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NOTE TO READERS OF THE CRITERIA 
MONOGRAPHS 

Every effort has been made to present information in the criteria 
monographs as accurately as possible without unduly delaying their 
publication. In the interest of all users of the Environmental Health 
Criteria monographs, readers are requested to communicate any 
errors that may have occurred to the Director of the International 
Programme on Chemical Safety, World Health Organization, 
Geneva, Switzerland, in order that they may be included in 
corrigenda. 

* * *  

A detailed data profile and a legal file can be obtained from the 
International Register of Potentially Toxic Chemicals, Case postale 
356, 1219 Chitelaine, Geneva, Switzerland (telephone no. + 41 22 - 
97991 1 1, fax no. + 4 1 22 - 7973460, E-mail irptc@unep.ch). 

* * *  

This publication was made possible by grant number 
5 UO1 ES02617-15 from the National Institute of Environmental 
Health Sciences, National Institutes of Health, USA, and by 
financial support from the European Commission. 
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Environmental Health Criteria 

PREAMBLE 

Objectives 

In 1973 the WHO Environmental Health Criteria Programme 
was initiated with the following objectives: 

(i) to assess information on the relationship between exposure to 
environmental pollutants and human health, and to provide 
guidelines for setting exposure limits; 

to identify new or potential pollutants; 

to identify gaps in knowledge concerning the health effects of 
pollutants; 

to promote the harmonization of toxicological and epidemio- 
logical methods in order to have internationally comparable 
results. 

(ii) 

(iii) 

(iv) 

The first Environmental Health Criteria (EHC) monograph, on 
mercury, was published in 1976 and since that time an ever- 
increasing number of assessments of chemicals and of physical 
effects have been produced. In addition, many EHC monographs 
have been devoted to evaluating toxicological methodology, e.g. for 
genetic, neurotoxic, teratogenic and nephrotoxic effects. Other 
publications have been concerned with epidemiological guidelines, 
evaluation of short-term tests for carcinogens, biomarkers, effects on 
the elderly and so forth. 

Since its inauguration the EHC Programme has widened its 
scope, and the importance of environmental effects, in addition to 
health effects, has been increasingly emphasized in the total 
evaluation of chemicals. 

The original impetus for the Programme came from World 
Health Assembly resolutions and the recommendations of the 1972 
UN Conference on the Human Environment. Subsequently the work 
became an integral part of the International Programme on Chemical 
Safety (IPCS), a cooperative programme of UNEP, [LO and WHO. 
In this manner, with the strong support of the new partners, the 

xi 
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on the preparation of the monograph. 

Procedures 

The order of procedures that result in the publication of an EHC 
monograph is shown in the flow chart on p. xv. A designated staff 
member of IPCS, responsible for the scientific quality of the 
document, serves as Responsible Officer (RO). The IPCS Editor is 
responsible for layout and language. The first draft, prepared by 
consultants or, more usually, staff from an IPCS Participating 
Institution, is based initially on data provided from the International 
Register of Potentially Toxic Chemicals, and reference data bases 
such as Medline and Toxline. 

The draft document, when received by the RO, may require an 
initial review by a small panel of experts to determine its scientific 
quality and objectivity. Once the RO finds the document acceptable 
as a first draft, it is distributed, in its unedited form, to well over 150 
EHC contact points throughout the world who are asked to comment 
on its completeness and accuracy and, where necessary, provide 
additional material. The contact points, usually designated by 
governments, may be Participating Institutions, IPCS Focal Points, 
or individual scientists known for their particular expertise. 
Generally some four months are allowed before the comments are 
considered by the RO and author(s). A second draft incorporating 
comments received and approved by the Director, IPCS, is then 
distributed to Task Group members, who carry out the peer review, 
at least six weeks before their meeting. 

The Task Group members serve as individual scientists, not as 
representatives of any organization, government or industry. Their 
function is to evaluate the accuracy, significance and relevance of 
the information in the document and to assess the health and 
environmental risks from exposure to the chemical. A summary and 
recommendations for further research and improved safety aspects 
are also required. The composition of the Task Group is dictated by 
the range of expertise required for the subject of the meeting and by 
the need for a balanced geographical distribution. 

xiv 
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importance of occupational health and environmental effects was 
fully recognized. The EHC monographs have become widely 
established, used and recognized throughout the world. 

The recommendations of the 1992 UN Conference on Environ- 
ment and Development and the subsequent establishment of the 
Intergovernmental Forum on Chemical Safety with the priorities for 
action in the six programme areas of Chapter 19, Agenda 2 I ,  all lend 
further weight to the need for EHC assessments of the risks of 
chemicals. 

Scope 

The criteria monographs are intended to provide critical reviews 
on the effect on human health and the environment of chemicals and 
of combinations of chemicals and physical and biological agents. As 
such, they include and review studies that are of direct relevance for 
the evaluation. However, they do not describe every study carried 
out. Worldwide data are used and are quoted from original studies, 
not from abstracts or reviews. Both published and unpublished 
reports are considered and it is incumbent on the authors to assess all 
the articles cited in the references. Preference is always given to 
published data. Unpublished data are used only when relevant 
published data are absent or when they are pivotal to the risk 
assessment. A detailed policy statement is available that describes 
the procedures used for unpublished proprietary data so that this 
information can be used in the evaluation without compromising its 
confidential nature (WHO (1999) Guidelines for the Preparation of 
Environmental Health Criteria. PCY99.9, Geneva, World Health 
Organization). 

In the evaluation of human health risks, sound human data, 
whenever available, are preferred to animal data. Animal and in 
vitro studies provide support and are used mainly to supply evidence 
missing from human studies. It is mandatory that research on human 
subjects is conducted in full accord with ethical principles, including 
the provisions of the Helsinki Declaration. 

The EHC monographs are intended to assist national and 
international authorities in making risk assessments and subsequent 
risk management decisions. They represent a thorough evaluation of 
risks and are not, in any sense, recommendations for regulation or 
standard setting. These latter are the exclusive purview of national 
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and regional governments 

Content 

The layout of EHC monographs for chemicals is outlined 
below. 

Summary - a review of the salient facts and the risk evaluation 
of the chemical 
Identity - physical and chemical properties, analytical methods 
Sources of exposure 
Environmental transport, distribution and transformation 
Environmental levels and human exposure 
Kinetics and metabolism in laboratory animals and humans 
Effects on laboratory mammals and in vitro test systems 
Effects on humans 
Effects on other organisms in the laboratory and field 
Evaluation of human health risks and effects on the environment 
Conclusions and recommendations for protection of human 
health and the environment 
Further research 
Previous evaluations by international bodies, e.g. IARC, 
JECFA, JMPR 

Selection of chemicals 

Since the inception of the EHC Programme, the IPCS has 
organized meetings of scientists to establish lists of priority chemi- 
cals for subsequent evaluation. Such meetings have been held in 
Ispra, Italy, 1980; Oxford, United Kingdom, 1984; Berlin, Germany, 
1987; and North Carolina, USA, 1995. The selection of chemicals 
has been based on the following criteria: the existence of scientific 
evidence that the substance presents a hazard to human health and/or 
the environment; the possible use, persistence, accumulation or 
degradation of the substance shows that there may be significant 
human or environmental exposure; the size and nature of popu- 
lations at risk (both human and other species) and risks for 
environment; international concern, i.e. the substance is of major 
interest to several countries; adequate data on the hazards are 
available. 

If an EHC monograph is proposed for a chemical not on the 
priority list, the IPCS Secretariat consults with the Cooperating 
Organizations and all the Participating Institutions before embarking 

... 
X l l l  



EHC PREPARATION FLOW CHART 

Commitment to draft EHC 
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of text and readability (not language editing) I 
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Graphics translations of Summary 
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The three cooperating organizations of the IPCS recognize the 
important role played by nongovernmental organizations. 
Representatives from relevant national and international associations 
may be invited to join the Task Group as observers. Although 
observers may provide a valuable contribution to the process, they 
can only speak at the invitation of the Chairperson. Observers do not 
participate in the final evaluation of the chemical; this is the sole 
responsibility of the Task Group members. When the Task Group 
considers it to be appropriate, it  may meet in camera. 

All individuals who as authors, consultants or advisers 
participate in the preparation of the EHC monograph must, in 
addition to serving in their personal capacity as scientists, inform the 
RO if at any time a conflict of interest, whether actual or potential, 
could be perceived in their work. They are required to sign a 
conflict of interest statement. Such a procedure ensures the 
transparency and probity of the process. 

When the Task Group has completed its review and the RO is 
satisfied as to the scientific correctness and completeness of the 
document, it then goes for language editing, reference checking and 
preparation of camera-ready copy. After approval by the Director, 
IPCS, the monograph is submitted to the WHO Office of 
Publications for printing. At this time a copy of the final draft is 
sent to the Chairperson and Rapporteur of the Task Group to check 
for any errors. 

It is accepted that the following criteria should initiate the 
updating of an EHC monograph: new data are available that would 
substantially change the evaluation; there is public concern for 
health or environmental effects of the agent because of greater 
exposure; an appreciable time period has elapsed since the last 
evaluation. 

All Participating Institutions are informed, through the EHC 
progress report, of the authors and institutions proposed for the 
drafting of the documents. A comprehensive file of all comments 
received on drafts of each EHC monograph is maintained and is 
available on request. The Chairpersons of Task Groups are briefed 
before each meeting on their role and responsibility in ensuring that 
these rules are followed. 
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WHO TASK GROUP ON ENVIRONMENTAL 
HEALTH CRITERIA FOR ZINC 

A WHO Task Group on Environmental Health Criteria for Zinc 
met in McLaren Vale, Australia, from 16 to 20 September 1996. The 
meeting was sponsored by a consortium of Australian 
Commonwealth and State Governments through a national steering 
committee chaired by Dr K. Bentley, Commonwealth Department of 
Health and Family Services, Canberra. The meeting was co-hosted 
and organized by the South Australian Health Commission, Dr A. 
Langley and Mr S. Mangas being responsible for the arrangements. 
Participants were welcomed on behalf of the host organizations by 
Dr 1. Calder, Director, Environmental Health Branch, South 
Australian Health Commission. Dr GC. Becking, IPCS, opened the 
meeting and, on behalf of the Director, IPCS and the three 
cooperating organizations (UNEP/ILO/WHO), thanked the 
Australian Commonwealth and State Governments for their funding 
of the Task Group as well as their financial and in-kind support for 
the preparation of the first draft of the Environmental Health Criteria 
for Zinc. He thanked the staff of the Hazardous Substances Section, 
South Australian Health Commission for their excellent work in 
organizing the Task Group. The Task Group reviewed and revised 
the draft criteria monograph, and made an evaluation of the risks to 
human health and the environment from exposure to zinc. 

The first draft of this monograph was prepared by Dr B. Simon- 
Hettich and Dr A. Wibbertmann, Fraunhofer Institute of Toxicology 
and Aerosol Research, Hanover, Germany; Mr D. Wagner, 
Commonwealth Department of Health and Family Services, 
Canberra, Australia; Dr L. Tornaska, Australia New Zealand Food 
Authority (ANZFA), Canberra, Australia, and Mr H. Malcolm, 
Institute of Terrestrial Ecology, Monks Wood, United Kingdom. The 
draft reviewed by the Task Group, incorporating the comments 
received from the IPCS Contact Points, was prepared through the 
cooperative efforts of the Commonwealth Department of Health and 
Family Services, ANZFA, Institute of Terrestrial Ecology, and the 
Secretariat. 

Dr G.C. Becking (IPCS Central Unit, Interregional Research 
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Unit) and Ms S.M. Poole (Birmingham, England) were responsible 
for the overall scientific content and technical editing, respectively, 
of this monograph. 
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1. SUMMARY AND CONCLUSIONS 

1 .I Identity, and physical and chemical properties 

Zinc metal does not occur in the natural environment. It is 
present only in the divalent state Zn(II). Ionic zinc is subject to 
solvation, and its solubility is pH and anion dependent. Zinc is a 
transition element and is able to form complexes with a variety of 
organic ligands. Organometallic zinc compounds do not exist in the 
environment. 

1.2 Analytical methods 

Because zinc is ubiquitous in the environment, special care is 
required during sampling, sample preparation and analysis to avoid 
sample contamination. Sample preparation for solid samples 
typically involves microwave-assisted mineralization with concen- 
trated acids. For water samples, solvent extraction in the presence of 
complexing agents and chelating resin separation have been used to 
preconcentrate zinc. 

Inductively-coupled plasma atomic emission spectrometry 
(ICP-AES), graphite furnace atomic absorption spectrometry 
(GF-AAS), anodic stripping voltammetry (ASV) and ICP-mass 
spectrometry (ICP-MS) are commonly used instrumental techniques 
for zinc determination. For low-level analyses, GF-AAS, ASV and 
ICP-MS are preferred. 

With special care, zinc concentrations as low as 0.006 pg/litre 
and 0.01 mgkg are detectable in water and solid samples, 
respectively. 

Speciation analyses in water require the application of separation 
techniques with any of the above methods or use of the labile-bound 
discrimination offered by ASV. 

1.3 Sources of human and environmental exposure 

Most rocks and many minerals contain zinc in varying amounts. 
Commercially, sphalerite (ZnS) is the most important ore mineral 
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and the principal source of the metal for the zinc industry. In 1994, 
world metal production of zinc was 7 089 000 tonnes and zinc metal 
consumption amounted to 6 895 000 tonnes. 

Zinc is widely used as a protective coating of other metals, in 
dye casting and the construction industry, and for alloys. Inorganic 
zinc compounds have various applications, e.g., for automotive 
equipment, storage and dry cell batteries, and dental, medical and 
household applications. Organo-zinc compounds are used as fungi- 
cides, topical antibiotics and lubricants. 

Zinc becomes malleable when heated to 106150 "C and is then 
readily machined into shapes. It is capable of reducing most other 
metal states and is therefore used as an electrode in dry cells and in 
hydrometallurgy. 

The largest natural emission of zinc to water results from 
erosion. Natural inputs to air are mainly due to igneous emissions 
and forest tires. Anthropogenic and natural sources are of a similar 
magnitude. The main anthropogenic sources of zinc are mining, zinc 
production facilities, iron and steel production, corrosion of 
galvanized structures, coal and fuel combustion, waste disposal and 
incineration, and the use of zinc-containing fertilizers and pesticides. 

1.4 Environmental transport, distribution and 
transformation 

Zinc in the atmosphere is primarily bound to aerosol particles. 
The size of particle is determined by the source of zinc emission. A 
major proportion of the zinc released from industrial processes is 
adsorbed on particles that are small enough to be in the respirable 
range. 

The transport and distribution of atmospheric zinc vary 
according to the size of particles and the properties of the zinc 
compounds concerned. Zinc is removed from the atmosphere by dry 
and wet deposition. Zinc adsorbed on particles with low densities 
and diameters can be transported over long distances. 

The distribution and transport of zinc in water, sediment and soil 
are dependent upon the species of zinc present and the characteristics 
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of the environment. The solubility of zinc is primarily determined by 
pH. At acidic pH values, zinc may be present in the aqueous phase in 
its ionic form. Zinc may precipitate at pH values greater than 8.0. It 
may also form stable organic complexes, for example, with humic 
and hlvic acids. The formation of such complexes can increase the 
mobility andor solubility of zinc. Zinc is unlikely to be leached from 
soil owing to its adsorption on clay and organic matter. Acidic soils 
and sandy soils with a low organic content have a reduced capacity 
for zinc absorption. 

Zinc is an essential element and in vivo levels are therefore 
regulated by most organisms. Zinc is not biomagnified. The 
absorption of zinc by aquatic animals tends to be from water rather 
than food. Only dissolved zinc tends to be bioavailable, and 
bioavailability depends on the physical and chemical characteristics 
of the environment and biological processes. Consequently, environ- 
mental assessment must be conducted on a site-specific basis. 

1.5 Environmental concentrations 

Zinc occurs ubiquitously in environmental and biological 
samples. Concentrations in soil sediments and fresh water are 
strongly determined by local geological and anthropogenic 
influences and thus vary substantially. Natural background total zinc 
concentrations are usually < 0.1-50 pg/litre in fresh water, 
0.002-0.1 pg/litre in seawater, 10-300 mgkg dry weight (dw) in 
soils, up to 100 mgkg dw in sediments, and up to 300 ng/m3 in air. 
Increased levels can be attributed to natural occurrence of zinc- 
enriched ores, to anthropogenic sources or to abiotic and biotic 
processes. In anthropogenically contaminated samples, zinc levels of 
up to 4 mg/litre in water, 35 g k g  in soil, 15 pg/litre in estuarine 
water, and 8 pg/m3 in air are found. 

Zinc concentrations in representative organisms during exposure 
to water-borne zinc are in the range 200-2000 mg/kg. 

Concentrations in plants and animals are higher near anthropo- 
genic point sources of zinc contamination. Interspecies variations in 
zinc content are considerable; intraspecies levels vary, for instance, 
with life stage, sex, season, diet and age. Normal levels of zinc in 
most crops and pastures are in the range 10-100 mgkg dw. Some 
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plants are zinc accumulators, but the extent of the accumulation in 
plant tissues varies with soil and plant properties. 

Only negligible quantities of zinc are inhaled from ambient air, 
but a broad range of exposures to dusts and fumes of zinc and zinc 
compounds is possible in occupational settings. 

1.5.1 Human intakes 

Estimated ranges of daily dietary intakes of total zinc are 
5.6-10 mg/day for infants and children aged 2 months-l 1 years, 
12.3-13.0 mg/day for children aged 12-19 years, and 
8.8-14.4 mg/day for adults aged 20-50 years. Mean daily zinc intake 
from drinking-water is estimated to be < 0.2 mg/day. 

Dietary reference values for zinc vary according to the dietary 
pattern of the country, assumptions on the bioavailability of dietary 
zinc, and age, sex and physiological status. Dietary reference values 
range from 3.3 to 5.6 mg/day for infants aged 0-12 months, 3.8 to 
10.0 mg/day for children aged 1-10 years, and 8.7 to 15 mg/day for 
adolescents aged 11--18 years. Adult values range from 6.7 to 
I5 mgiday for those aged 19-50 years, 7.3 to 15 mg/day during 
pregnancy, assuming diets of moderate zinc availability, and 1 1.7 to 
19 mg/day during lactation, depending on the stage. 

1.6 Kinetics and metabolism in laboratory animals and 
humans 

For inhalation studies (nose only) in guinea-pigs, rats and 
rabbits, retention values of 5-20% in the lung were observed after 
exposure to zinc oxide aerosols at a concentration of 5-1 2 rng/m’ for 
3-6 h. The intestinal absorption of zinc is controlled by a 
homeostatic mechanism which is not fully understood but is mainly 
controlled by pancreatic and intestinal secretion and faecal excretion. 
Homeostasis may involve metal-binding proteins such as 
metallothionein and cysteine-rich intestinal protein. Other unknown 
mechanisms may also exist. The uptake from intestinal mucosa may 
involve both active and passive transport processes. In animals, 
absorption can vary in the range I W O %  depending on nutritional 
status and other ligands in the diet. Dermal absorption of zinc from 
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zinc oxide and zinc chloride can occur and is increased in zinc 
deficiency. Absorbed zinc is mainly deposited in muscle, bone, liver, 
pancreas, kidney and other organs. The biological half-life of zinc is 
about 4-50 days in rats, depending on the administered dose, and 
about 280 days in humans. 

1.7 Effects on laboratory animals 

Acute oral toxicity in rodents exposed to zinc is low, with LDSo 
values in the range 3Ck600 mg/kg body weight, depending on the 
zinc salt administered. Acute effects in rodents following inhalation 
or intratracheal instillation of zinc compounds include respiratory 
distress, pulmonary oedema and infiltration of the lung by 
leukocytes. 

Toxic effects of zinc in rodents following short-term oral 
exposure include weakness, anorexia, anaemia, diminished growth, 
loss of hair and lowered food utilization, as well as changes in the 
levels of liver and serum enzymes, morphological and enzymatic 
changes in the brain, and histological and functional changes in the 
kidney. The level at which zinc produces no adverse symptoms in 
rats has been set at about 160 mgkg body weight. Pancreatic 
changes were observed in calves exposed to high levels of dietary 
zinc. Short-term inhalation exposure of guinea-pigs and rats to zinc 
oxide at concentrations of 2 5.9 mg/m3 resulted in inflammation and 
pulmonary damage. 

Long-term oral exposure to zinc indicated the target organs of 
toxicity to be the haematopoietic system in rats, ferrets and rabbits; 
the kidney in rats and ferrets; and the pancreas in mice and ferrets. 
The no-observed-effect level (NOEL) with respect to growth and 
anaemia for zinc sulfate in the diet was reported to be < 100 mg/kg 
in rats. Increases in zinc concentrations in the bodies of experimental 
animals exposed to zinc are accompanied by reduced levels of 
copper, suggesting that some of the signs of toxicity ascribed to 
exposure to excess levels of zinc may be caused by zinc-induced 
copper deficiency. Moreover, studies have shown that exposure to 
zinc alters the levels of other essential metals, including iron, in the 
bodies of exposed animals. Some signs of toxicity observed in 
animals exposed to high levels of zinc can be alleviated by the 
addition of copper or iron to the diet. 

5 



EHC 221: Zinc 

Very high levels of zinc are toxic to pregnant mice and hamsters. 
Rats exposed to zinc at 0.5% and 1% in the diet for 5 months were 
unable to conceive until the zinc was withdrawn. High levels of zinc 
in the diet (2000 mgkg) were also associated with an increase in 
resorptions and stillbirths in mice and rats; a finding also observed in 
sheep and hamsters. Resorptions were increased in one study in 
which rats were exposed, throughout the entire gestation period, to 
zinc at doses as low as 150 mg/kg. In another rat study, however, no 
deleterious effects on the developing fetus were observed at doses of 
500 mg/kg. Exposure of rats to dietary zinc levels of 4000 mg/kg 
post coitus was shown to interfere with the implantation of ova. 
Elevation of zinc levels in rat pups exposed to zinc was accompanied 
by reductions in the levels of copper and iron. 

Genotoxicity studies have been conducted in a variety of 
systems. Most of the findings have been negative, but a few positive 
results have been reported. 

Zinc deficiency in animals is characterized by reduction in 
growth, cell replication, adverse reproductive effects, adverse 
developmental effects, which persist after weaning, and reduced 
immunoresponsiveness. 

1.8 Effects on humans 

Poisoning incidents with symptoms of gastrointestinal distress, 
nausea and diarrhoea have been reported after a single or short-term 
exposure to concentrations of zinc in water or beverages of 
1000-2500 mg/litre. Similar symptoms, occasionally leading to 
death, have been reported following the inadvertent intravenous 
administration of large doses of zinc. Kidney dialysis patients 
exposed to zinc through the use of water stored in galvanized units 
have developed symptoms of zinc toxicity that were reversible when 
the water was subjected to activated carbon filtration. 

A disproportionate intake of zinc in relation to copper has been 
shown to induce copper deficiency in humans, resulting in increased 
copper requirements, increased copper excretion and impaired 
copper status. Pharmacological intakes of zinc have been associated 
with effects ranging from leukopenia andor hypochromic microcytic 
anaemia to decreases in serum high-density lipoprotein concen- 
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trations. These conditions were reversible upon discontinuation of 
zinc therapy together with copper supplementation. 

The human health effects associated with zinc deficiency are 
numerous, and include neurosensory changes, oligospermia, 
impaired neuropsychological functions, growth retardation, delayed 
wound healing, immune disorders and dermatitis. These conditions 
are generally reversible when corrected by zinc supplementation. 

There is no single, specific and sensitive biochemical index of 
zinc status. The most reliable method for detecting deficiency is to 
show a positive response to zinc supplementation in controlled 
double-blind trials (in the absence of other limiting nutrient 
deficiencies). This approach is time-consuming and often 
impractical, however, and determination of a combination of dietary, 
biochemical and functional physiological indices is generally 
preferred. Several concordant abnormal values are more reliable than 
a single aberrant value in diagnosing a zinc deficiency state. The 
inclusion of functional physiological indices, such as growth, taste 
acuity and dark adaptation with a biochemical test (e.g., plasma or 
hair zinc concentration) allows the extent of the functional 
consequences of the zinc deficiency state to be assessed. 

Inhalation exposure to zinc chloride following the military use of 
“smoke bombs” has resulted in effects that include interstitial 
oedema, interstitial fibrosis, pneumonitis, bronchial mucosal 
oedema, ulceration and even death under extreme exposure 
conditions in confined spaces. These effects are possibly attributable 
to the hygroscopic and astringent nature of the particles released by 
such devices. 

Occupational exposure to finely dispersed particulate matter 
formed when certain metals, including zinc, are volatilized can lead 
to an acute illness termed “metal-fume fever”, characterized by a 
variety of symptoms including fever, chills, dyspnoea, nausea and 
fatigue. The condition is generally severe but transient, and 
individuals tend to develop tolerance. Exposure of volunteers to zinc 
concentrations of 77-150mg/m3 for 15-30min gave rise to 
symptoms in some of the subjects, a marked dose-related 
inflammatory response with increased polynuclear lymphocytes in 
broncheoalveolar lavage fluid, and a marked increase in cytokines. 
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Occupational asthma has been reported among those working with 
soft solder fluxes, but the evidence was not sufficient to indicate a 
causative relationship. A rare case suggesting such a relationship has 
been diagnosed recently in a worker from a hot-dip (zinc) 
galvanizing plant. 

1.9 Effects on other organisms in the laboratory and 
field 

Zinc is important in membrane stability, in over 300 enzymes, 
and in the metabolism of proteins and nucleic acids. The adverse 
effects of zinc must be balanced against its essentiality. Zinc 
deficiency has been reported .in a wide variety of cultivated plants 
and animals, with severe effects on all stages of reproduction, growth 
and tissue proliferation. Zinc deficiencies in various crops have 
resulted in large crop losses worldwide. Zinc deficiency is rare in 
aquatic organisms in the environment, but can be induced under 
experimental conditions. 

The toxicity of zinc can be influenced by both biotic and abiotic 
factors, such as organism age and size, prior exposure, water 
hardness, pH, dissolved organic carbon and temperature. The 
integration of environmental chemistry and toxicology has allowed a 
better prediction of the effects on organisms in the environment. This 
has led to the now accepted view that the total concentration of an 
essential element such as zinc in an environmental compartment is 
not, taken alone, a good predictor of its bioavailability. 

Acute toxicity values of dissolved zinc to freshwater 
invertebrates range from 0.07 mg/litre for a water flea to 575 mgllitre 
for an isopod. Acute toxicity values for marine invertebrates range 
from 0.097 mg/litre for a mysid to 11.3 mg/litre for a grass shrimp. 
Acutely lethal concentrations for freshwater fish are in the range 
0.066-2.6 mg/litre; the range for marine fish is 0.19-17.66 mg/litre. 

Zinc has been shown to exert adverse reproductive, biochemical, 
physiological and behavioural effects on a variety of aquatic 
organisms. Zinc concentrations of > 20 pg/litre have been shown to 
have adverse effects on aquatic organisms. However, the toxicity of 
zinc to such organisms is influenced by many factors, such as the 
temperature, hardness and pH of the water, and previous zinc 
exposure. 
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Zinc toxicity in plants generally causes disturbances in 
metabolism, which are different from those occurring in zinc 
deficiency. The critical leaf tissue concentration of zinc for an effect 
on growth in most species is in the range 20CL-300 mgkg dw. 

Field studies have revealed adverse effects on aquatic 
invertebrates, fish and terrestrial plants close to sources of zinc 
contamination. Zinc tolerances in terrestrial plants, algae, 
microorganisms and invertebrates have developed in the vicinity of 
areas with elevated zinc concentrations. 

1.10 Conclusions 

1.10.1 Human health 

There is a decreasing trend in anthropogenic zinc emissions. 

Many pre-1980 environmental samples, in particular in water 
samples, may have been subject to contamination with zinc 
during sampling and analysis and, for this reason, zinc 
concentration data for such samples should be viewed with 
extreme caution. 

In countries where staple diets are based on unrefined cereals 
and legumes, and intakes of flesh foods are low, dietary 
strategies should be developed to improve the content and 
bioavailability of zinc. 

Preparations intended to increase the zinc intake above that 
provided by the diet should not contain zinc levels that exceed 
dietary reference values, and should contain sufficient copper to 
ensure a ratio of zinc to copper of approximately 7, as is found 
in human milk. 

There is a need for better documentation of actual exposures to 
zinc oxide fume in occupational settings. Workplace 
concentrations should not result in exposure levels as high as 
those known to have given rise to inflammatory responses in the 
lungs of volunteers. 
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The essential nature of zinc, together with its relatively low 
toxicity in humans and the limited sources of human exposure, 
suggests that normal, healthy individuals not exposed to zinc in 
the workplace are at potentially greater risk from the adverse 
effects associated with zinc deficiency than from those 
associated with normal environmental exposure to zinc. 

7. 10.2 Environment 

Zinc is an essential element in the environment. The possibility 
exists both for a deficiency and for an excess of this metal. For 
this reason it  is important that regulatory criteria for zinc, while 
protecting against toxicity, are not set so low as to drive zinc 
levels into the deficiency area. 

There are differences in the responses of organisms to deficiency 
and excess. 

Zinc bioavailability is affected by biotic and abiotic factors, for 
instance: organism age and size, prior history of exposure, water 
hardness, pH, dissolved organic carbon and temperature. 

The total concentration of an essential element such as zinc, 
alone, is not a good predictor of its bioavailability or toxicity. 

There is a range of optimum concentrations for essential 
elements such as zinc. 

The toxicity of zinc will depend on environmental conditions 
and habitat types, thus any risk assessment of the potential 
effects of zinc on organisms must take into account local 
environmental conditions. 
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2. IDENTITY, PHYSICAL AND CHEMICAL 
PROPERTIES, AND ANALYTICAL METHODS 

Zinc is the twenty-fifth most abundant element. It is widely 
found in nature and makes up 0.02% by weight of the earth's crust 
(Budavari, 1989). Zinc normally appears dull grey owing to coating 
with an oxide or basic carbonate. It is extremely rare to find zinc 
metal free in nature (Beliles, 1994). 

Some zinc compounds, synonyms and formulae are given in 
Table 1. 

2.1 Identity 

Pure zinc is bluish-white and lustrous when polished. It has the 
atomic number of 30 and the relative atomic mass of 65.38, and 
belongs to group 2b and the fourth period of the eriodic table. The 
configuration of the outermost electrons is 3d"4s . Thus, its valence 
in chemical compounds is +2. In nature, zinc is a mixture of five 
stable isotopes: 64Zn (49%), 66Zn (28%), 68Zn (19%), 67Zn (4.1%), 
and 70Zn (0.62%) (Budavari, 1989). A further 19 radioactive isotopes 
(57Zn-63Zn, 65Zn, 6XZn-"Zn) are known; 65Zn is the most stable with 
a half-life of 243.8 days, but most have very short half-lives (Lide, 
1991). 

P 

2.2 Physical and chemical properties 

2.2.1 Zinc metal 

Zinc possesses a low to intermediate hardness (Mohs' hardness 
2.5) and crystallizes in a distorted hexagonal close-packed structure. 
Because of its density of 7.13 g/cm3, it is called a heavy metal. It has 
an electrical conductivity of 28.3% of the international annealed 
copper standard (Kirk & Othmer, 1982). At ordinary temperatures 
the metal is too brittle to roll, but it becomes malleable and ductile 
when heated to 10@-150°C. At temperatures of > 210°C, zinc 
becomes brittle and pulverizable, and, at higher temperatures, again 
soft and malleable (Budavari, 1989; Beliles, 1994). Since zinc is 
very reactive, it reacts strongly with other elements, such as oxygen, 
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EHC 221: Zinc 

chlorine and sulfur, at elevated temperatures (Melin & Michaelis, 
1983). Zinc has reducing and also several transitional properties (see 
below). 

The metal bums in air with a bluish-green flame. It is stable in 
dry air, but on exposure to moist air it becomes covered with an 
adherent film of zinc oxide or basic carbonate (2ZnC03.3Zn(OH)2), 
so isolating the underlying metal and retarding further corrosion. 

Zinc is amphoteric and dissolves in strong alkalis and mineral 
acids with evolution of hydrogen and soluble zinc salts. Oxidizing 
agents or metal ions, e.g., Cu”, Ni2+ and Co*+, accelerate the 
dissolution of zinc. Zinc is capable of reducing most metals except 
aluminium and magnesium (E “(aq) Zn/Zn2+, 0.763 eV; Budavari, 
1989). 

In solution, four to six ligands can be coordinated with the zinc 
ion. Complexes are formed with polar ligands, e.g., ammonia, 
amines, cyanide and halogen ions. Zinc is a reactive amphoteric 
metal. The hydroxide is precipitated in alkaline solution, but with 
excess base, it redissolves to form “zincates”, Zn02*-, which are 
hydroxo complexes such as Me’[Zn(OH)3]-, Me2+[Zn(OH)4]2-and 
Me2+[Zn(OH)4(Hz0)2]2‘ (Budavari, 1989). 

2.2.2 Zinc compounds 

Zinc has a strong tendency to react with acidic, alkaline and 
inorganic compounds. Because of its amphoteric properties, zinc 
forms a variety of salts, which are all nonconducting, nonmagnetic 
and white or colourless, with the exception of those with a 
chromophore group, such as chromate. Some physical and chemical 
data for zinc and selected zinc compounds are given in Table 2. 

Zinc oxide is a coarse white or greyish powder, odourless and 
with a bitter taste. It absorbs carbon dioxide from the air and is 
soluble in acids and alkalis but insoluble in water and alcohol. The 
compound is used as a pigment in paints and as an ultraviolet (UV) 
absorber in several products. It has the greatest UV absorption of all 
commercial pigments (Lide, 1991). Its major use (see section 3.2.2) 
is as a vulcanizing agent in the production of rubber products (Melin 
& Michaelis, 1983). 
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Identity, Physical and Chemical Properties, Analytical Methods 

Zinc chloride, chlorate, sulfate and nitrate are readily soluble in 
water, whereas the oxide, carbonate, phosphates, silicates, sulfides 
and organic complexes are practically insoluble in water, with the 
exception of zinc diethyldithiocarbamate (Budavari, 1989). 

Zinc halogenides are hygroscopic. Zinc chloride forms hydrates 
with 1 . 3 3 4  mol HzO and exerts a water-extracting and condensing 
action on many organic compounds. Owing to the high polarizing 
effect, zinc protolyses part of the water envelope and forms hydroxo 
complexes. Thus, concentrated zinc chloride solutions react like 
strong acids because of the formation of the acids H[ZnCI20H] and 
H2[ZnC12(0H)2J (Giesler et al., 1983). Zinc chloride and fluoride 
have catalytic properties and are used in organic synthesis and also in 
wood preservation and for antiseptic purposes (Budavari, 1989). 

Zinc carbonate occurs naturally as zinc spar. When heated to 
150 "C, the compound decomposes into zinc oxide and carbon 
dioxide. Basic zinc carbonate, zinc carbonate hydroxide, is known in 
variable composition and is usually characterized as 3Zn(OH)z 
2ZnC03. It occurs as the mineral hydrozincite, a weathering product 
of zinc spar. 

Zinc sulfide is a white powder that appears in two different 
modifications: the hexagonal close packed a-modification (wurtzite), 
the form preferred by the pigment industry (n = 2.37); and the cubic 
P-modification (sphalerite), which is substantially converted to 
wurtzite when heated to 725 "C in the absence of air. Because of its 
semiconducting and luminescent properties, zinc sulfide is used 
industrially as a pigment and as phosphors in X-ray and television 
screens (Neumueller, 1983; Budavari, 1989). 

Some organo-zinc compounds (diethyl zinc, diphenyl zinc) are 
sensitive to air and water. The lower alkyl compounds are 
autoflammable when exposed to air. 

Other organo-zinc compounds, such as zineb (zinc ethylene- 
bis(dithi0carbamate)) and ziram (zinc dimethyl-dithiocarbamate), are 
used as agricultural fungicides (Neumueller, 1983). 
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2.3 Analytical methods 

2.3.1 Introduction 

Because zinc is ubiquitous in the environment, special care is 
required during sampling, sample preparation and analysis to avoid 
sample contamination. Precautions must be taken to avoid 
contamination arising from such sources as sampling apparatus, 
filtration equipment, and atmospheric exposure during collection and 
analysis. Clean room conditions and sample handling using 
apparatus rigorously cleaned with acid by operators wearing 
polyethylene gloves and appropriate lint-free clothing are desirable 
(Batley, 1989a). The necessary detection limits for trace analysis are 
often affected by problems related to inadequate reagent purity or 
contamination introduced during the course of the sampling and 
analytical manipulations. With adequate care, however, zinc 
concentrations as low as 0.006 &litre in water and 0.1 mg/kg in 
solid samples are detectable, using modem instrumental analysis 
techniques. 

For many environmental samples, zinc concentrations are 
sufficiently high to obviate the need for the precautions described 
above. Nevertheless, appropriate quality assurance during both 
sampling and analysis is necessary to ensure confidence in the 
methods of analysis used and the subsequent data that they generate. 

2.3.2 Sampling and sample preparation 

The background concentrations of dissolved zinc in many 
natural water samples are frequently below 1 &litre. However, 
contamination leading to levels as high as 20 &litre is quite 
possible during sampling and filtration of waters. Containers must be 
carefully selected and precleaned before use. Teflon containers are 
preferable; polyethylene is acceptable and superior to Pyrex glass, 
but soda glass should be avoided (Batley, 1989a). Precleaning is best 
carried out by prolonged soaking in 2 mol/litre nitric or hydrochloric 
acids, although hot nitric acid has been used (Mart, 1979). The 
containers should be rinsed with distilled water and thoroughly 
rinsed with sample before collection. The need for rigorous care with 
water sampling has been elegantly demonstrated by Ahlers et al. 
( 1990). 
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Water sample preservation is achieved by acidification to 
< pH 2, generally after filtration if dissolved metals are being sought. 
For zinc speciation analysis, acidification is unacceptable, and 
storage at 4 "C minimizes species transformations or losses. Similar 
constraints apply to biological fluids. 

For ultratrace analysis, the use of a clean laboratory or at least a 
laminar flow work station is highly recommended to avoid 
contamination from airborne particulates. Typical unfiltered urban 
room air may contain zinc at concentrations as high as 1 pg/m3 
(Henkin, 1979). In general laboratory operations, care should be 
taken to avoid galvanized laboratory fittings (especially retort stands 
and clamps), rubber materials and powdered gloves, all of which 
contain zinc. 

Contamination of soil and sediment samples, in which zinc 
concentrations may vary in the range 10-2000 mg/kg, is less of a 
problem. Where sediment samplers are likely to contaminate the 
sample, the outer sample layers should be discarded and only those 
portions not in contact with contaminating surfaces should be 
subsampled. Coring is usually carried out with PVC or Perspex 
tubes; where metal corers are used, it is usual for them to have 
polyethylene or polycarbonate liners. Where sieving of samples is 
undertaken, stainless steel or nylon sieves are unlikely to cause 
sample contamination. 

If the measurement of zinc present in soils or sediments in 
specific mineral phases is required, the sample should be frozen as 
soon as possible after collection and air excluded to avoid oxidation 
of metal sulfides and transformation of chemical forms. When 
selective extractions are to be undertaken, the sample is thawed and 
homogenized by mixing. An aliquot of the moist sample is then 
taken for analysis, with moisture content being determined in 
replicate aliquots (Batley, 1989a). 

Sampling of plant material from the field requires procedures 
that take into account a number of abiotic and biotic factors 
(Quevauviller & Maier, 1994; Emst, 1995). The former include 
climate, i.e., sampling before or after rain and, in the case of roots, 
soil type. Biotic factors include age of material and the presence of 
parasites (e.g., mildew) or mycorrhizal fungi. 
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For total zinc analysis, sample preparation involves drying at 
1 I O  "C followed by acid digestion. Total mineralization requires a 
mixture of concentrated acids, e.g., nitric, hydrochloric and hydro- 
fluoric acids, and the digestion is performed on a hot plate in a 
heated block assembly or microwave oven. Microwave digestion is 
being increasingly used to minimize sample contamination. The 
detection of acid-soluble metals, as stipulated by US EPA method 
200.8, uses only nitric and hydrochloric acids (Long & Martin, 
1991). 

Biological samples comprise aquatic and terrestrial organisms 
and may include human tissue, hair, sweat, blood, urine and faeces. 
Again, care is required in the handling of samples to avoid 
contamination (Batley, 1989a), avoiding metal surfaces and using 
appropriately cleaned plastic containers. The method of sample 
preparation depends to a large extent on sample type. Animal and 
human tissue samples are usually analysed without drying, and wet 
weight concentrations are reported. In some instances freeze-drying 
has been employed. Plant tissue samples have been dried at 1 I O  "C, 
freeze-dried and, in some instances, ashed at 500 "C to facilitate 
dissolution. In recent years, however, it has been realized that 
temperature can have a significant effect on the quality of plant 
material during drying and mineralization prior to analysis. Owing to 
burning of carbohydrates, drying at 11 0 "C will diminish the real dry 
mass, leading to overestimation of the zinc concentration. Ashing at 
500°C should be avoided as it causes loss of zinc as volatile 
compounds. Plant samples are therefore now usually oven-dried at 
80 "C for 48 h (Emst, 1995; Rengel & Graham, 1995). Freeze-drying 
remains an option, especially in zinc compartmentation studies. 

Dissolution is usually undertaken by wet ashing with nitric acid, 
either on a hot plate or by microwave-assisted digestion (White, 
1988). The use of perchloric acid is generally avoided nowadays, and 
complete decomposition of organic compounds is not required for 
most spectroscopic analysis techniques. For marine organisms, 
hydrogen peroxide is usually added during the dissolution process. 
Tissue solubilizers such as tetramethylammonium hydroxide or 
potassium hydroxide have been used for effective dissolution of 
biological tissue samples (Martin et al., 1991). 
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Care should be taken in the acid dissolution of blood and urine 
samples, as frothing of natural surfactants in the sample during 
digestion can lead to losses. Allowing the sample to stand overnight 
after the addition of acid can often obviate this problem. 

It should be noted that in all of the above analyses, care must be 
paid to the quality of acids and other reagents used. For analysis of 
zinc at low concentrations, reagents of an appropriately high purity 
are essential. 

For air sampling with high-volume samplers, low-ash filters are 
required. Glass fibre filters are sources of zinc contamination and 
membrane filters made of cellulose acetate or Teflon are preferred 
(Batley, 1989a). Samples are analysed after dissolution of 
particulates in nitric acid, although ashing has also been used 
(NIOSH, 1984). 

2.3.3 Separation and concentration 

Given the low detection limits of modem analytical techniques, 
separation techniques, such as ion exchange or solvent extraction, 
that preconcentrate zinc from solution, are less frequently used 
nowadays, although they are required for ultratrace detection. Any 
additional sample manipulation, however, increases the opportunity 
for sample contamination. A range of preconcentration techniques 
has been applied, but only those currently in common use are 
discussed here. 

Most appropriate is the use of the complexing agents ammonium 
pyrrolidine dithiocarbamate (APDC) or diethyldithiocabamate 
(DDC) to extract zinc, using trichloroethane or chloroform as the 
solvent. Apte & Gunn (1987) have described a micro solvent 
extraction procedure with analysis by graphite furnace atomic- 
absorption spectrometry (GF-AAS); detection of zinc concentrations 
as low as 20 ngilitre in seawater and other natural waters is possible. 

Chelating resins have also been widely used for 
preconcentration. Chelex- 100 or equivalent iminodiacetate resins in 
the sodium or calcium forms effectively remove zinc from seawater 
or fresh waters at pH values greater than 6. It should be noted that 
zinc associated with colloids will not be satisfactorily removed. The 
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use of immobilized 8-hydroxyquinoline, dithiocarbamates or other 
zinc-binding ligands has also been reported. The former is 
incorporated in at least one in situ water sampler (Willie et al., 1983; 
Batley, I989b). 

In natural water systems, measurements typically involve either 
total zinc, dissolved zinc or some form of zinc speciation analysis. 
Water quality criteria are frequently based on total analyses. 
Acidification of the sample, with heating, is therefore used as a 
pretreatment option. Filtration through 0.45-pm membrane filters 
provides the accepted means of separating particulate species, and a 
separate analysis can then be performed on each phase. For 
speciation, the principal concern is for bioavailable species, and a 
range of procedures has been applied, including ultrafiltration, 
dialysis, ligand exchange, chelating resin separations and 
measurement techniques, such as anodic and cathodic stripping 
voltammetry (ASV and CSV) that discriminate between labile and 
non-labile zinc. These have been comprehensively reviewed 
elsewhere (Florence & Batley, 1980; Batley, 1989b; Apte & Batley, 
1995). 

2.3.4 Detection and measurement 

For environmental and biological samples, the required detection 
limits necessitate the use of modem instrumental methods of 
analysis. Traditional titrimetric and gravimetric methods are not 
sufficiently sensitive. Spectrophotometric methods offer greater 
sensitivity, but are tedious and subject to numerous interferences 
(Cherian & Gupta, 1992). A summary of analytical methods for zinc 
in various environmental media is given in Table 3 .  

To achieve the necessary detection limits, spectrophotometric 
methods will usually require some form of sample preconcentration. 
The achievable detection limit is frequently limited in practice by the 
purity of the reagents used. 

Instrumental techniques offer element-specific detection at low 
concentrations. The most common are atomic absorption or emission 
spectrometry (AAS and AES), X-ray fluorescence (XRF), 
electroanalytical techniques, such as polarography or stripping 
voltammetry, and neutron activation analysis. 
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EHC 221: Zinc 

XRF and other focused particle beam methods require solid 
samples. The detection limit for zinc by direct microprobe analysis is 
only around 240 mgkg (Kersten & Forstner, 1989). For liquid 
samples, preconcentration by adsorption or complexation onto solid 
phases has been used. A relatively new XRF procedure based on 
polarized X-rays has a detection limit for zinc of 0.1 mgikg in 
biological materials (Heckel, 1995). 

Flame atomic absorption spectrometry (F-AAS) has for many 
years been the basis of the standard method for determining zinc in 
waters (Hunt & Wilson, 1986). The method is very sensitive: for 
direct F-AAS analysis, the instrumental detection limit is 5 pg/litre, 
although the optimal concentration range is 5&2000 pghtre. This 
can be further enhanced with preconcentration by complexation/sol- 
vent extraction or using solid-phase adsorbents. GF-AAS offers 
improved detection limits for direct analysis, but is subject to matrix 
interferences, particularly in saline waters (Slavin, 1984). 

Inductively-coupled plasma atomic emission spectrometry 
(ICP-AES) is considerably more sensitive than F-AAS, and detection 
of 2 pg/litre is possible by direct analysis (Greenberg et al., 1992), 
although with the latest axial plasma instruments with ultrasonic 
nebulization, the limit is as low as 0.2 pg/litre. Calibration by 
standard additions is essential. This technique offers adequate 
sensitivity for zinc in contaminated waters or for acid digests of soil, 
sediment and biological samples. The multi-element capability 
offered by ICP-AES is a considerable advantage over AAS methods. 

ICP mass spectrometry (ICP-MS) offers excellent sensitivity. 
The instrumental detection limit for zinc in fresh waters is 20 ng/litre 
using conventional nebulization systems. With aerosol desolvation 
devices, the detection limit is about one order of magnitude better. 
However, these detection limits are not achievable unless stringent 
procedures to avoid zinc contamination are implemented, including 
the use of ultrapure reagents. A content of solids in excess of 0.1 %, 
as in seawater samples, creates problems during nebulization. These 
are best overcome by complexation and extraction of zinc as 
described earlier. The technique is ideally suited to digests of soils, 
sediments and biological samples; the greater sensitivity means that 
any difficulties due to a high content of solids are overcome by 
dilution. In addition, because of its mass resolution, ICP-MS enables 
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isotopic ratio analysis (67Zn/6RZn/70Zn) or isotope dilution studies 
using 65Zn (Ward, 1987). Isotope tracers have been used to study 
zinc absorption following administration of the isotope in food 
(Johnson, 1982; Watson et al., 1987). 

Neutron activation analysis (NAA) is a useful technique for the 
non-destructive analysis of solid samples, and requires a minimum of 
sample preparation (Fredrickson, 1989; Heydom, 1995). Its main 
advantage is its multi-element capability; the great disadvantage is 
its limited availability, and long analysis time. It has largely been 
superseded by ICP-MS, which offers a similar capability and is more 
widely available. For zinc, the sensitivity of NAA is poor. 

Of the electroanalytical techniques, polarography is rarely 
employed except for samples containing high zinc concentrations 
(> IO pgilitre), such as digests of ores. For ambient water 
concentrations, stripping voltammetric techniques are essential. 
Differential-pulse ASV (DP-ASV) offers detection limits in natural 
waters in the ngilitre range (Florence, 1989). An advantage ofASV is 
the in situ preconcentration achieved during the accumulation step, 
which avoids the contamination problems associated with the greater 
sample manipulation of other preconcentration techniques. A 
disadvantage is the potential interference from high concentrations of 
natural organic compounds in some samples, which may adsorb to 
the mercury electrode and limit zinc deposition. Although this is not 
a problem for most natural water samples, complete digestion of 
biological samples or highly contaminated waters, to decompose 
interfering surface-active organic compounds, is essential 

CSV has also been successfully applied to the detection of 
baseline concentrations of zinc in seawater (Van den Berg, 1986). It 
requires the formation of a zinc complex with APDC, which can be 
accumulated at a mercury electrode and stripped using a cathodic 
scan. CSV is best used with pristine samples, where interference due 
to other metals or adsorbing ligands is less likely. 

It should be noted that voltammetric techniques applied to water 
samples will only measure an operationally-defined labile fraction 
unless the sample is pretreated by UV irradiation to destroy non- 
labile zinc complexes, and acidification to dissociate zinc bound to 
natural colloids. This property can be an advantage in speciation 
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studies, where the ASV-labile concentration has been related to the 
zinc fraction that is bioavailable (Florence & Batley, 1980; Florence, 
1992). 

New zinc-specific fluorophores have been developed to measure 
and visualize intracellular zinc. One of these, Zinquin, has been 
successfully used in lymphoid, myeloid and hepatic cells to detect 
labile intracellular zinc (Zalewski et al., 1993; Coyle et al., 1994), 
although the interaction between Zinquin and the zinc-binding 
protein, metallothionein (see section 6.5.1.4) needs further study 
(Coyle et al., 1994). 

In all analyses, the use of appropriate quality assurance 
procedures is required. In particular, standard reference materials are 
essential. These are currently available for waters, sediments and 
soils, as well as for plant and other biological materials. 
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3. SOURCES OF HUMAN AND 
ENVIRONMENTAL EXPOSURE 

3.1 Natural occurrence 

Zinc is a chalcophilic element like copper and lead, and a trace 
constituent in most rocks. Zinc rarely occurs naturally in its metallic 
state, but many minerals contain zinc as a major component from 
which the metal may be economically recovered (Table 4). The mean 
zinc levels in soils and rocks usually increase in the order: sand 
(10-30 mg/kg), granitic rock (50 mg/kg), clay (95 mg/kg) and basalt 
(100 mg/kg) (Adriano, 1986; Malle, 1992). Sphalerite (ZnS) is the 
most important ore mineral and the principal source for zinc 
production. Smithsonite (ZnC03) and hemimorphite (Zn4(Si207) 
(OH)yXH20) were mined extensively before the development of the 
froth-flotation process (Melin & Michaelis, 1983; Jolly, 1989). The 
main impurities in zinc ores are iron (1-14%), cadmium (0.1-0.6%), 
and lead (0.1-2%), depending on the location of the deposit 
(ATSDR, 1994). 

Natural levels of zinc in the soil environment can vary by three 
or four orders of magnitude. When ore-rich areas are included in the 
analysis this variation is even greater (GSC, 1995). National 
Geochemical Reconnaissance data of Canada have reported a mean 
value of 80 mg/kg for stream sediments with 10th and 90th 
percentile values of 40 mg/kg and 245 mg/kg, respectively (GSC, 
1995). The 99th percentile value for lake sediments was 1280 rng/kg 
with a maximum of > 20 000 mg/kg. Similar variations were noted 
in zinc levels in agricultural soils and lake sediments. 

As a result of weathering, soluble compounds of zinc are formed 
and may be released to water. US EPA (1980) estimated the input of 
zinc to waters in the USA resulting from erosion of soil particles 
containing natural traces of zinc to be 45 400 tonnes/year. The global 
flux of zinc to water through erosion has been estimated at 
9 15 000 tonnedyear (GSC, 1995). Zinc flux to the oceans from high 
temperature hydrothermal fluids in mid-ocean ridges has been 
estimated to be of the order of 68 1 000 tonnedyear. 
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Sources of Human and Environmental Exposure 

Global emissions to air are mainly due to windborne soil 
particles, igneous emissions and forest fires, and are estimated to be 
19 000 tonnedyear, 9600 tonnedyear and 7600 tonnedyear, respect- 
ively. Further natural sources of zinc in air are biogenic emissions 
and seasalt sprays, with annual amounts calculated at 8100 tonnes 
and 440 tonnes, respectively (Nriagu, 1989). 

Lantzy & Mackenzie (1979) calculated the natural continental 
and volcanic dust flux to be about 35 800 tonnes annually, based on 
the average zinc concentration in soils and andesites. Thus, total 
annual emissions of zinc to air from natural sources are estimated at 
about 45 000 tonnesiyear (Nriagu, 1989). Such estimates of zinc may 
be low (Rasmussen, 1996), particularly those for zinc transferred by 
biogenic emissions and from volcanic activity. Long-range dust flux 
has been estimated at 61-366 million tonnedyear (Pye, 1987). Given 
an average zinc crustal abundance of 70 mgkg (70 ppm), this yields 
up to 25 600 tonnes/year. However, short-range, low-level dust 
transport can also be included and would increase the windblown 
dust estimate to 5000 x I O 6  tonnedyear (Pye, 1987), corresponding 
to a zinc input of 350 000 tonneslyear. Given such uncertainties in 
the database, it is very difficult to estimate a ratio of natural to 
anthropogenic emissions for zinc. 

3.2 Anthropogenic sources 

3.2.1 Production levels and processes 

3.2.1.1 Production levels 

Zinc ore (smithsonite) has been used for the production of brass 
since 1400. In Europe, the production of elemental zinc started in 
1743 (Melin & Michaelis, 1983). 

World mine production of zinc was 7 140 000 tonnes in 1992 
and 7 089 000 tonnes in 1994 (US Bureau of Mines, 1994; ILZSG 
1995). Global zinc production and consumption are summarized in 
Table 5. 

Secondary zinc production constitutes about 20-30% of current 
total zinc production (1.9 million tonnes in 1994). Taking the 
historical consumption and produce life cycles of recovered zinc 
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Table 5. Total zinc production and consumption in 1994 (thousand tonnes)a 

Geographical Mine production Zinc production Zinc consumption 
area 

Europe 

Canada 

Australia 
China 

Peru 
USA 

Mexico 

Other countries 

1012 
1008 
97 1 
755 
682 
597 
369 
1271 

251 0 
693 
323 
975 
158 
356 
21 2 
1862 

2350 
I 4a 
161 
577 
69 

1191 
108 
2291 

World total 6665 7089 6895 

a From: ILZSG (1995). Total figures for 1995 were: mine production, 
6939 x IO3 tonnes; zinc production, 724 x IO3 tonnes; and zinc 
consumption, 7354 x IO3 tonnes (ILZSG. 1996). 

products into account, recovery rates have been estimated to be as 
high as 80% from zinc sheet and coated steels (EZI, 1996). 

3.2. I. 2 Production processes 

Zinc ore is mined from underground and open pit mines 
(approximately 62% underground, 14% open pit, 15% a 
combination, 9% unspecified) (MG, 1994). The mined ores usually 
contain zinc at levels of &8% and are concentrated at the mine sites 
to levels of 4&60%. Unwanted impurities (gangue) and other 
impurities, such as iron, cadmium and lead, which substitute for zinc 
in the mineral crystal structure, are removed by flotation (Jolly, 
1989). 

The resulting fine-grained sphalerite concentrates contain 
40-60% zinc, 30% sulfur and a number of other metals, in varying 
,quantities, that are of economic significance as extractable by- 
products. All the world’s cadmium (excluding recycles) and a large 
proportion of the germanium and gallium are extracted as by- 
products of zinc production. Large quantities of sulfuric acid are also 
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produced (UN ECE, 1979; Melin & Michaelis, 1983). Concentrates 
are the raw materials for zinc smelting. 

Zinc metallurgy can be divided into two basic processes: 
electrolytic refining, which comprised 83% of primary production in 
1993; and pyrometallurgical smelting (ILZSG, 1994). 

In the conventional electrolytic process zinc concentrates are 
roasted to remove sulfur, as sulfur dioxide, which is made into 
sulfonic acid. The resulting calcine (zinc oxide) is leached with spent 
electrolyte, the solution is then purified and zinc is recovered by 
electrowinning. The process produces iron residues, such as goethite 
and jarosite, and gypsum. In an alternative electrolytic process, 
pressure leaching, concentrates are treated directly with spent 
electrolyte under pressure to remove sulfur, iron and other 
impurities. The zinc dissolves in the spent electrolyte and the 
solution is purified prior to recovery of zinc by electrowinning. This 
process also produces iron residues and gypsum, and elemental 
sulhr  as a marketable by-product. 

In the pyrometallurgical process, concentrates are roasted to 
produce sinter, as a solid lump feed for the blast furnace, and sulfur 
dioxide, which is made into sulfuric acid. Sinter and coke are 
charged to the imperial smelting blast furnace, which produces 
metallic zinc and lead, and an iron-rich slag. The zinc is refined by 
distillation in reflux columns. 

Trade in zinc intermediate products (ash, drosses, skimmings 
and residues) represents an important source of material for 
secondary zinc production. These products contribute up to 42% of 
the sources of zinc for recycling purposes in western countries 
(Henstock, 1996). Recycling provides some 28% of the zinc metal 
produced. 

3.2.2 Uses 

Zinc is the fourth most widely used metal in the world after iron, 
aluminium and copper. Table 6 shows the applications of zinc in 
western Europe. An overview of the uses of zinc compounds is given 
in Table 7. 

33 



EHC 221: Zinc 

Table 6. Applications of zinc in western Europe (ILZSG, 1995) 

Application Consumption (%) 

Galvanizing 43 

Brass 23 

Alloys, other than brass 

Wrought zinc 

Pigmentslchemicals 

Others” 

13 

12 

a 
1 

a Including use of zinc in veterinary and human medicines, as a feed 
additive, and in cosmetics 
(Bruere et al.. 1990; EU. 1996). 

Zinc is mainly used as a protective coating of other metals, such 
as iron and steel. Because the metal lacks strength, it  is often alloyed 
with other metals, e.g., aluminium, copper, titanium and magnesium, 
to impart a variety of properties. If zinc is the primary constituent of 
the alloy, it is called a zinc-base alloy, mainly used for casting and 
for wrought applications. The zinc-copper-titanium alloy has become 
the dominant wrought-zinc alloy because of its greater strength and 
dent resistance than other metals of the same thickness (Beliles, 
1994). Further important applications are in dye-casting, the 
construction industry, and other alloys (brass, bronze). Zinc dust is a 
widely used catalyst; it is also used as a reducing and precipitating 
agent in organic and analytical chemistry. Inorganic zinc compounds 
have various applications, e.g., for automotive equipment, storage 
and dry-cell batteries and organ pipes. Zinc chloride, sulfide and 
sulfate have dental, medical and household applications. Zinc oxide 
is frequently used in ointments, powders and other medical formu- 
lations. Zinc salts are used as solubilizing agents in pharmaceuticals 
(e.g., injectable insulin) (Budavari, 1989). Organo-zinc compounds 
are used as fungicides, topical antibiotics and lubricants 
(Shamberger, 1979; Sax & Lewis, 1987). Zinc soaps (zinc palmitate, 
stearate and oleate) are used as drying lubricants and dusting agents 
for rubber, and as waterproofing agents for textiles, paper and 
concrete (Budavari, 1989). Zinc phosphide is highly poisonous 
owing to liberation of phosphine gas; it  is used in rat and mouse 
poisons (Bertholf, 1988). 
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Table 7. Some uses of zinc compounds” 

Zinc compound Uses 

Zinc acetate 

Zinc antimonide 

Zinc arsenate 

Zinc arsenite 

Zinc bacitracin 

Zinc bromide 

Zinc caprylate 

Zinc carbonate 

Zinc chloride 

Zinc dibenzyldi- 
thiocarbamate 

Zinc dichromate 

Zinc fluoride 

Zinc fluorosilicate 

Zinc iodide 

Zinc laurate 

Zinc linoleate 

Zinc oxide 

Zinc-I ,4-phenol- 
sulfonate 

Zinc phosphate 

Zinc phosphide 

Zinc propionate 

medicine (astringent), timber preservative, textile dyeing 

thermoelectric devices 

insecticide, timber preservative 

insecticide, timber preservative 

antibacterial agent in ointments, suppositories 

photographic emulsions, rayon manufacture 

fungicide 

ceramics, fire-proofing agents, cosmetics, pharmaceuti- 
cals (ointments, dusting powder), medicine (topical 
antiseptic) 

organic synthesis (catalyst and dehydrating agents), 
fireproofing, soldering fluxes, electroplating, antiseptic 
preparations, textiles (mordants, mercerizing agents), 
adhesives, dental cements, medicine (astringent) 

accelerator for latex dispersions and cements 

pigment 

phosphors, ceramic glazes, timber preservation, 
electroplating 

concrete hardener, laundry sour, preservative, 
mothproofing agents 

medicine (topical antiseptic), analytical reagent 

paints, varnishes, rubber compound manufacture 

paint drier, especially with cobalt and manganese soaps 

accelerator, rubber (reinforcing agent), ointments, paints 
(pigment, mould-growth inhibitor), plastics (ultraviolet 
absorber), feed additive, cosmetics, photoconductor. 
piezoelectric devices 

insecticide, medicine (antiseptic) 

dental cements, phosphors, conversion coating of steel 

rodenticide 

fungicide on adhesive tape 
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Table 7 (contd.) 
~~ ~ 

Zinc comDound Uses 

Zinc salicylate medicine (antiseptic) 

Zinc stearate 

Zinc sulfate 

Zinc sulfide 

Zineb insecticide, fungicide 

Ziram fungicide, rubber accelerator 

cosmetics, lacquers, ointments, lubricant, mould-release 
agent, medicine (for dermatitis), dietary supplement 

rayon manufacture, dietary supplement, mordant, timber 
preservative, production of plastics 

pigment, glass, ingredient of lithopone, phosphor in X-ray 
and television screens, luminous paints, fungicide 

a Adapted from: Sax B Lewis (1987) and Budavari (1989). 

Zinc dialkyldithiocarbamates are used as accelerators for the 
vulcanization of rubber. 

In agriculture, zinc-carrying fertilizers are by far the largest 
source of zinc. About 22 000 tonnes of zinc are used annually as 
fertilizers in the USA (Adriano, 1986). 

Emissions during production and use 3.2.3 

Zinc emissions can be classified as follows: controlled emissions 
(e.g., point source emissions) from industrial processes; fugitive 
emissions resulting from mining, handling or transport operations or 
from leakages from buildings and insufficient ventilation; and difutse 
emissions from the use of zinc-containing products (OSPARCOM, 
1994; Van Assche, 1995). Zinc is released to the atmosphere as dust 
and fumes from mining, zinc production facilities, processing of 
zinc-bearing raw materials, brass works, coal and fuel combustion, 
waste incineration, and iron and steel production. However, refuse 
incineration, coal combustion, smelter operations, and some metal- 
working industries constitute the major sources of zinc in air 
(ATSDR, 1994). More efficient emission control technology and 
changes in zinc refining methods have resulted in decreases of 
emissions of 73% to air and 83% to water during the period 
1985-1 995 (Royal Belgian Federation of Non-Ferrous Metals, 
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1995). These data are confirmed by the results of the US Toxics 
Release Inventory during the period 1988-1993. 

Additionally, the use of zinc-containing chemical fertilizers and 
pesticides in agriculture, the application of sewage sludge and 
manure to fields, and the disposal of zinc-bearing waste may 
increase zinc concentrations in soil (US EPA, 1980; Cleven et al., 
1993). 

3.2.3.1 Emissions to atmosphere 

During mining, atmospheric zinc loss is estimated to be 100 g 
per tonne of zinc mined, mostly from handling ores and concentrates 
and from wind erosion of tailing piles (Lloyd & Showak, 1984). 
From stationary sources, average emissions of zinc to the atmosphere 
of 15 1 000 tonnedyear are reported for 1969- 197 1 (Fishbein, I98 1). 
Based on emission studies in western Europe, USA, Canada and the 
former Soviet Union, total worldwide zinc emissions to air were 
estimated to be in the range 70250-193 500 tonnes in 1983. 
Emissions from the non-ferrous metal industry account for the 
largest fraction of zinc emitted (50-70%). Cement production 
accounted for 178C17 800 tonneslyear and the use of phosphate 
fertilizers was stated to contribute 1370-6850 tonnedyear. 
Additionally, 17244783 tonnedyear were attributed to emissions 
from miscellaneous sources (Nriagu & Pacyna, 1988). 

The above estimates are not generally descriptive of emissions 
from modem zinc production techniques. Emission factors for 
industrial point sources have decreased significantly since the 1970s. 
For pyrometallurgical zinc production, Nriagu & Pacyna (1988) used 
an emission factor of 100-180 kg of zinc for each tonne of metal 
produced. Currently, emission factors for releases to air from 
pyrometallurgical processes do not exceed 0.7 kg per tonne of metal 
produced in western Europe (EZI, 1996). In addition, industrial 
production patterns were erroneously estimated at the time these 
estimates were made. Nriagu & Pacyna (1988) estimated that total 
world pyrometallurgical zinc production was 4.6 x IO6 tonnes in 
1983-1984. Given a total of 6.25 x 10' tonnes of global zinc 
production, including about 1 x lo6 tonnes of zinc from new scrap 
recycling for that period (ILZSG 1995), 74% of zinc production was 
considered to be by electrolytic processes. However, 80% of western 
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world zinc production in 1984 was by electrolytic refining and only 
20% by non-electrolytic processes (ILZSG 1994). Even if it is 
assumed that all zinc production elsewhere (1.5 x IO6 tonnes) was by 
pyrometallurgical technology, the proportion of zinc produced by 
this technology could not have exceeded 2.4 x IO6 tonnes, or 39%. 

By 1993, 83% of zinc was being produced by electrolytic 
techniques (ILZSG 1994). The emissions to air from hydrometal- 
lurgical zinc production processes are currently 4-400 g of zinc per 
tonne produced (EZI, 1996). Taking present-day emission factors 
and production methods into account, total zinc emissions to air from 
zinc production are likely to be about 2000 tonnedyear. This 
contrasts with the estimates of 70 250-193 500 tonnes (for 
1983-1984) made by Nriagu & Pacyna (1988), but is in good 
agreement with the data on controlled emissions in Europe 
(OSPARCOM, 1994). 

Controlled emissions from point sources to air from the German 
non-ferrous industry were 16.2 tonnedyear in 1993- 1994. Zinc 
emissions of 47.7 tonnes were reported for the French zinc and lead 
industry in 1991. For the Netherlands, annual emissions of zinc 
oxide from zinc production in 1990 amounted to 24 tonnedyear. 
From zinc production, zinc emissions of 58 tonnes were reported for 
the United Kingdom in 1990 and 6 tonnes for Spain in 1992. For a 
combined zinc-copper-lead plant in Sweden, zinc emissions to air 
amounted to 33 tonnes in 1990 (OSPARCOM, 1994). In the USA, 
industry data for stack/point source emissions indicated a release of 
387 tonnes in 1994 with fugitive emissions of 377 tonnes (TRI, 
1995). Emissions of zinc from all industrial sources in Canada in 
1983 were 1410 tonnes compared to 151 000 tonnes in the period 
1969-1971 (NPRI, 1994). 

The reduction of atmospheric zinc emissions for European 
countries near the North Sea over the time period 1985-1995 is 
summarized in Table 8. 

3.2.3.2 Emissions to aquatic environment 

Anthropogenic inputs of zinc from mining and manufacturing 
processes (production of zinc, iron, chemicals, pulp and paper, and 
petroleum products) into aquatic ecosystems are given as 
33 000-178 000 tonnedyear. A further 15 O O C 8 1  000 tonnedyear 

38 



Sources of Human and Environmental Exposure 

Table 8. Reduction of zinc emissions to air and surface waters in European 
countries in the period 1985-1 995 

after the NORTHSEA Conference (OSPARCOM. 1994)’ 

Country Reduction of zinc emissions (%) 

To air To water 

Belgium 

G e r m a n y 

Netherlands 

Norway 

Sweden 

Switzerland 

United Kingdom 

25’ 
70 

25 
75 
50 
5 
5 

5’ 
no data 

25 

37 

70 

35 
no data 

b 

All data are official country data. It must be emphasized that in some 
countries strong reductions in emissions took place before the reference 
period 19851995. For example, in Belgium the reduction of zinc 
emissions to water from the non-ferrous metal industry during the period 
1980-1985 was 65% (Royal Belgian Federation of Non-Ferrous Metals, 

1995 figures for Belgium: to air, reduction of 18%; to water, reduction of 
32% (VMM, 1996). 

1995). 

originate from domestic waste water, 21 000-58 000 tonnes/year 
from atmospheric fallout, and 260&3 1 000 tonnes/year from the 
dumping of sewage sludge. Total worldwide input was estimated to 
be 77 OOs-375 000 tonnedyear (Nriagu & Pacyna, 1988). In this 
study, the emission factors for non-ferrous metals smelting and 
refining were 300-3000 g of zinc per tonne of metal produced. In 
current zinc production, emission factors are 0.1-50 g of zinc per 
tonne of metal produced (EZI, 1996). US EPA (1980) calculated that 
urban runoff accounts for approximately 5200 tonnedyear, and 
drainage from inactive mines for 4060 tonnedyear. The German 
chemical industry and the Rotterdam harbour agreed to reduce the 
annual zinc input into the river Rhine and its tributaries from 
270 tonnes in 1995 to 100 tonnes in 2000 (VDI-Nachrichten, 1995). 

For the North Sea, a total input of 28 000 tonnes of zinc was 
estimated for 1987 (Kersten et al., 1988) compared to 15 190 tonnes 
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in 1990 (riverine input, 6900 tonnes; dredgings and direct discharge, 
5000 tonnes; atmospheric input, 2 2700 tonnes; industrial waste, 
440 tonnes; and sewage sludge, 150 tonnes) (UBA, 1994). For the 
Baltic Sea, the following inputs were estimated for 1987: municipal 
input, 460 tonnes; rivers, 6709 tonnes; industrial, 1765 tonnes; and 
atmosphere, 3200 tonnes (UBA, 1992). For German rivers, an input 
of around 18 tonnes to the Baltic Sea was estimated for 1990 (UBA, 
1994). A marked reduction of industrial point source emissions has 
been observed in western Europe during the last decade, resulting in 
a substantial decrease of the concentrations in surface water (Van 
Assche, 1995). Significant reductions are also evident from the US 
TRI database; discharges to surface waters were 386 tonnes in 1988 
and only 30 tonnes in 1993 (TRI, 1993). 

The recent general tendency for reduction of zinc emissions to 
the water, is illustrated by data reported by European countries 
bordering or close to the North Sea (see Table8). This general 
reduction is also reflected in the decrease of zinc deposited in 
Greenland snow samples after the 1960s (Boutron et al., 1995). 

3.2.3.3 Emissions to soil 

On an annual basis, an estimated 1-3 million tonnes of zinc from 
mining and smelter operations are discharged on land worldwide. An 
additional 689-2054 x IO3 tonnedyear are released to soil from 
anthropogenic activities: 260-1 100 tonnedyear originate from the 
use of fertilizers and 49 000-135 000 tonnedyear from atmospheric 
fallout. However, a further significant source of zinc emissions to 
soil is represented by zinc-containing wastes, such as agricultural 
and animal wastes, manure, sewage sludge and fly ash, which 
contribute 640-1 9 14 x I O3 tonnedyear (Nriagu & Pacyna, 1988). On 
the basis of an average zinc concentration of 6&470mg/kg in 
chemical phosphate fertilizers and < 5 mg/kg in non-phosphate 
fertilizers, and the consumption of commercial fertilizers, the total 
zinc input into soil from these fertilizers was 745 tonnes in Germany 
in 1989. The zinc content of manure is given as 12.639 mg/kg 
(UBA, 1992). In Australia, annual consumption of zinc in fertilizers 
ranged between 900 and 1700 tonnes (Mortvedt & Gilkes, 1993). In 
the USA, zinc in fertilizer increased from 13 100 tonnes in 
1967-1968 to 37 300 tonnes in 1984 (Mortvedt & Gilkes, 1993). 
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Nriagu & Pacyna (1988) estimated that zinc is discharged on 
land worldwide during mining and smelting operations at a rate of 
approximately 3 1 C 6 2 0  x 1 O3 tonnedyear in smelter in slags and 
wastes, and 194-620 x IO3 tonnedyear in mine tailings. The vast 
majority of such discharges are non-dispersive and occur within the 
mine or smelter site. Its physical and chemical properties, and the 
lack of availability of the zinc make it difficult to envisage a large 
global impact of this material on the environment. 

Emissions during combustion of coal and oil, and refuse 
incineration 

3.2.4 

Zinc concentrations in oil and coal average 0.25 mgkg and 
50 mgkg, respectively (Bertine & Goldberg, 1971). On the basis of 
these data, the global emissions from oil and coal combustion to air 
were calculated by Lantzy & Mackenzie (1979) to average 
140 000 tonnedyear. For 1983, the releases of zinc to atmosphere 
due to coal and oil combustion were calculated to be 
2570-1 9 630 tonnedyear and 532-3786 tonnedyear, respectively. 
Estimated emissions from refuse incineration are in the range 
2950-8850 tonnedyear (Nriagu & Pacyna, 1988). 

3.2.5 Zinc releases from diffuse sources 

Several categories of diffuse emissions can be relevant in terms 
of total environmental input of zinc: zinc wash-off from metallic zinc 
surfaces exposed to atmospheric conditions (sacrificial zinc 
corrosion), household emissions, emissions from agricultural 
practice (see section 3.2.3.3) and traffic, and atmospheric emissions 
(see section 3.2.3.1). 

3.2.5.1 Releases from atmospheric zinc corrosion 

In air, acidifying factors, such as sulfur dioxide, nitric oxides and 
chlorides attack the zinc hydroxide-carbonate layer on the surface of 
metallic zinc yielding soluble zinc compounds. Sulfur dioxide levels 
in ambient air are particularly important in this respect. Chloride 
levels are significant but only at distances smaller than 1.5 km from 
the seaside (Porter, 1995). Zinc is washed off slowly and forms a 
diffuse source of zinc release to the environment. Corrosion is 
increased at pH levels of rain of < 4, corrosion at pH 4-7 amounts to 
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less than 1 pm/year but increases six-fold at pH 3. It has been 
demonstrated that atmospheric corrosion is strongly and linearly 
related to the sulfur dioxide levels in ambient air (Knotknova & 
Porter, 1994). An empirical formula for the reduction of the 
thickness of zinc layers is: 

Rate of zinc corrosion (pm/year) = 0.29 + 0.039 x [SO,] ([SO,] in 
pg/m3 in air) 

Since the 1970s, ambient air sulfur dioxide levels have markedly 
decreased (Iversen et al., 1991). As a consequence, corresponding 
zinc corrosion rates have also decreased. In Stockholm, for example, 
ambient air sulfur dioxide levels and experimental zinc corrosion 
rates have decreased concomitantly by 94% and 73%, respectively 
(Knotknova & Porter. 1994). 

The annual removal of zinc from exposed metal is estimated to 
be 3.6 pm in rural air, 3.8 pm in urban air, 4.3 pm in industrial air, 
and 4.5 pm in sea air (Boettcher, 1995). For European countries, 
annual corrosion rates are estimated to be < 8 g/m2, 8-16 g/m2, and 
16-28 g/m2 for rural, urban and industrialized areas, respectively 
(Van Assche, 1995). A study by Knotkova et al. (1995) indicates that 
corrosion rates in Europe are now about 1.1 pm/year, corresponding 
to a potential zinc wash-off of about 8 g/year per m2 of exposed zinc 
surface. The highest corrosion rate reported by Knotkova et al. 
(1995) was 2.2 @year in an industrial site (< 16 g/m2 of zinc 
surface). Similar corrosion rates have been observed in North 
America (Spence & McHenry, 1994). 

Releases from sacrificial zinc anodes 3.2.5.2 

In order to protect steel structures from corrosion in the marine 
environment and in soils, sacrificial zinc anodes are used, resulting 
in a slow release of zinc to the environment. Current releases to the 
marine environment from European countries bordering or close to 
the North Sea are estimated at I900 tonnedyear (OSPARCOM, 
1994). 

3.2.5.3 Household zinc emissions 

Some household zinc emissions are of natural origin, e.g., 
background levels in tap water and foodstuffs. Others are of 
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anthropogenic origin: from galvanized water pipes, cosmetics, 
pharmaceuticals, etc. In the Netherlands, the zinc load from 
households was estimated to be 8.1 g per person per year, of which 
53% originated from food consumption (estimated from faeces), 
25% from drinking-water, and 22% from “consumer products” 
(Coppoolse et al., 1993). 
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4. ENVIRONMENTAL TRANSPORT, 
DISTRIBUTION AND TRANSFORMATION 

4.1 Transport and distribution between media 

4.1.1 Air 

Zinc in the atmosphere is primarily in the oxidized form in 
aerosols (Nriagu & Davidson, 1980). Zinc is found on a particles of 
various sizes, the size being determined by the source of zinc 
emission. Waste incinerators release small zinc-containing particles 
to the atmosphere, whereas wear of vehicle tyres produces large 
particles (Sohn et al., 1989). 

Zinc in urban and industrial areas, including metallurgical plants 
and brasdzinc production facilities, was present on particles with 
diameters of up to 5 pm (Nriagu & Davidson, 1980). Dorn et al. 
(1976) reported that 73% of the atmospheric zinc sampled from a 
farm near a lead smelter was in the form of particles smaller than 
4.7 pm (the upper limit of respirable particles), compared to 54% on 
a farm not affected by the smelter. Zinc has been reported to be 
adsorbed to even larger particles from windblown soil and road dust. 
Zinc bound to soil particulates may be transported to the atmosphere 
as wind-blown dust (Perwak et al., 1980). 

Anderson et al. ( 1  988) examined atmospheric aerosol particles 
collected from Arizona. *The aerosols originated from the nearby 
urban area, the surrounding desert and several major copper 
smelters, which were 120 km from the sampling area. The particles 
containing zinc were divided into five groups: zinc sulfide, ferrous 
zinc, zinc phosphide, zinc chloride and metallic zinc. The authors 
suggested that the zinc sulfide particles originated from the copper 
smelters, and that the zinc phosphide particles may have been 
emitted during spray-painting of primer on steel, possibly from a 
construction site. 

The proportion of zinc on atmospheric particulate matter 
collected from a rural area that was in water-soluble form ranged 
from 12% to 48%, with a mean value of 26% (Lum et al., 1987). The 
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proportion of zinc in the dissolved fraction of rainwater collected 
from Mode Island, USA ranged from 52% to 100% (Heaton et al., 
1990). Colin et al. (1990) reported zinc in rainwater collected in 
France. The geometric mean was 78 pg/litre (1.20 pM) for total zinc 
and 3.25 pgilitre (0.05 pM) for insoluble zinc. 

Zinc particles in the atmosphere are transported to soil and water 
by wet and dry deposition. These processes are dependent upon 
particle size. Pacyna et al. (1989) derived a model which 
demonstrated that zinc adsorbed on particles of low diameter and 
density can be transported through the atmosphere to regions in 
Norway distant from their source in Central Europe. The dry 
deposition velocity for zinc was calculated to be 0.5 cm/s. Analysis 
of Greenland snow samples shows a significant decrease in the 
atmospheric zinc deposition over time. Between 1967 and 1989, the 
level decreased by a factor 2.5 (Boutron, 1991). More extensive 
studies have shown a five-fold increase of zinc deposition in 
Greenland snow layers in the period after the industrial revolution 
(from 1800 onwards), with a maximum during the 1960s followed 
by a significant decrease of 40% between 1960 and 1990 (Boutron et 
al., 1995). 

The deposition rate of airborne zinc downwind of an abandoned 
metalliferous mine complex was reported to range from 
3.10 f 1.30 pg/cm2 per month at a site 10 m from the edge of the 
spoil tip, to 0.61 f 0.14 pg/cm2 per month at a site 1000 m from the 
edge of the spoil tip (Roberts & Johnson, 1978). 

Teraoka (1 989) reported zinc concentrations in dry atmospheric 
fallout sampled in Japan to range from 290 to 790 mgkg of ashed 
sample. Concentrations in bulk precipitations were 2 5 4 7  pgilitre. 

Dasch & Wolff (1989) reported zinc concentrations in rain from 
Massachusetts, USA. The mean concentration was calculated to be 
3.7 f 0.8 pg/litre. The enrichment factor (the degree of enrichment of 
an element in the atmosphere compared to the relative abundance of 
that element in crustal material) was calculated to be 1 IO f 78. 
Enrichment factors have to be calculated and interpreted with care. 
The use of simple enrichment ratios in a sample relative to average 
crustal abundance does not take into account the fact that organic and 
inorganic enrichment processes cause trace metal levels to shift by 
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orders of magnitude (GSC, 1995). The source of zinc is therefore not 
entirely due to crustal material. Similar conclusions were derived 
following analysis of atmospheric particles collected from near sea 
level in the North Atlantic, with reported concentrations of 
0.3-27 ng/m3 (Duce et al., 1975). 

4.1.2 Water and sediment 

Zinc in water can be divided into seven classes (Florence, 1980): 

particulate matter (diameter > 450 nm) 
simple hydrated metal ion, e.g., Zn(HzO)F (diameter 0.8 nm) 
simple inorganic complexes, e.g., Zn(H20)5CI+, Zn(H20)50H' 
(diameter 1 nm) 
simple organic complexes, e.g., Zn-citrate, Zn-glycinate 
(diameter 1-2 nm) 
stable inorganic complexes, e.g., ZnS, ZnC03, Zn2Si04 
(diameter 1-2 nm) 
stable organic complexes, e.g., Zn-humate, Zn-cysteinate 
(diameter 2 4  nm) 
adsorbed on inorganic colloids, e.g., Zn2+Fe203, Zn2+Si02 
(diameter 10&500 nm) 
adsorbed on organic colloids, e.g., Zn*'-humic acid, Zn2+- 
organic detritus (diameter 100-500 nm). 

Zinc compounds hydrolyse in solution to produce hydrated zinc 
ions, zinc hydroxide and hydrated zinc oxides, which may 
precipitate. These reactions decrease the pH of the water, although 
the natural buffering capacity of the water usually prevents any 
significant change (US DHHS, 1994). 

Zinc is adsorbed strongly by ferric hydroxide in alkaline waters 
(Gadde & Laitinen, 1974). Zinc has also been reported to be 
adsorbed on sulfides (Hem, 1972), silica (Huang et al., 1977), 
alumina (Huang et al., 1977), manganese dioxide (Doshi et al., 
1973), and humic acid (Guy & Chakrabarti, 1976). 

The stability constant (logk) for zinc-fulvic acid complexes in 
lake water was reported to be 5.14 (Mantoura & Riley, 1975). 
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Farrah & Pickering ( I  976) determined the adsorption of zinc to 
three clay minerals, kaolinite, illite and montmorillonite. The 
adsorption capacity of the clays increased between pH 3.5 and 
pH 6.5. Under alkaline conditions, zinc precipitated as hydroxy 
species, which adsorbed to the clay. At pH > 10.5 zinc returned to 
solution as the zincate, although such a high pH is unlikely to exist in 
the environment. The attachment of the hydroxy species was 
reported to be the controlling process for kaolinite and illite. The 
dominant controlling mechanism in montmorillonite was ion 
exchange at the negative lattice sites. 

Zinc sulfide is the most dominant form of zinc in anoxic 
sediments (Casas & Crecelius, 1994). Only the uppermost sediments 
are oxic, and here zinc will primarily be associated with hydrous 
oxides of iron and manganese as components of the clay fraction or 
as coatings on the surface of other minerals (US National Academy 
of Sciences, 1977). In waters, zinc forms complexes with a variety of 
organic and inorganic ligands (Callahan et al., 1979; US EPA, 1984). 
Up to 50% of the total zinc in acidic fresh waters is in a non- 
colloidal inorganic form, such as zinc carbonate, zinc hydroxy 
carbonate or zinc silicate. In alkaline fresh waters, most bound zinc 
is adsorbed to organic and inorganic colloidal particles. 

Hydroxides and hydrous ions of iron and manganese are 
components of the clay fraction of sediments and they also exist as 
coatings on the surface of other minerals (US National Academy of 
Sciences, 1977). When these hydrous oxides are oxidized they may 
co-precipitate with zinc. As the precipitates form, they trap various 
ions in their crystal lattice (Callahan et al., 1979). 

Zinc is not directly affected by changes in redox potential (Eh), 
although the valencies and reactivities of the ligands that react with 
zinc are (Callahan et al., 1979). 

4.1.2.1 Fresh water 

The pH of most fresh waters is in the range that is critical for the 
adsorption of heavy metals on particulates. A change in pH of 0.5 
can mean the difference between the majority of zinc being in an 
adsorbed or desorbed form. Florence (1 977) reported that zinc in 
several fresh waters at pH 6.0-6.1 was distributed between labile 
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ionic species and a stable inorganic form. The amount of zinc bound 
to organic colloids was minor. 

Elevated zinc concentrations were reported in water sampled 
from areas rich in ores (White & Driscoll, 1987). Organic material 
has an important role in the binding of zinc in fresh water, 
particularly at high pH values (> 6.5). Spatial and temporal 
variations in the zinc concentration were reported to be minor. Peak 
concentrations were reported during snowmelt, but were limited to 
meltwater in streams and at the lake surface. Zinc did not appear to 
be retained in the lake. Transport of particulate-bound zinc to 
sediment represented a minor flux. The authors suggested that long- 
and short-term variations in retention of zinc in the lake due to 
surface water acidification may complicate quantitative 
interpretation of zinc deposition in sediments. 

4.1.2.2 Seawater 

The chemical pathway of zinc is mainly determined by 
interactions with dissolved organic complexing agents (Van den Berg 
et al., 1987). The dissolved zinc concentration throughout the 
Scheldt estuary (Netherlands) was reported to vary according to the 
dissolved organic concentration. The proportion of dissolved zinc 
determined to be in a labile form was 34-69%, owing to the low 
solubility of iron and competition for dissolved copper and zinc with 
organic complexing ligands. The concentration of these ligands was 
calculated to be in the range 1.43-14.3 pg/litre (22-220 nM). The 
conditional stability constants (logk values) of the zinc complexing 
ligands were calculated to be 8.C10.6. The average product of 
ligand concentrations and conditional stability constants (a 
coefficient) was 6 x 1 02. 

Increases in the dissolved and suspended fractions of zinc in 
estuarine water were reported in the mixing zone between fresh and 
brackish waters. The increases were attributed to the increased 
residence time of zinc in the estuary compared to that in the fresh 
water. There was a five-fold increase in the amounts of leachable 
zinc in sediments sampled from brackish waters compared with 
those in sediments from fresh waters. The ratio of suspended zinc to 
leachable zinc was increased from 20% in fresh waters to 86% in 
brackish waters (Grieve & Fletcher, 1977). 
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4.1.2.3 Wastewater 

Patterson et al. (1977) demonstrated that zinc hydroxide 
precipitates at a faster rate from industrial wastewaters than zinc 
carbonate. The minimum soluble zinc concentration reported was 
0.25 mg/litre at pH 9.5. Treatment of the effluent with carbonate 
increased only the amount of dissolved solids. Optimization of the 
zinc carbonate system with the use of denser sludges or better 
filtration methods provided no advantage over the zinc hydroxide 
system. 

Rudd et al. (1988) studied the forms of zinc in sewage sludges 
during chemical extraction and progressive acidification treatment 
stages (pH values 4.0, 2.0 and 0.5). Fractionation profiles of samples 
from sequential extraction demonstrated that the majority of zinc 
was associated with the tetrasodium pyrophosphate (Na4P207) 
fraction, comprising 18-52% of the total zinc content. This fraction 
corresponds to organic and some insoluble inorganic forms. The 
remaining zinc was evenly distributed between the ethylene diamine 
tetra-acetic acid (EDTA) and nitric acid fractions. The potassium 
fluoride (KF) fraction accounted for 2-13% of the total zinc, with 
less in the potassium nitrate (KNO,) fraction. The threshold for 
mobilization of zinc was reported to approach pH 6.0. The majority 
of mobilizable metal was extracted at pH 2.0, with only slight 
increases in the amount released at pH 0.5. Zinc was more easily 
extracted from raw sludges than from dried forms of activated and 
digested sludges. The threshold for mobilization from liquid sludge 
samples was pH4.0. Acidification of the sludge increased the 
proportion of zinc in an easily extractable form, e.g., from the 
predominant Na4P207 fraction to KN03-extractable and KF- 
extractable forms at pH 0.5. 

4.1.2.4 Groundwater 

Zinc solubility in groundwater increases with redox potential 
(Eh) value (Hermann & Neumann-Mahlkau, 1985; Pedroli et al., 
1990). The solubility also increases with decreasing pH (Pedroli et 
al., 1990). 
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4.1.2.5 Sediment 

There are two forms of sediment: suspended sediment and bed 
sediment. Zinc and other heavy metals are highly partitioned to 
suspended sediment in the water column. Trefry & Presley (1971) 
calculated that 90% of the zinc was carried in the particulate phase in 
a clean stretch of the Mississippi River; 40% was reported for a 
contaminated river (Kopp & Kroner, 1968). Golimowski et al. 
(1990) reported ranges in distribution constant & (the ratio of 
chemical concentration in the solid phase to the concentration in the 
liquid phase) for three rivers in the Netherlands: I O  000-145 000 
(Rhine), 10 OOCk190 000 (Waal) and 75 000-230 000 (Meuse). 

Phosphates and iron hydroxides play an important role in the 
transfer of heavy metals from river water to sediments (Houba et al., 
1983). Deposition to the bottom of a water body occurs concurrently 
with a change in the microenvironment. Organic matter reaching the 
bedded sediment is oxidized. Because oxygen and nitrate are limited, 
sulfate is the most prevalent terminal electron receptor. Thus 
sediments tend to be sulfide-rich. Sulfide reacts with transition 
metals such as zinc to form metal sulfide compounds of low 
solubility (Allen et al., 1993). 

As bedded sediments change from a reduced to an oxidized 
state, greater amounts of zinc are mobilized and released in soluble 
forms (US EPA, 1987). The pH controls the interaction of zinc with 
dissolved organic carbon, a process which determines the 
bioavailability of zinc (Bourg & Darmendrail, 1992). Compared with 
other physical processes, diffusive transport of zinc to and from the 
sediment pore water is negligible. 

Sprenger et al. (1987) recorded the zinc concentrations in water 
and sediments sampled from six acidic lakes in New Jersey, USA. 
Increased zinc concentrations were reported in the most acidic lakes. 
The active growth of macrophytes in one of the lakes resulted in 
sediment with a high organic matter content, with the subsequent 
retention of zinc. 

In estuaries, desorption of zinc from sediments occurs with 
increasing salinity (Helz et al., 1975) owing to the displacement of 
adsorbed zinc ions by alkali and alkaline earth cations, which are 
abundant in brackish and saline waters (Callahan et al., 1979). 
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4.1.3 Soil 

The major sources of zinc in soils are the zinc sulfide minerals, 
such as sphalerite and wurtzite, and to a lesser extent minerals such 
as smithsonites (ZnCO3), willemite (Zn2Si04), zincite (ZnO), 
zinkosite (ZnS04) franklinite (ZnFe204) and hopeite (ZII~(PO~)~.  
4H20).  

Zinc in soil is distributed between the following fractions (Viets, 
1962): 

dissolved in soil water 
0 

bound to organic ligands 

present in primary minerals. 

exchangeably bound to soil particles 

occluded in secondary clay minerals and metal 
oxides/hydroxides 

Only those fractions of zinc that are soluble or may be 
solubilized are available to plants (Briimmer, 1986). Zinc undergoes 
reactions involving precipitatioddissolution, complexatioddissoci- 
ation and adsorption/desorption. These reactions and the resulting 
bioavailability of zinc will be controlled by the pH and redox 
potential of the soil, the concentration of zinc ions and other ions in 
the soil solution, the nature and number of adsorption sites 
associated with the solid phase of the soil, and the concentration of 
ligands capable of forming organo-zinc complexes (Kiekens, 1995). 

Under most conditions, the amount of zinc present in adsorbed 
soil fractions is much higher than the soluble fraction that remains in 
the pore waters or soil solution. A change in any of the above factors 
will result in a change in the overall equilibrium of the soil, with zinc 
transformed to different forms until a new equilibrium is reached. 
Such equilibrium displacements may occur as a result of plant 
uptake, losses by leaching, zinc input, changes in soil moisture 
content, changes in pH, mineralization of organic matter, and 
changes in the redox status of the soil. The proportion of zinc in soil 
solution increases with decreasing pH. In high pH soils (> 6.5), the 
chemistry of zinc is dominated by interactions with organic ligands. 
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Zinc forms complexes with chloride, phosphate, nitrate and 
sulfate. The complexes with sulfate and phosphate are the most 
important with regard to total zinc in solution. Under neutral or 
alkaline conditions, ZnHP04 contributes to zinc in solution, although 
this depends on phosphate activity (Kiekens, 1995). The formation of 
carbonates is also possible (Misra & Tiwari, 1966), and is probably 
an important factor in explaining some of the retention of zinc at 
high pH values. Slow diffusion of zinc into soil reduces the mobility 
and bioavailability of zinc (Briimmer, 1986). 

Humic and fulvic acids are important for the speciation of zinc 
in soil and aquatic systems. For example, 60-75% of zinc in soil 
solution has been reported to be bound by fulvates (Hodgson et al., 
1966; Geering & Hodgson, 1969). These acids are defined by 
solubility. Because fulvic acid is soluble, its chelates are mobile in 
the soil. Stability constants for zinc fulvates and humates have been 
reported by a number of investigators (Courpron, 1967; Schnitzer & 
Skinner, 1967; Stevenson, 1991); they are dependent on pH. Because 
the acids are mixtures, not pure chemicals, the stability constants are 
averages representing the extent of metal or proton binding over the 
limited range of concentrations for the titration. Adequate 
descriptions of the metal binding characteristics of these 
heterogeneous organic substances can be achieved using models 
incorporating a number of discrete binding sites (Tipping, 1993) or a 
continuum of binding sites of varying pK (Perdue & Lytle, 1983). 

The selective adsorption of zinc and the occurrence of an 
adsorption/desorption hysteresis effect is controlled by the following 
parameters (Kiekens, 1995): 

number of pH-dependent adsorption sites 
interactions with amorphous hydroxides 
affinity for the formation of organomineral complexes, and their 
stability 
formation of hydroxy complexes 
steric factors 
properties of zinc including: ionic radius, polarizability, thick- 
ness of the hydration sheet, equivalent conductance, hydration 
enthalpy and entropy. 
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The observed hysteresis effect may have important practical 
consequences and applications. Addition of soil additives such as 
lime (calcite), zeolite, hydroxyapatite, vermiculite, bentonite, 
beringite (a modified clay) and other clay minerals, and other 
products, such as selective cation exchangers (e.g., polystyrene 
resins), steel shots, Thomas basic slags and hydrous manganese 
oxide, can reduce the mobility of zinc and uptake of plants cultivated 
in a contaminated soil (Van Assche & Jansen, 1978; Kiekens, 1986; 
Vangronsveld et al., 1990, 1995a,b; Vangronsveld & Clijsters, 1992; 
Mench et al., 1994). 

Soils high in clay or organic matter have higher zinc adsorption 
capacities than sandy soils with a low organic content (Shuman, 
1975). A further reduction in zinc adsorption capacity of sandy soils, 
compared to soils with a high colloidal-size material content, was 
reported at low pH. Zinc accumulated in the organic horizon (organic 
matter layer) of sandy soil, with low concentrations in the mineral 
horizons (mineral layers) (Pedroli et al., 1990). 

The mobility of zinc in soil increases at low soil pH under 
oxidizing conditions and at a lower cation exchange capacity of soil 
(Tyler & McBride, 1982: Hermann & Neumann-Mahlkau, 1985). 
The dominant species under anaerobic conditions is zinc sulfide, 
which is insoluble and so the mobility of zinc in anaerobic soils is 
low (Kalbasi et al., 1978; Penvak et al., 1980). 

Zinc can be readily displaced by calcium, which can be abundant 
in the soil solution (Van Blade1 et al., 1988). There is greater 
potential for leaching of zinc in light acidic soils, compared to soils 
with a high organic matter or calcium carbonate content. MacLean 
(1974) studied the factors that determined the extractability of zinc 
with diethylenetriamine-penta-acetic acid (DTPA), magnesium 
chloride or calcium chloride in soils incubated with zinc solutions. 
The amount of zinc extracted increased with increasing rates of 
added zinc and increasing amounts of added phosphorus. Extractable 
zinc was negatively correlated to the soil organic matter content. 
Liming reduced the amount of extractable zinc in an acid soil. 
Pretreatment of the soil with phosphate fertilizer also increased the 
amount of zinc extracted. 

The distribution constant for zinc between soil and water (b) 
has been reported to vary from 0.1 to 8000 litredkg (Baes & Sharp, 
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1983). Baes et al. (1984) reported an average K,, value of 
40 litreskg. Anderson & Christensen (1988) reported a range of K,, 
values for zinc of 1-3540 litredkg. The K,, value was strongly 
related to pH, although the presence of extractable manganese oxides 
and hydroxides and the magnitude of the anion exchange capacity 
were also important. Gerritse et al. (1982) reported K,, values in a 
variety of soil types and sewage sludges: 70-100 litre/g for sandy 
loam soil; 2. I and 3.2 litre/g for organic soil; 0 . 2 4  litre/g for sandy 
soils; 6@90 litre/g for sewage sludge; and 3 4  litre/g for sewage 
sludge after aeration. Bunzl & Schimmack ( 1  989) calculated the K,, 
value for zinc in the organic and mineral horizon of podzol forest 
soil. The median values were 14 and 41 litre/kg , respectively. The 
organic-horizon K,, values were not significantly correlated with pH. 

Zinc supplementation of soils is achieved using sewage sludge 
or chemical fertilizers. Sanders & A d a m  (1987) added sewage 
sludge to a clay loam and two sandy loam soils. The concentration of 
extractable zinc increased rapidly at pH values below a threshold of 
6.2-7.0, with less being extracted from the clay soil than from the 
sandy soils. Sanders & El Kherbawy (1987) determined zinc 
adsorption equilibria in United Kingdom soils that had similar 
textures and zinc concentrations but different pH values. Zinc was 
added to the soils in the form of zinc nitrate or sewage sludge. There 
were no differences in the results obtained with the different zinc 
treatments. 

Mehrotra et al. (1989) studied the speciation of zinc in primary, 
secondary, digested and zinc-spiked sewage sludge. They found that 
50% of zinc was organically bound and there were no differences in 
the zinc speciation or zinc loading of the different sludge types. Zinc 
added to the sludge is redistributed in a similar fashion to existing 
zinc. It was concluded that the distribution pattern remains more or 
less the same whether zinc is added during or after digestion. 
However, other studies have reported that zinc added to sludges after 
digestion is more readily bioavailable than zinc added prior to 
digestion. Bloomfield & McGrath (1982) determined the levels of 
extractable zinc in sludges to which zinc sulfate had been added 
either prior to or following anaerobic digestion. All three extractants 
used (NH40Ac, HOAc and EDTA) removed zinc adsorbed on pre- 
digested sludge more readily than those incorporated during the 
digestion process. Davis & Carlton-Smith ( 1  98 1) reported increased 

54 



Environmental TransDort Distribution and Transformation 

extractability of zinc in sewage sludges amended with soluble zinc 
salts compared to those to which insoluble zinc sulfide was added. 
Speciation of heavy metals in sewage sludge and sludge-amended 
soils has been reviewed by Lake et al. (1984). 

Williams et al. (1984) determined the fate of zinc in soil 
amended annually for 6 years with sewage sludges, one of which 
contained industrial waste. Zinc moved up to 10 cm below the area 
of sludge incorporation. The ratios of DTPA-extracted zinc to nitric 
acid-extracted zinc were similar over the last 4 years and at all soil 
depths. The availability of zinc was highest in the soils with the 
lowest pH. 

4.2 Bioavailability 

The bioavailable fraction (a physicochemical term) is the 
maximum fraction of the total zinc concentration that can potentially 
be taken up by organisms, essentially over and above very stable 
forms of zinc. Uptake (a biological-physiological term) refers to the 
fraction that is actually taken up by organisms. The term 
“bioavailability” is used to describe the interaction in nature of 
physicochemical properties and physiological factors. For instance, 
zinc in the aquatic environment interacts with binding agents in the 
aqueous phase and similarly with biological receptors. 

Knowledge of the bioavailable fraction is a critical requirement 
for risk assessment. Total concentrations in the aquatic and soil 
environments alone, including food, are not useful for estimating 
bioavailability. 

4.2.1 Factors affecting bioavailability 

The most important physicochemical factors affecting 
bioavailability are: pH, dissolved organic carbon (DOC), water 
hardness, competing ions, soluble ligands, and binding sites on solid 
phases (e.g., metal oxides in suspended matter, sulfides in sediments 
and anaerobic soils) (Florence & Batley, 1980). 

The most important physiological factors affecting bioavail- 
ability are: adsorption sites at the cell wall (type and quantity), 
exudation of organic substances, protons, and gaseous substances 
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(e.g., oxygen, carbon dioxide) (Cakmak & Marschner, 1988; 
Bergman & Dorward-King, 1996). 

The above physicochemical and physiological factors apply both 
to aquatic and to terrestrial ecosystems. Bioavailability is determined 
on the basis of a combination of these factors as well as the kinetics 
of the chemical and biological processes concerned. 

4.2.2 Techniques for estimation 

There are currently two different approaches for estimating 
bioavailability: correlative (e.g., extractable metals in the terrestrial 
environment, free metal ion in the aquatic environment; Campbell, 
1995); and predictive, which models bioavailability, for instance at 
gill surfaces (Bergman & Dorward-King, 1996). These approaches 
need to be further developed and validated against bioassays. In 
particular, improved analytical techniques are required to measure 
zinc speciation in environmental and biological compartments (the 
latter related to human health). Extraction techniques are better 
developed in some areas than in others, for instance they are 
particularly well developed to measure zinc deficiencies in 
agricultural soils (relative to crop production) (Brennan et al., 1993). 
Leach tests, although they may provide a prediction of potential 
environmental risk, do not accurately measure the bioavailable 
fraction. 

4.3 Biotransformation 

4.3.1 Biodegradation 

Zinc is an element and therefore cannot be biodegraded, in 
contrast to zinc compounds. Some studies have examined microbial 
or abiotic transformations of zinc compounds which can result in a 
change in zinc speciation (Touvinen, 1988). 

Biomethylation of zinc has not been observed. 

Biological degradation of zinc complexes is necessary for the 
normal functioning of ecosystems to enable the recycling of zinc 
from litter, faeces and dead organisms. In certain environments, 
bacteria as well as fungi are able to oxidize zinc sulfide in ores, 
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producing zinc sulfate which can be leached into solution 
(Ilyaletdinov et al., 1977; Tuovinen, 1988). 

4.3.2 Bioaccumulation 

The concept of bioaccumulation was originally designed to 
determine the accumulation of a substance/element in biota in 
comparison to its occurrence in an environmental compartment, i.e., 
water, soil or sediment. The ratio between the concentration of a 
substance/element in biota and that in an environmental 
compartment was defined as the bioconcentration factor (BCF). For 
example, for uptake from water the BCF is a unitless value 
calculated by dividing the “steady state” wet tissue concentration of 
a particular substance by its “steady state” water concentration. 
Bioaccumulation factors (BAFs) differ from BCFs in that they 
assume uptake from water and accumulation from the diet. 

In the case of zinc, the BCF is not useful for relating uptake to 
adverse effects, because it does not consider physiological 
parameters (CanaddEU, 1996; Chapman et al., 1996). The fact that 
zinc, as an essential metal, is naturally concentrated by living 
organisms means that the BCF for zinc bears no relationship to 
toxicity. Bioaccumulation does not differentiate between zinc 
adsorbed to the outer surface of organisms, and the zinc within 
organisms. Rapid bio-inactivation of zinc, for instance 
compartmentation into vacuoles, may result in elevated BCFs with 
no difference in the health of the organism (Mathys, 1977). Further, 
the fact that many organisms are capable of regulating internal zinc 
concentrations within certain limits means that these organisms can 
stabilize internal concentrations against perturbations or high 
concentrations in the external environment. Thus, zinc tissue 
concentrations do not necessarily reflect ambient concentrations and, 
in contrast to lipophilic organic compounds, zinc BCFs cannot be 
considered to be constant ratios between tissue concentrations and 
external water concentrations. Finally, an inverse relationship has 
been observed in many biological organisms between the BCF and 
external water concentrations. 

Accumulation of zinc to meet physiological requirements can be 
mistaken for trophic transfer. However, zinc is not biomagnified 
(Beyer, 1986; Suedel et al., 1994). 
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4.3.2.1 Aquatic organisms 

In aquatic environments, organisms tend to have a high 
surface:volume ratio, which is necessary for exchange processes 
(oxygen, carbon dioxide, nutrients). Exchange processes are 
enhanced by the enlargement of the receptive tissues (e.g., gills in 
fish and some benthic organisms, and soft body surfaces in some 
benthic organisms) and/or by enhancing water passage through the 
organism and/or its tissues. The effect on the health of an organism 
of adsorbed zinc is different to that of incorporated intracellular zinc; 
however, in most experiments and sampling procedures the impact 
of adsorption is not considered. Thus, for instance, gelatinous algae 
such as Chlamydomonas spp. and Gloeococcus spp. are more zinc- 
insensitive than other species (Foster, 1982). The presence of other 
organisms may diminish the adsorption of an element by changes in 
its chemical speciation (Nakatsu & Hutchinson, 1988). The amount 
of zinc taken up by an organism will strongly depend on the 
speciation of the metal in the environment. Within the organism the 
metal can be compartmented in various ways, either being moved to 
sites of demand (sinks) or partly bio-activated by storage in vacuoles 
in plants or, in the case of animals, excreted. 

As a general rule in ecology, organisms, except cultivated ones, 
have had sufficient time to adapt to the concentration of bioavailable 
elements in their ecosystem. However, interference by humans, 
causing a rapid change in the concentration in the environment, can 
break down this adaptation. Diversity in niches is a general 
ecological rule; active excretion of substance to modify bioavail- 
ability is a rising issue in modem ecophysiology. In special 
situations, the life cycle of an organism may be adapted to seasonal 
changes in element availability. 

Aquatic organisms accumulate zinc from food and water. The 
relative importance of these sources varies between species (Hare et 
al., 1991; Timmermans et al., 1992; Weeks & Rainbow, 1993). 

The bioavailability of zinc in water is influenced by 
physicochemical and physiological factors (section 4.2). 

In general, animals regulate their internal zinc concentrations. 
However, in some, such as barnacles, the internal zinc concentration 
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is a consequence of zinc storage in granules (Rainbow, 1987; Powell 
& White, 1990). The concentration at which zinc is homoeostatically 
regulated is species-specific (Larson & Hyland, 1987) and the 
external zinc concentration at which regulation breaks down depends 
on both intrinsic (e.g., species) and extrinsic (e.g., temperature) 
factors (Nugegoda & Rainbow, 1987). 

Examples of the ranges of zinc concentrations that can be found 
in aquatic organisms are provided in Table 9. These ranges are not 
all-inclusive, are provided solely for information purposes, and do 
not necessarily bear any relationship to toxicity, which is discussed 
in Chapter 9. 

4.3.2.2 Terrestrial organisms 

Zinc taken up by plant roots is mainly in the form of Zn2+, 
although absorption of hydrated zinc, zinc complexes and zinc 
organic chelates has also been reported (Kabata-Pendias & Pendias, 
1984). Many factors affect the bioavailability of zinc in soils, 
including total zinc content, pH, organic matter, adsorption site, 
microbial activity and moisture content. Bioavailability is also 
determined by climatic conditions and interactions between zinc and 
other macro- and micronutrients in soil and plants (Kiekens, 1995). 
Determining factors can be summarized as follows (Kiekens, 1995): 

Highly leached acid soils may have low zinc levels. 
With increasing pH levels there is an increase in the adsorption 
of zinc by negatively charged colloidal soil particles, with a 
subsequent decrease in the solubility of zinc. 
In soils with a low organic matter content, the availability of 
zinc is directly affected by the content of organic complexing or 
chelating agents originating from decaying organic matter or 
root exudates. 
Low temperatures and light intensities restrict root development 
and therefore zinc uptake. 
Reduced zinc uptake has been reported in soils with high 
phosphorus levels. 
Interactions with other minerals, such as iron, copper, nitrogen 
and calcium, also reduce zinc uptake. 
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The factors listed above primarily affect the fraction of zinc in 
soil that has been immobilized by readily reversible processes. Long- 
term bioavailability of zinc in soil is influenced by mineralization 
processes, such as lattice penetration, which result in irreversible 
binding of zinc (Kiekens, 1995). 

The absorption of zinc by the lichen UsneuJIoridu was found to 
follow the classical Langmuir adsorption isotherm and was therefore 
reversible (Wainwright & Beckett, 1975). The log stability constant 
was calculated to be 4.46, suggesting a stable association between 
the zinc ion and the binding site. Zinc binding was dependent upon 
pH owing to competition between hydrogen ions and zinc for 
binding sites. 

Falahi-Ardakani et al. (1987) reported uptake of zinc by 
broccoli, cabbage, lettuce, egg plant, pepper and tomato grown in a 
medium enriched with composted sewage sludge. The uptake of zinc 
was calculated to be 4  IO mg per week. 

Henry & Hamson (1992) studied the uptake of metals by 
turfgrass, tomatoes, lettuce and carrots grown in different soils 
(control soil, soil amended with NPK fertilizer, compost, and a 1 : l  
soil-compost mixture). The loading rates of zinc in the control soil, 
compost mixture and compost were 232, 239 and 245 kgha, 
respectively. The order of uptake by plants was in the order 
lettuce > grass > carrots > tomatoes. Uptake slopes for lettuce, grass 
and carrots grown in compost were higher for than those for plants 
grown in soil. Zinc concentrations were higher in lettuce, carrots and 
grass grown in compost and the compost-soil mixture than in plants 
grown in either the control or fertilized soils. The zinc concentrations 
in the tomatoes showed no variation. 

Singh & LPg (1976) grew barley (Hordeum vulgure) in soil 
sampled from an area near a zinc-smelting plant. Initial zinc 
concentrations were 545-7 I O  m a g .  Zinc sulfate was added to the 
soils at concentrations of 0, 150, 300, 450 and 600 mglkg. The zinc 
concentration in the barley increased with increasing total zinc 
concentration in the soil. The proportion of soil zinc that was 
bioavailable to plants was reported to be independent of the zinc 
application. 
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Increased uptake of zinc was reported for ryegrass (Lolium 
perenne) grown in sludge-amended soil: the zinc concentration in 
grass exposed to the sludge was 7.5 times that in controls (Dudka & 
Chlopecka, 1990). 

MacLean (1 974) studied the uptake of zinc by maize (Zea mays), 
lettuce (Lactuca sativa) and alfalfa ((Medicago sativa) grown 
successively (for 6 weeks, 5 weeks and 16 weeks, respectively) in 
pots with soil of varying zinc concentrations. The concentration of 
zinc in the plants increased with increasing soil zinc concentration. 
Maize and lettuce grown in a soil pre-treated with phosphorus tended 
to have lower zinc levels than those grown in soils without any pre- 
treatment. Increased zinc levels were also reported in plants grown in 
soils with higher organic matter contents. 

Jones (1983) grew lettuce (Lactuca sativa) and radish (Raphanus 
sativus) in soil collected from plots 10 m and 90 m from a rusty 
galvanized steel electrical transmission (hydro) tower. The plants 
were harvested after 45 days. The zinc content was higher in soil 
sampled nearer the hydro tower. The plants grown in this soil had the 
highest zinc concentrations; lettuce roots had significantly higher 
zinc levels than lettuce tops, while radish tops had significantly 
higher zinc levels than radish roots. No differences between zinc 
levels in tops and roots were reported for plants grown in the soil 
sampled 90 m from the tower. 

Gintenreiter et al. (1993a) studied the bioaccumulation of zinc 
by gypsy moth (Lymantria dispar) larvae following dietary exposure 
of first instar larvae to 100 or 500 mgikg. Zinc concentrations in the 
first instar larvae were similar at both exposure levels. The 
subsequent uptake of zinc was dependant upon exposure concen- 
tration. An increase in larval zinc concentration was reported at the 
500 mg/kg dose. At the 100 mg/kg dose and in the control larvae, a 
dose-related decrease in larval zinc concentrations was reported. The 
highest zinc concentration factor was reported to be 3.5. The zinc 
concentration in larval faeces was reported to be inversely related to 
the zinc concentration in the larvae. Zinc levels in the exuviae 
decreased with successive larval stages, whereas constant zinc 
concentrations were reported for the head capsules in all groups. The 
total amount of zinc in the larvae increased at every stage with the 
highest amount detected in the pupae. However, the adult life stages 
tended to have less zinc. 
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A positive relationship between the zinc concentrations in the 
terrestrial amphipod (Arcitalitrus dorrieni) and zinc concentration in 
its food was reported (Weeks, 1992). The mean zinc accumulation 
rate was calculated to be 2.21 pg/g per day, which was calculated to 
be equivalent to 1.1 1 % of the total body zinc per day. 

Hames & Hopkin (1991) determined the assimilation of zinc in 
two species of woodlouse, Oniscus asellus and Porcellio scaber fed 
for 115 h on leaves treated with zinc chloride. The mean zinc 
assimilation rate during the exposure period was 29.4% in 0. asellus 
and 36.7% in F! scaber, with a significant (P< 0.001) inter-species 
difference. 

Hopkin & Martin (1985) studied the uptake of zinc by the spider 
Dysdera crocata exposed to zinc through its diet of woodlice (P 
scaber). Spiders fed on woodlice collected from the same site as 
themselves consumed 34.5% of the total zinc in the woodlice. 
Spiders fed on woodlice from an area contaminated with heavy 
metals consumed 42.4% of the total zinc in the woodlice. There were 
no differences in zinc content of the spiders fed on woodlice from 
their own site, and those spiders starved throughout the experiment. 
The spiders were therefore able to excrete any excess absorbed zinc 
and did not assimilate it. 

Lindqvist & Block, (1994) studied the excretion of zinc by the 
grasshopper Omocestus viridulus during moulting. The grasshopper 
nymphs were fed grass leaves containing a known amount of 
radiolabelled zinc, and the zinc contents of the grasshopper faeces, 
exuviae and carcasses were determined. The exuviae accounted for 
only a minor part of excreted zinc. After rearing for 15 days, 
approximately 50% of the ingested zinc remained in the 
grasshoppers. 

Recio et al. (1988) studied the cellular distribution of zinc in 
slugs (Arion ater) exposed to dietary zinc. The highest zinc 
concentration was reported in the lipohscin material of the excretory 
cells. Zinc was also detected in the perinuclear cytoplasm and the 
spherules of the calcium cells (low zinc exposures and short 
exposure times only). The authors suggested that slugs could be used 
to indicate high levels of zinc in the environment. 
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Simkiss & Watkins (1 990) determined the factors that affect the 
uptake of zinc by the garden snail, Helix aspersa. The snails were 
divided into four treatment groups, receiving an artificial diet 
(controls), antibiotics, zinc nitrate at a concentration of I .5 pmol/g in 
the artificial diet, or a diet supplemented with antibiotics and zinc 
nitrate. Food consumption in the two groups fed a diet containing 
zinc was reported to be reduced to about 38% of normal. However, 
the dry weights of snails from each group did not differ after 
exposure for either 4 or 8 weeks. A direct linear relationship between 
soft body zinc content and dietary zinc consumed was reported for 
the snails that were not fed antibiotics. The dietary intake was also 
correlated with the zinc concentration of the digestive gland. The 
same was also evident in the snails fed antibiotics, although the 
relationship was significantly different. In a second experiment it  
was reported that snails fed a bacterially contaminated diet absorbed 
more zinc than snails fed a sterile diet. 
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5. ENVIRONMENTAL LEVELS AND 
HUMAN EXPOSURE 

5.1 Environmental levels 

In nature, zinc occurs only rarely in its metallic state and the vast 
majority of environmental samples contain the element only in the 
form of zinc compounds. In the following text, therefore, zinc 
content relates to those compounds. 

5.1.1 Air 

Zinc concentrations in air are summarized in Table IO.  The 
proportion of zinc derived from anthropogenic sources remains 
uncertain (see section 3.2). In air, zinc is primarily adsorbed to 
particulate matter, which is expected to be short-lived in the 
atmosphere (Penvak et al., 1980). The mass median diameter for 
zinc-containing particles in airborne dust is 1.5 pm for rural and 
urban sites (Lioy et al., 1978). 

In general, zinc levels in urban and industrial areas are higher 
than in rural areas. Natural atmospheric zinc levels due to weathering 
of soil are almost always less than 1000ng/m3. Levels of 
10-300 ng/m3 are given for background concentrations and up to 
1000 ng/m3 for urban industrial areas. Zinc concentrations of 
0.3-27 ng/m’ were found over the Atlantic Ocean, < 0.4-300 ng/m’ 
in European rural areas, and 1&2400 ng/m3 in urban areas (see 
Table IO). For indoor air in an urban setting, zinc concentrations 
were in the range 0.1 - I  .O pg/m3 (Henkin, 1979). 

Air zinc levels in Belgium have shown a decreasing trend. In 
1989-1990, levels were 15&380ng/m3 in rural areas and small 
towns, 140-210ng/m3 in large cities, and 50&1270ng/m3 in 
industrial areas (IHE, 1991). By 1992-1993 levels had fallen to 
70-100, 100-170 and 39&1020ng/m3 for the same locations 
(VMM, 1994). 

In the Netherlands, yearly average zinc levels in the air at four 
sampling sites varied between 60 ng/m’ and 80 ng/m3 in 1990 
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(CCRX, 1991). By 1992, the averages had decreased to 43-57 ng/m3 
(CCRX, 1994). The 98th percentile of the daily values in 1992 was 
< 2 I O  ng/m3 (CCRX, I 994). 

5.1.2 Precipitation 

Deposition of airborne zinc is strongly dependent on particle size 
and meteorological factors, primarily wind speed and humidity. Wet 
deposition predominates with estimated values for zinc removal from 
air of 60-90% (Ohnesorge & Wilhelm, 1991). In rainwater (North 
Sea, 21 samples), Baeyens et al. (1990) measured average concen- 
trations of dissolved zinc of 500 f 500 g/litre. In rain sampled on a 
gas platform in the North Sea, Peirson et al. ( 1  973) found an average 
zinc level of 2000 pg/litre (includes dry deposition). The annual wet 
deposition to the North Sea has been estimated to be in the range 
14-53 pg/cm2 (Peirson et al., 1973; Dedeurwaerder et al., 1982; 
Baeyens et al., 1990). 

The mean annual wet deposition of zinc in the Netherlands was 
determined to be 1.2 pg/cm2 in 1992 (CCRX, 1994). 

In Germany, zinc levels in rain were 7-26 pg/litre in rural areas, 
23 pg/litre in urban areas, and up to 90 pg/litre in urban industrial 
areas (Malle, 1992). Peirson et al. (1973) reported an annual average 
of 85 pg/litre zinc in rain collected in the United Kingdom in 1971. 
In Nigeria ( 1  976), rain was found to contain I30 pg/litre and annual 
total zinc deposition was calculated at I O  pg/cm2 (Beavington & 
Cawse, 1979). 

Samples from Greenland snows analysed for their heavy metal 
contents showed a decrease in anthropogenic zinc by a factor of 
about 2.5 during the period 1967-1989, which is stated to be a 
consequence of the abatement policies for industrial emissions in the 
European Union and North America (Boutron et al., 1991). The same 
authors have more recently reported a five-fold increase of zinc 
deposition in Greenland ice in the period since the industrial 
revolution (from 1800 onwards) with a maximum during the 1960s 
followed by a significant decrease (40%) between 1960 and 1990 
(Boutron et al., 1995). However, not all studies have been successful 
in detecting anthropogenic inputs of zinc distant from point source 
emissions. For example, studies of the metal content of lake 
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sediments in the Arctic have failed to detect any anthropogenic 
inputs (Gubala et al., 1995). 

5.1.3 Water 

When interpreting the data on water concentration of zinc, it  is 
necessary to be aware that the higher values reported in early studies 
may be due to contamination of the samples. 

Zinc concentrations in fresh waters depend significantly on local 
geological influences and anthropogenic input. As a result of 
chemical weathering of minerals, soluble zinc compounds, such as 
zinc sulfate, are formed which may be transferred to surface waters 
especially at low pH levels (Penvak et al., 1980). Urban runoff, mine 
drainage and municipal and industrial effluents can also make a 
considerable contribution to the zinc load of surface water (US EPA, 
1980). 

In water, zinc is present primarily in the ionic form, but it has a 
strong tendency to adsorb to suspended organic matter and clay 
minerals or to precipitate with iron or manganese oxides, resulting in 
zinc removal from the water column and enrichment of sediments 
(Perwak et al., 1980). Dissolution of zinc increases at low pH, low 
hardness and high temperature (Malle, 1992). 

5.1.3.1 Fresh water 

An overview of zinc concentrations in fresh water is given in 
Tables 11 and 12. In natural fresh water concentrations rarely exceed 
40 pg/litre (Spear, 1981); Bowen (1979) reported a medium 
background value of 15 pgllitre, with a range of < 1-100 pg/litre. 
For various rivers worldwide, Holland (1  978) reported average 
values of 5 4 5  pg/litre. Higher average levels are associated with 
zinc-enriched ore deposits and anthropogenic sources of pollution. 
The average zinc concentration of the river Rhine at Lobith was 
reduced from 57 pg/litre in 1984 to 22 pg/litre in 1993 (see 
Table 1 I) .  Using an erosion model, the natural background level has 
been estimated at 4 pg/litre (Van der Weijden & Middelburg, 1989), 
whereas Van Tilborg & Van Assche ( 1  995) have suggested that the 
natural concentration of zinc in the Rhine is about I O  @litre. The 
estimated zinc load of the Rhine decreased by 42% from 
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Table 12. Dissolved and total zinc concentrations in fresh water 

Location Value Measurement Reference 
(pghitre) 

World 40 dissolved Spear (1981) 

World 15 (0.2-100) total Bowen (1979) 

World 5-45 total Holland (1978) 

World 12-35 total Zuurdeeg (1 992) 

World 0.6-17 total Zuurdeeg (1 992) 

Europe 5-43 total Zuurdeeg (1992) 

Rhine 22 total RlWA (1993) 

Rhine 4 total Van der Weijden 8 
Middleburg (1989) 

Rhine 10 total Van Tilborg 8 Van 
Assche (1994) 

Belgium 50 total Goethals (1991) 

Alaska 10 total LaPerriere (1985) 

Lake Pontchartrain < 1 total Francis 8 Harrison (1988) 

Ohio 0.065-0.65 dissolved Shiller 8 Boyle (1985) 

Great Lakes 0.09-0.3 dissolved Nriagu et at. (1996) 

3600 tonnedyear in 1985 to 2 100 tonnedyear in 1990. In the 
Scheldt river at the Belgian-Netherlands border, total zinc 
concentration declined from about 120 @litre in 1975 to approxi- 
mately 50 &litre in 1989 (Goethals, 1991). The annual average zinc 
concentration in United Kingdom rivers decreased from 42 pg/litre 
in 1978 to 22 pg/litre in 1992 (UK, 1994). 

Drainage from active and inactive mining areas may be a 
significant source of zinc in water. Waters in acidic mine tailing 
ponds in Canada were found to contain an average zinc level of 
900 pgilitre with a maximum value of 3300 pg/litre (Mann et al., 
1989). Gonzales et al. (1985) reported zinc levels of up to 4 mg/litre 
in surface water collected near a mine. Elevated zinc levels of up to 
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175 pgilitre were found in Birch ' Creek, a heavily mined river, 
compared to < I O  pgilitre in an unmined stream (LaPemere et al., 
1985). 

The natural background range (total zinc) based on a data set of 
8000 analyses of clean streams for Northern European lowland rivers 
is 5 4 3  pg/litre. Two data subsets are given by Zuurdeeg (1992) for 
clean rivers of the world (outside Europe): the first gives a range of 
12-35 pgilitre, and the second a range of 0.6-17 pg/litre (total zinc). 
The latter data set indicates the existence of areas low in natural zinc. 

Dissolved average zinc concentrations of the Great Lakes 
Superior, Erie and Ontario determined by ultraclean techniques were 
0.09-0.3 pg/litre (Nriagu et al., 1996). A depletion of zinc in surface 
waters and an increase in concentration with depth were observed. 
Similarly, Francis & Hamson (1988) reported zinc concentrations 
for lake Pontchartrain of < 1 pgilitre (total zinc). In relatively 
undisturbed rivers of the Ohio valley, dissolved zinc concentrations 
of 0.06-0.6 pgilitre were measured by Shiller & Boyle (1985). 

The inadequacy of many zinc data for fresh waters is well 
illustrated in the study by Windom et al. (1991). Their results for 
dissolved zinc obtained using clean sampling and analysis techniques 
were lower by 1-2 orders of magnitude than those obtained in a 
national monitoring programme. 

5.1.3.2 Seawater 

Zinc concentrations in seawater are summarized in Table 13. 
Baseline levels in seawater are typically in the range 
0.0005-0.026 pg/litre (Sprague, 1986), with 0.002-0.1 pgilitre (US 
EPA, 1987; Yeats, 1988) in open ocean waters. Concentrations are 
lower at the ocean surface than in deeper water (Bruland et al., 
1978). Zinc correlates well with dissolved silicate concentrations 
(Yeats, 1988). In estuarine waters, anthropogenic inputs result in 
seafood concentrations with typical values of 1-15 pgilitre (Van den 
Berg et al., 1987). Concentrations decrease in an offshore direction 
(Duinker & Nolting, 1982). It should be noted that many of the data, 
particularly those reported prior to 1975, may be unreliable, if 
inadequate care was taken to avoid contamination during sample 
collection and analysis. For example, older data for zinc in open 
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Environmental Levels and Human Exposure 

ocean waters can be up to three orders of magnitude higher than 
current values (Preston et al., 1973). 

5.1.4 Soil 

Zinc concentrations in igneous and sedimentary rocks were 
reported to be 48-240 mg/kg for basaltic igneous rock, 5-140 mgkg 
for granitic igneous rock, 18-1 80 mgkg for shales and clays, 
34-1500 mgikg for black shales and 2 4 1  mg/kg for sandstones 
(Thomton, 1996). Zinc levels in geochemically anomalous parent 
materials in the United Kingdom were found to be 1% and more 
(Thomton, 1996). 

Zinc levels in soils are given in Table 14. Zinc levels and 
speciation in soil may vary with the soil profile, especially in natural 
ecosystems (see section 3.1). The mobility of zinc in soils is 
dependent on its speciation, the soil pH, and content of organic 
matter. For non-contaminated soils worldwide, Adriano (1 986) 
reported average zinc concentrations of 4&90 mg/kg, with a 
minimum of 1 mg/kg and a maximum of 2000 mg/kg. Low levels are 
found in sandy soils ( 1  &30 mg/kg), while high contents are found in 
clays (95 mg/kg). Wet and dry deposition, the use of zinc compounds 
as fertilizers and the application of municipal sludges and manure to 
cropland are considerable sources of zinc in soils (Chang et al., 
1987). 

Zinc concentrations of up to 11 8 000 m a g  are associated with 
industrial contamination (Eider, 1993). Significant relationships 
were found between the distance from smelters or roads and the 
levels of easily extractable zinc in soil, and the zinc content in 
herbage (Hogan & Wotton, 1984; Beyer et al., 1985; Reif et al., 
1989). 

Old geological formations that have been extensively leached 
may have background concentrations of natural zinc in water that are 
one order of magnitude below those of the mineral-rich European 
alluvial flow system. 

In soil samples from gardens next to a zinc and lead ore mine in 
Wales (United Kingdom), average levels of 2923 mg/kg were found, 
compared to 94 mg/kg in uncontaminated soils (Davies & Roberts, 
1975). 
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Soil and vegetation in Palmerton, Philadelphia, USA were found 
to be highly contaminated with zinc by fumes escaping from two 
zinc smelters. Zinc concentrations in the organic horizon 
(decomposed leaf litter) increased by regular gradations from a 
minimum of 67 mg/kg dw at a site 105 km west of the smelters to a 
maximum of 35 000 mg/kg dw 1.2 km east of the smelters. At a 
depth of 0-15 cm, concentrations of about I O  000 mgikg were 
measured (Beyer et al., 1984, 1985; Beyer, 1988). Soil sampled at a 
distance of 1-40 km from the smelters showed that approximately 
90% of the metal deposited on the soil surface was retained in the 
top 15 cm of the soil profile (Buchauer, 1973). Soils (0-15 cm) from 
40 gardens in rural areas at different distances from the smelters 
contained average zinc concentrations of 5830 mg/kg dw; 
background levels of 346mg/kg dw and 311 mg/kg dw were 
reported (Chaney et a1.,1988; see Table 14). 

In the Netherlands, reference values for agricultural soils have 
been related to soil types on the basis of the percentage by weight of 
clay (C) and organic matter (H) according to the following equation: 
Zn (mg/kg dw) = 50 + I .5 (2C + H) 

This relationship was based on a large data set of widely varying 
uncontaminated Netherlands soils. The derived values are regarded 
as ambient levels from which no detrimental effects are expected. 
For a standard soil (C = 25% and H = 10%) the reference value is 
140 mg/kg (Cleven et al., 1993). 

5.1.5 Sediments and sewage sludge 

The concentration of zinc and other metals in sediment spans at 
least three orders of magnitude. The concentration is related to 
particle size, mineralogy and input sources. The biological effects of 
metals in sediment are not related to total concentrations (Allen, 
1996). The binding of zinc by sulfide, organic matter and metal 
oxides should be taken into account (Allen, 1996). Standards for 
metals should not be based on total concentration (Allen, 1996). 

As a consequence of adsorption to organic substances and other 
inorganic minerals, zinc is precipitated from waters and thus 
enriched in sediments (Malle, 1992). 
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Zinc concentration in sediments from aquatic systems in 
northern Greece was 40 mgkg dw (Sawidis et at., 1995). In the Elbe 
estuary, a median zinc concentration of 1400 mg/kg (range 
440-2920 mg/kg; 60 samples, < 20-pm fraction) was observed in 
1992; the background level was reported to be 95 mg/kg (Mueller & 
Furrer, 1994). The zinc concentration in the sediments of the Rhine 
harbour in Rotterdam amounted to 1900 mgkg dw in 1980 (Cleven 
et al., 1993). A time series in the same area showed a decrease in 
zinc content in this sediment of more than 50% between 1979 and 
1986 (Malle, 1992). Zinc levels in the Scheldt estuary at the Belgian- 
Netherlands border declined from 520 mg/kg dw in 1951 to 
350 mg/kg dw and 229 mgkg dw, respectively in 1971 and 1974 
(Van Alsenoy et at., 1990). In sediments from the highly polluted 
river Vesdre (Belgium), mean zinc concentrations were 2920 mg/kg 
dw (16294806 mg/kg dw; 26 samples) at a site located 6 km 
downstream from a zinc factory; 2 km upstream from the factory, the 
concentration was 13 17 mg/kg dw (823-1666 mg/kg dw; 5 samples) 
(Houba et at., 1983). For the <20-pm fraction of sediments from the 
Wadden Sea, baseline levels of 100 mg/kg dw were given (UBA, 
1994). For the zinc concentrations in sediments in the upper layer 
( & I O  cm) from the Baltic Sea, average values of 180 mgikg and 
337 mg/kg, with maximum levels of up to 2290 mg/kg, were 
reported. Zinc levels in this layer were 1.5-10 times higher than in 
the next layer (1 &20 cm) (UBA, 1994). 

Chaney et al. ( 1  984) stated that the levels of zinc in composted 
sewage sludge vary between I O  1 and 49 000 mgkg dw with a mean 
of 1700 mgkg dw. A compilation of more than 100 values from the 
literature gives a mean of 2420 mgkg, while an analysis of 80 
samples from sewage treatment plants (USA) gives 6380 mg/kg dw 
(Dean & Smith, 1973; Ohnesorge & Wilhelm, 1991). Zinc contents 
of 2300 mgkg dw and 200&3000 mg/kg were reported for sewage 
sludge from Switzerland and Germany, respectively (Ohnesorge & 
Wilhelm, 1991). Additionally, average zinc concentrations of 
1480 mg/kg dw were determined in Germany (Schweiger, 1984). 
Sewage sludge applied to arable land in Ohio, USA was found to 
contain zinc at a concentration of 866 mgkg dw (Levine et at., 
1989). In the European Union, the maximum zinc concentration 
permitted in biosolids (sludge) for application to agricultural soils 
cannot raise the zinc level above 300 mg/kg of dry soil (Berrow & 
Reaves, 1984). 
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5.1.6 Aquatic and terrestrial organisms 

Zinc is present in all tissues of all organisms, as it  is essential for 
growth. Concentrations are higher in organisms near anthropogenic 
point sources of zinc pollution. Interspecies variations in zinc content 
are considerable; intraspecies levels also vary, for instance with life 
stage, sex and season. In general, zinc-specific sites of accumulation 
in animals are bone, liver and kidney (Spear, 1981). 

5.1.6.1 Aquatic plants and animals 

For rooted aquatic plants and algae, zinc concentrations are 
generally in the range 20-120mg/kg dw (Spear, 1981). Zinc 
concentrations of 38 and 90 mgkg dw were reported for marine 
phytoplankton and seaweeds, respectively (Young et al., 1980). In 
eelgrass (Zostera marina), zinc levels were found to increase with 
age of leaf but were independent of the zinc load at the sampling site 
(Brix & Lyngby, 1982). Background levels in aquatic moss 
(Fontinalis squamosa) were < 400 mgkg dw, whereas moss from a 
contaminated river contained maximum concentrations of 
2810 mg/kg dw (Young et al., 1980). Sawidis et al. (1995) analysed 
aquatic macrophytes from aquatic systems in northern Greece for 
zinc metal concentrations. Levels of between 10.2 mg/kg and 
145 mglkg dw were reported for Ceratophyllum demersum, 
Cladophora glomeruta, Myriophyllum spicatum, and Potamogeton 
nodosus. Many species of algae in Canadian mine tailing 
environments were found to have zinc contents of > 1000 mgkg 
(Eisler, 1993). 

Baseline zinc levels in invertebrates are in the range 
50-300 mg/kg dw (Spear, 1981). In molluscs, which are known to be 
good accumulators of trace metals, concentrations may be elevated. 
In soft parts from mussels (Mytilus edulis), zinc ranged from 
28 mg/kg dw (visceral mass) to 3410 mgkg dw (kidney). In scallops 
(Pecten sp.), zinc levels of 200 mgkg dw were found in soft parts, 
but concentrations of up to 32 000 mgkg dw and 120 000 mg/kg dw 
were reported in kidney and kidney granules, respectively (Eisler, 
1993). Luten et al. (1986) examined the zinc content of mussels from 
the North Sea, the Wadden Sea, and three estuaries over the period 
1979-1983. The median zinc content in mussels was 87-234 mg/kg 
dw. In the marine bivalve Macoma balthica in the Westerschelde 
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Estuary (Netherlands), zinc concentrations of 377-692 mg/kg dw 
were recorded; concentrations were higher in winter and lower in 
summer (Bordin et al., 1992). 

Bullfrogs (Rana catesbeiana) caught downstream from the 
source of mine tailings had markedly higher zinc levels in most 
tissues (Niethammer et al., 1985). 

Spear (1 98 1) reported background levels for fish usually ranging 
from 4 mgkg to 20 mg/kg fresh weight (fw). In muscle of marine 
fish, such as the northern anchovy (Engruulis mordux) and the 
Atlantic menhaden (Brevortiu tyrunnus), concentrations of up to 
20-25 mgkg fw were measured (US National Academy of Sciences, 
1979). Schmitt & Brumbaugh (1990) reported results of a US 
national contaminant biomonitoring programme in which the 
concentration of zinc in freshwater fish was measured. Zinc concen- 
trations were highest in the common carp (Cyprinus carpio); 
maximum zinc concentrations were 168.1 pg/g fw in 1978-1979, 
109.2 pg/g fw in 1980-1981 and 118.4 pg/g fw in 1984. Maximum 
values for other common fish species measured in the 1984 survey 
were 32.66 pg/g fw for channel catfish (Ictulurus punctatus), 
24.39 pg/g fw for white sucker (Catostomus commersoni), 
23.9 1 pg/g fw for large-scale sucker (Catostomus rnucrocheilus), 
19.93 pg/g fw for largemouth bass (Micropterus sulmoides) and 
12.78 pg/g for lake trout (Salvelinus numaycush). Lowest zinc levels 
are found in muscle, highest (5-10 times higher) in eggs, viscera and 
liver (Eider, 1993; Stanners & Bourdeau, 1995). In Toronto Harbour, 
Ontario, Canada, various species of fish contain only slightly 
elevated zinc levels (36 mgkg fw) in muscle tissues. In acidic lakes 
near Sudbury (mining area), Canada, the zinc content of fish liver 
tissues is generally 1-2 orders of magnitude higher than in muscle 
tissues. 

5.1.6.2 Terrestrial plants and animals 

Studies have shown that the uptake of zinc by terrestrial plants is 
significantly increased at a low soil pH, but reduced when there is a 
high content of organic matter (Jones & Burgess, 1984; Chaney et 
al., 1987). Normal levels of zinc in most crops and pastures range 
from 10 mgkg to 100 mg/kg. Some plant species are zinc 
accumulators, but the extent of the accumulation in plant tissues 
varies with soil properties, plant organ and tissue age. 
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Application of fertilizers (including sewage sludge) to soil 
increases the zinc concentration in plants (Mortvedt & Gilkes, 1993). 

Earthworms (various species) from uncontaminated soils were 
found to contain 120-650 mgkg dw, from mining sites 
200-950 mg/kg dw, from industrial sites 320-1600 mg/kg dw, and 
near galvanized towers 340-690 mgkg dw (Beyer & Cromartie, 
1987). For various species of moths, background loads of 
140-340 mg/kg dw were reported. Beetles (various species) were 
found to contain 470 mgikg dw zinc, and zinc levels in caterpillars 
(Porthetria dispar) averaged 170 mg/kg dw (Beyer et al., 1985) 

Zinc concentrations in birds were found to range between 6.4 
mgkg fw in eggs (Pelicanus occidentalis) and 150 mg/kg fw in liver 
(Pandion haliaetus), but the highest values, 250 mgikg, fiv were 
reported in the liver of the Californian condor (Gymnogyps 
calijbrnianus) (Wiemeyer et al., 1988). 

For white-footed mouse (Peromyscus leucopus), short-tailed 
shrew (Blarina brevicazrda) and different species of songbirds, 
background levels of 140, 200 and 120 mgkg dw were reported, 
whereas in animals from a polluted area, concentrations were 190, 
380 and 140 mg/kg dw, respectively (Beyer, 1988). Andrews et al. 
( 1  989) reported tissue levels of I03 pg/kg dw (muscle) to 226 pg/kg 
dw (pelvic girdle) for the field vole (Microtus agrestis) and 
126lgikg dw (heart) to 547pgikg dw (femur) for the common 
shrew (Sorex araneus). The kidney of a white-tailed deer 
(Odocoileus virginianus) collected 4 km from zinc smelters 
contained 600mg/kg dw, well above the mean of 145 mg/kg 
detected in five deer collected at least 100 km from the smelters 
(Sileo & Beyer, 198.5). 

5.2 General population exposure 

5.2.1 Air 

Negligible quantities of zinc are inhaled in ambient air 
(approximately 0.7 pgiday) (Cleven et al., 1993). For urban room air, 
zinc concentrations range from 0.1 to 1 .O pg/m3 (Henkin, 1979). 
Hamson (1979) analysed dust samples collected in Lancaster, United 
Kingdom, for their metal content. The total zinc levels detected were 
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1600 mgikg in dust from car parks, 534 mgkg in urban dust, 
940mgkg in household dust, and 297mg/kg in dust from rural 
roads. In Germany, mean zinc concentrations of 496mgkg in 
household dust and 2.9 pg/m2 per day in dust deposition were 
reported (UBA, 1992). 

Elevated amounts may be inhaled by people who work in 
facilities for smelting and refining zinc material or in coal mines, or 
who live near waste sites and smelters. At zinc levels of 1 pg/m’, the 
general population would inhale about 20 pg/day. 

5.2.2 Food 

Zinc is an ubiquitous and essential element. For diets with 
moderate bioavailability of zinc, Sandstead et al. (1990) proposed 
the following daily dietary zinc intakes as adequate: 3-5 mg for 
infants, 5-10 mg for children, 9-18 mg for adults, and 13-25 mg for 
pregnant or lactating females (Sandstead et al., 1990). Similar values 
have been published by the US National Academy of Sciences 
(1989): 12-15 mg/day for adults, and 15-25 mg/day for pregnant or 
lactating females. The mean dietary zinc intakes of women in 
industrialized countries are listed in Table 15. 

The zinc content of some foods is shown in Table 16. Zinc levels 
of 10-150 mgkg of fresh edible portion are found in vegetables, 
with values as high as 550 mgkg in mongo beans. In general, meat, 
eggs and dairy products contain more zinc than plants; liver is a 
particularly rich zinc source, with average values of 44-84 mg/kg of 
edible portion. High zinc levels are also found in wheat and rye 
g e m ,  yeast and oysters; white sugar and pome and citrus fruits 
provide among the lowest, usually with < 1 mgkg of fresh edible 
portion (Adriano, 1986; Scherz et al., 1986). 

Information on the concentration, distribution and variation of 
zinc in the 234 food items comprising the US Food and Drug 
Administration’s Total Diet Survey from 1982 to 1991 has recently 
been published (Pennington & Young, 1991; Pennington et al., 
1995). Major food group sources of zinc (> 10% of daily intake) 
were identified as meat, mixed dishes and ready-to-eat cereals. Zinc 
contents in foods were presented as mean and median values per 
100 g and per serving portion. Zinc intakes (mg/day) in the period 
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Table 16. Zinc concentrations in some foodstuffs” 

Food Zinc concentration 
(mglkg of edible portion) 

Meat 
Beef 
Mutton 
Pork 
Liver 
Kidney 

Chicken 
Chicken liver 
Turkey 
Chicken eggs 

Fish and seafood 
Sea fish 
Freshwater fish 
Oysters 
Shrimps 

Poultry 

31.7 (25.942.1) 
31 
19 (14-62) 
44 (sheepp4 (calf) 
3.7 (pigk28 (sheep) 

08.5 
32 
20 (1 7-23) 
a 2 0  

5 (haddockkl4 (anchovy) 
4.8 (troutbl2 (eel) 
65-1 600 
23.1 

Dairy products 
Butter 2.3 
Cow’s milk 3.8 

Cheese 11-106 
Milk powder 21 

Fruit 
Apple 1.2 (0.4-2.2) 
Banana 2.2 
Fig 2.5 
Stone fruits 0.2 (peachk1.5 (cherry) 
Berries 0.8 (grapeb2.5 (cranberry) 
Exotic fruits 0.8 (mandarinkg (guava) 
Nuts 5 (coconut)-48 (cashew nut) 

Vegetables 
Vegetable fruits 10-30 
Leaves, stems, flowers 
Roots and tubers 
Legumes and oilseeds 

Tomato 2.4 (0-2.5) 
Lettuce, cabbage 2.2 (1.6-15) 
Mushroom 3.9 (2.8-5) 

13 (rhubarbk140 (onions) 
2.7 (potatokl70 (taro) 
124 (chickpea)-550 (mungo bean) 

Carrot 6.4 (1.8-21) 
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Cereal products 
Whole grain 13 (rye)-45 (oats) 
Flour 
Germs 120 (wheatk208 (rye) 
Rye bread 
Wheat bread 5 (2-8) 
Wheat wholemeal bread 21 
Corn flakes 3 
Rolled oats 44 (35-69) 
Brewer's yeast 80 

7 7 (ryek34 (wheat wholemeal) 

8 6 (5 9-12) 

Pasta 16 (1 0-22) 

a From Scherz et al (1986) 

1982-1989 ranged from 8.7 to 9.7 mg/day for women aged 6&65 
and 25-30 years, respectively; comparable estimates for men were 

. 12.9 and 16.4 mg/day. 

In areas highly polluted with zinc, accumulation by plants, 
especially leafy vegetables, may occur. Machholz & Lewerenz 
(1989) reported zinc concentrations of 301 mg/kg for contaminated 
lettuce compared to 77 mg/kg in uncontaminated lettuce. In other 
crops, baseline zinc levels of 0.4-35 mg/kg were found, but in 
contaminated samples levels of 4-400 mg/kg were measured (Fiedler 
& Roesler, 1988). 

- 

Food processing can alter the zinc content of food and usually 
results in a decrease. For example, the zinc content of spinach is 
reduced by about 20% during freezing and thawing (Kampe, 1986); 
during the milling of wheat flour, up to 80% of zinc is removed. 
Increased zinc contents in acidic foods attributed to storage in 
galvanized zinc containers has been reported (Halsted et al., 1974). 

.~ 

5.2.3 Drinking-water 

Zinc concentrations in drinking-water have been. reported as 
follows: Canada, 10-750 pg/litre (Meranger et al., 1981); 
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Table 16 (contd.) 

Food Zinc concentration 
(mglkg of edible portion) 
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Netherlands, 2WOO &litre (Zoeteman, 1978); and in other 
European countries, from 2 pg/litre in Bordeaux, France to 
688 pg/litre in Frankfurt, Germany (Zoeteman, 1978). In general, 
concentrations of 1-2 mgilitre, rarely up to 5 mg/litre, may occur in 
water after passage of corrosive water through galvanized pipes or 
after standing in galvanized pipes, especially in combination with 
elevated chloride and sulfate concentrations (Hoell et al., 1986). On 
the basis of taste, such water would be considered of extremely poor 
quality for drinking (WHO, 1996a). 

In USA, drinking-water from 35 areas ( 1  O C 1  I O  samples) was 
found to contain zinc concentrations of 0.025-1447 &litre zinc 
(Greathouse & Osborne, 1980). Median concentrations in water from 
galvanized pipes were about 10 times higher than those in water 
from copper pipes; for homes older than 5 years, reported values 
were 547 pg/litre and 70 &litre, respectively (Sharrett et al., 
1982a,b). 

5.2.4 Miscellaneous exposures 

Intentional consumption of large doses of zinc supplements in 
excess of dietary intake and chronic treatment of patients with drugs 
containing zinc salts, e.g., injectable insulin, may result in high-level 
zinc exposure (Bruni et al., 1986). People with copper deficiency are 
at particular risk. Zinc exposure may also occur after extensive 
application of zinc-containing powder or ointments to wounds 
(Seeger & Neumann, 1985). 

5.3 Occupational levels 

Occupational exposure to dusts and fumes of metallic zinc and 
zinc compounds occurs during production of zinc (e.g., mining, 
smelting) and zinc compounds, and during their use. Many countries 
regulate workplace levels of zinc oxide fume and dust at levels 
between 5 and I O  mg/m3 (ILO, 1991) to prevent adverse respiratory 
effects and metal-fume fever. 

Size distribution and chemical composition of condensation 
aerosol particles generated in metallurgical plants in Germany during 
high-temperature processes were studied by Reiter & Poetzl (1 985). 
Zinc concentrations detected during smelting of iron from scrap in 
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induction furnaces averaged 0.19&0.287 mg/m3 (main particle size 
0.3-0.4 pm); during sprays and hot-dip galvanizing of tubes, 0.101 
and 0.076mg/m3 (main particle size 2 0.09 pm) or 0.067 and 
0.122 mg/m3 (main particle size 0 .34 .4  pm); and during the 
electrolytical production of aluminium, 0.6 pg/m3. 

A zinc concentration of 0.540 mg/m3 (range 0.1 l(r0.800 mg/m3) 
was measured in the breathing zone during welding of painted 
unalloyed steel in large rooms without local exhaust ventilation in 
Netherlands industries (Van der Wal, 1990). During decorative 
chrome plating, Lindberg et al. (1985) found zinc levels of 
2.2-1.3 mg/m3 in air. A collective of 35 workers (Germany) was 
exposed to 2.2mg/m3 zinc oxide in the breathing zone during 
welding of coated and uncoated steel (Zschiesche, 1988). Gun metal 
founders were exposed to a mean concentration of zinc oxide fumes 
of 0.680 mg/m3 (Murata et al., 1987). 

Personal breathing zone samples collected throughout the 
production area of a brass foundry (USA) for 7 employees contained 
zinc concentrations (time-weighted average) ranging from 4 pg/m3 to 
0.732 mg/m3 depending on the working area (Clark et al., 1992). In a 
plant using zinc stearate releasing agent (USA), area samples were 
collected from lathe operators, a steam autoclave operator, and three 
areas near these operators. The total zinc concentrations ranged from 
2 pg/m3 to 0.120 mg/m3 (Letts et al., 1991). 

Zinc oxide concentrations were monitored at a non-ferrous 
foundry for three different job classifications from 1989 to 1990. The 
respirable fraction of personal air samples showed levels of 
I .4 mg/m3 for assistant caster-top, 1.34 mg/m3 for assistant caster- 
pit, 0.896 mg/m3 for caster, and 1.240 mg/m3 for all casting 
positions; maximum values were 3.830 mg/m3, 6.230 mg/m3, 
5.590 mg/m3 and 6.230 mg/m3, respectively. However, only 35% of 
the total collected zinc oxide was respirable. Total zinc oxide 
concentrations of up to 20.2 mg/m3 were measured for caster 
positions (Cohen & Powers, 1994). 

Borroni et al. (1986) measured zinc concentrations in the plating 
room of an electromechanical factory (Italy) before and after 
reorganization. Before reorganization, zinc concentrations were 
39 pg/m3 in the anticorrosive treatment plant, 0.388 mg/m3 in the 
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zinc barrel plating area, and 0.693 mg/m3 in the zinc rack plating 
area; after reorganization the levels were 0.021, 0.003 and 
0.009 mg/m3, respectively. Dust exposure levels monitored during 
catalyst handling (loading and unloading) in the chemical industry 
(France) ranged from 0.210 to 2.18 mg/m3 (mean values 
0.400-1.29 mg/m3) (Hery et al., 1991). 

Airborne samples in a Philadelphia waste incinerator plant 
(USA) contained zinc at a level of 1.2 mg/m3 in the personal 
breathing zone. With area sampling, the level was 0.0028 mg/m3 
(Bresnitz et al., 1992). 

In Sweden, the average 8-h exposure of 12 painters to zinc from 
various water-based paints was reported to be < 0.001-0.080 mg/m3 
(mean 0.020 mg/m3) (Wieslander et al., 1994). 

5.4 Total human intake from all sources 

5.4.1 General population 

For humans, the most important route of exposure to zinc is 
through the ingestion of food. The dietary intakes of zinc in several 
countries are summarized in Table 17. Daily dietary intake ranges 
from 4.7 to 18.6 mg/day. Low zinc intakes have been reported for 
populations in Papua New Guinea, while intakes of zinc from 
vegetarian diets in India have been reported to be as high as 
16 mgiday (WHO, 1996b). The major food sources of dietary zinc 
for adult women are outlined in Table 18. 

The zinc requirement is mainly met by consumption of meat in 
omnivorous diets, or unrefined cereals, legumes and nuts diet 
patterns that are mostly vegetarian. High zinc concentrations are also 
found in seafood, especially oysters, whereas fruits and vegetables 
contain relatively low zinc concentrations. Absorption of dietary zinc 
is estimated to range from < 15% to 55%, depending on the 
composition of the diet; absorption is facilitated by foods containing 
animal protein. 

5.4.2 Bioavailability in mammalian systems 

“Bioavailability” is the term used to refer to the proportion of the 
external dose of a compound (in this case zinc) that is actually 
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Table 17. Estimated mean dietary intakes of zinc 

Country Zinc intake 
(mglday) 

Reference 

Australia 

Germany 

Germany 

India 

Netherlands 

New Zealand 

Ireland 

United Kingdom 

USA 

USA (1994) 

adult males (18-60+ years) 12.8 
adult females (1 8-60+ years) 11.2 

adults (25-34 years) 8.9 
adults ( 3 W  years) 9.2 
adults (45-54 years) 9.2 

children (4-9 years) 5.3 

8.0 
16.1 

male children (4-10 years) 7.7 
female children (4-10) years) 7.1 
adult males (22-50 years) 12.1 
adult females (22-50 years) 9.7 

adult females (15-65+ years) 9 
adult males (15-65+ years) 13 

male children (8-12 years) 10.1 
female children (8-12 years) 8.9 
adult males (25-40 years) 14.4 
adult females (25-40 years) 9.4 

adult males 10.5-1 1.6 
adult females 8.3-8.5 
children (1.5-4.5 years) 4.3-4.8 

adults (20-80+ years) 8.8-12.4 
infants (2-1 1 months) 6.0 
children (3-1 1 years) 8.0-10.0 
children (12-19 years) 12.3-13.0 

infants 5.6-6.3 
adult males 12.3-13.3 
adult females 8.4-8.9 

Van Dokkum (1995) 

Laryea et al. (1995) 

Pfannhauser (1988) 
Adriano (1 986) 

Van Dokkum (1995) 

LIZ (1992) 

Van Dokkum (1995) 

Gregory et al. (1990) 

Pennington et al. 
(1 995); Alaimo et al 
(1 994) 

Sandstead 8 Smith 
(1996) 

absorbed by living organisms. In pharmacology and nutrition, the 
proportion utilized is also included. For mammalian systems, 
nutrient intakes calculated for food composition data or determined 
by direct chemical analysis represent the external dose. For most 
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studies, the amount actually absorbed and utilized by the body (i.e., 
the internal dose) is much lower than the administered dose. 
Although there are certain common aspects of bioavailability, as 
discussed in section 4.2, there are various other factors that can affect 
the bioavailability of zinc in mammals (Table 19). These include the 
chemical form of the nutrient (speciation), the composition of the 
food ingested (e.g., fibre and phytic acid content), the body stores of 
the nutrient and related chemicals, the physiological status of the 
organism, and nutrient and nutrient-dietary interactions (WHO, 
1996b). 

Bioavailability from foods of plant origin is impaired by inositol 
phosphate (phytate), and possibly components of dietary fibre, 
increased levels of calcium in the presence of phytate, and certain 
metals, if consumed at high levels as dietary supplements 
(Sandstead, 1981) (see section 6.1.2.1). 

Mean daily intake of zinc from drinking-water is estimated to be 
< 0.01 mg/day (Cleven et al., 1993), but may be higher due to water 
treatment or zinc leaching from transmission and distribution pipes, 
especially at low pH. A study in Seattle (USA) revealed zinc levels 
of 2 mg/litre in standing and 1.2 mg/litre in running water from 
galvanized pipes and 0.44 and 0.16 mg/litre in standing and running 
water from copper pipes, respectively (Sharrett et al., 1982b). Where 
drinking-water is drawn from systems with corroded fittings, 
galvanized piping or private wells, it can provide up to 10% of the 
daily zinc intake (0.5-1 mg/day) (WHO, 1996a). However, in 
general, this source provides only a small part (< 0.1 mg/day) of the 
total oral intake. 

In conclusion, the total intake of zinc from all environmental 
sources by the general adult population varies between 4.7 and 
16 mg/day. In most circumstances, over 95% of this comes from 
food, with negligible amounts from air, and between <l% and 10% 
from drinking-water. Comparison of the recommended daily intakes 
(section 5.2.2) and the lower intakes shown in Table 17 indicates that 
the risk of zinc deficiency is a worldwide public health concern (see 
section 8.3.5). 
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Table 19. Factors affecting the bioavailability of zinc in the diet for mammals 

Factor Major food 

Extrinsic 
Diet 

Intestinal lumen 

Intrinsic 
Genetic 
influences 

Age 

Metabolic 
function 

Homeostatic 
regulation 

chemical form of element in diet 
presence of competitive antagonism between ions (e.9. 
Cu-Zn; Cd-Zn; Fe-Zn; Ca-Zn; Mg-Zn) 
antagonistic ligands: decrease in gastrointestinal lumen 
solubility of zinc (products of Maillard browning; lignin; 
casein phosphopeptides; ethanol; inositol 
hexaphosphates, i.e., phytate) 
ligands that enhance zinc absorption (e.9. citrate; 
histidine; cysteine; picolinic acid) 

pH and redox state 

inhibitor condition: inborn absorption errors (e.g 
acrodermatitis enteropathica) 

infants: poor postnatal regulation of zinc absorption 
elderly: reduced efficiency of zinc absorption with age 

enhancer conditions: growth in infancy, childhood; 
pregnancy and lactation 

enhancers: feedback stimulation of absorption in 
deficiency 
inhibitors: decreased absorption when excess amounts 
are available and nutritional status is normal (mechanism 
unclear: possibly metallothionein) 
adaptation to low zinc intake and existing low zinc status 
by increasing absorption of exogenous zinc and 
conserving endogenous zinc 

Physiological stress 
Disease intestinal malabsorption syndromes 

5.4.3 Occupational exposure 

Levels of zinc in the diverse facilities worldwide that 
manufacture, utilize or repair zinc and zinc compounds vary widely 
(see section 5.3) and are largely dependent upon the quality of 
industrial hygiene practices. It is thus difficult to estimate with 
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certainty the exposure of workers globally. In the non-ferrous metal 
industries, where levels of zinc can be high (0.8-1.3 mg/m'), 
workers may inhale an amount of zinc about equivalent to that taken 
orally by food (see Table 17). However, it is the level of zinc on 
respirable particulates and absorption from the lung that will 
determine the amount absorbed (see Chapter 6). In most other 
industries in developed countries, the intake of zinc by workers will 
be lower (< 10 pg to 5 mg per shift). 

99 



6. KINETICS AND METABOLISM 
IN MAMMALS 

6.1 Absorption 

6.1.1 Inhalation 

6.1.1.1 Human studies 

While quantitative data on the absorption of zinc following 
inhalation exposures were not determined, the increased zinc levels 
demonstrated in plasma, blood and urine of occupationally exposed 
workers indicated that absorption from the pulmonary tract does 
occur (Hamdi, 1969; Trevisan et al., 1982). 

6.1.1.2 Animal studies 

Gordon et al. (1992) exposed guinea-pigs, rats and rabbits (nose- 
only) to zinc oxide aerosols at concentrations of 4.3-1 1.3 mg/m’ for 
3 h and guinea-pigs for 6 h. Particle mass median diameter was 
0.17 pm. Retention values were 19.8% and 11.5% in rabbits, and 
4.7% in the lungs of guinea-pigs and rats. 

6.1.2 Oral 

6.1.2. 1 Human studies 

In humans, the absorption of zinc in the diet ranges widely. 
Bioavailability can be affected by abnormalities in the gastro- 
intestinal tract, in transport ligands or in substances that interfere 
with zinc absorption. A decreased absorption was noted for elderly 
subjects. Bioavailability also depends on the amount of zinc ingested 
or the amount and kind of food eaten (Sandstroem & Cederblad, 
1980; Aamodt et al., 1982, 1983; Istfan et al., 1983; Seal & Heaton, 
1983; Bunker et al., 1984, 1987; Wada et al., 1985; Hunt et al., 1987, 
199 1 ; Sandstroem & Abrahamson, 1989; Sandstroem & Sandberg, 
1992). 

A significantly reduced absorption of zinc in humans and 
laboratory animals was observed after oral uptake of phytate (from 
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grain and vegetable components) owing to the formation of insoluble 
zinc-phytate-complexes in the upper gastrointestinal tract (O’Dell & 
Savage, 1960; Oberleas et al., 1962; Reinhold et al., 1973, 1976; 
Davies & Nightingale, 1975; Solomons et al., 1979; Loennerdal et 
al., 1984; Turnland et al., 1984; Sandstroem et al., 1987; Ferguson et 
al., 1989; Ruz et al., 1991; Sandstroem & Sandberg, 1992). In a 
study with human volunteers, the absorption of zinc decreased with 
increasing gastric pH (Sturniolo et al., 1991). Other components that 
have been shown to reduce the availability of zinc are binding to 
casein and its phosphopeptides as a result of tryptic or chymotryptic 
digestion. Maillard products, dairy products such as milk or cheese, 
and interactions with calcium in the diet, coffee or orange juice 
(Pecoud et al., 1975; Walravens & Hambidge, 1976; Spencer et al., 
1979; 1992; Harzer & Kauer, 1982; Flanagan et al., 1985; Lykken et 
al., 1986). The availability of zinc from diets rich in foods prepared 
from unrefined cereals tends to be poor owing to the content of 
phytate, fibre and lignin (Prasad et al., 1963a; Reinhold et al., 1973, 
1976; Pecoud et al., 1975; Solomons et al., 1979). 

The mechanism and control of zinc absorption from the intestine 
has not yet been fully elucidated, although absorption is known to be 
regulated homoeostatically, and depends on the pool of zinc in the 
body and the amount of zinc ingested. In humans and laboratory 
animals, increased uptake is associated with decreased absorption 
and increased excretion. Persons with adequate nutritional levels of 
zinc absorb approximately 20-30% of all ingested zinc, while greater 
proportions of dietary zinc are absorbed in zinc-deficient subjects if 
presented in a bioavailable form. Both a passive, unsaturable 
pathway and an active, saturable carrier-mediated process are 
involved. At low luminal zinc concentrations the binding of zinc is to 
specific sites, whereas at higher concentrations a non-specific 
binding occurs (Smith et al., 1978; Davies, 1980; Smith & Cousins, 
1980; Flanagan et al., 1983; lstfan et al., 1983; Menard & Cousins, 
1983; Cousins, 1989; Lee et al., 1989b; Oestreicher & Cousins, 
1989; Tacnet et al., 1990; Gunshin et al., 1991; Hempe & Cousins, 
1991, 1992). 

In a study with human volunteers, most of the zinc in a zinc 
acetate solution (0.1 mmolilitre) administered by intestinal perfusion 
was absorbed from the jejunum, followed by the duodenum and the 
ileum (357, 230 or 84 nmol/litre per min per 40 cm respectively). 
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The absorption showed a linear increase at concentrations of 
0.1-1.8 rnrnolilitre (Lee et al., 1989b). 

6.1.2.2 Animal studies 

Metallothionein and a low-molecular-mass zinc-binding protein, 
cysteine-rich intestinal protein (CRIP), which was isolated from 
intestinal mucosa of rats, play an important role in the 
gastrointestinal absorption of zinc. Like several other metals, zinc 
can rapidly induce metallothionein production in intestinal mucosal 
cells, liver, pancreas, kidney and lungs; in the intestine in particular, 
binding to metallothionein leads to retention of zinc and may so 
prevent absorption of excess zinc into the body (Richards & Cousins, 
1975, 1976; Hall et al., 1979; Foulkes & McMullen, 1987; Bremner 
& Beattie, 1990; Rojas et al., 1995). In rats, a direct correlation 
between dietary zinc intake and the binding of zinc to mucosal 
metallothionein was observed following administration of 3(r- 
900 mg/kg (Hall et al., 1979). In rats fed a low-zinc diet, more zinc 
was associated with CRIP and lesser amounts were bound to 
metallothionein (40% compared to 4%), while with a high-zinc diet 
lesser amounts were associated with CRIP and most zinc was bound 
to metallothionein (14% compared to 52-59%) (Hempe & Cousins, 
199 I ,  1992). 

In the rat, the major site of zinc absorption was shown to be the 
duodenum followed by the more distal portions of the small 
intestine; absorption was rapid. Only minimal amounts were 
absorbed from the stomach, caecum and colon (Methfessel & 
Spencer, 1973; Davies, 1980). 

6.1.3 Dermal 

6.1.3.1 Human studies 

An increase in serum zinc levels was observed in 8 bum patients 
treated with adhesive zinc-tape (zinc oxide content 
7.5 f 0.05 g / l O O  g dw); the maximum value (28.3 pmol/litre) was 
reached within 3-18 days of treatment (Hallmans, 1977). 

The mean release rate of zinc to normal skin to which a zinc 
oxide (25%) medicated occlusive dressing was applied was 5 pg/crn2 
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per hour. After 48 h of treatment, a 6- to 14-fold increase in zinc 
concentration in the epidermis was noted. The zinc flux was found to 
increase with decreasing pH (Agren, 1990). The transport of zinc 
through intact human skin was enhanced by gum rosin (Agren, 
1991). 

6.1.3.2 Animal studies 

After topical application of zinc chloride (as 65Zn) at a 
concentration of 0.005-4.87 mol/litre to guinea-pigs at pH values in 
the range 1.8-6.1, the loss of radioactivity in most cases was < I %  
within 5 h; at a concentration of 0.08 molflitre at pH 1.8 only, an 
increased loss of radioactivity (l-3% within 5 h) was observed. An 
increase of radioactivity in liver, kidney, intestine and faeces was 
noted (Skog & Wahlberg, 1964). 

Two applications of zinc were administered to rabbits (3 per 
group) as zinc oxide, zinc omadine, zinc sulfate or zinc 
undecylenate. Each application provided 2.5 mg of zinc containing 
5 pCi of 65Zn. The animals were killed 6 or 24 h after the second 
application. All the zinc compounds were absorbed equally after one 
or two applications. The 65Zn retention on excised skin blocks ranged 
from 3% to 65% of the applied dose. 65Zn was located mostly in the 
keratogenous zone of the hair shaft and in the subcutaneous muscle 
layer (Kapur et al., 1974). 

Keen & Hurley (1977) studied the effect of topical application of 
zinc chloride in female Sprague-Dawley rats (5-7 per group). Four 
groups were fed a zinc-deficient diet for 24 h. Half of the animals 
were treated during this period with a topical application of oil 
saturated with zinc chloride, for the full 24 h in one group, and for 
the last 8 h in the other. Plasma zinc levels in rats receiving zinc 
supplementation for 8 h were similar to those of the control group 
( 1  14 pg/IOO ml), while levels in rats receiving zinc supplementation 
for 24 h were significantly increased (182 pg/100 ml). 

In a comparative study with zinc oxide and zinc sulfate in rats 
with full-thickness skin excision, the application of zinc oxide 
resulted in a sustained delivery of zinc ions, while zinc sulfate 
delivered zinc ions rapidly, resulting in decreasing wound-tissue zinc 
levels. About 450 pg of zinc (1 2% of the initial dose) was delivered 
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to each wound from the zinc oxide dressing and about 650 pg of zinc 
(65% of the initial dose) from the zinc sulfate dressing over a 48-h 
treatment period (Agren et al., 1991). 

6.2 Distribution 

Zinc is one of the most abundant trace metals in humans and is 
found in all tissues and all body fluids. The total zinc content of the 
human body (70 kg) is in the range 1.5-3 g. Most of this is found in 
muscle (= 60%), bone (= 30%), skin and hair (.: 8%), liver (= 5%) 
and gastrointestinal tract and pancreas (= 3%). In all other organ 
systems, the zinc content is 5 1% (Wastney et al., 1986; Aggett, 
1994). After ingestion, zinc in humans is initially transported to the 
liver and then distributed throughout the body (Aamodt et a]., 1979). 
Glucocorticoids have been shown to enhance the uptake of zinc to 
liver cells in vitro (Failla & Cousins, 1978). Interleukin-I and ACTH 
also cause increased liver uptake of zinc (Sandstead, 1981; 
Hambidge et al., 1986). Glutathione may be involved in the release 
of zinc from intracellular protein ligands and its transfer to the blood 
by forming complexes in the mucosa, which pass by passive 
diffusion across basolateral membranes (Foulkes, 1993). 

The highest concentrations of zinc in humans were found in 
liver, kidney, pancreas, prostate and eye (Forsseen, 1972; Yukawa et 
al., 1980; Hambidge et al., 1986). Zinc is also present in plasma, 
erythrocytes and leukocytes. In healthy subjects, the normal plasma 
zinc concentration is z 1 mg/litre (Spencer et al., 1965; Juergensen & 
Behne, 1977; Whitehouse et al., 1982; Ohno et al., 1985). Zinc is 
mostly bound to albumin (60-80%) and to a lesser extent to a-2- 
macroglobulin and transferrin (Prasad & Oberleas, 1970; Giroux et 
al., 1976; Smith & Cousins, 1980; Wasmey et al., 1986; Bentley & 
Grubb, 1991). 

After oral uptake in humans, peak levels in plasma are reached 
within 3 h (Neve et al., 1991; Stumiolo et al., 1991). An excess of 
dietary zinc in humans and animals resulted in high concentrations 
accumulated in kidneys, liver, pancreas and bone (Allen et al., 1983; 
Bentley & Grubb, 1991; Schiffer et al., 1991). As shown by 
Giugliano & Millward (1984) in a study with zinc-deficient rats, a 
redistribution of zinc from bone mainly into muscle may occur; the 
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authors described a marked increase in muscle zinc with a similar 
loss from bone. 

Placental transfer of zinc in pregnant ewes has also been 
demonstrated (James et al., 1966 ). In an isolated perfused single- 
cotyledon human term placental model, the normal zinc transfer was 
shown to be slow. Only up to 3% of maternal zinc reaches the fetal 
compartment in 2 h (Beer et al., 1992). The uptake of zinc in the 
placenta seems to involve a potassium-dependent zinc transport 
mechanism, as shown in studies with microvilli isolated from human 
term placenta (Aslam & McArdle, 1992). Baseline values for zinc 
were measured in parenchyma, membrane and cord from placental 
tissue taken from 23, 24 and 22 healthy pregnant women, 
respectively. Ranges reported were: parenchyma, 12.8-89.9 pg/g dry 
tissue; membrane, 21.4-80.3 pg/g dry tissue; and cord, 
13.7-97.2 pg/g dry tissue (Centeno et al., 1996). 

6.3 Excretion 

In humans, most ingested zinc is eliminated in the the faeces 
(5- I O  mg/day), and comprises unabsorbed zinc and endogenous zinc 
from bile, pancreatic fluid and intestinal mucosa cells. In humans 
and animals, a considerable amount of zinc is excreted into the small 
intestine through pancreaticobiliary secretion (Davies, 1980; 
Matseshe et al., 1980; Johnson & Evans, 1982). In rats, biliary zinc 
excretion seems to be a glutathione-dependent process; glutathione 
probably acts as a carrier molecule (Alexander et al., 1981). Human 
pancreatic secretions contain zinc levels of 0.5-5 pg/ml (Hambidge 
et al., 1986). As shown by Spencer et al. (1965), up to 18% of an 
intravenous dose of radiolabelled zinc was excreted into the intestine 
within 45 days. In a study by Matseshe et al. (1980) in healthy 
volunteers, zinc was recovered from the duodenum at levels greater 
than the dose ingested. 

Zinc is also reabsorbed from the intestine. In a study with ligated 
duodenal and ileal loops of rats, approximately 35% of zinc secreted 
into the gut lumen was reabsorbed (Davies & Nightingale, 1975). In 
humans, a mean reabsorption of 70% of the administered dose 
(45 mg of zinc as zinc sulfate) was demonstrated by Ntve et al. 
(1991). 
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Yokoi et al. (1994) measured the disappearance of zinc from 
blood after an injection of isotope in women with normal 
(> 20 pg/litre) and low (< 20 pg/litre) levels of ferritin. The 
disappearance of zinc from blood in women with low ferritin was 
accelerated in the range usually found in subjects with zinc 
deficiency. This confirmed the early studies of Prasad (1 963). 

Rats fed a diet supplemented with zinc oxide at a rate of 
z 96-672 mgkg per day (1200-8400 ppm) for 21 days (Ansari et al., 
1976) or ? 48 mg/kg per day (600 ppm) for 7 4 2  days (Ansari et al., 
1975) showed a linear increase in excretion in the faeces with an 
increase in dietary intake. 

In healthy humans, only small amounts (= 0.5 mg/day) are 
excreted via urine (Halsted et al., 1974; Elinder et al., 1978). In 
patients with taste and smell dysfunction given zinc sulfate at a rate 
of 8-13 mg/day for 290440 days followed by an additional 
100 mg/day over the next 1 I 2 4 4 0  days, a 188% increase in daily 
renal excretion with only a 37% increase in plasma zinc was 
observed; this was possibly due to an increase in filtration and/or 
decreased reabsorption in the kidney (Babcock et at., 1982). In zinc 
clearance studies in anaesthetized dogs, proximal secretion and distal 
reabsorption in the nephron was described (Abu-Hamdan et al., 
1981). 

Hohnadel et al. (1973) reported that zinc concentrations in cell- 
free sweat from healthy human subjects averaged 0.50 mg/litre 
(range 0.13-1.46 mgllitre) in 33 men and 1.25 mg/litre (range 
0.53-2.62 mg/litre) in 15 healthy women. Zinc in sweat appeared to 
be related to the level of dietary zinc in three studies in male 
volunteers (Milne et at., 1983), with whole body sweat losses 
averaging 0.49 mg/day when zinc intakes averaged 8.3 mg/day, 
compared with losses of 0.29 mg/day (range 0.18-0.38 mg/day) with 
a zinc intake of 3.6 mg/day, and 0.62 mg/day (0.46 and 0.77 mg/day 
in two studies) when zinc intake was 33.7 mg/day 

6.4 Biological half-life 

After oral, intravenous or intraperitoneal application, 
equilibrium is quickly achieved between plasma zinc and a rapidly 
changing non-plasma pool, probably located within the liver 
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(Fairweather-Tait et al., 1993). In humans, the liver is the organ of 
highest initial zinc uptake, and with a slow turnover (Spencer et al., 
1965). A kinetic two-compartment model can be applied for the 
estimation of the rapid initial flow of zinc out of the plasma to the 
liver following administration of radiolabelled zinc (Foster et al., 
1979; Aamodt et al., 1979). After intravenous injection of "Zn, the 
average biological half-life of zinc in the smaller compartment was 
12.5 days and the turnover of the larger compartment averaged 322 
days (Spencer et al., 1965). In another human isotope study, the 
estimated half-life was approximately 280 days (Wastney et al., 
1986). 

In the rat, the biological half-life of "Zn decreased with an 
increase in dietary zinc (5 mg/kg, 52 days; 160 mg/kg, 4 days) 
(Coppen & Davies, 1987). 

6.5 Zinc status and metabolic role in humans 

6.5.1 Methods for assessment of zinc status in humans 

Diagnosis of zinc deficiency in humans is hampered by the lack 
of a single, specific and sensitive biochemical index of zinc status. A 
large number of indices have been proposed, but many are fraught 
with problems that affect their use and interpretation. At present, the 
most reliable method for diagnosing marginal zinc deficiency in 
humans is a positive response to zinc supplementation. Such an 
approach is time-consuming; it necessitates good compliance with 
follow-up visits, making it impractical for community studies. 
Consequently, dietary andor static and functional biochemical and 
physiological functional indices are frequently used to evaluate zinc 
status. However, some of these indices are affected by biological and 
technical factors other than depleted body stores of zinc, which may 
confound the interpretation of the result. The potential impact of 
these confounding factors should be taken into account by 
standardizing sample collection and analytical procedures. 

6.5.1.1 Dietary methods to predict the proportion of the population at risk of 
inadequate intakes of dietary zinc 

A quantitative dietary assessment method designed to measure 
the quantity of foods consumed by an individual over more than one 
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day must be used to calculate the proportion of the population at risk 
of inadequate intakes of dietary zinc. The number of days required 
depends on the day-to-day variation in zinc intakes for the 
population group under study. Suitable methods include recalls and 
records and, in some circumstances, semi-quantitative food 
frequency questionnaires. A detailed description of these methods 
can be found in Gibson (1990). Energy, nutrient and antinutrient 
intakes can be calculated from the quantitative food consumption 
data using food composition tables or a nutrient data bank. 
Alternatively, chemical analyses of representative samples of staple 
foods collected from the study area can be performed. 

The adequacy of the zinc intakes can then be evaluated by 
comparison with an appropriate set of tables of recommended 
nutrient intakes for the population group under study. Several such 
tables are available; they are discussed in detail in Gibson (1990). 
For studies in developing countries, the newly revised requirement 
estimates for zinc set by WHO (1996b) can be used. Because the 
adequacy of dietary zinc depends on both its amount and 
bioavailability in the diet, however, an estimate of the bioavailability 
of zinc in the diets under study is also required for this evaluation. 
Direct measurements of the bioavailability of zinc in the plant-based 
diets consumed in many developing countries are limited; some have 
been made using metabolic studies or stable isotope techniques 
(WHO, 1996b). The zinc absorption data have been used by WHO 
(1996b) to develop a model for classifying diets as having high, 
moderate and low zinc bioavailability. The model is based on the 
dietary content of animal andor fish protein calcium (< 1 or 
> 1 g/day), and phytateizinc molar ratios (< 5, 5-1 5 or > 15) per day. 

Once the bioavailability of the zinc in the diets has been 
estimated, the zinc intakes can be evaluated, preferably using the 
probability approach, which attempts to assess more reliably the risk 
of nutrient inadequacy both for an individual and for the population. 
The method predicts the number of persons within a group with 
nutrient intakes below their own requirements and provides an 
estimate of the population at risk, or the prevalence of inadequate 
intakes. For the individual, the method estimates the relative 
probability that the zinc intake does not meet his or her actual 
requirement (Anderson et al., 1982). 
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Probability estimates for risk of zinc deficiency do not identify 
actual individuals in the population who are deficient or define the 
severity of the zinc inadequacy, however. Such information can only 
be obtained when the dietary intake data are combined with 
biochemical and functional physiological indices of zinc status. This 
is especially important in developing countries, where the 
coexistence of many other multifaceted health problems often 
confounds the diagnosis of zinc deficiency. 

6.5.7.2 Static tests of zinc stafus 

Static tests measure the total quantity of zinc in various 
accessible tissues and body fluids, such as blood or some of its 
components, urine, hair or nails. Ideally, the tissue or fluid selected 
should reflect total body content of zinc, or at least the size of the 
body pool most sensitive to zinc depletion. Unfortunately, the tissues 
containing the most zinc (i.e., bone and muscle) are not readily 
accessible for human studies, and their zinc content is not 
measurably reduced, even in severe zinc deficiency. Consequently, 
the choice of biopsy materials for static tests is based primarily on 
their accessibility, convenience and ethical acceptability (Aggett, 
1991). 

Serum/plasma 

Serumiplasma zinc is the most widely used index of zinc status 
in humans. Only a small proportion (< 1%) of body zinc circulates in 
plasma. Hence, plasma zinc does not necessarily reflect total body 
zinc content. Nevertheless, in persons with severe zinc deficiency, 
serum/plasma zinc concentrations are usually low (Arakawa et al., 
1976; Hess et al., 1977; Prasad et al., 1978a; Gordon et al., 1982; 
Baer & King, 1984). Concentrations return to normal following zinc 
supplementation. 

Serum/plasma zinc concentrations are not useful for detecting 
mild zinc deficiency states, when values are often within the normal 
range (Milne et al., 1987; Gibson et al., 1989a; Ruz et al., 1991). 
Serum/plasma zinc is also not very specific. Concentrations are 
modified by a number of non-nutritional factors, some of which 
(e.g., acute infection, inflammation and stress) decrease levels by 
inducing hepatic uptake of zinc (Beisel et al., 1976). During periods 
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of rapid tissue synthesis, pregnancy and use of oral contraceptive 
agents, serum zinc levels are also decreased (Swanson et al., 1983; 
Breskin et al., 1983; King, 1986). Chronic disease states associated 
with hypoalbuminaemia also induce low serum zinc; zinc circulates 
in serum bound principally to albumin. 

Serum/plasma zinc concentrations are also affected by 
haemolysis: erythrocytes have a high zinc content. Haemolysis may 
be particularly important in cases of zinc deficiency, when red cell 
fragility is increased (Bettger et al., 1978). In addition, blood 
samples should be taken under carefully controlled conditions 
standardized with respect to time of day, fed or fasted state, position 
of the subject during blood collection, refrigeration of blood samples 
and length of time prior to the separation of serudplasma; all these 
factors influence serudplasma zinc concentrations (Markowitz et 
al., 1985; Wallock et al., 1993; Tamura et al., 1994). 

Blood samples for zinc analysis must also be taken carefully to 
avoid contamination from sources such as preservatives, evacuated 
tubes, rubber stoppers and anticoagulants. Certain anticoagulants 
(e.g., citrate, oxalate and EDTA) efficiently chelate metallic ions; if 
these agents are used, plasma zinc values will be lower than if zinc- 
free heparin is used. The cut-off point generally used to assess risk of 
zinc deficiency for both plasma and serum values is < 10.71 
pmolhtre (< 70 pg/dlitre), a value approximately two standard 
deviations below the adult mean. This value may only be appropriate 
for morning fasting blood samples. For nonfasting morning, and for 
afternoon samples, lower cut-off points of < 9.95 pmol/litre 
(< 65 pddlitre) and < 9.18 pmol/litre (< 60 pddlitre), respectively, 
have been recommended. 

Erythrocytes 

Relatively few investigators have used erythrocytes as a biopsy 
material for assessing zinc status because the analysis is difficult and 
the response during experimentally induced zinc depletion-repletion 
studies has been equivocal (Prasad et al., 1978a; Baer & King, 1984; 
Ruz et al., 1992). The half-life of erythrocytes is quite long 
(120 days), so that erythrocyte zinc concentrations will not reflect 
recent changes in body zinc stores. 
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Zinc uptake by erythrocytes is influenced by many other factors, 
including protein intake, stress and endotoxins (Chesters & Will, 
1978). Age-related changes in erythrocyte zinc in infants and 
children (Nishi, 1980) and adolescent females have been reported 
(Kenney et al., 1984). 

Leukocytes 

Leukocytes have a shorter half-life than erythrocytes and should 
therefore reflect changes in zinc status over a shorter time-period. 
They also contain up to 25 times more zinc than erythrocytes. 
Concentrations of zinc in mixed leukocytes and specific cellular 
types (e.g., neutrophils and lymphocytes) have been examined as 
potential indices of zinc status in humans. Some investigators 
(Prasad & Cossack, 1982) but not all (Milne et al., 1985; Ruz et al., 
1992) have suggested that they are more reliable as indices of zinc 
status than plasma zinc. Relatively large volumes of blood are 
required, and isolation of the leukocytes and their subsequent 
analysis is lengthy and technically difficult, limiting the use of these 
indices, especially for infants and young children. 

Milne et al. (1985) have emphasized that the zinc content of 
leukocytes is a function of the type of separation used; contamination 
with zinc from the anticoagulant, reagents, the density gradient 
system or erythrocytes and platelets may occur. Changes in the 
relative proportions of leukocyte subsets with physiological state 
(e.g., pregnancy) and haematological disorders (Aggett, 1991) must 
also be taken into account in the interpretation of the results. Finally, 
comparison of results between different studies is difficult because 
no consensus exists as to how to express zinc concentrations in the 
cell types (Thompson, 1991). 

Urine 

Depletion of body zinc stores causes a reduction in urinary zinc 
excretion (Hess et al., 1977; Ruz et al., 1991), often before any 
detectable changes in serudplasma zinc concentrations (Baer & 
King, 1984). Supplementation with high (100 mg) but not moderate 
(50 mg) zinc intakes increases urinary zinc excretion (Verus & 
Samman, 1994). Several factors can affect urinary zinc concen- 
trations, however, making interpretation of the results difficult. For 
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example, despite the presence of zinc deficiency in sickle-cell 
anaemia, hyperzincuria occurs (Prasad, 1985). Hyperzincuria is also 
present in disorders such as cirrhosis of the liver and diabetes 
mellitus, after injury, bums and acute starvation, in certain renal 
diseases and infections, and after treatment with chlorothiazide. 
Hypertensive patients on long-term therapy with chlorothiazide may 
therefore be vulnerable to zinc deficiency (Prasad, 1983). The 
measurement of zinc in urine is therefore helpful for diagnosing zinc 
deficiency only in apparently healthy persons. Zinc levels in the 
urine usually range from 300 to 600pg per day. In general, 24-h 
urine collections are preferred because diurnal variation in urinary 
zinc excretion occurs. 

Hair 

The use of hair zinc concentrations as an index of zinc status has 
been controversial (Hambidge, 1982). Available evidence suggests 
that low zinc concentrations in hair samples collected during infancy 
and childhood probably reflect a chronic suboptimal zinc status 
when the confounding effect of severe protein-energy malnutrition is 
absent (Hambidge et al., 1972a; Gibson, 1980; Smit Vanderkooy & 
Gibson, 1987; Gibson et al., 1989b). Hair zinc cannot be used in 
cases of very severe malnutrition and/or severe zinc deficiency, when 
the rate of growth of the hair shaft is often diminished. In such cases, 
hair zinc concentrations may be normal or even high (Erten et al., 
1978; Bradfield & Hambidge, 1980). 

Low hair zinc concentrations have been reported in infants and 
children with impaired linear growth (Hambidge et al., 1972; 
Walravens & Hambidge, 1976; Buzina et al., 1980; Walravens et al., 
1983; Smit Vanderkooy & Gibson, 1987; Gibson et al., 1989b; 
Ferguson et a]., 1989) and taste acuity (Hambidge et al., 1972; 
Gibson et al., 1989a; Cavan et al., 1993), two clinical features of 
mild zinc deficiency in children. Moreover, in some of these studies, 
the low hair zinc concentrations have been related to low availability 
of dietary zinc (MacDonald et al., 1982; Ferguson et al., 1989; Cavan 
et al., 1993). In some but not all of these cases of suboptimal zinc 
status, hair zinc concentrations have increased in response to zinc 
supplementation. The discrepancies may arise from variations in the 
dose, duration of zinc supplementation, and confounding effects of 
season on hair zinc concentrations. Periods of 6 weeks or less are 
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probably too short for a response, since hair zinc reflects only 
chronic changes in zinc status (Greger & Geissler, 1978; Lane et al., 
1982). Unfortunately. when studies are made over a longer term, 
seasonal changes in hair zinc concentrations must also be taken into 
account when interpreting the results (Hambidge et al., 1979; Gibson 
et al., 1989a). 

Standardized procedures for sampling, washing and analysing 
hair samples are essential in all studies. Variations in hair zinc 
concentrations with hair colour, hair beauty treatments, season, sex, 
age, anatomical site of sampling (scalp or pubic), and rate of hair 
growth have been described (Hambidge, 1982; Taylor, 1986; Klevay, 
1987; Gibson et al., 1989b). The effects of these possible 
confounding factors must be considered in the interpretation of hair 
zinc concentrations. 

Many investigators have failed to find any positive correlations 
between the zinc content of hair and serum/plasma zinc 
concentrations (Klevay, 1970; Lane et al., 1982; Gibson et al., 
1989b). These findings are not unexpected. The zinc content of the 
hair shaft reflects the quantity of zinc available to the hair follicles 
over an earlier time interval. Positive correlations between hair zinc 
concentrations and serum zinc are only observed in chronic, severe 
zinc deficiency in the absence of confounding factors. 

Clinical signs of marginal zinc deficiency in childhood, such as 
impaired growth, poor appetite and reduced taste acuity, are usually 
associated with hair zinc concentrations of less than 70 pg/g 
(1.07 pmol/g) (Hambidge et al., 1972; Smit Vanderkooy & Gibson, 
1987) Therefore, this value is frequently used as the cut-off point for 
hair zinc concentrations indicative of suboptimal zinc status in 
children. The validity of hair zinc as a chronic index of suboptimal 
zinc status in adults is less certain, and further studies are required. 

Saliva 

Zinc concentrations in mixed saliva, parotid saliva, salivary 
sediment and salivary supernatant have all been investigated, but 
their use as indices of zinc status is equivocal (Greger & Sickles, 
1979; Freeland-Graves et al., 1981; Lane et al., 1982; Baer & King, 
1984). 
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6.5.1.3 Functional tests of zinc status 

Functional tests measure changes in the activities of certain 
enzymes or blood components that are dependent on zinc. 
Alternatively, physiological functions dependent on zinc, such as 
growth, taste acuity and immune competence, can be assessed. Such 
tests have greater biological significance than static biochemical tests 
because they measure the extent of the functional consequences of 
zinc deficiency. Nevertheless, because functional physiological tests 
are not very specific, they must always be interpreted in combination 
with a biochemical test. 

Zinc-dependent enzymes 

Over 300 zinc metallo-enzymes have been identified. They vary 
in their response to zinc deficiency, depending on the tissues 
examined, their affinity to zinc, and rate of turnover of the enzyme 
(Cousins, 1986). The activity of serum alkaline phosphatase is the 
most widely used to assess zinc status (Adeniyi & Heaton, 1980), 
although its response has been inconsistent in humans (Ishizaka et 
al., 1981; Nanji & Anderson, 1983; Baer et al., 1985; Weismann & 
Hoyer, 1985; Milne et al., 1987). In general, activity is reduced in 
severe zinc deficiency states (Kasarskis & Schuna, 1980; Sachdev et 
al., 1990) but this parameter is probably not sensitive enough for 
detecting mild zinc deficiency (Walravens & Hambidge, 1976; 
Walravens et al., 1983, 1989; Ruz et al., 1991). Response of the 
enzyme during zinc supplementation studies has been inconsistent 
(Hambidge et al., 1983; Walravens et al., 1983; Weismann & Hoyer, 
1985; Gibson et al., 1989b. Measurements of alkaline phosphatase 
activity in neutrophils (Prasad, 1983, 1985), leukocytes (Baer et al., 
1985; Schiliro et al., 1987), erythrocytes (Samman et al., 1996) and 
red cell membranes (Ruz et al., 1992) have also been investigated as 
indices of body zinc status in humans. Although some promising 
results have been obtained, more studies are needed before any 
definitive conclusions can be reached. 

Other zinc metallo-enzymes that have been investigated as 
indices of zinc status in humans include 6-amino-laevulinic acid 
dehydratase in erythrocytes (Faraji & Swendseid, 1983; Baer et al., 
1983, angiotensin- 1 -converting enzyme (Reeves & O’Dell, 1985; 
Ruz et al., 1992), a-D-mannosidase in serudplasma (Apgar & 
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Fitzgerald, 1985) and nucleoside phosphorylase in whole, lysed cells 
(Prasad & Rabbani, 1981; Ballester & Prasad, 1983). To date, there 
is no universally accepted zinc-dependent enzyme that can be used to 
assess marginal zinc deficiency in humans. 

Taste acuity tests 

Diminished taste acuity (hypogeusia) is a feature of marginal 
zinc deficiency in children (Hambidge et al., 1972: Buzina et al., 
1980; Gibson et al., 1989a,b; Cavan et al., 1993) and adults (Wright 
et al., 1981; Henkin, 1984). Several methods for testing taste acuity 
have been used (Desor & Maller, 1975; Bartoshuk, 1978). In studies 
of Canadian and Guatemalan children, significant inverse 
relationships between the detection threshold for salt and hair zinc 
concentrations were noted (Gibson et al., 1989a,b; Cavan et al., 
1993). These results suggest that impaired taste acuity can be used as 
a functional test of suboptimal zinc nutriture in children, in 
conjunction with a biochemical index of zinc status. 

Growth 

Impairments in ponderal and linear growth are characteristic 
features of mild zinc deficiency in infancy and childhood. Some of 
the double-blind studies in infants and children (Ronaghy et al, 1974; 
Walravens & Hambidge, 1976; Walravens et al., 1983, 1989, 1992; 
Castillo-Duran et al., 1987; Gibson et al., 1989a) but not all 
(Ronaghy et al., 1974; Udomkesmalee et al., 1992; Cavan et al., 
1993; Bates et al., 1993) have demonstrated significant improve- 
ments in weight and/or length or height in the zinc supplemented 
group compared to those receiving a placebo. In some cases, these 
changes have been observed only in the males. Possible reasons for 
failure of studies to show an efficacious effect of zinc on growth may 
include the presence of other limiting deficiencies and binding 
ligands in diets, which lower bioavailability of the zinc supplement, 
the form and level of the dose given, and the duration of the study 
period. 

Until recently, a period of 6 months has been said to be the 
minimum interval for the provision of reliable growth data. For 
shorter intervals, measurement errors were too large in relation to the 
mean increments. Recently, however, it has been shown that 
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increments in knee height measured using a device developed by 
Spender et al. (1989) can be accurately assessed over 60 days, and 
possibly even over a 28-day period. Using this instrument, future 
studies may measure knee height to monitor growth over a shorter 
time interval. The efficacy of this technique has been shown in 
controlled repletion trials in children (Sandstead et al., 1998). 

6.!i 1.4 New approaches 

Plasma metallothionein concentrations have been suggested as a 
useful indicator of poor zinc status (King 1990). Metallothionein 
appears to play a role in zinc absorption, inter-organ zinc transport 
and tissue detoxification (Grider et al., 1990; King, 1990). Levels fall 
in zinc depletion and deficiency as a result of impaired synthesis. 
Specificity is poor: levels are also affected by iron deficiency, diurnal 
rhythm and acute infection. Metallothionein in erythrocytes appears 
to be much less responsive to stress and infection than in plasma, and 
may provide a useful index of zinc status in infancy and childhood. 

Serum thymulin has also been assessed as a potential index of 
zinc status; thymulin is a zinc metallopeptide, the activity of which 
falls in mild zinc deficiency (King, 1990). Serum insulin-like growth 
factor (IGF), a peptide of low molecular weight regulated by growth 
hormone, nutrition and insulin, is also affected by zinc status 
(Cossack, 1986). Zinc-deficient rats showed a reduced growth rate, 
which was associated with a significantly lower serum IGF and with 
growth hormone receptor genes (McNall et al., 1995). Zinc repletion 
of Vietnamese children was followed by enhanced growth and 
increased serum concentrations of IGF-I (Ninh et al., 1996). 

Based on the essentiality of zinc for alcohol dehydrogenase, 
ethanol metabolism has been examined as a functional test of zinc 
status. Ethanol tolerance was shown to be impaired in women fed a 
diet marginal in zinc (Milne et al., 1987). 

The essentiality of zinc for the activity of retinol reductase was 
first demonstrated in rats (Huber & Gershoff, 1975). Based on these 
findings, zinc was shown to be essential for human dark adaptation 
(Morrison et al., 1978). Retinol reductase is required for the 
regeneration of rhodopsin from retinol, a reaction essential for 
normal rod function, which in turn is responsible for dark adaptation. 
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More recently, Udomkesmalee et al. (1992) successfully used the 
dark adaptation test for assessing the response to zinc repletion in 
schoolchildren in north-eastern Thailand. The test is not appropriate 
for pre-school children who are too young to perform it accurately. 
Age influences dark adaptation and must be taken into account when 
interpreting test results. 

The essentiality of zinc for brain function was established in 
laboratory animals (Sandstead, 1985). Studies in men showed that 
intakes of 1 4  mg of zinc daily for intervals of 35 days impaired 
neuromotor and cognitive function (Penland, 1991). Observations in 
children showed that zinc repletion improved neuromotor and 
cognitive function (Penland et al., 1997). 

6.5.2 Metabolic role 

Zinc is an essential trace element in all biological systems 
studied, and health disorders as a result of zinc deficiency have been 
well documented in humans and animals (Prasad, 1966, 1976, 1988, 
1993; Sandstead, 1 9 8 2 ~ ;  Hambidge et al., 1986). The metabolic 
changes underlying human zinc deficiencies are incompletely 
understood (Hambidge, 1989); it is known, however, that zinc has a 
fundamental role in the structure and function of numerous proteins, 
including metalloenzymes, transcription factors and hormone 
receptors. The widespread role of zinc in metabolism is underscored 
by the occurrence of zinc in all tissues, organs and fluids of the 
human body (see section 6.2). Chapters 7 and 8 provide further 
information on the effects of zinc deficiencies in animals and 
humans respectively. 

6.5.2.1 Zinc metalloenzymes 

Many zinc metalloenzymes have been identified in humans and 
other mammals since the first report in 1940 of a zinc 
metalloenzyme, carbonic anhydrase, purified from ox erythrocytes 
(Keilin & Mann, 1940). The number of zinc metalloenzymes 
identified in all phyla is now reported to exceed 300 (Vallee & Auld, 
1990a; Coleman, 1992), and the list encompasses all major enzyme 
classes (Vallee & Auld, 1990b). A summary of the metabolic role of 
major classes of zinc-containing enzymes has been given by Walsh et 
al. (1994). Information on some zinc metalloenzymes that have been 
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widely studied in humans and other mammals has also been 
summarized by Vallee & Falchuk ( 1  993). 

Zinc metalloenzymes contain stoichiometric amounts of zinc, 
which may serve a functional andor structural role, depending on 
the particular enzyme. In its functional role, zinc is considered to be 
located at the active site in many enzymes, and to participate directly 
in the catalytic process. Indirect evidence of a role of zinc in 
catalysis has been provided for many enzymes by the reversible 
inhibition or abolition of enzyme activity by metal chelating agents 
in vitro. In a structural role, zinc may stabilize protein structure or 
influence protein folding. In a comparison of the 12 zinc metallo- 
enzymes for which the structures have been determined by X-ray 
crystallography, Vallee &Auld (1990a,b) noted that, at each catalytic 
site, zinc is generally coordinated by three amino acid residues, most 
commonly histidines, and a water molecule, whereas at structural 
sites zinc is coordinated by four cysteine residues. The water 
molecule at catalytic sites has a critical role in the catalytic process 
(Vallee &Auld, 1990b). 

DNA and RNA polymerases 

DNA polymerases purified from the bacterium Escherichia coli 
and nuclei of the sea urchin Strongylocentrotus franciscanus have 
been reported to contain about 2 and 4 gram-atoms of zinc per mole 
of polymerase, respectively (Slater et al., 1971). Activity of DNA 
polymerase from each source was inhibited by the metal-chelator 
ortho-phenanthroline (Slater et al., 1971). However, Wu & Wu 
(1987) suggested that the use of this agent may be misleading, as it 
can form a complex with DNA that prevents the polymerase activity 
of DNA polymerase. The DNA polymerase of E. coli may retain its 
polymerase activity in the absence of stoichiometric amounts of zinc, 
indicating that zinc may have another role in the bacterium. 

Eukaryotic RNA polymerases I, I1 and III  are involved in the 
synthesis of ribosomal, messenger and transfer RNAs, respectively. 
The DNA-dependent RNA polymerases I (Falchuk et al., 1977), 11 
(Falchuk et al., 1976) and 111 (Wandzilak & Benson, 1977) of the 
unicellular eukaryote Euglena gracilis have all been shown to be 
zinc metalloenzymes, each binding about 2 gram-atoms of zinc per 
mole of protein, with enzyme activity being reversibly inhibited by a 
variety of metal-chelating agents. 
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Zinc transcription factors 

A comparatively recent development in the study of zinc 
metabolism has been the elucidation of the potential role of zinc in 
many protein transcription factors. This development was initiated 
by the demonstration that transcription factor IIIA (TFIIIA), isolated 
from Xenopus laevis oocytes, is a zinc metalloprotein and requires 
zinc for specific binding to DNA (Hanas et al., 1983). Examination 
of the amino acid sequence of Xenopus TFlllA revealed a repeated 
structural domain, termed the “zinc finger”, which has been 
postulated to bind zinc and interact with DNA. The TFIIIA type of 
zinc finger is a compact globular structure containing a single zinc 
atom, coordinated by 2 cysteine and 2 histidine residues (Lee et al., 
1989a) The zinc atom maintains the finger structure (Frankel et al., 
1987), and the zinc finger binds in the major groove of DNA, 
wrapping partly around the double helix (Pavletich & Pabo, 199 I) .  

The zinc finger motif first characterized in TFIIIA has 
subsequently been identified in the cDNA sequences of numerous 
transcription factors, although in only a few instances has the 
presence of zinc been confirmed analytically (Vallee & Auld, 1990a). 
The zinc finger proteins include a substantial number of human 
proteins (Berg, 1990; South & Summers, 1990). 

Steroid hormone receptors have also been identified as a group 
of transcription factors in which zinc may play an important role in 
DNA binding. These receptors are located in the cytoplasm or 
nucleus. Upon binding to the respective hormone, the activated 
receptor also binds to a DNA element known as the hormone 
response element, and modulates gene transcription (Tsai & 
O’Malley, 1994). The DNA-binding domains of the oestrogen 
receptor (Schwabe et al., 1990) and the glucocorticoid receptor 
(Freedman et al., 1988) have been shown to contain zinc-binding 
sites at which two zinc ions are each coordinated by four cysteine 
residues, and the DNA-binding site is located between and attached 
to the two zinc complexes. This structural arrangement differs 
significantly from that of the TFIIIA type of zinc finger (Pavletich & 
Pabo, 1991), and has been termed the “zinc twist” (Vallee et al., 
1991). Zinc is required for the proper folding of the complex into its 
active structure (Freedman et al., 1988), which binds with DNA 
(Luisi et al., 1991). The conservation of structural amino acids 
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among the DNA-binding steroid receptors (Evans, 1988) suggests 
that all members of the steroid receptor superfamily may have a 
similar zinc-containing structure for DNA recognition (Freedman et 
al., 1988; Schwabe et al., 1990). 

6.5.2.2 Metallothionein 

Metallothioneins (MT) are a group of low-molecular-weight 
(6000-dalton) metalloproteins with many proposed biological 
functions but no known enzymatic activity (Hamer, 1986). In 
mammals they occur in four structurally similar isoforms (MT-1,-2, 
-3 and -4) with several distinct features: a very high cysteine content 
(30%) of 20 cysteine residues in the total of 61 amino acids (Kissling 
& Kagi, 1977), and a high zinc and/or cadmium-binding ratio of 
about 7 gram-atoms of zinc and/or cadmium per mole of protein 
(Pulido et al., 1966). They bind metals through mercaptide bonds 
with a tetrathiolate motif by terminal and bridging cysteine ligands, 
similar to those found in zinc transcription factors (Berg & Shi, 
1996). In addition, metallothioneins contains two distinct 
adamantine-like metal-binding clusters with three and four metal 
ions, respectively (Furey et al., 1986; Messerle et al., 1990; Robbins 
et al., 1991). MT-I and MT-2 are the major isoforms and are found at 
low basal levels in most adult tissues, especially liver, kidney and 
pancreas. MT-3 and MT-4 have organ-specific expression; MT-3 is 
expressed specifically in brain and MT-4 is expressed in stratified 
squamous epithelium of tongue, cornea, intestine and stomach. High 
concentrations of MT-1 and MT-2 are found in fetal and neonatal 
livers, certain proliferating cells and human tumour cells, and they 
have been localized in the nucleus of these cells (Cherian, 1994). 
Metallothionein synthesis is induced by various chemicals, including 
metals, such as zinc, copper, cadmium and mercury, cytokines and 
stress conditions. The regulation of induced synthesis is at the 
transcriptional level by both cis- and trans-acting elements, which 
involve metal regulatory elements and transcription factors (Palmiter 
et al., 1993). 

The exact physiological role of metallothionein is unclear and 
suggested functions include detoxification of heavy metals, zinc and 
copper homeostasis, scavenging of free radicals, zinc storage, and its 
exchange to other zinc proteins or enzymes (Zeng et al., 1991). 
Metallothionein is the major zinc- and copper-binding protein in fetal 
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human liver. It is also involved in the altered zinc homeostasis during 
inflammation and is increased in the liver in response to cytokines 
and the stress hormone response, leading to hepatic zinc 
accumulation (Philcox et al., 1995). The induction of metallothionein 
synthesis can protect animals and cultured cells from some metal 
toxicity and free radical injury. In addition, recent studies in 
transgenic mice showed that metallothionein-null mice are very 
susceptible to cadmium toxicity (Michalska & Choo, 1993; Masters 
et al., 1994), and embryonic cells from these mice are extremely 
sensitive to metal toxicity (Lazo et al., 1995). For discussions of the 
potential roles for metallothionein see Hamer (1986) and Bremner & 
Beattie (1990). 

Other metabolic functions of zinc 6.5.2.3 

For example purposes, the role of zinc in two metabolic 
functions is outlined below. 

Hormone storage 

Zinc may play a role in the synthesis and storage of insulin. 
Insulin forms insoluble zinc-insulin crystals (Adams et al., 1969), 
and is stored in crystalline form in granules of the p-islet cells of the 
pancreas following synthesis from its soluble precursor, proinsulin 
(Grant et al., 1972). Grant et al. (1972) showed that at low zinc 
concentrations in virro, insulin and proinsulin form soluble 
hexamers, whereas at high concentrations insulin, but not proinsulin, 
forms a precipitate. Yip (1971) found that pancreatic zinc (Zn”) 
minimized the degradation of bovine insulin by a purified pancreatic 
protease in vitro. 

Cunningham et al. (1990) proposed that the dimerization of 
human growth hormone by zinc may prolong the hormone’s storage 
life in the secretory granules of the anterior pituitary. It was shown 
that zinc (Zn”) induces the dimerization of human growth hormone, 
and retards its denaturation by guanidine-HCI in vitro (Cunningham 
et al., 1990). 

Neurotransmission 

There is some evidence that zinc may influence 
neurotransmission in the central nervous system, particularly in 
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relation to the inhibitory neurotransmitter y-aminobutyric acid 
(GABA). Westbrook & Mayer (1987) demonstrated that zinc (Zn”) 
is a potent antagonist of the excitatory neurotransmitter N-methyl-D- 
aspartate (NMDA) and GABA in cultured mouse hippocampal 
neurons. The non-competitive antagonism of NMDA suggested that 
the NMDA receptor channel contains a third binding site, in addition 
to Mg2+ and glycine (Westbrook & Mayer, 1987). Xie & Smart 
(1991) found that the naturally occurring, spontaneous giant 
depolarizing potentials (GDPs) in hippocampal neurons in brain 
slices from young postnatal rats could be inhibited by specific 
chelation of endogenous zinc, and that GDPs could be induced in 
adult brain slices by bath application of zinc. It was proposed that 
GDPs are generated by an inhibitory action of zinc on pre- and 
postsynaptic GABAs receptors (Xie & Smart, 199 1). 

6.5.3 Human studies 

6.5.3.1 Copper 

Impaired copper nutriture in humans has been noted following 
the chronic, elevated intake of zinc. These effects are reported in 
section 8.3.5. 

122 



OTHER SECTIONS OF THE DOCUMENT 

7. 

8. Effects on humans 

9. 

Effects on laboratory mammals and in vitro test systems 

Effects on other organisms in the laboratory and field 

IO. Evaluation of human health risks and effects on the 
environment 

11. Conclusions and recommendations for protection of human 
health and the environment 

12. Recommendations for further research 

References 

RCsume et conclusions 

Resumen y conclusiones 


