. Oth~ 
factors t.hat m ay inílu ence the results are; tha t cement was not used as a sou rce · 
there is a wide varibility in the trace element composition of oils, i t is assumed.~· 
that all the partides leaving the somce reach the recep~or, and it is possible thaft' 
sorne fractionation of the e lem ents that derive from soil had taken p lace· · 
[57,107]. The results of another analysis are given in Tabie 7.21. Again the 
p redicted and observed Jevels of selenium are not in agreement [57,58,138]. Tne 
contribution of the sources to a li sampiing si<es (i.e. average of each si te) is for 
urban si tes, in µg m-=;, soil 16.2, limestone 1.8, coaJ 4.3,oil 0.39, refose0.65, motor 
vehicles 4.8, marine 0 .69 (total 28.9), and íor rnrai si tes soil i0.7, iimestone 1.6, 
coal 2.5, oil 0.19, reiuse 0.42, motor vehicles 2./, marine 0.54 (total 18.6) [58]. 
From anoth er study it was estimaied that the aerosol arises from car emissions, 
20%, from fuel and fly ash, 1-2%, and írom soil and road dust 20-50%. "Mos~ 
cadmium comes írom stationary sources and industrial p rocesses [12]. 

Pattern ¡ecognition and cons truction or dendogram.s have been used to 
identify sources o f lead and cadm ium in descrt aerosol. lt appears ¡hat tJ1ey 
have not come from the so il, but irom S0me long ¡ange source such as 
comoustion and transport emissions [32]. 
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