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INTRODUCTION

The local, regional and global biogeochemical cycles of lead have been af-
fected by man to a greater degree than those of any other toxic element.
In fact, few areas on earth are now free of anthropogenic lead. The lead
concentration in the most recent ice layers at the North Pole are 10- to 100-
fold higher than the values in prehistoric times. Furthermore, these recent
values are about 10 times greater than those of similar age at the South
Pole. Even at the South Pole, the present-day rate of lead deposition is 2-5
times higher than in pre-technological times (Boutron and Patterson, 1983).
In this context, urban centers can be regarded as 'hot spots' for lead where
levels exceed those of pre-technological times by several thousand-fold. As a
result of world-wide accumulation, especially in urban centers, lead presents
a more serious environmental and health hazard than does any other ele-
ment. The smelting, use and toxicity of lead were already known in antiquity;
but, the greatest changes in cycling occurred after the industrial revolution
and especially after the introduction of leaded gasoline in 1923 (Waldron
and Stoffen, 1974) because of the widespread distribution of these sources
and the small dimensions of the particulates emitted.

Lead is especially toxic to children and the young of other species (Landri-
gan et ai., 1975; Needleman et ai., 1979, 1982). A number of recent detailed
studies aimed at assessing the health effects of chronic lead exposures in
children have revealed significant effects on intelligence and on neuropsy-
chological performance. At higher exposures in urban ghetto areas in the
USA, many thousands of children suffered lead poisoning due to exposure
to pealing paint, often with a 30% lead content. Also, excessive lead fall-
out may adversely affect some aquatic and terrestrial food chains (Jaworski,
1979). If nations are to protect their most valuable resources-their children
and their environment-it is important to identify possible problems with

leadandpreventthem,or,failingthat,identifyhigh-risksituationsandtake
remedial measures.

3



4 Lead, Mercury, Cadmium and Arsenic in the Environment

This report addresses the following questions:

(1) What is the minimum data set required to assess impacts of anthro-
pogenic sources on local, regional and global cycles of lead?

(2) Are current data adequate to permit this assessment?

(3) What can be done to generate missingdata or to improve the quality of
questionable data?

MINIMUM DATA SET

To determine the impact of man's activities on the biogeochemical cycle of
lead it is necessary to have some understanding of:

(1) The chemical and physical forms (e.g. particle size) of environmental
lead and how they are interconverted.

(2) The critical pathways and accumulator compartments for lead in the
environment, as well as lead dynamics in each compartment.

(3) The ratio of natural and anthropogenic inputs to the environment as a
function of time and space as well as the order of importance within
each category (i.e. a source inventory).

(4) Which organisms are relatively sensitive to lead and can thus act as
indicators of incipient problems.

BIOGEOCHEMISTRY AND CYCLING OF LEAD

Lead Speciation

Lead can exist in both inorganic form as Pb(II), less often as Pb(IV), and in
organic form (up to 4 Pb-C bonds). With the exception of a few sporadic
measurements in urban air, marine fish, sediments, birds and in human
brains (Jaworski, 1979, Forsyth et al., 1984) there is relatively little infor-
mation available on organometallic lead compounds (Grandjean, 1984). It
seems that most, if not all, organometallic lead in the environment comes
from the volatilization of gasoline additives (about 5% of these additives are
emitted uncombusted to air; Morgan and Bretthauer, 1977) rather than from
biotransformation of inorganic environmental lead. The flux of organometal-
lic lead is small compared with that of inorganic lead on a global basis, but
on a local basis (e.g. near gasoline stations) it might be a significant factor
(Grandjean, 1984).
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Inorganic lead is far more extensively studied than organometaIlic lead
and numerous reviews have discussed speciation and cycling (Jaworski, 1979;
NAS, 1980; EPA, 1983).

Lead Cycling

Figure 1.1 schematically presents the environmental pathways of lead (em-
phasis on inorganic lead) and highlights routes of human exposure. Depend-
ing on its nature and location, a source may deliver lead to air and/or water
(see Figure 1.2 for a more detailed picture of fresh and salt water cycling of
lead).

Air

The prime medium for lead transport is air because fine particulates «1 /Lm
diameter), generated especially by anthropogenic high temperature sources,
may travel long distances before settling out via wet, dry or cloud deposition
(these processes are poorly understood, see Lindberg, this volume, Ch. 8).
The residence time of such fine particulates in air is from several hours
to several days. With the exception of volcanoes and forest fires, natural
sources are associated with lower temperature emissions which contain larger
particles that tend to settle out more rapidly.

Deposition from air is greatest near a source (because of large particle
precipitation) but the zone of readily detectable elevated deposition can
extend to 30 km or more in the case of emissions from a tall chimney.

Land

Most of the lead particles deposited on soil are retained and eventually be-
come mixed into the surface layer (or deeper in the case of cultivated soils).
Lead accumulated at the soil surface may be taken up directly by grazing
animals and by soil micro-organisms (lead deposition may be associatedwith
decreased litter decomposition in some forests) and so enter terrestrial food
chains, or, bypass food chains completely as in the case of children con-
suming dust and dirt during normal hand-to-mouth activity (Jaworski et ai.,
1984).

Fresh Water

Lead in rivers comes from runoff (largely anthropogenic), erosion (mostly
natural) and direct deposition from air (anthropogenic). In large lakes, most
of the lead probably comes from airborne deposition. Freshwater generally
containsmoreinorganicandorganicsuspendedmaterialthan marinewa-
ter and this materialhas a strong tendencyto adsorbany dissolvedlead.
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Figure 1.1 Biogeochemical cycle of lead and routes of human exposure
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Thus, lead movement in freshwater is closely associated with the turbulent
transport of particulate matter (Everard and Denny, 1985a).

Micro-organisms and plants show a strong tendency to bioaccumulate lead
from the water column (Everard and Denny, 1985a). Also, deposition of par-
ticulate matter containing adsorbed lead presents the element in a relatively
available form to benthic organisms (Everard and Denny, 1984), especially
filter feeders. Thus, it is observed that lead can and does enter the aquatic
food chains (Everard and Denny, 1985b); however, even though individual
organisms bioaccumulate lead there is no evidence for biomagnification of
lead concentrations along a food chain. In fact, the reverse situation (bio-
purification) has been observed in some marine food webs (Patterson, 1980).
Fish also lay their eggs in surface sediments, and it is known that the young
(but not usually the eggs themselves) of most fish species are more suscep-
tible to lead than the adults. Thus, contamination of spawning grounds may
adversely affect fish populations and human food supplies.

A special problem is the ingestion of lead shot (from hunter's firearms)
and lead fishing weights by bottom-feeding marsh birds, often with fatal
results (Sileo et at., 1973). Ducks, geese and swans are especially susceptible
to lead since it is ground up in their gizzard and may be more available for
uptake into their bodies under acidic conditions.

Ocean Water

Most of the lead entering the open oceans comes directly from atmospheric
deposition rather than from rivers (see Buat-Menard and Duce, this vol-
ume, Ch. 11). Estuaries and some coastal waters are more influenced by
riverborne lead as well as direct dumping of sewage and industrial wastes.
The lower concentration of particulate matter in marine waters (relative to
fresh water) as well as the higher chloride concentration imply that a signif-
icant portion of lead in the water column is in dissolved form. However, on
a geological time scale, lead is rapidly (residence time in the water column
is several hundred years) removed to the bottom sediments by adsorption
onto particulate matter or by incorporation into organisms which sink to the
bottom when they die. Deep ocean sediments, except for undersea volcanic
activity and other upwellings, can be considered as a sink for lead, since the
ocean profiles show no evidence of significant remobilization of lead from
the sediments.

ADEQUACY OF EXISTING DATA

Availability of Regional Information

In general,the availabilityof lead data decreasesin the followingorder:
North America,WesternEurope> Australia,India> SovietUnion and
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Eastern Europe, China, Middle East:> South America, Southeast Asia,
Africa (see regional reports included in this volume). It is not possible to
derive emission data for one country using that from another country be-
cause of differences in industrial activity, climate and culture as well as
the lack of statistics on production and consumption. Therefore, additional
measurements are needed from many areas to fill in gaps and to increase
the confidence in the data. Much of the data is not reliable and analytical
and sampling methodologies need much greater attention. Data reliability
would be greatly enhanced by routine use of reference materials of accepted
concentrations.

Relative Magnitude of Lead Sources to the Environment

On a global basis, a number of estimates of natural and anthropogenic lead
emissions to air (and to the oceans, Buat-Menard and Duce, this volume,
Ch. 11) have been made and all indicate that contribution from the anthro-
pogenic sources are at least 1 to 2 orders of magnitude greater than natural
sources (see Tables 1.1 and 1.2 for a listing and quantitative estimates). The
greatest single contribution is from the use of gasoline additives and appears
to remain so despite recent reductions in usage in North America. Histori-
cal records in glacial ice and aquatic sediments indicate that global emissions
from anthropogenic sources have exceeded those from natural sources for
several hundred years (Thornton and Abrams 1984).

Table 1.1 Estimates of global flux of lead to air from natural sources (in 109gm/yr)

(1) regional estimates of source strengths for many developed and develop-
ing countries;

Reference

Lantzy and
Mackenzie Nriagu Weisel el Zoller Jaworski el Patterson

Source (1979) (1979) al. (1984) (1984) al.(1981) (1980)

Windblown 5.0 16 3.0 5.0 31
dust 2.0

Volcanogenic 0.87 6.4 0.4 16
23

Forest fires 6.8 0.5 - 0.5
Vegetation - 1.6 0.2 - - <0.1
Sea-salt <0.001 0.02 5.0 0.001 0.09 <1.0

sprays
Total 12.7 24.5 8.6 22 54.1 <2.0

The following data are missing or uncertain:
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(2) benchmark studies to estimate as a function of time the ratio of natural
and anthropogenic sources on a regional basis.

It remains to be determined:

(a) whether any significant natural or anthropogenic lead sources remain to
be identified;

(b) whether lead is biomethylated to any significant extent in the environ-
ment, and if so where this occurs and what are its pathways and effects.

Table 1.2 Global estimates of anthropogenic emissions of lead to the atmosphere
in 1979/1980 (in 109 gm/year). The figures for the USA and for Europe have been
multipJied by a factor of 5 to give global estimates

Source Europe x 5t

Gasoline and waste
oil combustion

Waste incineration
Coal combustion
Primary non-ferrous

metal production
Secondary non-ferrous

metals
Iron and steel
Industrial applications
Wood combustion
Phosphate fertilizers
Miscellaneous

Total

Nriagu (1979)

177+

USA x 5*

176 176 (372)*

8.9
14
8S

4.2
4.8
9.8

~.O
4.0

143

0.8

50
7.4
4.5
0.1
5.9

354

2.2

4. 1
1.6

73

0.4
1.2

202

2.8
0.03
3.8

419

* Data from EPA (1983).
t Data compiled by Pacyna (1984).
t This number assumes that there has been a 35% reduction in the consumption of leaded

gasoline between 1975 (the base year used in the original calculation) and 1979/80.
§ The figure in brackets, which corresponds to the reported estimate for Europe, seems to

be too high.

Pathways and Accumulating Compartments

The reservoirs of lead can be quantified in a straightforward manner but the
rates of transfer within and between the reservoirs are only known qualita-
tively and semi-quantitatively. Nevertheless it should be possible, using this
informationaswellasmeteorologicalandphysico-chemicalprinciples,to
develop models for regions where measurements have not been made.
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Researchis needed to confirm our concepts of long range transport of
lead in air and of lead cycling in the oceans (many previous data for lead in
ocean water and biota are suspect or very inaccurate due to contaminated
samples).

Indicator Organisms

Many studies have shown the widely divergent responses of biota to lead in
the environment. Some organisms are able to accumulate large quantities of
lead without apparent harm, while others are very sensitive to lead and are
easily eliminated. Suggestions have often been made as to the value of indi-
cator species for different compartments of the environmental pathway. In
the urban environment, children are sensitive to lead exposure and are the
best indicator organisms. In natural ecosystems, general litter decomposing
micro-organisms are sensitive to lead accumulations and measurements of
their activity, such as in respiration rates, CO2 evolution or rates of litter de-
composition are often used to estimate potential ecosystem dysfunction. In
agricultural soils the number of Micrococcus luteus is used as an indication
of lead accumulation. Grazing animals readily pick up lead from herbage
on which they feed, thus hair samples from cows, goats, horses, rabbits and
rodents can be used for rapid survey. In freshwater systems clams, the colo-
nial filamentous alga Cladophora glomerata, aquatic angiosperms and the
aquatic moss Fontinalis sp. are useful lead indicators (Welsh and Denny,
1980). Among freshwater animals the zooplankton Daphnia magna is sensi-
tive to lead in solution, and brook trout are regularly used in North America
(Jaworski, 1979). In coastal and marine systems the use of mussels Mytilus
edulis and Cristigera spp. have been shown to be both sensitive and reliable
(Goldberg et ai., 1978). In terrestrial systems the horsetail species Equise-
tum, loblolly pine, red maple (Jaworski, 1979) and the feather mosses of the
boreal regions world-wide, Pleurozium schreberi, Hylocomnium splendens
and Hypnum cupressiforme, are retainers of lead and other metals (Good-
man and Roberts, 1970; Ruhling and Tyler, 1971; Steinnes, this volume,
Ch. 9), while in warm, temperate regions the so-called Spanish moss Tilland-
sia usneoides is a useful species for monitoring environmental lead. It is an
epiphyte confined to areas with an average relative humidity of 64% or
more.

Future Trends

It is not possible to anticipate all the factors which may change the mobiliza-
tion, pathways, bioavailability and effects of lead on a global, regional and
local basis. The following is a partial listing of some of the more important
factors:
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(1) changes in the world economy, which will affect the amount and ge-
ographic distribution of the production of lead and commodities con-
taining lead;

(2) changes in national regulations concerning levels of lead allowed in gaso-
line;

(3) use of technology with obsolete or inefficient emission controls; this
could be a future problem in developing countries;

(4) acid rain causing local or regional mobilization of lead in watersheds;

(5) deforestation;

(6) changes in the global climate causing alteration in patterns of air cur-
rents, deposition of rain and snow, changes in agricultural use, etc.;

(7) demographic changes;

(8) changes in the patterns of human and animal nutrition and diseases*.

GENERA TING MISSING DATA

Organization at the National Level

Since most of the missing lead data is regional or local in character, it is
obvious that there is a need for national and international or regional bodies
to:

(1) gather statistics on production, consumption and disposal of commodi-
ties containing lead and other toxic substances in each country or region;

(2) organize and support monitoring of emissions and levels of lead and
other toxic substances;

(3) encourage exchange of scientific information at an international level;

(4) enhance reliability of analytical procedures by use of standard tech-
niques and protocols and use of readily available reference materials.

* Editors' note: It has been reported from many studies in Europe, Asia. Latin America
and especially North America, that lead has appeared at increasing concentrations in
'sinks' located at considerable distances from industrial-urban sources of lead. These
sinks include the upper organic horizons of soils. Long-distance airborne transport is
implicated in this. Regions of high rain and snow deposition such as alpine areas have
shown elevations to several hundred times that of background. Clean-laboratory facilities,
where the normal lead contamination of glassware, collecting equipment, solvents. etc.
is eliminated, have revealed that the pre-historical lead exposures in the environment
were 10to 100times lessthan generallysupposed.Thesefactssuggestthat vigilance is
needed with respect to lead exposures, especially as childhood body burdens can rather
easiIy exceed' safe' levels.
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Monitoring

Monitoring is required to quantify the emissions and environmental impact
of anthropogenic lead sources. The following should be considered when
setting up or evaluating a monitoring program:

(1) Funding limitations It is better to complete a program of limited scope
which answers specific questions rather than have to abandon an overly
ambitious or poorly conceived project.

(2) Planning If possible, this should be done at the national level to avoid
unnecessary duplication of effort. Preliminary qualitative or semiquan-
titative information is required on possible natural and anthropogenic
sources and pathways, and on target organisms. Sampling strategies and
analytical methodology must be verified before starting and, after com-
mencing, analytical quality should be checked by using reference sam-
ples. Emphasis should be placed on known or suspected lead sources
as well as on answering specific questions about lead-sensitive environ-
mental compartments such as areas of food production, acid soils, forest
litter, aquatic sediments (especially estuaries and fish spawning grounds)
and the urban microenvironment. Finally, the program should be re-
evaluated at preset intervals to ensure that it is generating useful data.

(3) Historical Record Available sedimentary records (e.g. glacial ice, lake
and ocean sediments, tree rings, herbarium samples, peat cores, etc.)
should be studied to determine whether rates of lead mobilization have

changed over time. Well-characterized archival samples (plant or animal
tissues preserved by museums, organ banks, etc.) may provide informa-
tion on temporal changes in lead exposure and bioavailability. Bench-
mark locations should be identified and samples taken to permit the
identification of future trends in cycling of lead and other substances.

THE URBAN MICROENVIRONMENT

A 'legacy' of lead has accumulated and wilI remain for a long time in many
cities throughout the world because of the use of lead-pigmented house
paint, leaded gasoline and in some cases because of smelting and metallur-
gical activities. All these sources contribute to lead uptake in children via
the inhalation and ingestion of dust. Each source, if sufficiently intense, may
lead to toxic accumulations of lead in children or will reduce the amounts of
lead required from other sources to produce such toxic accumulation. The
proximity of source and receptor as well as the poor dispersion of lead in
the urban corridors and especially within the home (Swedish Council for
Building Research, 1984) imply that some sources (e.g. hobbies or cottage
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industries involving lead soldering) may have drastic effects even though
their contribution to regional and global lead cycling is insignificant.

The use of lead water pipes in houses has been phased out in most in-
dustrialized countries but older housing often has a high percentage of lead
piping. Water stored overnight in such pipes, especially in hot water pipes,
can be a significant additional source of lead to humans.

Housing does not present an effective barrier to outside lead:

(1) the ratio of lead concentration in the air inside to outside a house is
0.6-0.85 (and is probably close to 1.0 in developing countries with hot
climates );

(2) lead deposited outside of houses is continually carried inside on
footwear, clothes, skin, etc.

The importance of the dust vector is emphasized by the strong influence
that house cleaning, food-preparation and hand-washing practices have on
blood lead levels in children.

Children are the most lead-sensitive urban dwellers; however, it is difficult
to estimate their exposure if only environmental monitoring data (air, water,
food, dust) are available. This is because it is impossible to sample all the
places where children eat, sleep and play. Therefore, it is more reliable
to monitor erythrocyte protoporphyrin fluorescence or blood lead levels
(avoiding sample contamination and using an analytical laboratory of proven
capability to analyze lead in blood).

COMPOUNDING PROBLEMS OF DEVELOPING COUNTRIES
AND THE UNDERPRIVILEGED

The situation in developing countries differs in many ways from that in the
developed countries (see Krishna Murti, this volume, Ch. 19). A greater re-
liance on biomass combustion for heating and cooking as well as the use
of open hearth combustion (as opposed to enclosed, vented stove) leads to
special health problems in the indoor and high-density urban environments
(Swedish Council for Building Research, 1984; De Koning et aI., 1984).
Economic limitations may reduce the level of emission control achieved for
existing industrial operations and importation of cheap but obsolete smelters
and factories can only increase pollution problems. Funding limitations ham-
per information gathering and environmental monitoring to assess the extent
and severity of pollution. Sometimes the gathering of such information is
viewed as a threat after 'more pressing' issues (e.g. industrialization) have
beenresolved.This attitude only creates problems for the future bec:1usepol-
lution is more easily prevented than cleaned up. Social and cultural factors
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may make it difficult for a people to make the lifestyle changes necessitated
by the introduction of polluting technologies. Nutritional deficiencies may
increase the susceptibility of people to the effects of lead and other toxic
substances.

Developed countries are not exempt from some of the problems of devel-
oping countries. Poverty, undernutrition and inadequate housing are factors
which are present and are correlated with increased exposure and suscep-
tibility to lead. The poor people in urban areas generally cannot afford to
move out of contaminated ghettos into less lead-polluted suburbs nor are
they found to take advantage of public education programs on lead as readily
as their more affluent and more educated counterparts.

OUTLOOK

Anthropogenic sources have transferred large quantities of lead into the bio~
sphere. In most regions this has greatly exceeded contributions from natural
sources. In urban centers there have already been adverse effects on con-
siderable numbers of children, but whether adverse effects from increased
lead levels and bioavailability can be expected at present or in the future
for other environmental compartments remains to be answered. Little can
be done about existing lead contamination except to attempt to limit its
bioavailability, for example, by removing or burying lead-contaminated top-
soil from cities; however, the scope of this type of management is clearly
limited by economic considerations. Natural processes of mixing and sedi-
mentation will take decades (or more) to reduce the availability of some lead
deposits, while some anthropogenic activities may act to reverse this trend,
for example, production of acid rain, the movement of people from rural
low-lead areas to urban high-lead areas or the building of new housing on
land already used for the disposal of industrial wastes containing lead and
other toxic substances.

In the short term, the present trend of removing lead from gasoline and
from manufacture of food containers and other consumer goods by replac-
ing lead with less toxic substitutes (e.g. titanium pigments in paints, barium
compounds for plastics stabilizers), if continued, will significantly reduce
the intake of lead by humans from present sources. Public education and
effective management of existing lead contamination will reduce lead expo-
sure for some, but not all, subgroups of the population, but it is unlikely
to have much effect on the exposures of other life forms. More impor-
tantly, if governments in developing countries can be convinced of the value
of preventing pollution by lead and other toxic substances through careful
choice of imported or locally developed technology, then an important step
will have been taken in reversing the global trend toward environmental
degradation.
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RECOMMENDATIONS

(1) The problem of lead pollution should be presented to governments as
an important human health and environmental issue to be dealt with
now by evaluating levels of environmental contamination and by acting
to minimize further environmental degradation.

(2) The results of the detailed and ongoing studies of consequences of child-
hood exposure to lead should be widely communicated so that exposure
of young children, especially, to environmental sources of lead can be
minimized.

(3) Internationally accepted guidelines should be developed to assist in the
selection of environmental monitoring strategies, analytical methodol-
ogy and indicator organisms for lead and other toxic substances.

(4) Exchange of information among environmental scientists from different
countries should be encouraged by the relevant international agencies.

(5) There is a need to establish regional inventories of natural and an-
thropogenic lead sources, as well as regional aspects of environmental
cycling. Data should be as quantitative as possible and estimates should
be made of confidence levels.

(6) Attention should be given to the replacement of those lead-based tech-
nologies which have the greatest impacts with more acceptable, less
polluting technologies.
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