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THE ENVIRONMENTAL GEOCHEMISTRY OF TRACE~-METAL

CONTAMINANTS IN THE URBAN AREA OF GLASGOW

SUMMARY

>y

This study is primarily concerned with the chemical
speciation and partitioning of trace-metal -contaminants
in a typical urban environment. In particular, major
emphasis has been placed on the gaseous ‘organic and
particulate inorganic compounds of lead in the atmosphere
and on the chemical associations. of lead, zinc, copper
and cadmium in the soils and street dirt of Glasgow, the
~largest city in Scotland. At the .same-time, ‘a systematic
city-wide survey of trace-metal contamination in Glasgow
soil and street dirt has been carried out. When viewed as
a whole, the separate features of this investigation
enable an assessment of the significance of current
trace-metal levels, -forms and behaviour with respect -to
the environmental exposure to - and possible uptake of- -
potentially deleterious materials by the inhabitants of
UK cities.

As the establishment of total metal :concentrations was a
fundamental. component - of the partitioning study and
formed the basis of the soil/street dirt ‘pollution
surveys, an-analytical-method- - for the measurement of
total 1levels of major, minor and trace- elements .1in
siliceous materials, ‘based on atomic absorption
spectrometric analysis of aqua regia/hydrofluoric

acid/boric acid digests, was -initially developed and
verified on a variety of appropriate 'standard reference
materials.
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In a comprehensive survey of trace-metal contamination in
over 400 Glasgow surface soils, total concentrations
ranged up to 1900pg/g°lead, 1840pg/g zinc, 925pg/g copper
and 4.1lpg/g cadmium, with 66%, 37%, 90% and 1%,
respectively, of samples above the levels expected in an
uncontaminated environment. Only about 5% of samples

exceeded the existing government gquidelines for the
limitation of lead contamination of soil. Without data on

chemical" partitioning, however, this sort of approach

provides only limited information on the  true
significance of enhanced urban trace-metal levels.

The importance of distinguishing' chemical form 'in
assessing the "mobility and biological significance of
trace-metal contaminants” was demonstrated 1in:'a
corresponding investigation of exchangeable trace-metal
levels in all 'soils and in a subsequent 'six-step
sequential ‘leaching study performed on ‘90 samples. The
six fractions defined by the:selected chemical leaching
agents were exchangeable (1M ammonium acetate, pH7),
carbonate-bound (1M ’'sodium acetate, pHS5), 'easily-
reducible (0.1M hydroxylamine hydrochloride/0.01M nitric
acid), moderately-reducible (1M hydroxylamine
hydrochloride/25% acetic acid) ,* organic (30% hydrogen
peroxide/0.02M nitric acid) ‘and residual (aqua
regia/hydrofluoric acid/boric acid). The greater ease of
release and availability of cadmium, relative to lead,
zinc and copper, were evident in both studies: the
exchangeable fraction, averaging 29% of the total cadmium
for all samples, was more significant, by a factor of
about 10, for cadmium than for the other three‘elements;
and the first three fractions contained 35% of total
cadmium (>0.6pg/g) in contrast to 13%, 15% and 4% for
lead, zinc and copper respectively. Lead (51%) was
strongly associated with the moderately-reducible
fraction and zinc (29%) and copper (41%):with the organic
phase while the residual fraction retained- 40-45% of
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zinec, copper and-cadmium. For cadmium.and zinc, summation

of the exchangeable and carbonate-~bound fractions,
corresponding to 'maximum availability', revealed that
80% and 13% "respectively of samples exceeded levels
regarded as:phytotoxic. | e

In a similar study of' trace-element partitioning-in
Glasgow street dirt, the release and mobility of trace
metals were shown to be fnarkedly greater -than in soils,
the "sum of: the 'more readily mobilised exchangeable;
carbonate-bound and easily-reducible fractions—accounting
for 46%, 39%, '18% and 50% respectively, of lead, zinc,
copper and cadmium. The street-dirt partitioning data are
probably of more relevance to the quality of the
receiving waters, biota and bottom sediments of adjacent
aquatic systems than to plant life in the terrestrial
biosphere. There the greatest immediate significance
perhaps lies in the exposure of young urban children to
toxic metals, especially 1lead, via ingestion of dust.
Using dilute hydrochloric acid to simulate human stomach
acidity, it was found that an average 41% of total 1lead
in Glasgow street dirt (<500pm) 1is solubilised and
-available for absorption by the body. Street dirt was
further shown to be at least comparable to normal dietary
sources in contributing to the body lead burden of young
children, a matter for continuing concern in view of the
harmful effects of lead on childhood intelligence and
behaviour.

Additional information on the speciation of lead in the
urban environment was obtained through measurement of
gaseous tetraalkyl lead (TAL) and particulate  inorganic
lead in the atmosphere. The volatile species, added to
petrol as a liquid anti-knock agent, 1is emitted to the
atmosphere via evaporation from car petrol tanks and,
along with particulate 1lead, via car exhausts. It was

found that TAL accounted typically for 5.7% of total



daily atmospheric lead in central Glasgow but could vary

considerably in concentration with time of day, altitude
and geographical 1location. The intriguing possibility
that natural environmental methylation of lead may occur
was not, 1n general, supported by the TAL data for a
comparatively remote rural site, adjacent to an
inorganic~-lead-contaminated coastal environment, to the
north-west of Glasgow. Nevertheless, the observation of
an occasional elevated rural TAL/total 1lead ratio

endorses the importance of adopting approaches based on

analytical speciation in studies of environmental and
human responses to trace-metal contamination.
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CHAPTER 1 -~ INTRODUCTION

Over the last few millennia and most notably since the
onset 0of the Industrial Revolution, man has mobilised,
extracted, used and ultimately released increasing

quantities of chemical elements from a variety of crustal
materials to the air, water and soil of his natural

environment. Many of these elements occur naturally in
only trace amounts. The known biological consequences of
this large-scale elemental redistribution have sometimes
been very serious, in specific cases, but much remains to
be learned about the relationships and interactions
between trace element contaminants and biological

systems. In assessing the environmental impact of trace
element contamination, however, it is first necessary to

place in perspective the natural levels, sources,
geochemical pathways, distribution and roles, beneficial

and otherwise, of trace elements in the physical
environment and in' the biota, including humans. As most

human beings in the western world live 1in

heavily~populated, industrialised cities and towns, thus
constituting a significant exposure group, it 1is
particularly impoftant to relate the above factors to the
context of the urban environment.

1.1 CHEMICAL ELEMENTS IN THE ENVIRONMENT

In the solar system the chemical elements were derived
from initial fusion of the 1ightest element, hydrogen,
and subsequent nuclear processesﬂ4Burbr1dge et al, 1957),
largely accounting for the general inverse relationship
between cosmic abundance and atomic number of the
elements as shown in Figure 1.1 (Hamilton, 1979a). When
the earth was formed ca. 4.5 billion years ago, it seems
likely that the elements were fairly evenly distributed
but, following separation and evolution into an iron-rich
core and outer mantle and a comparatively thin outer
crust (10-60km), they became segregated according to
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their physical and chemical properties, yielding a series

of mineral phases - predominantly silicates, oxides and

sulphides - in the continental masses (Hamilton, 1979b).
Intervening geological events and geochemical and

pedochemical weathering processes have altered the
crustal distribution of the elements (and also strongly
influenced elemental composition of the oceans and
atmosphere) which may exhibit wide geographical
variations in concentration. The average crustal

abundance of the elements is shown in Figure 1l.2.

As all 1living | organisms have evolved against this
background it is reasonable to anticipate that their
chemical composition would largely reflect that of their
environment (soil, water etc), although internal
biochemical processes may discriminate against certain
elements. Hamilton (1979b) hasr demonstrated a strong
resemblance between the relative abundances of elements
in crustal rocks, seawater and human blood, indicative of
a link between the inert and the 1living, although some
" elements (e.g. aluminium, silicon) are found
preferentially in rocks and minerals and others (e.qg.
carbon,q hydrogen, nitrogeﬁ) in living matter. Those
elements most abundant in nature (atomic number <20, e.qg.
hydrogen, oxygen, carbon, nitrogen, calcium etc.) almost
exclusively constitute the bulk of 1living matter. The
remaining elements of the periodic table occur in much
lower concentrations but, in appropriate cheﬁical forms,
can exert effects out of ;a;;lﬁ”proportion to their

abundance (Mertz, 198la).

1.2 THE NATURE AND BIOSIGNIFICANCE OF TRACE ELEMENTS

The majority of mineral elements occur in nature 1in such

small concentrations (<100pg/g) that they are frequently
referred to as trace elements (Irving et al, 1978). These

trace elements can be classified as essential for health
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and growth of living organisms, with deficiency symptoms

éppearing whhere'r the element supply is restricted, or
functional (often classed as essential) in as much as
they exhibit beneficial effects on growth or yield, or
non-essential in that no evidence of essentiality exists.
All known essential and functional trace elements are
structural or catalytic components of, or interact with,
larger molecules such as enzymes or hormones (which need
the trace elements to express their activity) that, in
turn, regulate much larger masses of substrate. Their
effects are absolutely specific which suggests that, on
entry to the organism, ‘'carrier substances', e.g. plasma
proteins, recognise the element immediately and deliver

it to its own specific site of action (Hamilto”n, 1979a;
Mertz, 1981lDb).

Although 1t 1is possible that most elements in the
periodic table have some function or influence in
biological systems (West, 1979), it appears that the
evolutionary processes have selected certain élements for
the essential functioning of living organisms while
rejecting the others. Including the constitutional and

major elements (Table 1.1l), 25 elements, of which 14 are
present 1n trace amounts, have been demonstrated as

necessary for efficient human and animal metabolism
(Mertz, 198la) while 1in man approximately 40 more are
present in detectable quantities (Schroeder, 1974). The
essential and functional trace elements described, for
humans, in Table 1.2, 1include several - molybdenun,
selenium, chromium, nickel, vanadium, silicon and arsenic
- whose significance has only been established over the
last 25 years due to the development of an ultraclean
experimental environment and to the spectacular
improvements 1in analytical instrument sensitivity. This
suggests that additional elements, particularly gallium,
germanium and bromine, with atomic numbers adjacent to
the majority of the recognised biosignificant elements



TABLE 1.1 ELEMENTS OF BIOSIGNIFICANCE TO HUMANS AND
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TABLE 1.2 CLASSIFICATION

Element

Fluorine

Sflicon

Vvanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Copper

2inc

Arsenic

Selenium

Molybdenum

Iodine

function

Structure of teeth, possibly of
bonest possidbly growth effect

Calcification; possibly function

in connective tissue
Not known

Potentiation of insulin

Mucopolysacchacides metabolisn
superoxide dismutase

Oxygen, electron transpoct

As part of vitamin Bj3

!

Interaction with iron absorption

Oxidative enzymes) intecaction
with iron; cross-linking of
elastin

Numerous enzymes {nvolved in
energy metabolism and in
tcansceiption and translation

Not known

Glutathione peroxidase;
interaction with heavy metals

J‘

Xanthine, aldehyde, sulphide .
oxidases ‘

Constituent of thyroid hormones
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OF THE ESSENTIAL AND FUNCTIONAL TRACE BLEMENTS POR HUMANS (Mect:z

-

Deficiency signs

., . E‘ %
wlh

Increased incidence of cacies:
possibly ctisk factor for
osteoporosis

Not known

Not known
Relative insulin cesistance,

impaired glucose tolerance,
elevated serum lipide

*
. - T m
= ¢ ‘ ‘!w'

Not known

»
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Anaemia

k PR A
Only as vitamin B}z deficiency

Not known

hNat known

1981a

+
¥

-Qccurrence of imbalances

!
P

Deficiency and excess known

Wouoeg e
b

Not known ,

Deficiency known in
malnuteition, aging,
total parenteral
alimentation

Deficiency not knowng
toxicity by inhalation

Deficiencies widespread;

.. excesses dangerous in

hemochromatosisy) acute
poisoning

Inability to absorb vitamin
B12) low B13 .intake from

' yaegetarian diets

Not known ;

Anaemia, changes of ossification; Deficiencies in malnutrition,

possibly elevated serum
cholesterol

F.

Gtoéth depression, sexual
immaturity, skin lesions,

total parental alimentation

g, i

" peticiencies in Iran, Egypt,

in total pacrental nutrition,

. depression of immuno-competence, genetic diseases, traumatic

change of taste acuity
Not known
Endenic cardiomyopathy (Keshan

disease) conditioned by
selenium deficiency

Not known -

—

> I""'

Goiter, deé:estioﬁ of thyrolid

function cretinism , _

stress

_i"t

Not known

Deficiency and excess in areas
of Chinay one case resulting
from total patctenteral
alimentation

Excessive exposure in parts
of Soviet Union assocliated
with goutlike syndcome

Deficiencies widespread;
excessive intakes may lead
to thyrotoxicoslis

‘t it



(Underwood, 1977), could be proven essential or
functional by future research (Mertz, 198la). The
non-essential elements are believed to be acquired by
biological systems as environmental contaminants,
sometimes accumulating to levels greater than the
essential trace elements, and as such reflect the
exposure of the organism to these elements.

The biologicél significance of some trace élements (e.qg.
cadmium, mercury, lead) is so far confined to their toxic
or potentially toxic properties at relatively 1low
concentrations. "The designation of these elements as
toxic has limited value because all trace elements are
toxic 1if biological exposure is sufficiently great.
Moreover, the recent confirmation of the essentiality of
arsenic (Anke et al, 1978), generally regarded as a toxic
element, 1illustrates that no trace element is inherently
toxic or beneficial.*This phenomenon was recognised as
long ago as the early years of this century by Bertrand
who formulated the dose-dependence hypothesis (Bertrand's
Law) which states that, for essential trace elements,
both deficiency and excess can produce detrimental
effects (Bertrand, 1906). This can be represented
diagrarﬁatiﬂéallf in a dose-response curve (Figure 1l.3a).
The plateau region reflects concentrations for optimum
growth and health, a wide region indicating an element of
low inherent toxicity. Although the sl';"ape of the dose
response curve is unique to each element, every element
has a range of safe and adequate exposure concentrations
within which optimal biological conditions are realised,

-~

and a level beyond which it is potentially toxic.
Conversely, the non-essential elements, e.g. lead and
. cadmium, which are pdte‘ntiallymhqa'”czjardous at low exposure
levels, exhibit a so-called tolerable concentration
region in the dose response curve (Figure 1l.3b). This

however, may merely reflect the current inability to°
detect harmful effects at very low concentrations. |
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l.3 ENVIRONMENTAL TRACE-ELEMENT CONTAMINATION

l.3.1 EVIDENCE OF CONTAMINATION

Contamination of the environment has been described . as

'the dispersion of some substance in it at concentrations
which may produce undesirable effects - when the
undesirable effects are evident, the contamination
amounts 'to environmental pollution' -(Purves, 1977).
Environmental contaminants cover a wide range and
diversity of materials generally categorised on the basis
of their chemical nature, "e.g. inorganic.-elements, oil,
organic pesticides etc. In contrast with those chemical
pollutants which are -biodegradable, inorganic elements
tend ~to accumulate with time, producing long-term
hazards. To determine the extent of trace-element
contamination it 1is. necessary to formulate historical
perspectives of elemental deposition in terms of temporal
trends, geographical variations and magnitude relative to
the scale of natural mobilisation and- redistribution
(Patterson, 1965; Bowen, 1977; Nriagu, 1979a). Historical
records of trace-element contamination are preserved in a
variety of natural systems in which the rate of
accumulation of undisturbed and unmodified deposited
matter can be determined by radiometric (e.q. l4c, 210pp)
or stratigraphic techniques (Robbins, 1978; Muller,

1981) .

Global contamination is recorded in remote areas -such as
the permanent snow of the polar ice-caps where the
localised influence of man is minimal. Analysis of the
snow/ice strata of Greenland reveals a >200 fold increase
in lead pollution during the past 3000 years (Murozumi et
al, 1969; Ng and Patterson, 1981), a 2-10 -fold .increase
in cadmium deposition in the past 300 years, a 3-6 fold
increase in zinc between 1900-1966 and a similar increase

in copper over the same period (Weiss et al, 1975).



Contamination on a more regional scale, often more

directly influenced by industrial and human domestic
activities, 1s preserved 1in sedimentary cores from
shallow marine coastal areas (Bruland et al, 1974;
Goldberg et al, 1977) and freshwater lakes (Forstner,
1976). Héavily polluted sediments such as in Lake Erie in
Canada show increased trace metal 1levels of 80-600% 1in
modern times (Nriagqu et al, 1979). In Scotland,
increasing anthropogenic pollution from the
deﬁsely-pophlated industrial belt of the west central
region 1is reflected by the 10-fold enhancement of 1lead
and zinc in sedimentary profiles from Loch Lomond, 30km
to the north-west of Glasgow, over the last 130 years,
primarily as a consequence of atmospheric deposition

(Farmer et al, 1980).

In the casefof soils, historical trends of trace-element
contamination are usually obscured. Nevertheless, on
account of their close proximity to **emission sources,
urban soils are useful indicators of localised pollution
and can provide an integrated expression of past’ and
preéent deposition. Their widespread occurrence enables
their employfnent in a reconnaissance capacity ¢to
determine the geographical dis