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ABSTRACT

A three year long study has been carried out of the distribution
of zinc, lead and cadmium within the water, sediments and submerged
plants of the Derwent Reservoir and i1ts catchment These studies
have been extended to include detailed field investigations of the
accumulation of heavy metals by Lemanea fluviatilis, an alga
common 1n the R. Derwent Further field and laboratory investigations
have been carried out of the tolerance to zinc of Stigeoclonium tenue.

Elevated concentrations of zinc, lead and cadmium were shown
to be present, 1n the water and sediments of the R. Derwent at its
point of entry to the Derwent Reservolir. These metals were derived
mainly from Bolts Burn, a polluted tributary. This latter stream
was found to receive inputs of heavy metals from clearly defined
sources within an active fluorspar mine. Although old mine workings
were present within the catchment, these had a relatively small
effect on the composition of water in Bolts Burn and the R. Derwent.
Detailed investigations of the composition of stream and raiver
water enabled various aspects of the behaviour of different
fractions of metals to be described and compared in polluted and
non-polluted reaches

The concentrations of zinc, lead and cadmium within the water,
sediments and submerged plants of the Derwent Reservolr were found
to be high when compared with data from other published studies. The
pollution of the reservoir with these metals may therefore be regarded
as serious. Surveys of the distribution of heavy metals in the water
column were carried out at different stages in the filling cycle of
the reservoir. These, together with surveys of the composition of
sediments and submerged plants, enabled several of the major
factors influencing the distribution of metals within the reservo.ir
to be determined.

Studies of the accumulation of heavy metals by 47 populations
of Lemanea fluviatilis indicated that the alga is a potentially
useful 'monitor' of pollution by zinc, lead and cadmium in flowing
waters. Although the enrichment ratios for these metals were not
constant over a range of concentrations in the water, clear linear
relationships were apparent between the concentrations of each
metal in the water and in filaments of Lemanea. Intensive sampling
from a single population in the R. Derwent demonstrated that a
proportion of the zinc content of filaments was sensitive to
short term fluctuations in the zinc content of the surrounding water.
The results of a series of transplant experiments are also reported.

Stigeoclonium tenue was found to be abundant 1n several streams
carrying relatively high concentrations of zinc in the water A study
of populations i1solated from 35 reaches demonstrated that material
growing in haigher concentrations of zinc in the field had an
enhanced tolerance to zinc. This tolerance was stable during long term
culturing, and appeared to have a genetic basis. Assays of populations
from harder waters suggested that high concentrations of calcaium
acted to reduce the toxicity of zinc in the fileld. Further studies
performed in the laboratory demonstrated that increases in pH and the
concentrations of magnesium, calcium and phosphate all acted to reduce
the toxicity of zinc to Stigeoclonium tenue. However, the effects of
these factors on toxicity were found to differ between a zinc sensitive

population and a zinc tolerant pggﬁmaﬁ}ﬁﬁn
g
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CHAPTER 1

INTRODUCTION

GENERAL INTRODUCTION

In recent years much interest has been focused uvon
the pollution of fresh waters by elevated levels of metals
such as zinc, lead and cadmium. This has been reflected 1in
a large literature on different aspects of the behaviour
and effects of such metals 1n aquatic habitats. There have

« been two main reasons for such i1nterest-

1. Whilst trace amounts of some heavy metals are
essential for all living systems, higher
concentrations may exert toxic effects on both
plants and animals, Tragic cases of human
poisoning by mercury, lead and cadmium are well
documented (Kiyoura, 1964; Waldrxon & Stgfen, 1974,
Kobayashi, 1970), and occurrences such as these
have led to an increased awareness of the possible
consequences of discharges of heavy metals to the
environment, This 1s evidenced by a large number
of articles of an essentially descraiptive nature,
aimed at establishing base-line and 'pollutant'
concentrations of metals 1in different situations.

An example of the concern expressed by several

workers 1s provided by the statement of Allan (1975):

".,..oo.Whereas eutrophication may not produce lakes
in which we wish to swim, lakes with toxic metal
accumulations could directly affect our health. The
sub-clinical manifestations of various types of
heavy metal poisoning are still largely unknown or

incompletely understood".
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11, Elevated concentrations of heavy metals i1n aquatic
systems may lead to a decreased species diversity
and hence an ‘'extreme' environment 1in the sense of
Brock (1969). This has stimulated the interest of
biologists i1n the effects of different metals on
sensitive organisms, and the mechanisms by which
tolerant organisms can withstand high concentrations
of metals. The effects of one particular metal are
often not defined clearly in the field, since
waters affected by mining or industrial pollution
frequently contain a combination of potentially
toxic metals. Such studies have therefore frequently
been carried out under more easily controlled

physical and chemical conditions in the laboratory.

The two approaches outlined above are of necessity
linked, since a knowledge of the factors influencaing the
Qf fects of different metals on the biota in a particular
system 1s necessary before establishing guide lines
for the 'safe' dispersal of heavy metals withain fresh
waters As Wilson (1976) states. "Behaviour of, and
effects caused by, metals 1n a river ainvolve chemical,
biological and physical processes that are markedly

inter-dependent”,

It 1s essential, therefore, that studies of pollution
by toxic metals 1n the field should include simultaneous
investigation of chemical and biological effects., The main
disadvantage of such an approach 1is the amount of work
involved 1n trying to consider several components of a
particular system, and investigations of this kind lie
mostly within the scope of interdisciplinary research teams
(e.g. the recent research carried out in the 'New Lead Belt'
of Missouri, see Wixson, 1977). Even comprehensive studies
such as these may fail to present sufficient detail
regarding certain essential considerations., For example
reported analyses of water are often of limited value

because they refer to a single collection and take no
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account of temporal variations caused by discharge, seasonal
or daiurnal fluctuations or changing inputs from artificial
sources, Aston and Thornton (1975) discuss the use of

water in monitoring waters to be abstracted for supply
purposes, and state "Any programme of water sampling and
analysis for the monitoring of abstracted waters must be

of sufficient i1ntensity to 1ndicate the short and long term

fluctuations which occur",.

It would seem, therefore, that an intensive study of
a single area subject to a high degree of contamination by
toxic metals would be of value, In order to contribute
significantly to present knowledge, such a study should include

ntensive sampling of water, sediments and biota 1n order

1
to inve

n

tigate the efferts of Arxfferent factonrs on the
temporal and spatial variations of metals withain the area
chosen., Such a study would be of increased value 1f 1t
included detailed 1nvestigations of the tolerance to heavy
metals of selected aquatic organisms, This 1s an aspect

that has been little 1nvestigated 1n the past, although
Luoma (1977) states: "If one population of a species is

more resistant to a toxicant than are other populations,

1t 1s dairect evidence that the concentration of the toxicant
in the environment 1s sufficient to elicit biological

effects, This ... further suggests that other species may

have been affected".

At the commencement of the project (September 1974)
1t was known that elevated concentrations of zinc, lead and
cadmium were being carried into the Derwent Reservoir by
1ts feeder river., This large reservoir 1s situated within
the NorthernPennine Orefield, where contamination of streams
and rivers by heavy metals 1s well documented (Say, 1977).
As well as being a potential area for concern with regard
to the quality of water within the reservoir, the
catchment area was known to contain a wide variety of
sites showing different degrees of pollution by heavy
metals. The Derwent Reservoir and 1ts catchment was therefore

chosen for the anticipated study.
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The following 1s a brief review of publications that

were consldered to be of relevance to the study.

SOURCES OF HEAVY METALS ENTERING THE AQUATIC ENVIRONMENT

Introduction

The terms 'heavy metals' and 'trace metals' are
frequently applied to those metals to which toxic effects
are attributed most frequently. 'Heavy' metals have been
loosely defined as those with a density greater than faive
(Passow, Rothstein & Clarkson, 1961). Wilson (1976) defines
'trace metals' 1n natural waters as those present at a
concentration of less than 1.0 mg 1—1. As concentrations
of certain metals are frequently higher than this in
waiers aifected by pollution, the former term will be used
throughout this account. Attention 1s concentrated on the

metals zinc, lead and cadmium, which are frequent contamainants

of waters draining workings on the Northern Pennine Orefield
(Say, 1977).

Sources of zinc, lead and cadmium entering the aquatic
environment fall under two general headings: 'natural' and
'‘artificral’. Natural ainputs are by definition completely
unaffected by the activities of man; 1.e. by erosion from
undisturbed rock 1n the catchment area of the stream or
river. Artaificial inputs i1nclude elevated concentrations
of heavy metals entering a watercourse directly or
indirectly as a result of the disturbance of ore-bearing
strata by mining, and various kinds of domestic,
agricultural and industrial pollution., In practise the two

kinds of 1input may be difficult to separate.



-22-—

Natural sources

Sediments

The geology of an upstream area often has a marked
effect on the trace metal content of the sediment 1n streams,
rivers and lakes. This fact has been used as the basis for
geochemical prospecting, where the heavy metal content of
sediments 1s used as a guide to the presence of economically
viable deposits of ore. For example, Carpenter, Robinson &
Fagan (1971) analysed sediments from the beds of streams in
two areas of Tennessee. On the basis of the results obtained,

two belts of zinc and lead ore (sphalerite and galena) were

located.

Investigations of the geochemistry of Take cedimaont

10}

have been employed extensively 1n the Canadian Shield in
recent years for the location of deposits of uranium,

copper and zinc. In the 'Copperbelt' region of the Shield,

a single sample of lake sediment taken per 260 km2 (10 mllesz)
was found to give a general picture of the distribution of
oreshoots (Allan, 1971),., However, a greater density of
sampling was required to locate small zones of

mineralization.

In the United Kingdom, a large co-ordinated investigation
of the geochemistry of sediments has been carried out by
the Applied Geochemistry Research Group, Imperial College
{Thornton, 1974; Thornton & Webb, 1973, 1975, 1977).

Nearly 50000 samples of stream sediment were collected in
1969 from tributary drainage in England and Wales, ard
analysed for 30 elements including zinc, lead and cadmium.
The data from this survey for zinc in England and Wales are
reproduced in Fig., 1.1 (those for lead and cadmium are
reproduced 1n Fig. 9.1), It can be seen from these figures
that wide regional differences were detected 1n the
concentrations of all three metals 1n stream sediments,

For example, the Northern Pennine Orefield 1s highlighted

as an area showing extensive contamination by zinc and
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Fig. 1 1

Map to show the distribution of zinc in
sediments collected from streams in England

and Wales during 1969.

After Thornton (1974)
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lead , whilst higher concentrations of cadmium are more
frequent further south 1n the area around Reeth, Swaledale,
Anomalously high concentrations of heavy metals are associated
with areas of past and present mining, although broader
variations 1n the net content of bedrock and soil can be

distinguished.

It 1s not possible to tell from the maps to what extent
the metal enrichment of stream sediments 1n areas of mining
1s a result of human disturbance, or of a general 1increase
in the proportion of metal-rich particles weathered from
the catchments. An interesting example of an occurrence of
completely natural contamination by lead was documented by
ng, Hvatum & Bglviken (1969) at Kastad near Gjgvaik, Norway.

- . ! *
MaivA WA Wil

An area of exceptionally sparse vege

ot
D)

tiorp oz £
an uninhabited forested area, and subsequent analysis of

the so1l revealed a mean lead content of 4.7% (1.e. 47000 ug g-l).
Concentrations of other elemants within the soi1l were not
especially high, and the contamination was attributed to the

weathering of a galena-bearing quartzite.

1.222 Waters
The examples cited above serve to 1llustrate that the

heavy metal content of both freshwater sediments and
surrounding bedrock and overburden may vary widely according
to broad-scale geochemical variations and the influence

of mineralization. It therefore somewhat suprising that
Wedepohl (1972) states "The abundance of zinc i1n continental
water 1s not expected to vary much regionally due to
different rock types, mainly exposed at the surface, because
of similarities 1n average zinc concentrations". It has long
been known that streams and rivers draining from mineralized
areas may contain elevated concentrations of zinc, lead

and cadmium 1n the water because of the chemical weatheraing

of ores such as sphalerite and galena.
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It 1s difficult to find evidence 1n the literature
for streams that have been contaminated for long periods
by natural mineralization, as most areas have been mined
for centuries (Whaitton & Say, 1975). It seems likely, however,
that metal-rich seepages may have occurred 1in such areas
before mining commenced. High concentrations of heavy metals
are often associated with thermal springs (White, Hem &
Waring, 1963) and acid streams (Hargreaves, 1977) Examples
of these have probably been present on a geological time

scale,

1.23 Artificial sources

The following sections consider sources of zinc, lead
and cadmium enterina the £rggsliiwacer environment that might
be expected to have been caused by, or enhanced by, the

activities of man.

1.231 Inputs from the atmosphere

Z2inc, lead and cadmium 1in the atmosphere appear to be
derived mainly from pollution by human activities. They
may enter the atmosphere as fine dust blown from mine
spo1l etc., from chimneys associated with the smelting of
ore, or from the combustion of fuels. Airbourne metals
may be 1n particulate form as dust, or dissolved or
dispersed 1n water droplets or 1ice crystals. In such forms
they may be dispersed for great distances. Fecr example,
Fjerdingstad et al. (1974) reported levels of 20 ug g_1 Zn
and 1 ug g-1 Cd 1n dried cells of Chlamydomonas nivalis
collected from the surface of snow 1n East Greenland. Snow
water from the collection site was reported to contain

0.9 mg l—1 Zn, which could only have been deraived from the

atmosphere.
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Wedepohl (1972), using the assumption that coal contains
about 100 pg g_1 Zn, and that all such zinc entering the
atmosphere becomes dissolved 1n river waters, arrived at
an average concentration of 10 ug g_1 1n such waters as a
result of the burning of coal. It 1s clear, however, that a
proportion of zinc and other metals derived from the
combustion of coal will precipitate as dust and become

entrapped 1n soi1il before entering drainage waters.

Although studies performed before the use of petrol
became widespread have demonstrated the deposition of
considerable amounts of lead near highways (e.g. Dunn &
Bloxham, 1933), there 1s now laittle doubt that the
internal combustion engine 1s a majour source of atmospheraic
lead (Pinkerton et al., 1975). Lead 1s added to netrol
as 'anti-knock'! compounds, and factories manufacturing
such compounds can themselves be a major source of lead

pollution (Lee, 1972),

Lead derived from exhaust fumes 1s mostly in the

form of fine particles and may enter aguatic systems via
highway runoff. Such runoff may contain a wide variety of
particulate and non-particulate species of lead (Laxen &
Harraison, 1977), Widely dispersed aerosols may also
contribute to the lead content of rainfall For example,
Hem (1972) showed that the mean value of 0.107 mg l-1 Pb
quoted by Lazrus, Lorange & Lodge (1970) 1n rainfall at

32 stations 1n America was 1influenced by the combustion of

fuel at two large airports.

The burning of coal and other fuels in urban-industraal
complexes has been investigated by several workers as a
potential source of elevated levels of heavy metals
entering the aquatic environment. Thus Hallsworth & Adams
(1973) demonstrated that fly-ash from power station
chimneys near Nottingham contraibuted significantly to the

zinc and lead content of local rainfall. Andren & Lindberg
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(1976) attributed from 62% - 90% of the copper, mercury and
lead entering the Walker Branch watershed (Tennessee) to

dry atmospheric fallout, and up to 20% of the input to
rainfall, Two coal fired steam plants were shown to contribute
significantly to these inputs. Huff (1976) studied the
relationships between atmospheric pollution, precipitation

and streamwater quality near a large i1ndustrial complex 1in

St Loulis, U.S.A.. He concluded that urban-industrial sources
sometimes contributed to the contaminant load of streamwater,

including the levels of zainc.

Winchester & Niffong (1971) i1nvestigated possible
sources of trace elements derived from atmospheric fallout
{i1ncludaing zinc, copper, lead and nickel) entering Lake
Michigan. They concluded that such metals, which were

derived mustly trom urban / industrial sources, contributed

significantly to the pnllution of water in the lake. The
vertical distribution of lead 1in cores of sediment taken

from the bottom of Lake Michigan was subsequently investigated
by Robbins & Edgington (1975) and Edgington & Robbins (1976).
Sections of the cores were dated using the 210 Pb technique,
and 1t was shown that two significant rises 1n the content

of stable lead 1n the sediment could be attributed to

increases 1n the use of coal (c. 1830) and leaded gasoline
fc. 1920).

Smelters, involved ain the refining of sulphide ores of
heavy metals, may be an important source of these metals to the
environment via the atmosphere. Such inputs have been the
subject of much study in recent years., A complex of
smelters that has received especial attention 1s situated
in the Sudbury region of Ontario, Canada, and 1s 1nvolved
in the smelting of ores of nickel, cobalt, copper, zinc and
lead. The process of smelting employed involves roasting of
sulphide ores in air, and this leads to the production of

large quantities of gaseous SO This has caused the most

2.
visually obvious effects of atmospheric pollution in the
area, with areas of deforestation caused by 'acid rain'.

However Hutchinson & Whitby (1974) state that the ecological
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consequences of pollution by heavy metals i1n the area may be

as great, and are merely masked by the effects of SO They

detected concentrations of up to 5104 pug g_1 N1 and 5892 Hg g-1
Cu 1n so1l and vegetation i1n the vicinity of a smelter ain the
area, and found that concentrations of these metals were
elevated for distances of up to 50 km from the smelter
complex., Beamish et al. (1975) gquoted annual emissions of
about 2000 tonnes of nickel and 1800 tonnes of copper to the
atmosphere from smelters in the Sudbury region, and

demonstrated significant pollution by these metals i1n the

water of lakes 1n a nearby 1ndian reserve.

Concentrations of zinc, lead and cadmium 1n the water,
so1l and vegetation around Sudbury are lower than those of nickel,
cobalt and copper. This is because only small amountgs of
sphalerite and galena are smelted. Much more serious
pollution by the former metals as a result of the
smelting of ore has been reported from several other areas.
Lagerwerff & Brower (1975) concluded that high concentrations
of zinc, lead and cadmium 1in soils 1n an area of south east
Kansas were probably derived from material suspended in the
atmosphere when a zinc-lead smelter (now disused) was 1in
operation. Simarlarly Thornton (1974) noted anomalously
high concentrations of lead 1n soils near disused lead
smelters 1n Derbyshire, and Alloway & Davies (1971) detected
anomalous concentrations of lead in soils contaminated by

PbO2 released from furnaces in Cardiganshire.

Bolter et al. (1972) 1nvestigated the heavy metal
content of several hundred samples of soi1l i1n the vicinity
of a smelter i1n the '"New Lead Belt' area of Missouri. They
concluded that high concentrations of zinc and lead (up to
635 pg g_1 and 5220 ug g_1 respectively) ain the humus layer
of soi1l were derived mostly from atmospheric inputs from
the smelter, Concentrations of up to 11750 ug g-1 Pb were
reported by these authors 1n the leaves of oak and pine

trees 1n the area,
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A similar instance of pollution was 1nvestigated by
Buchauer (1973) and Jordan (1975). These authors demonstrated
that haigh levels of zinc, copper, lead and cadmium were
emitted as aerosols from a zinc smelter in the Palmerton
area of Pennsylvania. Buchauer reported extremely high
concentrations of zinc (50000 - 80000 pg g_l), lead
(200 - 1100 ug g_l) and cadmium (900 - 1500 ug g-l) in
exposed soil near the smelter. Even higher concentrations
of zinc and cadmium (up to 135000 and 1750 Mg g_1 respectively)

were recorded 1n contaminated leaf litter.

Little & Martin (1972) surveyed concentrations of
zinc, lead and cadmium in soils and vegetation around a
smelting complex at Avonmouth. Elm leaves downwind of thas

complex were found £n cortain Coucencrations of up to

[
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8000 g g'1 zZn, 5000 pg g = Pb and 50 ug g'1 cd. Elevated
concentrations of the three metals were detected by these

workers up to 15 km from the smelters.

An extremely serious instance of pollution by lead was
reported by Djuraic et al. (1971) 1in Yugoslavia (see also
1,233), Concentrations of up to 24880 ug g_1 Pb were
measured in soil contaminated by fallout from a smelter,
as compared with 0.8 - 37 ug g-1 in samples of soil
collected from uncontaminated areas. Unwashed green 'salad'
1n the area contained up to 185 ug g-1 Pb, and hay used
for feeding farm animals had a lead content of up to
430 ug g_l. Increased lead burdens were demonstrated in
members of the local population, and the authors concluded
that 1t would be "laittle short of remarkable 1f evidence of
lead 1ntoxication should fail entirely to be uncovered

within the population”,

Kobayashi (1972) investigated the pollution of air
and water by zinc, lead and cadmium emitted from the
largest zinc refinery in Japan. He demonstrated a close

relationship between the zinc and cadmium content of mulberry
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leaves and distance from the smelter, and also a marked
accumulation of these metals 1n leafy vegetables. Kobayashi
concluded that whilst pollution of this area had not

taken place for as long a period as that in areas where
'Itai-Itai' disease (cadmium poisoning) had been demonstrated
in humans, the extent and severity of the pollution were

greater.

In the absence of dispersal by chimneys etc., finely
divided dust (such as that derived from the crushing of
ores) may be blown from areas of mining and seriously
contaminate the surrounding area. Donovan, Feeley &
Canavan (1969) demonstrated that the death of ten farm
animals 1n fields near a lead mine i1n Ireland could be
attributed to this phenomenon. They demonstrated

concentrations of up to 16300 ug c_;_1 Pb 1n the grass on

which the animals had been grazing.

Although several of the studies described above have
centered mostly on the analysis of soi1ls and terrestrial
vegetation, 1t seems clear that leaching by surface
runoff could be expected to release significant levels
of heavy metals from the contaminated areas to nearby
bodies of water. The extent of such release would depend
on the exchange capacity of the soi1l and the chemical
properties of the water passing through 1t (see also 1,421).

Rainfall rendered acidic by S0, emitted by smelters might

be expected to be highly effecilve at leaching toxic

metals from the so1l. It has also been proposed that the
high concentrations of heavy metals accumulated by leaf
litter near smelters may be leached in complexed form by
soluble organic acids derived from the decay of organic

material (Bolter, Butz & Arseneau, 1975).
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1.232 Inputs from industry

High concentrations of heavy metals may occur in
industrial effluents because of the use of the metals in
a wide variety of industrial processes, For example zinc
1s used for the manufacture of brass, pigments, paints,
rubber and chemicals, and for galvanizing. Cadmium is used
for electroplating and the manufacture of pigments,

pesticides, alloys, chemicals and semiconductors.

Pasternak (1973) stated that "Available data on the
influence of industrial pollutidon containing heavy metals
on surface water are relatively scarse". Examination of the
literature provides many examples of cases of pollution
attributed to i1ndustrial sources, but few precise data

on the composition of the discharaes +4 ilves, 1n the

[0}
[

United Kingdom this can be explained partly by the fact
that i1nspectors from water authorities are prevented from
disclosing to the public any information on concentrations
of heavy metals in i1ndustrial effluents because of
prohibition under the Rivers (Prevention of Pollution)

Act 1961. This means effectively that concentrations of
pollutants may only be disclosed once the pollutant has

been diluted 1in raiver water (Valdez, 1975).

Analyses of municipal wastewaters and sewage effluents,
up to 50% of which may be derived from industrial wastes in
some highly populated areas, may provide 1indirect evidence
0f the levels of heavy metals deraived from industry. Olaiver
(1973) reported that a sample of sediment taken from the
Ottawa River (Canada) downstream of a sewage plant contained
elevated concentrations of metals including zinc and lead
(846 pug g-1 and 390 pug g_1 respectively). He attributed
these concentrations to local aindustries using the municipal

sewage system to dispose of their wastes,

An example of the way i1in which different industrial
processes may effect the concentrations of different metals
1n sewage sludges was provided by the work of Berrow &

Webber (1972), They found that sludge from sewage plants
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serving towns with leather processing as a local industry
tended to be enriched with chromium, which 1s used 1in the
tanning process, Whilst the zinc content of most of the
sludges analysed was high (around 3000 pg g_l), two sludges
with exceptionally high zinc concentrations (1% and 5%)
were found to originate from towns with rayon works
(employing ZnSO4). High concentrations of copper, cobalt
and nickel were found 1n sludges originating from towns

with electroplating, foundry and alloy producing industries,

Barth et al., (1965) carried out a survey of four
municipal wastewater plants receiving inputs of metals from
industry on an almost continuous basis. They recorded
several 'slugs' of high concentrations of zinc entering
the plant as a result of releases from 1ndustry waith
concentrations of zinc in the wastewater reaching 9 mg l-1
at times. Similar 'slugs' of zinc and lead were recorded
by Oliver & Cosgrove (1974) in municipal wastewater entering
a treatment plant before discharge i1nto Lake Ontario.
Concentrations of up to 70 mg l_1 Zn were recorded, and the
simultaneous variation of levels of zinc and lead provided

strong evidence for a common industrial source.

Several investigations of the heavy metal content of
sediments 1in rivers, lakes and estuaries have shown high
concentrations that can almost certainly be attributed to
direct i1ndustrial discharge, or to indirect dispersal of
metals from industry via wastewater or sSewerage systems,
Jaffe & Walters (1975) investigated the concentrations of
various metals 1n sediments from the Humber Estuary, and
found high concentrations of titanium (up to 12000 ug g-l)
and vanadium (up to 2030 pug g-l) that were almost
certainly deraived from local titanium dioxide processing
pPlants. High concentrations of zinc i1n these sediments
(up to 433 pug g_1) were derived partly from a synthetic
fibre plant, though a large part of the zinc and lead
measured was probably derived from the discharge of crude

sewage 1nto the estuary.
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Lasowsk1l et al. (1976) 1investigated the abundance and
distribution of heavy metals i1n the recent sediments of
a system of lakes and rivers connected to the R. Rhine
near Mainz, Germany. High concentrations of zinc and
cadmium (up to 7841 pug g-1 and 95 ug g_1 respectively)
were detected in river sediments downstream of a haighly
polluted traibutary, the Schwarzbach, whaich drains a highly
industrialized area. High concentrations of zinc, lead and
cadmium (up to 2900 ug g-l, 800 ug g-1 and 45 ug g_1
respectively) were detected in sediments from the R. Rhine

1tself by de Groot & Allersma (1975).

Helz, Huggett & Hill (1974) and Helz (1976) evaluated
the relative i1mportance of various human and natural
sources of heavy metals including zinc, lead and cadmium
to the northern half of the Chesapeake Bay, Maryland. In
Baltimore Harbour (a subestuary of the bay) Helz concluded
that direct discharge from industry was the main
contributer of most of the metals that were i1nvestigated,
with the exception of lead and cadmium which came mostly
from municipal wastewater and atmospheric fallout. On the
basis of figures provided by local industrial concerns, total
annual inputs of zinc, lead and cadmium to the harbour
were calculated as 470 tonnes, 76 tonnes and 1,6 tonnes
respectively, It was pointed out that these figures
represent only a conservative estimate because only the
largest dischargers provided figures, and because "1f any
bias ex1ists in these company-supplied data, 1t seems most
likely that 1t would be i1n the direction of underestimataing

the discharge rate".

Loring (1976) reported elevated concentrations of zinc,
copper, lead, cobalt and nickel i1n sediments of the Saguenay
Fjord, Canada. He concluded that significant amounts of
these elements in the sediments originated from local
industries, which include paper production, aluminium

smelting and fluorspar treatment.
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Figures for elevated concentrations of heavy metals
in water as a result of industrial pollution have been
provided by a few authors, but actual concentrations may be
expected to vary greatly over fairly short periods of time.
Roberts et al. (1975) measured the concentrations of six
metals (zinc, copper, lead,nickel, cobalt, cadmium) in an
effluent 1n Zurich, and reported concentrations of up to
0.5 mg 1-1 Z2n. Examples of extremely high (and variable)
concentrations of cadmium present i1in the waters of several
rivers i1n the United Kingdom that are surrounded by highly
industrialized regions were provided by Valdez (1975).
Reported concentrations of this metal (in mg 1_1) ranged
from 0.003 - 0.19 (R. Mersey, Warraington), 0.004 - 0.13
(R. Tame, Stockport) and 0.05 -~ 1,29 (Nant-y-Fendrod, Swansea).

1.233 Inputs from mininag actaiwatagcg

Acid mine drainage

Highly acidic mine drainage waters occur frequently
where water passes through mines (or mine spoil heaps)
with a high content of FeS2 (pyrite, marcasite or pyrrhotite).
These minerals are oxidised by the action of air and
water (and possibly bacteria) to produce sulphuric acaid,
which may lower the pH of the drainage waters to values
below 3. Such conditions have been found in waters
associated with some lignite, pyrite, zainc, lead, gold,
silver and copper mines, but i1n Bratain 'acid streams' are
associated mostly with coal mining operations., The chemical
reactions involved in the production of acid and the
extensive bibliography on the occurence of highly acaid

streams has been reviewed by Hargreaves (1977).

Whilst the low pH of acid streams may constitute a
serious pollution problem 1in 1ts own right, these waters may
carry very high concentrations of heavy metals 1in solution
which may subsequently pollute other bodies
of water., Hargreaves, Lloyd & Whitton (1975) 1investigated
the chemistry and vegetation of 15 highly acidic streams 1n
Britain and reported concentrations of zinc and lead
ranging from 0.09 mg 1_1 - 193 mg 1-'1 and 0.001 - 1,90 mg 1_1

respectively.
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Van Everdaingen (1970) studied a group of acaidic springs
1n British Columbia, Canada. The waters of these springs
were found to be extremely enriched by heavy metals, and
one spring with a pH of 2.5 contained up to 177 mg l—1 Zn.
A nearby non-acidic spring (pH 8.0) contained 0.080 mg 1_1 Zn,
During periods of low flow a nearby river was found to be
enriched somewhat by zinc as a result of inputs from the
springs, but under normal flow conditions, extreme
pollution d1d not take place because a proportion of the

heavy metals precipitated out at the higher pH values.

Drainage from areas of base metal mining

It has long been known that waters draining from the
surface or underground workings of lead or zinc mines may
carry elevated concentrations of heavy metals. This source
of heavy metals entering the f£rcocshyotes énvarvnment 1s of
especial relevance to the present study, as many of the streams
and rivers on the Northern Pennine Orefield are affected
by i1nputs of metals derived from past or present mining

activitaies.

The extent of contamination of the freshwater
environment by metals derived from base metal mining an
England and Wales 1s well 1llustrated by the results of
the survey of composition of stream sediments carried out
by the Applied Geochemistry Research Group (Figs 1.1, 9.1;
see also 1.221). Fig. 1.2 1s a map showing the location
of the main mineralized areas of Britain. On comparing
this with Fig., 1.1 1t 15 clear that most of the areas with
anomalously high concentrations of zinc (>»800 Mg 9_1) in
stream sediments occur 1in areas with a high density of
mineral veins. Whilst some of the zinc present in the
sediment may have been weathered naturally from exposed
rocks, 1t seems clear that contamination from past and
present mining for metals such as lead, zinc and silver

1s responsible for most of the enrichment (Thornton & Webb,
1977) .
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Fig. 1.2

The main mineralized areas of Britain

(after Dunham, 1952)
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As well as showing areas where levels of heavy metals
are enriched 1n stream sediments, the survey serves to
highlight areas that might also have extensive enrichment
of both so1l and water by metals leached from dumped mine
mineral or slag, deposited by aerial fallout from metal
smelters (see 1.231), or draining from underground workings
through adits. This 1s well 1llustrated by reference to
Cardiganshire, West Wales; a region which has been studied

intensively over a long period (Whitton & Say, 1975).

Ores 1n the Lower Palaeozoic rocks of Cardiganshire
have been mined since Roman times, but most i1ntensively
from about 1750 to 1900 (Alloway & Davies, 1971). The ore
was usually separated from crushed rock by water floatation,

and the effluent from the dressing floors was channelled

P Ry |
Dwvevou

directly 1nto nearby streams (carrvaing wvaith

- A
-

v

metal salts and suspended metal particles). The spoil,

which was raich in lead and zinc ore, was often heaped onto

the banks of the streams, into which 1t collapsed periodically.
The areas affected most seriously were north Cardiganshire

and Montgomeryshire, especilally the rivers Ystwyth, Rheidol
and Clarach. Jones (1964) gives a detailed account of the

mining activities 1in this area.

As long ago as 1918 Griffith (1918) suggested that
some 1200 ha of agraicultural land in the area might be
affected by mine waste. Present evidence (Alloway & Davies,
1971) suggests that this was a conservative estimate,.
Thornton & Webb (1975) suggest that the total area of
England and Wales affected similarly may exceed 4000 km2.

Many of the mines affecting the rivers ¥stwyth and
Rheidol had closed down by 1922, but serious pollution of
the two rivers persisted due to the drainage of zinc and
lead from the sulphides in the mine tips (McLean & Jones,
1975). In her classic account of the effects of mining on
the flora and fauna of streams and rivers 1n west Wales
Carpenter (1924) states "The presence of metallic

solutions 1s believed to be the factor conditioning the
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barren quality of the streams ... The lethal process 1s
probably accelerated i1n the streams themselves by the presence
of small amounts of zinc accompanying the lead in solution".
From this statement 1t can be seen that zinc was often

not considered to be a major contaminant of waters ain the
area during the early research, although 1t seems clear

from the work of Jones (1940) that high concentrations of
the metal were probably always present in the rivers

¥Ystwyth and Rheidol. Jones demonstrated that, even 20 years
following the closure of the mines, the R. Ystwyth was

st1ll seriously polluted, and remained "the most barren of
the rivers running intoc Cardigan Bay". Several adits
draining from underground workings in the Cwm Ystwyth Mine
were found by Jones to discharge water containing as much

-1
as 38 mg 1 Zn i1into the river, and the water in the raiver

1]

1tself carried up to 1.2 mg 1_1 7n  Thege 242

+
-

ce

(4]
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being subterranean i1n origin, were diluted somewhat durang

periods of high flow in the raiver,

In a later study Treharne (1962) detected similar
high concentrations of zinc 1n the area of the R. Rheidol,.
Streams derived from adits were cited as the main source
of zinc entering the river. Some of these streams were
extremely acidic (because of the oxidation of pyritac
ores), and had concentrations of up to 187.5 mg l_1 Zn ain
the water. More recently Fuge (1972) demonstrated that

even non-acidic adit waters i1in the area contained up to

4 mg l—1 Zn.

Abdullah & Royle (1972) provided a general account of
concentrations of heavy metals 1in the water of rivers and
lakes 1n Wales. They found that whilst concentrations 1in
any particular river varied by as much as 60% from month
to month, concentrations of zinc and other metals were
always higher a1n some rivers (including the R. Rheidol) than in
others. Saince little or no industrial waste is discharged
into the rivers that they investigated, Abdullah & Royle
concluded that metals were leached from the top soll in

mineralized areas or from old lead mines or mining waste.
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Fewer published data are available concerning the
extent of pollution 1n other areas of Britain affected
by mining for non-ferrous metals, Davies (1971) gives an
account of the trace metal content of soils affected by
base metal minaing i1n the west of England, especially the
Tamar valley district of west Devon and east Cornwall, This
area was mined intensively for copper and tin (and some
lead and arsenic) duraing the 17th, 18th and 19th centuries.
Davies demonstrated that there were no marked regional
differences 1n the concentrations of i1ron, cobalt and
manganese 1n the soi1l of pasture and gardens in the areas
affected by mining. However, concentrations of zinc, copper,
lead, cadmium and silver were markedly higher i1n pasture
solls contaminated by mine spoil and (possibly) by the

weathering of buried mineral lodes.

Brown (1977) studied the effects of mine drainage on
the concentrations of copper, zinc and iron in the water,
sediments and dominant i1nvertebrate fauna of the R. Hayle,
Cornwall. The catchment area of this river contains many
disused mine workings, and the river still receives major
inputs of heavy metals from four large adits. Concentrations
of zinc 1n the water of the R, Hayle were found to reach
2.4 mg 1_1 at one site, which also had the highest concentration of
copper in the water ( 0.7 mg 1"1). When the results from
all of the sites studied were considered together,
concentrations of zinc 1n the water were approximately ten
times greater than concentrations of copper. The situation
was reversed in the sediments, where copper predominated
over zinc by a factor of three. Concentrations of copper,
zinc and 1ron were all found to 1ncrease in the river

water during periods of high discharge.

An investigation of the lead content of lake water,
sediments, plants, invertebrates and fish was carried out
in Ullswater (English Lake District) by Welsh & Denny (1976).
The elevated concentrations of metals observed (see 1,32)
were attributed to drainage from several mines that had

worked deposits of zinc, lead, 1ron and silver. The largest
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of these (the Greenside lead mine) was closed ain 1962, but
runoff from tailings and old adits within the mine were
found to pass down the Red Tarn Beck to Ullswater. Water
from the Eagle Crag Mine (closed ain 1877) and the Hartsop
Hall Mine (closed 1n 1942) were found to drain i1nto the
lake via the Goldrill Beck.

Donovan, Feely & Canavan (1969) investigated the
extent of contamination by lead i1n mining areas of western
lreland., Although the death of farm animals from lead
poisoning near one mine was attributed to the contamination
of pasture by dust blown from spoil heaps (see 1.231), cattle
were removed from pasture bordering a river polluted by
inputs from the mine as a precautionary measure. Concentrations
of lead 1n the water of this river reached 4.2 mg 1_1 at

one point,

Of the mining areas outside the British Isles that
have been studied from the point of view of possible
effects on surface waters, the "New Lead Belt' of south
east Missouri, U.S.A. has probably received the most
attention. Although the ore body was discovered as late
as the 1950's, the area has been mined intensively and
became the world's largest producer of lead ore in 1970
(Gale et al, 1973). Alongside the development of the area
as a producer of lead, a large programme of research has
been carried out to assess the effects of mining on the
surrounding area and to outline possible environmental
problems (e.g. Wixson, 1968; Wixson & Bolter, 19727 Wixson
& Jennett, 1975, Wixson & Gale, 1975; Gale, Bolter & Wixson,
1976; Waixson, 1977),.

Despite close co-operation hetween the mining concerns
and environmentalists, a certain amount of pollution of
streams and rivers by heavy metals has been documented in the
area. Whilst the natural chemical properties of the stream
water 1n the 'New Lead Belt' (high values for pH and hardness)
have helped to prevent problems with dissolved metals,

significant amounts of zinc, lead and cadmium may be released
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as fine particulate material from mine milling operations
The relataively high CO2 and PO4—P content of the mine
effluents has also caused algal blooms to occur 1n several
streams, and studies have i1ndicated that these may trap and

assimilate high concentrations of zinc, lead and cadmium

An area of the U.S.A. where problems of pollution by
heavy metals derived from mining operations have apparently
been less well controlled 1s the 'Silver Valley' area of
north Idaho (Funk et al , 1975; Miller et al., 1975). Thais
region 1s centered on the valley of the Coeur d'Alene
River, which has received large inputs of heavy metals and
particulate material for over 80 years as a result of the
mining and processaing of zinc, lead, cadmium, copper,
antimony and gold Although some of these i1nputs are
known to originate from specific sources gsuch 25 shmielciers,
'non-specific' sources are a more serious problem. These
originate from large amounts of '3i1g tailings' that were
spread along the banks of the river before 1930. Duraing
periods of heavy runoff zinc, lead and cadmium are leached
into the Coeur d'Alene River from these deposits, and
these together with particulate wastes are carried
downstream towards the Coeur d'Alene Lake The problem 1is
aggravated by soi1il erosion caused by the denudation of

vegetation by the emission of sulphur dioxide from metal

smelters.

The seriousness of the pollution in this area 1s
evidenced by the extremely high concentrations of zinc, lead
and cadmium (up to 5000 ug g_l, 6300 pg g-1 and 100 ug g_1
respectively) recorded in the sediments of the delta formed
where the Coeur d'Alene River enters the Coeur d'Alene
Lake (Maxfield et al , 1974a) and 1n the sediments of the
lake 1tself (Maxfield et al., 1974b).

In Australia, a rather similar case of pollution has
been documented by Weatherley & Dawson (1973) and Weatherley
(1975). The Molonglo River has been polluted for many years
by the workings of a copper, lead and zinc mine situated near

Canberra, which was closed in 1962. 'Slime dumps' associated
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with this mine were eroded by large floods in the 1940's,
these carried a large quantity of mine wastes down river

and depasited them on the river margins and i1n Lake Burley
Griffain. Extensive leaching of heavy metals occurs from these
deposits, and the zinc content of the lake water was found

to exceed 0.4 mg l-1 on several occasions.

Mechanisms of mobilization of heavy metals from mine workings

and mine waste

It 1s beyond the scope of this account to review the
present knowledge of the chemical, physical and biological
processes by which metals such as zinc, lead and cadmium may
be mobilized from exposed ores in mine workings Or
tailings heaps. The mechanisms by which zinc may enter
surface waters from such workings have been reviewed by

Say (1977).

Although the relative amounts of different metals in the
mine workaings and the solubilities of their salts under the
environmental conditions present will effect the absolute
amounts of metals such as zinc, lead and cadmium that are
leached out into mine drainage waters, the mechanisms by
which the sulphide ores of these three metals may be
weathered are rather similar. Sphalerite and galena
occur frequently together in the oreshoots of the Northern
Pennine Orefield, and cadmium sulphide 1s almost always present

as a contaminant of sphalerite (E1 Shazly, Webb & Williams,
1956) .

The sulphide ores of zinc, lead and cadmium may be
mobilized into mine drainage waters by chemical or
biological weathering. The following 1s brief description

of these processes for sphalerite.

Chemical weathering

Chemical weathering 1s a process that relies on factors such
as the mineral composition of the rocks, rock texture, claimate
and rock exposure (Krauskopf, 1967). It 1s generally a slow
process which involves chemical processes of 1onization,
addition of water and carbon dioxide, hydrolysais and

oxidation In the case of sphalerite, the aqueous oxidation
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which may release zinc 1ons into surface waters has been
demonstrated to be an electro-chemical process (Habashi, 1976)

which results 1n the overall reaction

zns + 2H7 + &02 ——)Zn2+ + S + H20

Under alkaline conditions, the formation of insoluble

zinc hydroxide may block such weatheraing.

zn’* + 208" — zn (OR)

Should the pH drop again the zinc hydroxide may re-dissolve,
allowing weathering to continue

Zn(OH)N + 2H+d' '7n2+ 4 a1
&

Zn 21,
During the weathering process the sulphur produced by the
above reaction 1s usually converted to sulphate which 1s
then dissolved, and the zinc 1on either enters solution

or forms an insoluble secondary compound which 1s stable
under surface conditions. Such secondary minerals include
Smithsonite (ZnCO3), formed under alkaline conditions, and
hemimorphite (Zn(51207)(0H5.H20) which is the least soluble
zinc mineral at pH values below 6.2. Under dry conditions,

smithsonite may be converted to hydrozincite (Takahashi,
1960)

—
SZnCO., + 3H20 (g) = 2ZncCoO (g)

3 .3Zn(0H)2 + 3CO

3 2
Zinc 1s regarded as a comparatively mobile metal 1in

the oxidation zone around lodes of sulphide ore (Krauskopf,

1967), since 1in such areas the common anions such as

SO4 _,OH—,CO32_ and Cl~ permit relatively large amounts

to remain in solution. The weathering processes described

above can be expected to be enhanced in mine spoil heaps,

where relatively large surface areas of sulphide ores may

be exposed.
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Microbial leaching

Under certain conditions sphalerite may be oxidized

by microbial activity to produce zinc sulphate.

ZnsS + 202 — ZnSO4 (under conditions of limited aeration),

or-

2ZnS + 402 + H20'-—> ZnSO4 + ZnO + H2804 (more complete aeration).

In the latter case the production of sulphuric acid will aid

the mobilization of zinc i10ns.

Zajic (1969) has demonstrated in the laboratory that
bacteria may oxidise smithsonite 1n the presence of elemental

sulphur to release zinc ions

O+ S =23 ZnSO, + H_CO

+
ZnCO 13'102 + H2 4 2C04

3
Galbraith, Williams & Siems (1972) concluded that the
mobilization of heavy metals by bacteria played an i1mportant

part in the leaching of metals from the deposits of mine
tailings around the Coeur d'Alene River. They proposed a
rather complex system, whereby the action of sulphide-
oxidizing and sulphur-oxidizing bacteria caused the formation
of sulphuric acid, thereby increasing the concentrations

of H+ and SO 2- within the system. Metal i1ons such as Zn2+,
Pb2+ and Cd2 then passedinto solution, and the concentration
of H,S 1ncreased because of the interaction of H+ and Sz_.

2

Increased levels of HZS created an environment suitable for

the growth of sulphate-reducing bacteria which converted
2~

SO4 to 82_ and simultaneously precipitated metal sulphides
at a pH near 6.6. Decrease of pH with depth destroyed these
sulphate~ reducing bacteria, and dissolution and leaching
of metals from the tailings increased , These authors
presented several lines of evidence which demonstrated that
microorganisms were present in the tailaings, and that the

processes outlined above were taking place in the field.
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Weatherley & Dawson (1973) proposed that leaching of
metal i1ons from the slimes dumps bordering the Molonglo
River was due largely to the action of bacteria such as
Thiobacillus ferrooxidans. The deposits contained pyraite,
from which FeSO4 was formed continually

2FeS + 2H20 + 7H,0 =————3P 2FeSO, + 2H2$O

2 4 4

this was then cxidased through the action of T ferrooxidans

+ + 4 +
121='eso4 302 6H20 —_— u='c-;»2(so4)3 4Fe(OH)3
The ferric sulphate thus formed 1s an aggressive solvent

of sulphide ores such as sphalerite, and reacted to release

zinc from the tailings deposaits

ZnsS + 2Fe2(SO4)3 + 2H20 + 302-——922nSO4 + 4FeSO4 + 2H2504

Whether heavy metals enter the freshwatew system as

a result of chemical or biological weathering, the 1ons in
solution are subject to interaction with a large number of
substances. These govern the partitioning of metal species
between dissolved, complexed and solid phases, and hence
affect the mobility of the metals and their availability
to biological systems. This aspect of the behaviour of
heavy metals 1s of relevance to the present study, and is

dealt with 1n 1.4.

CONCENTRATIONS OF HEAVY METALS IN THE FRESHWATER_ENVIRONMENT

It 1s clearly of importance to attempt to establish
concentrations of different heavy metals that can be
termed 'background' (1.e. assumed to be of purely natural
origain) or pollutant (1.e. affected by human actaivities)
1in any system being i1nvestigated. This 1s especially
rmportant where 1t seems likely that specific sources of
metal enrichment from industry, mining etc. may be implaicated

in a particular study. Reference has already been made (1.2)
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to several published concentrations of heavy metals in

water and sediments, and 1t 1s clear from these that very wide
variations may occur. A larger number of concentrations of
zinc, lead and cadmium extracted from various accounts 1is
tabulated i1n 9.212 The following brief review 1s intended

as a general guide to the ranges in concentrations of these
metals that may be attributed to different natural or

artificial phenomena.

Concentrations of metals i1n freshwaters

The difficulties encountered in comparing the many
published references to concentrations of heavy metals in
fresh waters have been stressed by Wilson (1976). In
attempting to review such concentrations 1in river waters,
Wilson nnted that xn =any C&s5e5 wne results presented
were of dubious value for a number of reasons. For example.
1n many cases no precautions were taken to preserve the
samples; the experimental procedure was described either
not at all, or incompletely; only one sample was
analysed, etc.. He was therefore extremely selective 1n
his choice of published data to be reviewed, and employed

the following criteraia.

1. reasonable precautions for the preservation

of samples of water should have been taken,

11. the experimental procedure should have been
described fully and have reasonably low

detection limits;

111. several samples at least should have been
collected at different times from the
sampling site or one sample from each of

many different sites should have been taken.
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Despite the exclusion of a large number of accounts
because of the application of these criteria, Wilson
concluded that the data he selected represented reasonably
well the range of concentrations of heavy metals occurring
1n river waters. The concentrations quoted for zinc, lead

and cadmium are reproduced i1n Table 1.1.

Several workers have pointed out the very large
variability that may occur in the concentrations of heavy
metals at a particular site (e.g. Lee & Hoadley, 1967,
Downing & Edwards, 1969). Relative standard deviations of
between 50% and 150% are frequently reported (e.g. Abdullah
& Royle, 1972, Angino, Galle & Waught, 1969, Robbins,
Landstrom & Wahlgren, 1972), and in trying to establish
'background' concentrations it would seem to be a sensible
precaution tn cors:dcr cnly publisued concentrations of
metals that rest on many analyses of water. Such a study
was reported by Durum, Hem & Heidel (1971), who conducted
a survey of the concentrations of selected minor elements
in surface waters of the U.S.A. Over 720 samples were
passed through 0.45 pm membrane filters and analysed for
As, ¢4, Cr, Co, Pb, Hg and Zn. The authors reported 'normal'
levels of 10 - 50 ug 1! zn, 1 - 50 pg 17! pb ana 1 - 10
ug l_1 Cd 1n the samples, and concentrations of as much as
5 mg 1°! zn, <50 ug 1" pb and 130 g 17! cd in polluted

stream waters.

Further information concerning concentrations of heavy
metals that could be termed 'natural' i1n stream waters was
provided by Hem (1972). Hem reported mean concentrations of
20 ug 17! zn  and slightly less than 1 ug 17! ca in 726
samples of water from U.S. rivers and lakes, and discussed
the geochemical controls affecting these concentrations
(see also 1.4). Abdullah & Royle (1972) reported that
'clean' streams 1n Wales typically carried around 11 ug l_1
Zn and 0.7 ug 1_1 Pb Angino, Galle & Waught (1969)
attempted to measure background concentrations and seasonal
variations of minor elements in stream waters of the lower

Kansas River basin, and reported a mean concentration of

-1
60 ug 1 Zn. A further example of a study of concentrations



Raiver £fraction Zn X Pb X cda b4 Reference

:Many in U S.A. filtrable 10-42000 20 1-890 2 1-130 1 Durum & Hem (1972)

I Robbins, Landstrom

Feeder streams to
Lake Michigan filtrable 0.9-32 4 - - B - & Wahlgren (1972)

Gale, Wixson, Hardie,

?TZZdizlgiiéA;rea) total 8-300 37 >-830 24 10 10 & Jennett (1973)
Many in U.S.A. filtrable 3-140 31 0-70 3 0-5 0.8 Proctor, Kisvarsanyi,
Garrison & Williams (1973)
Many in California filtrable 14-7 29 0.6-? 6 0.7 0.7 Silvey (1967)
Many in Wales filtrable - - 0.9-26 3 - -
non-filtrable - - 0.3-25 4 - - Abdullah & Royle (1973)

Feeder streams to

Cayuga Lake, New York filtrable - 3 B 0.9 - 0.2 Mills & Oglesby (1971)

non-filtrable - 9 - 2 - .
Many in Austraia total - - - - 0 3-19 1 Korkisch & Dimitraiadis (1973)
Rhine in Germany filtrablie 24-176 60 14-43 27 15-41 2 Reichert, Haberer &
Normann (1972)
Streams 1n U.S.A. filtrable - - 0.6-14 6 0.3-45 2 Biggs, Miller & Otley (1972)
Table 1.1 Comparison of concentrations of zinc, lead and cadmium 1in river waters, as

reported by different workers

(based on Wilson, 1976)

(all concentrations are in Uug 1—1)

_85..
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1n stream waters apparently unaffected by human actaivitaies
was provided by Windom, Beck & Smith (1971). These authors
studied concentrations of heavy metals 1n the waters of three
rivers draining into the Atlantic Ocean i1n the south-east

U.S.A., and reported concentrations of 0.5 - 4.9 uUg l-1 Zn.

Wedepohl (1972) concluded that a figure of 10 png l_1
would be a 'suitable average' concentration for continental
surface waters He suggested that the value of 20 ug 1_1 Zn
estimated by Turekian (1969) was a little high due to the
inclusion of high values from fiyures given tor some

Russian streams by Konovalov (1959).

There seems to be a general consensus of opinion that

concentrations of zin lead and cadmium 1n stream or river

C.
waters of more than akcut C.1 ug 1_1, 0.U5 mg 1_1 and 0.001
mg l_1 respectively are generally the result of artaificaial
pollution. No examples were found in the literature of
freshwaters carrying concentrations higher than these
i1n the absence of artificial i1nputs such as those described

in 1.2,

With the exception or thermal or acidic streams,
streams carrying more than about 1 mg l_1 Zn, 0.1 mg l_1 Pb
or 0.005 mg l_1 Cd are usually restricted to areas
affected by past or present mining activities. Say (1977)
carried out a preliminary survey of the zinc content of
streams 1n north-east England, and summarized the results

as follows:

streams streams streams
streans <0.1mg 0.1-10 > 1.0 mg

ountlfgér ne- led
samp.le 1 1 7n mg l—lzn 1 1 Zn

C
area main ¥

Allendale Northumberland/

E. & W. Allen 25 8 16 1
Alston Moor Cumbria/S Tyne

& R. Nent 56 12 29 15
Derwent Northumberland/ 16 12 3 1
catchment Derwent
Teesdale Durham/Tees 40 22 18 0

Weardale purham/wear 52 25 24 3
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Most of the streams carrying <1.0 mg 1_1 Zn were located

on Alston Moor, a part of the Northern Pennine Orefield
which 1s affected extensively by past and present maining.
Almost all of the streams with concentrations of zinc in the
water of more than 0.1 mg 1—1 Zn were 1n areas affected an

some way by lead mining activities.

Even 1n areas that have been mined extensively for
heavy metals, a concentration of more than 0.5 mg 1.-1 Zn
appears to be rare 1n larger raivers. Exceptions to this
pattern i1n Braitain include the R. ¥stwyth, Cardiganshaire,
in which a concentration of 0.9 mg 1_1 Zn has recently
been reported (McLean & Jones, 1975). In north east
England, the R. Nent 1s contaminated by high concentrations
of zinc, ranging from more than 2 mg l-1 downstream of the

entry of several adits ain the toun of WMorihe

o e .
3 to awdun

£

1.0 mg l-1 at the point where 1t enters the R South Tyne
(say, 1977).

The highest concentrations of zinc, lead and cadmium
reported by Say (1977) 1in streams draining the Northern
Pennine Orefield were 22.3 mg 1_1, 1 6 mg l_1 and 0.058
mg 1_1 respectaively 1n the water of 'Old Mine Gill' near
Nenthead. Higher concentrations than these have been
reported by several workers i1n non-acidic surface waters.
For example, Jones (1940) reported a concentration of
38 mg l_1 Zn 1n the water of an adit draining underground
workings 1in the Cwm ¥Ystwyth Mine, Cardiganshire. Valdez
(1975) reported an isolated record of a concentration of
1.29 mg l—1 Cd 1n the water of the Nant-y-Fendrod, near
Swansea. The average concentration of cadmium reported in
water from this raiver was 0.24 mg 1-1; these
very high concentrations were derived from the refining

of non-ferrous metals 1in the area.

The highest reported concentration of lead to come to
light during the present survey of literature 1s 685 mg l-1
in the water of the Meza River in Yugoslavia (Djuric et al.,
1971). The lead was derived from the effluent of a

smelter that had also caused widespread contamination of the
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surrounding countryside by atmospheric fallout. Water in
the R. Meza upstream of the effluent contained 0.007 mg 1_1
Pb; 10 km downstream of the entry of the effluent the

raiver still carried 92 mg 1_1 Pb.

Drainage waters in the mining district near Iglesias,
south west Sardinia, are known to carry exceptionally high
concentrations of zinc , lead and cadmium (B. A. Whitton &
co-workers, unpublished data). Concentrations of 160 mg l-'1
Zn, 9 8 ng 1_1 Pb and 15.7 mg l-1 Cd were found by the
present author to be present in the water of the maain
river draining the Iglésias mining area Water 1in a
drainage channel leaving the Monteponi Mine was found to
contain 5100 mg 1_1 Zn, 31.5 mg 1-1 Pb and 17.7 mg 1_1 cd

(concentrations are for unfiltered water).

Concentratinone <f pgtals .Lu Ireshwater sediments

Aston & Thornton (1975) state that stream sediments
are "nature's closest approximation to a composite sample
of the weathered products of rock and soil upstream of the
sampling site". By their very nature, sediments 1n
freshwaters might be expected to show much less short term
variation in composaition than the overlying water. It
should therefore be easier to gairn from the literature an
1dea of 'background' concentrations of heavy metals in
freshwater sediments that can be attributed to the
weathering of undisturbed soi1l and bedrock, and of
concentrations above which 'unnatural' enrichment can be
assumed to have taken place. The main diffaiculty that
arises during such a review 1s that different workers have
frequently used widely different techniques for the
analysis of sediments This has resulted 1n widely different
proportions of the heavy metal content of a particular sample

being extracted, analysed and reported.

Whilst general agreement seems to have been reached
that samples of sediment should be dried and passed through
an 80 mesh ( <200um) sieve, techniques for the extraction

of cations range from 'total' digestions or fusions (whereby
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the sediment 1s dissolved completely), to leaching with

m1ld acids or chelating agents. The wide variation in
results that can result from the use of different techniques
has been demonstrated by Agemian & Chau (1976), and 1s
discussed 1n more detail in 2.222, For the purposes of the
present account, values reported for the mineral composition
of sediments are discussed only 1f the samples have been
analysed following 'total' digestion or fusion, or

following digestion with one or more strong acids. Such
acids usually extract a minimum of 80% of the metals

present (Carmody, Pearce & Yasso, 1973, Agemian & Chau, 1976).

Allan (1975) reviewed the data on the heavy metal
contents of lake sediments in Canada, and stressed that
concentrations of some metals were on occasions higher
in the sediments of lakes completely removed from
ivicy tnan 1in lakes where pollution from human
sources had been implicated. An example of marked heavy
metal enrichment caused by purely natural phenomena was
reported by Lag, Hvatum & Bglviken (1969) who found that
denudation of 100 m2 of forest vegetation in Norway was
caused by concentrations (up to 47000 pug g-l) of lead in
the soi1l that had been weathered from a subjacent body of

ore.

Examination of the computer-produced maps prepared
by the Applied Geochemistry Research Group (e.g. Figs 1.1,
9.1) provides an i1ndication of the minimum concentrations of
heavy metals to be expected i1in sediments from Braitish
streams. Over wide areas of Britain such sediments were
found to contain concentrations of zainc, lead and cadmium
below the lower threshold concentrations mapped (50 g g—1
Zn, 40 pug g-1 Pb and 1.0 ug g_1 Cd). In mineralized areas,
however, 1t would seem probable that these estimates of

'background' concentrations would be somewhat low even in

the absence of mining activaties.

Examination of published accounts of levels of metals detected
1n stream and lake sediments during geochemical prospecting

operations gives an indication of the maximum concentrations
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to be expected 1n mineralized areas in the absence of

human daisturbance In lake sediments of the Canadian Shield,
for example, the upper ranges of zinc recorded by Allan
(1974) were <100 png g_l. With the exception of higher
concentrations i1n the i1mmediate vicinity of lodes of ores,
Carpenter, Robinson & Fagan (1971) found that the highest
concentrations of zinc and lead present in 4dry stream
sediments 1n a mineralized area of north west Tennessee

were about 250 ug g_1 and 220 ug g—1 respectively.

One of the few reliable methods of establishing
'background' concentrations for metals in a particular area
1s to study the historical pattern of deposition of metals
by analysing different sections of cores of sediment taken
from the bottom of a lake. Material laid down 1n deeper
layers would pre-date that laid down whilst man was active
in the catchment V¥obkoayashi co ai. (1v7b) studied a 200 m
long core of sediment taken from the bottom of Lake Biwa
(Japan). In samples taken at intervals from most of this
core concentrations of zinc, lead and cadmium fell mostly in
1 20 - 35 ng g'1 and 0.25 - 0.60

ug g respectively In samples taken from the surface of

the ranges 100 - 150 pug g-

the sediment, however, concentrations of these metals were
found to be as high as 736 ug g_1,259ug g_1 and 28 Mg, g
respectively. This 'remarkable' 1ncrease was attributed to

human 1nfluence 1n recent years.

Shimp, Leland & White, 1970) studied cores of sediment
taken from southern Lake Michigan, and attributed elevated
concentrations of zainc, lead and cadmium 1n the upper few

cm of the sediment to anthropogenic influence. The highest
1

concentrations of these metals detected were 179 ug g_ '
90 ug g_1 and 17 ug g-1 respectively. Further cores of
sediment from Lake Michigan were 1nvestigated by
Edgington & Robbins (1976) who dated different layers of
sediment using the 210 Pb technique. Separate 1increases

in the concentration of stable lead 1n the sediment were
found to have taken place after about 1830 and '920, these

were attributed to the commencement of burning of coal and
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leaded petrol in the vicinity of the lake. The concentrations
of lead recorded i1n deeper layers of the sediment were
about 30 ug g-l, concentrations wexre higher than 160 ug g-1

in the upper layers.

From examples such as these, 1t seems clear that the
highest concentrations of zinc, lead and cadmium that
could be expected to occur in freshwater sediments in the
absence of human disturbance are about 300 pug g-l, 300 ug 9_1
and 3 ug g_1 of the total sediment. Much higher concentrations
than these have been reported by several authors in
freshwater sediments affected by pollution, and the
following examples serve to 1llustrate the ranges of
concentrations that have been detected in different

situations

Several vorkers have detected concentrations of
more than 500 ug g-1 Zn or Pb 1n the sediments of rivers
or lakes that have been affected by pollution from industry
or mining. de Groot & Allersma (1975) investigated the
heavy metal content of sediments i1n the R. Rhine system,

and reported the following concentrations (in Mg g_l):

R. Rhine R. Meuse R Schnelt R. Enms

Z1inc 2900 2500 800 1100
lead 800 600 - -
cadmaum 45 45 - -

These concentrations were recorded in 1970, the
authors reported that since then concentrations of cadmium,
1n particula¥ , had increased due to further inputs from

industry.

In America Romano (1976) 1nvestigated concentrations of
zinc, lead and cadmium 1n the sediments of the Grand Calumet
River, a feeder river of Lake Michigan He found a 'high
degree of contamination', with mean concentrations of

1390 ug 9_1 Zn, 545 ug 9_1 Pb and 5.5 ug g_1 cd. Olaver



-55-

(1973) reported 'background' concentrations of 84 - 86

ug g_1 Zn and 26 - 42 pug g-1 Pb 1n sediments from the
Ottawa River, Canada However, concentrations of zinc and
lead were found to raise to 846 uUg g‘_1 and 390 uHg g—1 near
a sewage plant, and a concentration of 1344 pug g—1 Pb was
recorded at a point where snow (contaminated by exhaust

fumes) had been dumped into the raiver.

Concentrations of more than about 3000 ug g-1 Zn or
Pb appear to be restricted to sediments 1n bodies of water
that have been seriously polluted by 1inputs from metal
mining or smelting activities. The Coeur d'Alene Lake,
Idaho, has received drainage from a large metal mining
area for many years (Maxfield et al., 1974a, 1974b, Funk
et al., 1975). The resulting concentrations of zinc, lead

and cadmium in the sediments (3000 - 5000 pg g—l, 3000 -

[s]]

-1 -
00U Mg g ° and 50 - 100 pg g t respectively) were descraibed

as 'very serious' by these authors.

Mackereth (1965) reported that high levels of lead
were being carried into Ullswater (English Lake Distraict)
by a tributary affected by mining, and that the lead was
lost rapidly to the sediments and submerged plants. These
observations were followed up by Welsh & Denny (1976), who
found that although little lead was present in the water
of the lake, concentrations of as much as 30000 ug g-1 Pb
were measureable 1n sediment collected from near the entry
of the polluted tributary. The highest concentrations of
lead were recorded 1n samples taken from 10 - 20 cm below
the surface of the sediment; this was attributed to the
deposition of uncontaminated sediment since the closure of
the Greenside Lead Mine 1in 1962. Despite the exceptionally
high concentrations of lead reported i1n these samples,
contamination was apparently restricted to a relataively

small part of the bed of the lake.

The highest reported concentrations of zinc, lead and
cadmium 1n sediments encountered during the present survey
of the literature were reported by Skei, Price & Calvert (1972)

in samples taken from the bed of the Sorfjord, Norway.
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Concentrations of zinc at 16 sampling points varied from

830 -~ 118000 pg g-1 (x = 20016), concentrations of lead
varied from 720 - 70000ug g_1 (x = 11368) and concentrations
of cadmium varied from 16 - 850 ug g-1 (x = 121). The
pollution of this fjord was due apparently to inputs from
industry. Specific 1inputs i1ncluded smelters which had been

1n operation for more than 50 years.

It seems probable that extremely high concentrations
such as these are more widespread i1n freshwaters affected
by mining areas than i1s i1ndicated 1n the literature. The
algology group at Durham University has for some time
collected and analysed sediments from streams affected by
inputs from mining. The following are examples of the

higher concentrations of zinc, lead and cadmiur that have

been recorded-

Site Zinc lead cadmium

Tiefer Julius Fortunatus

Stollen (Germany) 192563 1577 284
'La Mine' (France) 126980 24898 920
Dowgang Level 170507 1119 80

(Northern Pennine Orefield)

(all concentrations in ug g_1 after HNO3 digestion.

Data held on computer file at Durham University.)

BEHAVIOUR OF HEAVY METALS IN THE FRESHWATER ENVIRONMENT

De Greef (1976) states "Once metals are 1n the surface
water, within a short time there grows up a complicated and
st1ll not fully understood relationship between the dissolved
fraction and the complex compound fraction". It 1s widely
accepted that many factors may influence the distribution
of heavy metals between different fractions in freshwaters,
and that the state i1n which a particular metal 1s present
may influence profoundly 1ts transportation, sedimentation,

availability to biota and toxicity.
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It 1s beyond the scope of this review to attempt to
describe the large body of literature that exists concerning
the chemical and physico-chemical behaviour of heavy metals
i1n natural waters and sediments. However, a certain
background knowledge of such processes i1s essential in any
study that attempts to relate concentrations of metals in
the aquatic environment to observed biological effects, and

some of the more relevant studies are considered below.

Water

Speciation

Whilst accepting that the observed classifications
may be the result of the interaction of many phenomena,
several authors have given schemes of classification
for the species of heavy metals that may be present in
natural waters. Wilson (1976) reviewed such schemes, and
concluded that that of Stumm & Bilainski (1973) was perhaps
the most useful (Table 1.2). This scheme defines metals
1n freshwaters as either free 1ons and incrganic complexes
(<10 nm), chelates and colloids (10 - 100 nm) or large
collords and precipitates ( >100 nm) Stumm & Morgan (1970)
further subdivided truly dissolved metals to include 'aquo
metal ions' (L.e. a metal 10on co-ordinated with water and
inorganic hydroxo and poly hydroxo complexes). This
speciation was dependant on pH, and could affect the

adsorption of cations onto solids {(i1ncluding biological

material).

The potential complexity of the speciation and the
lack of analytical techniques capable of distinguishing
between particular species have led to the development of
several relatively simple methods for estimating the
concentrations of metals present 1n a few, rather broadly
defined, fractions. Whilst not being completely selective,

such techniques may still provide valuable information.
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Range of diameters

Inorganic 10n-pailrs

and complexes

Organic complexes
chelates and
compounds

Metals bound to
high molecular

weight organic

materials

Highly-dispersed
colloads

Metals sorbed on
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Precipitates,
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orcanic particles

Metals present ain

0 001

live and dead baiota
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Perhac (1972) used continuous flow centrifugation to
study the distribution of heavy metals between different
fractions of water from two streams i1n Tennessee Three
classes of solids were extracted from the water. coarse
particulates (<150 nm), colloidal particulates (10 -150 nm),
dissolved solids Colloidal paticles were found to have
the highest heavy metal content, this was typically more
than ten times that of dissolved material. Nevertheless,
dissolved species generally accounted for more than 95%

of each metal present i1n the water

Gibbs (1973) used a filtration technique followed by
extraction procedures and dialysis to investigate the
speciation of Cr, Mn, Fe, Co, N1 and Cu 1n water from the
R. Yukon and R. Amazon He separated five fractions of

metals. 1n solution and organic complexes; absorbed,

47

= — —tm e a4l

preciprtated oand cu-precipitated, 1n organic solids,

1n crystalline sediments.

With the exception of filtration (considered 1in more
detail below), several other techniques have been used to
classi1fy species of metals 1n water These 1include anodic
stripping voltametry (Allen, Matson & Mancy, 1970),
dialysis (Benes & Steinnes, 1974, Mayer, 1976, Hart & Davies,
1977), 1on exchange (Benes, Gjessing & Steinnes, 1976) and

gel filtration (Gjessing, 1970, Plumb & Lee, 1973).

Filtration 1s the technique employed most commonly
for the operational classification of metals Whilst
filtration techniques possess the advantages of

convenience and speed, they may have several drawbacks:

1 the filtrate may become contaminated by impurities
(1ncluding metals) leached from the filter, or
the filter may absorb 1ons or particles that are
in fact smaller than the pores (Marvain, Proctor &

Neal, 1972),

11 even filters with small pore sizes (e.g. 0.45 um)
may permit the passage of fine suspended particles

such as clays (Kennedy, Zellweger & Jones, 1974);



-60-

111 the blockage of the filter may result an
changing rates of retention of particles

whilst the filtration 1s 1n progress (Hem, 1972);

1v. filtration may disturb equilibria existing
between species of metals present in the

original sample of water (Wilson, 1976)

In additicnr to the problems outlined above, different
authors have used differeni types of filter which may differ
markedly with respect to the structure of the pores, etc.
(Standraidge, 1976) 0.45 pum porosity membrane filters have
been used most widely, although Hem (1972) pointed out
that these may allow the passage of some particulate
material. As the pores would terd to block with use and
thus retain a greater proportion of the particlee,6 Hzn
concluded that the use of these filters still provided
a valid estimate of 'dissolved' species. A more detailed
study of the effectiveness of different filters in
removing particulate materiral was carried out by Kennedy,
Zellweger & Jones (1974). These authors concluded that
fine 'clay size' particles could pass 0.45 um porosity
filters with ease, leading to large errors in the estimation
of 'dissolved' concentrations of elements including
Al, Fe, Ti and Mn. They concluded that the use of 0.1 um
membrane filters reduced the passage of particulate
material, without i1ncreasing the filtering time markedly.
Jones, Kennedy & Zellweger (1974) compared 'dissolved'
levels of Al and Fe estimated by passing stream water
through 0 1 um membrane filters with dissolved concentrations
calculated from data on mineral stability and i1norganic
complexing. They found that the two could compare
favourably, and recommended the more widespread use of

0.1 um porosity filters

Thus although the classification into dissolved and
undissolved forms of metals may seem simple, 1ts practical
application 1s not (Wilson, 1976). To emphasise the
operational nature of the classification as normally used,

the terms 'filtrable' (= 'dissolved') and ‘non-filtrable'
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(= 'undissolved') have been recommended by Kraynov (1968).
These new terms are now used frequently, but by no means

universally (Wilson, 1976).

In principle 1t 1s possible, given a total metal
concentration, to calculate both the concentrations of all
dissolved species of the metal and the nature of any
insoluble species that are in equilibrium with the
solution. To do this 1n practise requires a complete
knowledge of all the factors affecting the behaviour of
the particular metal 1n the system. In natural waters
the results seem likely to give, at best, only an
approximate i1ndication of the true situation because of
the assumptions 1nvolved and the general failure to take
account of all potentially aimportant factors (Wilson, 1976).

For example, 1t 1s necessarv tn krorr L4 Ltavalacy

W
n

constants of all dissolved metal complexes and chelates that
may be present as well as the solubility products of any
solid compounds with which the solution may be 1n equilibraium.
Further, such a theoretical approach assumes an equilibrium
which may be seldom reached (especially in flowing water),
and which may i1gnore other factors such as complexation

by organic compounds and adsorption and co-precipitation
with suspended materaial and precipitates (Davis & Leckie,
1977). Despite these shortcomings, such results can give

a valuable 1nsight into the chemistry of particular metals,
and indicate areas where further research 1s needed. A few

examples are therefore included below

O'Connor & Renn (1964) and O'Connor, Renn & Wintner
(1964) concluded that the relative i1nsolubility of two
salts of zinc (zinc carbonate and zinc hydroxide) place an
upper limit on the concentrations of zinc found in natural
waters. As most natural waters contain lower concentrations
of zinc than these, it seems possible that they are merely
undersaturated with the metal O'Connor & Renn recognised,
however, the strong evidence that other factors were
acting to baind zinc to natural sediments thereby reducing

the concentration in the water.
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Hem (1972) studied the chemistry and occurrence of
zinc and cadmium 1n 726 filtered samples of groundwater
and surface water from the U.S A. (see also 1 3). He
compared the observed concentrations with theoretical
maximum concentrations derived from chemical thermodynamic
equations summarized by solubility graphs These
calculations suggested that the carbonate and hydroxaide
solubilities of zinc and cadmium were higher than the
concentrations commonly found, but for 24 out of 80
analyses for which chemical equilibrium computations
could be made, saturation with respect to one or both of
the metals was approached closely. Hem suggested that the
solubi1laity of zinc may be limited by the silicate content
of some waters, as well as by biological factors and

adsorption onto sediments

Gardiner (1974) studied the complexation of cadmium
in natural waters, and concluded that a large proportion
of the dissolved cadmium will normally be present as the
free hydrated metal ion, Cd2+.aq, especially in freshwater
with a pH value of about 8 or less. Thus measurement of
the filtrable concentration of cadmium 1n such waters 1s

likely to give a reasonable indication of the dissolved

concentration of the metal

More recently computer techniques have been used to
study more complex theoretical systems in which many
metals are present together with all major impurities
normally found in natural waters (Morel, McDuff § Morgan,
1973) These technigques, together with model experimental
systems (see 1.423), provide the potential to investigate
how the speciation of one metal may depend on the
concentrations of others, for example through competition
for ligands present in small quantities Wilson (1976)
provided a comprehensive list of references to published

calculations of theoretical metal speciation 1in natural

waters
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1.412 Factors 1nfluencing the behaviour of metal ions in natural

waters

It 1s evident from the above that many factors may
act to influence the speciation and behaviour of metals
such as zinc, lead and cadmium 1n natural waters. Only a
brief mention 1s made here of the most important of these
factors, Say (1977) has provided a more comprehensive

revliew.

pH

PH 1s probably the single most important factor
controlling the solubilaity of zinc 1in surface waters, 1t
also has a profound effect on the influence of other
controlling factors. In a simple system (as investigated
by Smith, 1973) metals may be precipitated as the hydroxide
at higher pH values, e g.

2+
Zn m—

+ S PR
+ H20 o ZnOH + H <—

Zn(OH)2 + H+

Jurinak & Inouye (1962) 1nvestigated the solubilaty
of zinc at various pH values for a ZnCl2 - NaOH system.
Significant decreases were found i1n the proportion of
dissolved zinc above pH 8.0, and these were attributed
to the formation of zinc hydroxide Zirino & Yamamoto
(1972) computed a pH-dependant model (using available
and estimated stability constants and individual ion
activity constants) of the speciation of copper, zinc,
lead and cadmium 1n seawater They concluded that the
formation of metal hydroxides was a major factor
controlling metal solubility at higher pH values, these

included the natural pH of seawater (8 1)

Alkalinity

The alkalinity of water can be defined as the
capacity of the water to neutralise acid (Stumm &
Bilinski, 1970). This capacity 1s determined largely by
the concentrations of HCO., and CO 2- 1ons dissolved from

3 3
rocks, and 1s strongly inter-related with the factors
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controlling pH The importance of carbonate radicals in
controlling the mobility of zinc around bodies of ore
has already been mentioned (1.233), and 1t 1s accepted
that the formation of zinc carbonate may be an important
factor controlling the solubility of zinc i1n surface
waters. An example of the manner 1n which alkalinity may
interact with pH to i1nfluence the speciation of zinc

was documented by Ernst, Allen & Mancy (1975) who
produced solubility curves for zinc at three values of
alkalinity. The metal was shown to be least soluble in the
solution with the highest alkalinaity (10_3 eq 1-1), but
all three curves were characterised by the rapid loss of
zinc from solution at pH values above 7.5. Solbe (1974)
considered that the solubility of Zn2+ 1s controlled

mainly by the solubility of zinc carbonate, the

fu

conc entrations of which 19 Aecrpc- on potn pH and

ck

an

alkalinity.

Silica

Hem (1972) used thermodynamic calculations to
determine the solubility of zinc silicate as a function
of pH He concluded that at pH values between 7.5 and 10 the
solubility of this compound was lower than that of zinc
carbonate and zinc hydroxide, and may therefore impose
a more 1mportant control on the solubility of zinc 1in

some waters.

Phosphate

Compounds of phosphorus dissolved i1n natural waters fall
into three categories, namely orthophosphates, inorganic
condensed phosphates and organic phosphates. Such compounds
may have a marked effect on the complexing of heavy
metals, although other factors such as pH and the
concentrations of other ligands may alter their effects.

The precaipitation of zinc phosphate at different pH values
has been demonstrated by Jurinak & Inouye (1962). Say
{(1977) pointed out that such pecaipitation might be

expected to furnish a major control on the solubilaity
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of metals only 1n waters polluted by inputs of detergent,
fertilizers etc , and might therefore not be expected to
play a significant role i1n the oligotrophic waters of

upland regions such as the Northern Pennine Orefield

Synthetic organic compounds

Although compounds such as detergents, NTA, EDTA and
pesticides are known to interact with heavy metals 1in
natural waters, 1t seems unlikely that they are present

in the waters of upland streams and rlvers

Natural organic material

Reuter & Perdue (1977) state "The role of organic
ligands i1n metal complexing in natural waters has
received little attention because of the uncertainties
regarding both the ahundarce Znd nacute 0f dissolved
organic carbon compounds" However, many authors acknowledge
that the interaction of heavy metals with natural
dissolved organic material may exert a profound influence

on many aspects of their behaviour.

It seems widely agreed that the bulk of organic
material 1n natural waters consists of a mixture of
highly oxidised and chemically stable polymeric compounds
closely resembling soil humic compounds Peat 1is a rich
source of such compounds (Rashid, 1974), and waters
draining upland areas with a cover of peat are often

stained yellow or brown by organic material.

Chemically, 'humic compounds' are complex substances
which are considered to be formed by the reaction of
amino aclds with polyphenols and ammiones etc , together
with biochemical transformations. Christman & Ghassemi
(1966) investigated the molecular structure of colour
forming organic compounds 1isolated from natural waters,
and found conclusive evidence for the presence of phenolic
nuclel 1in the 'colour macromolecule'. More recently
Christman (1970) and Schnitzer (1971) have classified and
described humic compounds. Both emphasise the importance
of the fulvic acid component of these substances, together

with humic acids and humins.
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The 1mportance with which i1nteractions between heavy
metals and organic material have been regarded by some
authors 1s evident 1n the statement of Stevenson (1976) -
"Humic substances interact with polyvalent metal 1ions to
form complexes of varying stabilities and properties. The
practical and theoretical significance of these i1nteractions
comes from the realization that practically every aspect
of the chemistry of heavy metals 1in soils, sediments and
natural waters 1s related in one way or another to the

formation of complexes with humic substances"”

Rashid (1971, 1974) has performed many studies on
the complexation of heavy metals by organic compounds of
natural origin. He has demonstrated that humic acids

extracted from marine sediments are highly effective in

adsorhing varioc

~ v k-
-~ (G ¥

e

- 4011 wnrough chelation, cation
exchange and surface adsorption Such organic material
was shown to bind copper more st-ongly than cobalt,
manganese, nickel and zanc. All of these metals were
found to be adsorbed by peat moss (a rich source of humic
acid), but 1in field trials adsorption was laimited to
zinc, copper and i1ron. The binding of i1ron by humic

material 1n natural waters has also been documented by

Tryland & Gjessing (1975) and Shapiro (1967).

Benes, Gjessing and Steinnes (1976) reported that
cobalt and zinc in natural waters seemed to be complexed
by humus; this was evident 1n the results of botb
centrifugation and 1on exchange experiments. They found
that the proportion of 1ons complexed was low at pH 2,
but from 40 - 50% of the i1ons were bound by the organic
material at pH 3 - 5. The results indicated that binding
was even greater at higher pH values. However, the
observations may have been complicated by the hydrolysais
of metal 10ns with subsequent adsorption onto the surfaces

of the membrane filters used i1n the investigation
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Reuter & Perdue (1977) state that organic molecules
such as humic and fulvic acids participate 1n the formation
of complexes with metals through 1onizable functional
groups with a range of differential acidities. The stability
of metal-organic complexes formed i1in this manner may be
higher than the corresponding i1norganic complexes. These
authors concluded that at an average concentration of
10 mg 1_1 humic material in natural waters, complexation
of heavy metals would be significant even in the presence
of excess concentrations of other major cations. This 1is
1in accordance with the observation of Rashid & Leonard
(1973) who were able to show that humic acids can prevent
the precipitation of metals as insoluble sulphides or

carbonates.

Ramamoorthy 2 XN slhuer 11975) used failtration studies
to 1nvestigate the role of fulvic acid as a metal binding
component of stream and river water They found that organic
molecules with a molecular weaight lower than 1400 were
responsible for most of the complexing observed, and that
fulvic acid was probably the major organic molecule
32', Hco32' and 5042'
were found to show no contribution to the metal binding

involved. Inorganic ions such as CO

capacity of the fulvic acid. Schnitzer (1971) attributed
the bindaing of zinc by fulvic acid to complexation by the
carbonyl, carbonxyl and hydroxyl functional groups.
Ramamoorthy & Manning (1974) demonstrated that fulvic acid
not only mobilised zinc rapidly as zinc fulvate, but was

also capable of binding zinc phosphate complexes.

Sediments

Many of the published articles concerning the
deposition of heavy metals in freshwater sediments include
some discussion of the possible mechanisms by which the
particular metals have entered the sediments. In many
cases 1t seems probable that several processes are
acting together, although only a few possibilities are

considered by some authors. However, 1t seems widely
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accepted that the association of heavy metals with
various components of sediments may act as an important
control on the behaviour of metals i1n the overlying water.
For instance, several workers have demonstrated that the
sediments 1n lakes and reservoirs may act as 'sinks' for

heavy metals carried into them by feeder streams.

Factors controlling the entry of heavy metals to sediments

With the exception of the simple precipitation of
insoluble salts such as zinc carbonate or zinc hydroxaide,
several components of sediments have been implicated in
the binding of heavy metals from the overlying water.
Jenne (1968) reviewed the mechanisms controllyng the
distribution of several i1ons in water and sediments, and
propocsed that binding by the hydrous oxides of iron and

manganese furnish the prancipal Cuuncruls on the

R

sedimentation of nickel, cobalt and zinc 1n freshwaters
Because such oxides may be present as coatings on other
suspended particles, Jenne proposed that they may exert
chemical effects far out of proportion to their total
concentrations. Sorption and desorption of metals from
oxi1de particles and coatings were shown to be i1nfluenced

by other factors including pH and the amount and strength
of other complex formers present Jenne also suggested that
interaction of metals with sed mentary organic material,
clays and carbonates could affect sedimentation, together

with the precipitation of discrete oxides or hydroxides.

Lee, Lopez & Mariani (1975) provided strong
confirmation for Jenne's proposal of the importance of
hydrous 1ron and manganese oxides, but suggested further
complications in the manner in which they sediment metals
They found that 1t was very difficult to predict the
behaviour of the metal following sorption because of
'ageing' of the oxides, and because the binding process
could be non-reversible and non-stoichiometric. Further,
natural dissolved organic material could play a signaificant

role i1n the uptake and release of metals by the oxides.
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Other workers who have stressed the important role
of such oxides 1n freshwater sediments include Jackson
& Nichol (1975), who concluded that hydrous 1iron and
manganese oxides were important factors determinaing the
spatial distribution of heavy metals within the sediments
of Canadian lakes Chester & Stoner (1975) suggested
that 'excess' heavy metals 1n sediment from the Braistol
Channel were accumulated by co-precipitation involvaing

such oxides.

More recently Mothersill (1977) i1nvestigated factors
controlling the concentrations of selected elements in
the post-glacial sediments of Thunder Bay, Lake Superaior.
He demonstrated that the concentrations of nickel, copper,
chromium and zinc showed a stronger correlation with
manganese oxide than with 1ron oxides or nxaanaizc =gt&rial.
Luoma (1977) investigated the biogeochemistry of zainc
bound onto sediments 1n San Francisco Bay, and concluded that
zinc 1n the sediments was part’tioned between hydrous
i1ron and manganese oxl1des and organic material. However,
the role of organic material was found to be insignificant
1f 1t formed less than 1% of the sediment 2Zinc was
found to be less available for uptake by polychaetes when
the i1ron concentration in sediment exceeded the manganese
concentration; 1.e. when more zinc was partitioned into

the 1ron oxide 'sink' by mass balance effects.

It 1s widely accepted that organic material in
sediments, including humic material and other breakdown
products of living matter, can play an important role in
the binding of heavy metals. For example Gardiner (1974)
found that sedimentary humic acid appeared to be the main
component responsible for the binding of cadmium by river
muds. Collinson & Shaimp (1972) found that the
accumulation of zinc, lead and cadmium in the upper layers
of sediment from the Upper Peoria Lake was related

directly to the organic carbon content of the sediment.
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Cooper & Harrais (1974) 1nvestigated the enraichment
of heavy metals i1n the organic phase of sediment from the
R Blyth, Northumberland. They suggested that the observed
binding of metals to organic material was the result of
1on exchange, complex formation and chelation. Hem (1972)
concluded@ that the formation of complexes with humic
acid 1n sediments was an important factor decreasing the
mobility of heavy metals in stream waters. Gale, Bolter
& Wixson (1976) observed that heavy metals carried into
the Clearwvater Lake from a mining area became bound by light

fibrous organic debris i1n deeper parts of the lake

Sorption of dissolved and complexed metals onto
clay minerals (often i1n the <2 um fraction of sediments)
has been proposed as a mechanism by which metals may be
sedimented Pita & Hyne (1975) demonstrated that sediments
+u reservolrs located downstream of metal mining areas
tended to accumulate zinc, lead and cadmium ?hey
proposed that binding of metals from the water column
by clays was the principal pathway for sedimentation.
Shimp, Leland & White (1970) concluded that whilst the
accumulation of metals by superficial sediments from
southern Lake Michigan was related mostly to organic
content, concentrations of metals in deeper layers of the
sediments were correlated with the concentration of clay
minerals The lesser role played by clay minerals was

confirmed by Collinson & Shaimp (1972).

Kenlder (1975) considered the importance of the
adsorption of zinc onto two clay minerals (1llite and
montmorillonite) during a study of the uptake of zinc by
Scenedesmus obliquus. Montmorillonite was found to have a
greater capacity for 1on exchange than 1llite, this led to
an increased number of exchange positions which aided in

the uptake of zinc by exchange sites on the cell walls of

the alga
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Several authors have stressed that the mean size
of the particles i1n sediments may have a marked effect
on the binding of heavy metals Thus Oliver (1973) found
that higher concentrations of zinc and lead were
accumulated by fine grained sediments i1n the Ottawa River
than by coarser particles. Similarly Jaffe & Walters
(1975) found that sandy sediments contained lower
concentrations of zinc and lead than fine-grained anoxic
mud collected from the Humber estuary. Lasowski et al.
(1976) demonstrated that the concentrations of nickel,
copper, zinc and cadmium 1in sediments from polluted
freshwater systems near Mainz (Germany) were inversely
proportional to the grain size of the particular sample
of sediment. It seems probable that such observations
s1mply reflect the greater proportion of organic materaial,
clays etc. that tend to accumulate in the finer fractions

of seaiments

As well as the factors that influence the binding
of dissolved and complexed metal 1ons to sediments, 1t 1s
common for discrete, unweathered particles of ore or
rocks rich i1in heavy metals to be transported i1n the
suspended load of streams or rivers and laid down 1n the
sediment Sources of such material include mine milling
and crushing operations. Normal weathering processes
might be expected to be enhanced by the increased surface
area of such particles, 1t therefore seems likely that
they may not be inert chemically during transport or

following sedimentaticon.

Chester & Stoner (1975) noted that a proportion of the
heavy metals detected 1n sediment from the lower Severn
estuary was present as a 'non-leachable' (by weak acid)
form i1n mineral lattices. Loring (1976) demonstrated that
from 70 - 88% of the zinc and lead present 1in the
sediments of the Saguenay Fjord were present 1n the
detraital fraction as discrete particles of sulphide ore
Grieve & Fletcher (1976) concluded that from 80 -90% of
the heavy metals (other than lead) present 1n the sediments
of the estuary of the Fraser River were present 1n a

non-labile form in mineral lattices
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Whilst no studies of the partitioning of heavy metals
were 1ncluded i1n their accounts, 1t seems clear from the
studies of Maxfield et al. (1974a, 1974b) that a
proportion of the higher concentrations of zinc, lead
and cadmium found in the sediments of the Coeur d'Alene
Lake were present i1n particles derived from the crushing
of ore. Similarly, a proportion of the lead content of
sediments reported i1n part of Ullswater by Welsh & Denny
(1976) probably entered the lake as discrete particles

of ore when mining was active at the Greenside Lead Maine.

Release of heavy metals from sediments

The possibility that heavy metals may be released
from sediments to the overlying water in raivers, lakes
or reservolrs has been mentioned by several authors.
However, few studies have provided conclusive evidence
that such release does or does not take place. For
example, Alberts et al. (1975) stated "The potential
mobility of trace elements within and from the sediments
of freshwater impoundments 1s of great importance ain
evaluating sources and sinks for these elements 1in the
aquatic env1ronment": but these authors provided no
specific data regarding such mobility. Allan (1975) has
pointed out the urgent need for research into the
limnological processes resulting in the release of metals

from sediments.

It 1s obviously common for fine-grained sediment to
become re-susperded in the water for varying periods,
depending on the density of the particles and the degree
of turbulence If the normal concentration of dissolved
and/or complexed metals 1n the water was governed
previously by an equilaibrium with the settled sediment
surface, 1t seems probable that the increased surface area
of sediment caused by re-suspension would lead to a
shift 1n the equilibrium towards some release of metals to
the water. Further, 1f heavy metals within the sediment
had become more mobile (for example by the weathering of
particles of ore), these might be expected to be released

to the water during periods of turbulence



-73-

The only published study that considers specifically
the release of heavy metals from re-suspended sediments
1s apparently that of Wakeman (1974). Wakeman compared
the heavy metal content of filtered and unfiltered
samples of water from the Marine Straits, San Francisco,
before and after the bottom sediment was disturbed by
dredging operations Filtrable concentrations of
chromium, copper, lead, mercury, nickel and zinc were
all found to i1ncrease significantly above background levels
duraing the three periods of dredging that were
investigated, although no quantitative data were 1ncluded

in Wakeman's brief account.

Release of metals from sediments might explain the
observation made by Leland & Shimp {(1975) that the
concentrations of several metals (including zainr~ and lo2d)
showed marked seasonal variation i1n the water of southern
Lake Michigan. These authors demonstrated that haigher
concentrations of metals were present when the
transparency of the water was low. Samples analysed for
their study were passed through 0 45 um porosity filters;
the work of Kennedy, Zellweger & Jones (1974) demonstrated
that some suspended material may pass through such
filters (see 1 411). As heavy metals may be adsorbed
onto clay minerals, 1t seems possible that a proportion
of the metals detected by these authors might have been
in the particulate phase. Romano (1976) demonstrated that
that water 1mmediately above the surface of highly
polluted sediment i1in the G-and Calumet Raiver (flowing into
Lake Michigan) had higher zainc, lead and cadmium contents
than surface water 1n the river. 0 45 pum porosity

filters were also used i1n his study.

It seems unlikely that marked dissolution or
desorption of heavy metals from sediments would take place
under the conditions outlined above as long as the physical
and chemical factors usually governing the equilibrium

between sediment and water remained unchanged. Changes 1in
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such factors that might be expected to cause significant
release 1nclude- changes 1n the redox potential of the

water (F;rstner & Mﬂller, 1973), a reduction in pH or
dissolved oxygen, an increase 1in temperature (Romano, 1976),
a decrease 1n the hardness of the water, an increase in the

concentration of complexing ligands

An example of the re-mobilisation of heavy metals
from sediments to the overlying water as a result of
such changes was documented by Williams, Kopp & Tarzwell
(1966). These authors reported that the deepening of the
Ohio River to 26 feet had resulted i1n the creation of a
deep, sluggish channel i1n which organic material had
become deposited During periods when the water of the
river became anaerobic, the organic material became
degraded and carried metals back into the river as
complexes. This sequence of events, coupled with
industrial discharges, led to periodic toxic effects on

plankton and possibly fish.

Holmes, Slade & McLerran (1974) studied the migration
and redistribution of zinc and cadmium 1n the sediments
of the Corpus Christi Bay, Texas. In summer, concentrations
of zinc and cadmium were found to be markedly higher 1in
the upper layers of the water in the harbour (up to
0.48 mg 1_1 and 0.08 mg l—1 respectively) than in water in
deeper layers. This was attributed to the formatlion of
a wedge shaped mass of anoxic water in the bottom of the
harbour, 1n which the two metals became precipitated as
sulphides Thus i1n summer the harbour contained a metal
rich oxidised upper layer of water, a metal poor reduced
layer and sediments rich 1in metal sulphides. In wainter,
an 1nflux of oxygenated water to the harbour was found to
result 1n the desorption of metals to the overlying water
through oxidation of the sulphides. The authors concluded
that "This significant transfer into the bay of the metals
previously deposited on the floor is seen as a danger long

after the effluent from industrial processes is stopped".
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1.423 Experimental models

1t 1s clear from the above sections that many factors,

some of them not fully understoocd, may act to influence

the concentrations of heavy metals present in different
components of water-sediment systems In accepting that
such systems are frequently complicated, several workers
have attempted to duplicate the natural behaviour of

heavy metals by constructing artificial experaimental
systems. The published results of a few such 'models' are

considered here.

Cross, Willis & Baptist (1971) studied the distribution
of radioactive and stable zinc 1n an experimental marine
ecosystem (1in a large fibreglass tank). Nine months after
the addition of 652n to the tank, they found that

equilibrium had not been reached between concentrations o

h

the 1sotope 1n filtrable and non-filtrable fractions of
water. Thilis serves to 1llustrate the complexity that may
affect the exchange of metals between dissolved and

particulate material i1n natural systems.

Nakhshina & Feld'man (1972) carried out a detailed
experimental study on the effect of certain factors on
th binding of zinc by the bottom organic layer ('ooze')
in fresh waters. Following addition of from 0.05 - 1.2
mg l-1 Zn to the system, they found that up to 77% was
bound rapidly by the organic material. 'Mud sand' (with a
lower organic content) reached equilaibrium with the zinc
in the water at lower concentrations than the 'ooze'. pH
and the concentration of calcium 1n the water were found
to have a significant effect on the adsorption process,
higher pH favoured binding to the sediment whilst haigh
concentrations of calcium could reduce binding by as much
as 25%. The authors proposed that binding of zinc by the
organlic component of the sediment was preceeded by the

formation of i1ntermediate polycyclic compounds
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Guy & Chakrabart:i (1975) studied the distribution of
metal 1ons between soluble and particulate forms in an
experimental system The system contained water, hydrous
1ron and manganese oxides, bentonite, solid humic acid,
soluble humic and tannic acids, soluble EDTA and bicarbonate
ions, together with lead, copper, cadmium, zinc and
potassium 1ons. The strength of adsorption of metals by
the different solid components was found to be i1n the

order

MnO2 > humic acid » 1ron oxide > clay,

and the metals were found to be adsorbed i1in the order

2+ 2+ 2+ 2+ +
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It was found to be necessary to lower the pH to 4.8 before
lead was released from complexes with tannic¢c acid, as
compared with a value of 3 5 before the metal was released

from humic acaid.

Hem (1976) measured the cation exchange capacity of
a synthetic clay 1n freshwater. He concluded that 1f
suspended sediment with the same properties as the clay
was present 1in freshwater at a concentration of 10 - 1000
mg l_1 at pH 6 - 8, more than 90% of any lead present

would be adsorbed

Davis & Leckie (1977) used an experimental system
to study the effect of complexing ligands on the adsorprtion
of copper and silver at a sediment/water ainterface. The
system contained quartz (surface area 3.3 m2 g_l) and
amorphous 1ron oxide (surface area 182 m2 g_l) in a

-1
solution of 10 "M NaNO_. 'Adsorption edges' for copper

3
and silver were found to lie 1n the pH ranges 4 - 6 and
6 - B8 respectively. The authors concluded that the presence

of complexing ligands could complicate the bainding of
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metals onto sediments, for example when a complexing ligand
was adsorbed onto clay particles with a strongly functional
group directed towards the solution Interactions such as these

were found to alter significantly the pH region for adsorption

of metals

Lu & Chen (1977) used an experimental model to study
the migration of trace metals at the interface of seawater
and polluted superficial sediments. The model was used to
investigate the effect of different redox conditions on
the release of metals from sediments over a period of
4 - 5 months. Three main groups of metals were observed

to show differing behaviour

1. those released under oxidising conditions

(Cn CA& N2 Db

~
I3 '

-\
’ sy

11. those showing no change in release with

changing redox conditions (Cr, Hg),

111. those released under more reducing

conditions (Fe, Mn).

These authors also noted :hat equilibrium between
water and sediments was reached only slowly within the

system, possibly due to the presence of unknown

complexing ligands

TOXICITY OF HEAVY METALS TO AQUATIC ORGANISMS

It has long been recognised that high concentrations of
heavy metals such as zinc, lead and cadmium may prove
toxic to aquatic plants and animals A large body of
literature exists concerning the toxicity of various metals
to organisms including bacteria, fungi, algae, bryophytes,
vascular plants, protozoa, invertebrates and fish. The
following brief review concentrates on the tolerance and

adaptation to metals of aquatic plants, an aspect that has
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receirved less attention than, for example, the toxicity

of heavy metals to fish. However, as some of the principles
involved are common to all agquatic organisms, brief

mention 1s made of published accounts relating to the

effects of heavy metals on aquatic animals.

Animals

Introduction

The toxicity of heavy metals to animals in freshwater
has been the subject of more research than has the
toxicity of such metals to plants. Most of this research
has concentrated on fish, which have probably received
more attention than all of the other groups of aquatic

organism combined (Whitton & Say, 1975).

Protozoa

Whaitton & Say (1975) point out that most of the
published i1nformation concerning the effects of heavy
metals on protozoa relate to acid mine waters. A recent
study under non-acidic conditions 1s that of Sartory &
Lloyd (1976), who 1investigates the effects of selected
heavy metals on 'unadapted' populations of Vorticella
convallaria var simirlis. In culture, this organism was
found to be sensitive to concentrations of 0.075 mg l-1
Zn and 0.0005 mg l-1 Pb, but grew at concentrations of
<0.05 mg l—1 Zn and <0.0002 mg l-1 Pb. The authors
pointed out that research 1s needed to determine the
levels of metals above which adaptation i1n protozoa can
occur, especlally as such organisms may form an aimportant
part of the microbial communities 1n sewage treatment
plants receiving inputs of metals. The organism used 1in
their study was obtained from a culture collection, there
was apparently no justification for the use of the term

'unadapted’.



-79-

1 513 Invertebrates

Earlier observations 1n the literature on the toxic
effects of heavy metals to invertebrates include those
made by Carpenter (1924). She noted that Welsh streams
contaminated by the effluent from lead mining operations
frequently showed a complete absence of groups of
invertebrates including Platyhelmia, Mollusca, Traichoptera,
Crustacea, Oligochaeta and Hirundinea. In some streams
the only 1nvertebrates surviving were Tanypus nebulosus
and Simulium latipes. Jones (1940, 1958) found that these
insects, together with some flatworms, were the only

invertebrates present 1n the metal polluted R. Ystwyth

The crustacean Daphnia magna has been the subject of
much research. For example Anderson (1950) studied the
toxicity of 25 cations to this organism when grown 1n
water from Lake Erie. Cadmium, lead and zinc were among
the five most toxic elements, with threshold concentrations
for toxicity decreasing i1n that order. Biesinger &
Christensen (1972) carried out a fuvther study of the
toxicity of heavy metals to D. magna, and reported
concentrations bringing about 'chronic toxicaity' (1 e.
ki1lling 50% of the organisms within three weeks) of 70
ug g_1 Zn, 30 png g_1 Pb and 0.17 pg g_1 ca

Thorp & Lake (1974) carried out toxicity biocassays
of cadmium on selected freshwater i1nvertebrates, and studied
the interaction of cadmium and zinc on the freshwater
shrimp Paratya tasmaniensis The results of the bloassays
on Paratya indicated that there might be seasonal
differences 1n the sensitivity of the organisms to cadmium.
Below a certain concentration the zinc and cadmium were
shown to show a combined toxic effect that was less than
additive. Above this concentration their interaction was

straictly additive.
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It 1s generally accepted that crustacea are more
sensitive to elevated concentrations of heavy metals than
are fish (e.g. Anderson, 1950; Arthur & Leonard, 1970).
Wurtz (1962) suggested that molluscs and malacostracan
crustaceans are the groups showing the least tolerance to
heavy metals. In contrast, some species of insects may
be relatively resistant. Thus Sprague, Elson & Saunders
(1965) found that certain caddisflies and midges could
tolerate concentrations of zinc and copper equivilent
to 1.5 times the 'ILL' (maximum concentration permitting

indefinate survival) for salmon

It has been demonstrated conclusively by some
workers that certain species of invertebrates are capable
of developing specially tolerant populations 1in
environments contaminated hv heawy mgtzls, Fur example,
Bryan & Hummerstone (1973) demonstrated that populations
of the polychaete Nereis diversicolor from sediments
with a high concentration of zinc were more resistant
to zinc than were populations from uncontaminated

sediments.

More recently Brown (1977) has demonstrated that
the 1sopod Asellus meridianus may be present as metal-
tolerant strains ain rivers carrying high concentrations
of copper and lead i1n the water In an experimental study
of i1nsects collected from the R. Hayle and R. Gannel
(Cornwall), she found that copper-tolerant A. meridianus
accumulated up to 6.8 pug g—1 Cu after being fed a diet
enrxiched with copper for 12 days. In contrast, non-
tolerant animals showed no evidence of accumulation and
died within eight days. Similarly, lead-tolerant animals
accumulated up to 28 ug g-1 Pb in four days, whereas
non-tolerant organisms showed no accumulation and died
within ten days. A marked difference was found in the
mechanisms by which tolerant and non-tolerant animals

stored copper in the hepatico-pancreas.
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As with fish (see below), various factors have been
proposed which may affect the toxicity of heavy metals to
particular species of i1nvertebrates For example Jones
(1939b) found that relatively low concentrations of lead
reduced the toxicity of copper to Polycelis nigra,
Gammarus pulex and Tubifex tubifex. Whitley & Sikora
(1970) studied the effect of pollutants i1ncluding lead
and nickel on the respiration rate of tubificid worms,
and concluded that the effects of both metals were
regulated by pH. Cairns et al. (1976) demonstrated that
exposure of snails to sublethal concentrations of zinc in
solution reduced survival time (or modified survival in

other ways) during subsequent exposure to zinc

1.514 Fash
As was the case with invcrtelbraces, the studies of

of Carpenter (1924, 1925) are among the more important
of the earlier accounts concerning the toxicity of heavy
metals to fish. Her observations on the fauna of raivers
1n west Wales marked the commencement of a period of
intensive study concerning the toxicity of metals to

fiiéh\;n the region (e\g. Laurie & Jones, 1938, Jones,
195%5\1939a, 1940b) . In her classic study, Carpenter
(1924) ob§?rvéd~éha§\whilst non-polluted streams and
rivers in ngt Wales had rich communities of fish, the
entry of waste from lead mining into rivers such as the
R. Rheidol and R. ¥Ystwyth resulted in the complete
ellg;natlon of the fash faana. Carpenter attributed this to
theSpeesence of lead 1in the water; Jones (1940a) suggested
that zinc was an important factor responsible for the
Observed téxic ééfects on fish i1n the R. Y¥stwyth.

. Since these early observations, laboratory studies

~ L

have éeveloped from short term toxicity studies on fish
,/inzbtatic systems to include a variety of more sophisticated

techniques (e.g. McKee & Wolf, 1963; Edwards & Brown, 1967).

Whitton & Say (1975) list some examples of experimental

on the effects of heavy metals on fish, and clte reviews

by Skidmore (1964), Jones (1964), Sprague (1969) and

Brown (1973).
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It 1s 1n such studies 1nvolvaing fish that most
account has been taken of environmental factors that may
influence the effects of a particular heavy metal. This
1s of especial relevance 1n assessing, for example, the
effects of discharges of metals i1nto waters containing
fish. Edwards & Brown (1967) point out that attempts
at predicting toxic effects to fish should consider
information on as many of the toxicants present as
possible Brown, Shurben & Shaw (1970) studied several
polluted rivers in 1industrial regions of England, and
observed that toxicaity to fish in the field was always
greater than that predicted by adding together the likely
contraibutions of toxicants such as heavy metals. Other
studies 1ndicating that mixtures of heavy metals may
show synergistically toxic effects include that of
Anderson & Webber (1975). These authors concluded that

zinc and copper were 'Supra-additive' in theair toxaicity

to faish

Among the factors which have been mentioned as
reducing the toxicity of heavy metals to fish, the one
quoted the most often 1s the hardness of water. For
instance, 1t seems widely accepted that zinc 1s almost
always less toxic ain hard than in soft waters (e.g. Jones,
1938; Cairns & Scheier, 1957, Lloyd, 1960; Lloyd &
Herbert, 1962; Skidmore, 1964; Mount, 1966; Solbé, 1974).
The anfluence of hardness on the solubilaity of zinc has
already been mentioned (1.412), and 1t 1s not always
clear from such studies to what extent the effects of

hardness may be simply a result of the precipitation of

zinc.

The 1nfluence of pH on the toxicity of heavy metals
to fish seems to be less clearly understood. Mount (1966)
showed that at any particular hardness zinc was least
toxic to fathead minnows at pH 6.0 (the lowest value
tested). Solbé (1974) summarised data of Lloyd (1960)
together with data from his own studies, and concluded
that combined i1ncreases in total hardness and pH led/to
a decrease 1n the toxicity of zinc to rainbow trout

However, Solbé pointed out that the data were 1insufficient

to separate the effects of pH and hardness.
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In a study of the effects of copper on salmon
parr in water taken from the Exploits River, Newfoundland,
Wilson (1972) found that the 96 hr LC50 value could be
raised from 125 pg l—1 Cu to more than 180 upg 1—1 Cu
by the presence of organic materials 1n added spent

sulphite ligquor.

Further complications affecting the toxicity of
heavy metals to fish have been documented by some authors.
For example salmon have been shown to avoid areas of a
river contaminated by heavy metals by returning downstream
(Sprague, Elson & Saunders, 1965). Sensitaivity of
particular species has also been shown to vary according
to the stage of the life cycle. For example, eggs have
been shown to be the stage most resistant to zinc 1in

Zebra danio (Skidmore, 1965) and fathasz
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1969) whereas the eggs of salmon have been shown to be

more sensitive to zinc than the fry (Grande, 1966).

1.52 Plants

1 521 Introduction

It has long been noted that certain species of
plants may be more resistant to elevated concentrations of
toxic metals than others Although 1in this section
emphasis 1s placed upon the literature concerning aquataic
photsynthetic plants, brief mention 1s also made of

other groups

1.522 Bacteria and fungai

Whitton & Say (1975) state that most reports
describing bacteria and fungi in streams rich 1n heavy
metals are concerned with acid mine drainages, where
such organisms may form an important part of the micro-
flora. However, there 1s a fairly comprehensive
literature on the effects of heavy metals on bacteria
and fungi 1n other habitats such as soils, and several

studies have been carried out on selected species 1n

the laboratory.
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Griffiths, Hughes & Thomas (1974) 1investaigated
the occurrence i1n raiver water of bacteria resistant to
heavy metals They reported that the proportion of zinc-
resistant bacteria present could range from as low as
2% to as high as 30% 1n waters with different degrees of
zinc contamination. They suggested that other chemical
and physical factors could be at least as important as
metal pollution in determining the development of
resistant microbial communities Such factors included
hardness, acidity, and the deposition of silt on the bed
of the river Resistance to heavy metals was shown to be a
stable, genetically determined character, and communities
of bacteria were found to adapt to the toxic effects of
metals with only small decreases in activity. The

authors also demonstrated that bacteria associated with

he L0003 of wulerantc yrasses growing on mine spoil possessed

a greater re51stance to metals than those associated with

grasses growing on uncontaminated soil

Jordan & Lechevalier (1975) studied the effects of
emissions of zinc from a smelter on the microflora of
forest soils, They found that in the more contaminated
solls (containing up to 80000 ug g_1 Zn) the number of
bacteria, actinomycetes and fungi was reduced greatly.
This reduction 1n microbial growth was suggested as a

reason for the observed lower rate of decomposition of
leaf litter at contaminated sites All of the organisms
1solated from contaminated so1l were found to be
tolerant to zinc, although zinc- tolerant forms were also
readily 1solated from uncontaminated soils The authors
therefore suggested that selection for zinc-tolerant
microflora might proceed rapidly following the

enrichment of soi1ls with the metal

More recently Babich & Stotzky (1977) demonstrated
that several species of fungi could tolerate higher
concentrations of cadmium in soi1l than laboratory medie
This difference was attributed to the effects of
complexing particles (including clays) in the soil,

together with the i1nfluence of pH. Babich, Bozian & Stotzky
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(1977) demonstrated that the presence of clay minerals
significantly reduced the toxicity of cadmium to

Aspergillus niger and A. fischer1.

In a rather similar study Doelman (1977) demonstrated
that the inhibition of respiration by soil microflora as
a result of lead enrichment depended on the physico-
chemical characteristics of the soil. Thus whilst respiration
in sandy so01l was inhibited by 500 ug g-1 Pb, concentrations
of up to 10000 ug g_1 Pb had no significant effect on
respiration in peaty soil. However, the microflora of
peaty soills i1n areas affected by pollution were found
to be less sensitive to lead than organisms from
similar soi1ls 1in unpolluted areas. Adaptation to lead 1in

both sandy and peaty soils was found to occur within

species, rather than by a shift in morphological groups.

Ashida (1965) reviewed the adaptation of fungi to
metal toxicants. He adopted the terms 'training' or
'adaptation' for cases where i1ncreased resistance had
been demonstrated in particular i1solates, whether the
resistance was the result of physiological modification of
the <cells or of selection for genetically tolerant
strains. Ashida cited other examples of tolerant funga
that may or may not retain their tolerance ain the
absence of metals. Thus whilst some types were found to
lose their resistance after a few 'transfers' between
metal-free artificial media, others retained their
resistance through frequent transfers. An example of
a species that can tolerate extremely high concentrations
of metals 1s that of Penicillium glaucum (Pulst, 1902),
which can grow ain ligquid medium containing as much as
9.5% CuSo4 More recently a strain of Penicillium
ochro-chloron has been shown to be resistant to similar

concentrations of copper 1in solution (Okamoto & Fuwa, 1974).

Ahsida (1965) listed possible mechanisms conferring

resistance to metals in fungi under the following headings-
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1. genetic adaptation (a) selection of spontaneously
muted genes,

({b) i1nduction of mutation
followed by selectaion,

11. phenotypaic adaptation (lost more quickly than (1)),

111 composite changes, e.g selection for a genotype
conferring phenotypic plasticity,
or fcr a genotype conferring some
resistance and some phenotypic
pPlasticity.

Ashida, Higashi & Kikuchi (1963) used electron
microscopy to study the distribution of accumulated copper in
resi1stant yeast cells. In the latter part of logaraithmic
growth resistant cells were found to produce large
amounts of hydrogen sulphide, resulting ain the precipitation
of copper sulphide around the cell walls Hydrogen
sulphide was not produced during other phases of the
growth cycle, and the authors concluded that the cells

possessed other characteraistics conferring resistance to

zZ1lnc

Chopra (1971) demonstrated that strains of
Staphylococcus aureus that were resistant to cadmium
showed markedly reduced uptake of the metal in comparison
with strains lacking the gene conferring resistance. He
suggested that 'non-exchangable' cadmium taken up by
the resistant strain was bound to components within the cell,

rather than adsorped onto the cell surfaces.

In contrast, mercury-resistant bacteria have been
shown to tolerate high concentrations of the metal by
converting 1t to a volatile form which 1s then dispersed.
For example Summers & Lewis (1973) demonstrated that
mercury-resistant strains of Escherichia coli,
Staphylococcus aureus and Pseudomonas aeruginosa could
convert IO_SM ng+ to a form which was volatile and

soluble in organic solvents.
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1.523 Algae
Introduction

Whilst some species of freshwater algae are eliminated
rapidly by elevated concentrations of heavy metals,
others may form an important part of the microbial
community i1n waters polluted by such metals Early
published studies have highlighted the importance of
algae 1n such situations. Subsequent field and laboratory
studies have 1investigated various aspects of the toxicaity
of different metals to various species of algae, but
there 1s still a marked paucity of literature on the

subject.

The inhibitory effects of heavy metals on the growth
and metabolism of algae has attracted attention over the
Ywais {rum tne point ot view of deliberate control of
algal growth (Overnell, 1975), but few workers have
investigated the mechanisms by which tolerant species may
withstand the effects of metals in the field Thus whilst
the occurrence of metal tolerant strains of partaicular
species of bacteria and fungi 15 well documented (1.522),
the possiblity of such adaptation by particular species
of algae has received very lattle attention Saimilarly,
whilst environmental factors affecting the toxicity of
heavy metals to fish has been the subject of intensive
research, very few workers have considered such effects

for algae.

Fi1eld studies

'As 1s the case for invertebrates and fish, the
agcount of Carpenter (1924) presents fascinating observations
on the effects of heavy metals on natural communities of
algae. In her studies of the R. Rheidol, Carpenter
found that the reaches downstream of the lead mines
had a vegetation limited to slight coatings of brophytes
and growths of the rhodophycean algae Batrachospermum and
Lemanea. A later study carried out by Reese (1937) provided
more detailed information on the algal vegetation of the

metal polluted R Rheidol, together with that of other
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polluted streams in Cardiganshire. Reese reported that even
16 years after the cessation of most mining activities,
there were still obvious differences i1n the vegetation of
the R. Rheidol upstream and downstream of the Cwm Rheidol
Mine. Macrophytic growths present upstream of the mine

were eliminated for a length of about 100 yards, these
included a spring growth of Ulothrix and Stigeoclonium

and a spring and summer growth of Lemanea These differences
were attributed to the effects of i1mpurities brought

into the river by a sidestream, rather than to drainage
from the mine 1tself In the case of the R Melindwr,

Reese concluded that silt derived from workings associated
with the Goginan Lead Mine was the chief factor causaing

a reduction 1in the algal vegetation

More recently Jones (1958) carried out studies on the
nearby R. Ystwyth and reported some details of the

apparent effects of heavy metals on the algal vegeta

ot

ion
For a distance of 1 mile downstream of the Cwm Ystwyth
Mine the vegetation did not appear to be affected
significantly by the metal content of the water. However,
further downstream at Pontrhydyroes the whole appearance
of the river had changed. At this point the normal flora
of mosses and green algae had apparently been eliminated,

and growths of Lemanea were abundant.

Whitton (1970b) reviewed the early literature regarding

the algal flora of polluted rivers and streams i1n Cardigan-
shire. He concluded that 1t was hard to draw firm conclusions

on the extent to which the reported changes in algal flora

were due to the effects of zinc lead cr silt However, 1t

1s clear from such accounts that Lemanea was especially

tolerant to both zinc and lead in the region.

Recently Griffiths, Hughes & Thomas (1974) and

McLean & Jones (1975) have reported further observations

on the algal flora of streams and rivers in Cardiganshire.

The findings of the former authors generally agreed wath

those of Reese (1937) They found that the total numbers

of algae in the vicinity of disused zinc and lead workings

at Frongoch and Cwm Ystwyth were considerably lower than

those found in nearby unpolluted water. However, there
was still a greater diversity of species of algae than
of other plants or animals 1n the polluted reaches. The

filamentous green algae Ulothr;x, Hormidium and Microspora
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were found to be especially abundant in polluted situations,
especially where streams emerged from mines. The authors
concluded that such growths represented "striking
manifestations of the ability of microorganisms to
withstand the toxic environment”. In a field study of the
flora of the rivers Ystwyth and Clarach, McLean & Jones
{1975) noted that both rivers still showed clear evidence

of the toxicity of metals to plants They reported that
species of Hormidium, especially H. rivulare Kﬁtz, were

the most tolerant algae at the most polluted stations

Whitton (1970b) pointed out that the effects of a
particular metal on the algal flora of a stream or river
may be easier to i1nterpret where a single metal enters
the water as the result of i1ndustrial pollution. He
Lnererore reviewed several of the earlier studies where
workers had i1nvestigated the effects of discharges of
particular metals One such study was that of Butcher (1955)
who sampled the algal vegetation at various points
within the catchment area of the R. Trent (East Midlands)
Butcher found that the effluent from a copper factory on
the R Trent caused a great reduction 1n the flora of the
river, but that growths cf algae returned four miles
downstream of the effluent. Here the flora was dominated
by Chlorococcum, Achnanthes affinis and Stigeoclonium
tenue, 1nstead of the normal succession of Nitzschia palea
- Cocconeis A similar changed algal flora was observed
within the R Dove following the ertry of the R Chuarnett,
and Stigeoclonium tenue was also found by Butcher to be
present 1n the R. Tame downstream of a discharge of copper.

]

S. tenue was listed by Weaimann (1952) among speciles
of algae that were very resistant to metallic poisons in
the Nordheim - Westfalen region, and Palmer (1959) quoted
the alga as an 'indicator' of pollution by copper and
chromium These observations are i1n apparent contrast to
those of McLean (1974) who carried out a field study of

the tolerance of S. tenue to metals in south and west Wales.
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McLean found no growths of the alga in flowing waters
polluted by high concentrations of heavy metals, and
suggested that the tolerance of the alga as suggested by
other workers was possibly simply the result of 1its
tolerance and affinity for organic pollution. In the
absence of the latter, high concentrations of metals such

as zinc and lead would not be tolerated.

More recent studies of the effects of heavy metals
on communities of freshwater algae 1nclude those of
Besch, Ricard & Cantain (1972). These authors carried out
an extremely detailed study of the relative tolerances
of species of lotic diatoms to pollution by zinc and
copper 1n the north-west Miramichi area of Canada
Achnanthes microcephala, Eunotia exigqgua, Pinnularia
interrupta t biceps and Fragilaria virescens were all
found to be very resistant to very high concentrations
of soluble zinc (»10 mg 1_1), whilst Diatoma hiemale,
Eunotia arcus, Gomphonema angustatum and Cymbella affinis
were apparently sensitive to concentrations of soluble

zinc above about 0 1 mg 1—1.

Whilst the present study was i1n progress, Say (1977)
completed a field (and laboratory) study of the
microbial ecology of streams carrying high concentrations
of zinc 1n the water. Most of the streams studied were
associated with disused mine workings on the Northern
Pennine Orefield. He found that even the streams most
heavily polluted by zinc supported communities of algae,
although the number of species present was often
reduced considerably 1n comparison to nearby unpolluted
streams. The algae showing most resistance i1n the field
were species of Hormidium, Ulothrix, Mougeotia and
Microspora. These formed abundant growths at the
highest concentrations of zinc 1n stream waters; 1in
most cases species of Hormidium (notably H. rivulare)

were the most obvious



-91-

Laboratory studies

Many laboratory studies have been carried out on
the toxicity of different heavy metals to different
speclies of algae. A large number of these studies have
been concerned with the possible uses of algae as
monitors of pollution, or with the toxic effects of
metal-containing algicides (Whitton & Say, 1975), and
few authors have combined field and laboratory studies
of toxicity. As the present study 1s concerned mostly
with the ability of different species to tolerate
different concentrations of metals i1n the field, only a

brief summary of the more relevant articles 1s 1ncluded here.

Several workers have used selected species of algae
to assess the influence of one or more metals under
CSiauwiollied cunditions i1n the laboratory. The specles
used, which are frequently obtained from culture
collections, are therefore being used as bioassay
organisms 1n the strict sense of the term For example
Bartlett, Rabe & Funk (1974) used a modification of the
'Algal Assays Bottle Test' to assess the effects of
copper, zinc and cadmium on Selenastrum capriconutum.
Algicidal concentrations of these three metals under
the experimental conditions used were 0.3 mg 1—1, 0.7 mg l-1
and 0.65 mg l—1 respectively. When the alga was subjected
to varying concentrations of zinc i1n polluted stream
water, 1t could not tolerate more than 0.5 mg 1_1 of

the metal.

Rachlin & Farran (1974) used a modification of a fash
cell culturing technique to study the growth response of
Chlorella vulgaris to selected concentrations of zinc.
Their study demonstrated that a concentration of 2.4
mg 1_1 Zn brought about a 50% reduction i1n growth rate
within 96 hours In a rather similar study Malanchuk &
Gruendling (1973) estimated the EDgp (median effective
14C

dose causing 50% reduction of O2 fixation) of lead

for four specles of algae. This concentration lay wlthin
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the range 15 - 18 mg 1_1 Pb for species of Anabaena,
Clamydomonas and Navicula, but was only 5 mg 1_1
for Cosmarium sp. The greater sensitivity of the desmaid
was attributed to 1ts greater surface area volume

ratio.

Only a few other workers have attempted to compare
the sensitivity of different groups of algae to heavy
metals. Overnell (1976) used the production of oxygen
to measure the i1nhibitory effects of heavy metals on
photosynthesis 1n seven species of marine algae Of these
specles, Phaeodactylum tricornatum and Dunaliella
tertiolecta were found to be most sensitive to zinc,
copper, cadmium and mercury. Rana & Xumar (1974b) used
bioassay techniques to evaluate the toxicity of a zinc-
containing effluent (from a smelter) to ten species of
algae. The results suggested that Chlorella vulgaris,
Scenedesmus sp. and Plectonema boryanum were relatively
tolerant to zinc, whilst Anacystis nidulans, Oscillatoria

sp. and Nodularia spumigena were relatively sensitive

Williams & Mount (1965) used artificial outdoor
channels to study the effects of four concentrations of
zinc on periphytic communities. Whilst no species were
found which could be considered as 'aindicators' of zanc,
the number of dominant species was reduced at higher
concentrations of the metal Cladophora was found to be
especially sensitive to zinc, tbhis 1s 1n agreement with
the observation of Thomas (1962) who found that
concentrations of zinc and copper proving toxic to
Cladophora were 0.1 mg 1.1 and 0.05 mg l_1 respectively
Whitton & Say (1975) reviewed further studies on the
toxicity of heavy metals to this alga. They noted that
whilst all laboratory and some field studies 1ndicate
that Cladophora 1s one of the most sensitive of all algae
to metals, other field surveys did not support thais
conclusion (see Whaitton, 1970c) Whitton & Say (1975) also
pointed out conflicting observations in the literature
regarding the toxicity of heavy metals to the diatom

Nitzschia palea
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Whitton (1970a) carried out a laboratory study of the

toxicity of copper, zinc and lead to 37 speciles of green
algae. On the basis of this study, and in spite of
conflicting observations outlined above, he proposed
several tentative generalizations regarding specles from
flowing waters. Microspora and Ulothrix tended to be
resistant to all three metals, whilst Oedogonium spp.
tended to be relatively sensitive. Z2ygnemales were on the
whole 1ntermedaiate 1n their resistance to copper and
lead, but showed a wide range of resistance to lead
Whitton (1970b) suggested that 1t seems reasonable to
assume that abundant growths of Cladophora indicate that
the waters are not subject to repeated pollution by heavy
metals 1in solution. On the other hand a well 1lluminated
flowing water site with abundant growths of Stigencloninm
tenue, but no Cladophora at all, should be treated as

suspect for pollution by heavy metals

It 1s not the purpose of the present review to
consider the present knowledge of the biochemical effects
toxic or non-toxic concentrations of heavy metals., Say
(1977) has reviewed such aspects for the metal zinc, and
cites reviews by Vallee (1959, 1962) and Zajic (1969).
Say also reviewed the methods employed by different
workers to assess the toxicity of metals, and noted that
1n several cases the effects of a metal have been
quantified by the degree of inhibaition of a particular
metabolic process. For algae, such process include the
production of chlorophyll a (e.g. Hargreaves & Whitton,
1976), the rate of respiration (e.g. McBrien & Hassal,
1967) and specific photosynthetic reactions (e.g.
Greenfield, 1942, Overnell, 1975, de Fillaipis & Pallaghy,
1976b) .

In addition to biochemical considerations, several
workers have made observations on the effects of lethal
or sub-lethal concentrations of heavy metals on the

growth rate or morphology of different species of algae.

of
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Thus Bartlett, Rabe & Funk (1974) noted that the most
noticeable toxaic effect of sub-lethal concentations
of zinc, copper and cadmium on Selenastrum capricornutum

was an extension of the lag phase of growth 1in culture

Hessler (1974) studied the effects of lead (added as
lead nitrate) on the viability and motility of Platymonas
subcordiformis. The most marked toxic effects were
observed during logarithmic growth, when sub-lethal
concentrations of lead delayed cell division and the
subsequent separation of daughter cells Death of the
cells was caused by 60 mg 1—1 Pb, this concentration also
affected motilaty by causing flagellae to be shed. When
flagellae were sheared from the cells by artificial means,
a concentration of 10 mg 1-1 Pb was sufficient to
prevent thelr regeneration. In a subsequent study
Hessler (1975) investigated the possibility that high
concentrations of lead might induce mutation in P,
subcordiformis. When the alga was exposed to two
mutagenic agents (ultraviolet irradiation and
nitrosoguanidine), the incidence of mutations (chiefly
affecting rate of growth and form of colonies) was not

increased appreciably by the presence of lead chloride.

Several authors have noted that toxic effects of
heavy metals on certain algae 1n culture may be associated
with a loss of potassium from the cells. Similar
observations on fungal spores by Bodnar, Villanyi &
Terrenyi (1927) led to the proposal that the uptake
of copper by the spores was the result of ion exchange
with potassium. However, McBrien & Hassal (1965) noted
that when cells of Chlorella vulgaris were treated with
copper, more potassium was released than equivallnt
amounts of copper enteraing the cells. The authors
concluded that the potassium was released because of the
graded response of a barrier, normally at low permeability,
to i1ncreasing concentrations of copper. This was

suggested as a praimary toxic effect of copper on
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C. vulgaris, but not necessarily the most important
since the cells were still capable of growth following
the loss of large amounts of potassium More recently
Overnell (1975) proposed that the loss of potassium
from cells could be used as a measure of the toxicity

of heavy metals to certain species of algae.

Tolerance and adaptation of algae to heavy metals

It has already been noted that both bacteria and
fungl are capable of forming populations wWhich are more

tolerant to heavy metals than are other populations of the same
speclies (see 1.522). The developrent of such tolerance

through genetic adaptation 1s also well documented for
terrestrial vascular plants (see 1.525). In light of this,

together with the knowledge that algae are among the
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research on the possibility of adaptation by species

of algae to withstand heavy metals. For example, Griffiths,
Hughes and Thomas (1974) reported that filamentous

green algae 1including Hormidium spp. were 'strikingly'
tolerant to metals 1n polluted waters ain Cardiganshire.
However, these authors presented no evidence to suggest
whether the algae from such sites were metal tolerant
strains of species that were normally more sensitive to
heavy metals, or whether they were species that were
naturally tolerant of metals. Similarly McLean (1975)
noted that Hormidium rivulare was the sole alga growing
1in streams polluted by high concentrations of zinc i1n the
Cwm Ystwyth - Dyfed area. He found that the alga could
grow 1n laboratory culture medium at concentrations of
zinc {(up to 40 mg 1_1) far higher than could be

tolerated by 1solates of Stigeoclonium and Spirogyra
from unpolluted streams. However, no attempt was
apparently made to compare the tolerance of H. raivulare

from polluted and unpolluted sites.
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There are, however, some 1indications in the
literature that different strains of individual species
of algae may differ 1n tolerance to metals, and that such
strains may occur naturally ain emvironments polluted by
heavy metals. Thus Kellner (1955) compared the morphology
and growth of two strains of Ankistrodesmus braunii,
and demonstrated that one strain could produce more or
less normal rells and grow at higher concentrations of
copper than the other Similarly Jensen, Rystad & Melsom
(1974) showed that two clones of Skelatonema costatum
showed significant intraspecific differences regarding
tolerance to pollution by zinc. There was some 1ndication
that this difference was of ecological significance, as
the more tolerant clone was isolated from the Sorfjoragd,

which 1s heavily polluted by inputs from the metallurgical

industry.

Russel & Morris (1970) investigated the ship-fouling
pProperties of populations of the brown marine alga
Ectocarpus siliculosus. They found evidence of
intraspecific variations 1in response to dissolved copper
which may have been associated with the habitats from
which the populations were taken. Populations taken from
an uncontaminated rocky shore were found to be capable
of growth 1in concentrations of copper up to about 0.02
mg 1 °. In contrast, populations 1solated from the
hulls of two ocean-going freighters that had been
treated with copper-based antifouling agents were found
to be capable of growth at concentrations of copper ten

times greater than thas

Stokes, Hutchinson & Krauser (1973) showed that
Scenedesmus acutiformis var alternans and Chlorella fusca
isolated from lakes 1n the Sudbury region of Canada that
were polluted by haigh concentrations of copper and nickel
were more resistant to these metals than were laboratory
strains of Scenedesmus acumunatus and Chlorella vulgaris
respectively. The authors also pointed out that represent-

atives of these genera appear to be widespread in
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environments rich in heavy metals. They suggested that
the algae selected as laboratory strains were already
more tolerant to copper than many other algae, and that
strains 1solated from the polluted lakes had evolved even
more tolerance. Stokes (1975) documented the following
characteristics in tolerant isolates of Chlorella and

Scenedesmus from polluted lakes

1. The presence of tolerance 1s correlated with
elevated concentrations of the particular metal,
thus examples were found of tolerance to copper,
or nickel, or both metals. The algae did not
therefore show 'multiple tolerance' to several
metals

11. Tolerances were independant i1n that tolerance

to copper and nickel 1n the same organism could
be separated.

111, Tolerance to copper required for 1ts expression
the presence of a certain amount of copper in the
growth medium, and tolerance to copper was
temporarliy 'lost' i1n copper-depleted cultures.
Copper depleted cultures retained their tolerance
to nickel, and nickel was not required in the
growth medium for the expression of tolerance
to nickel.

Whaitton (1970a) compared the tolerance to zinc 1in
laboratory culture of populations of Stigeoclonium tenue
1solated from several freshwater environments, and noted
apparently slaghtly greater resistance to the metal ain a
population from an effluent rich ain zinc Subsegquently
C. Rajendran (personal communication) demonstated
further examples of enhanced resistance to zinc 1in
populations of S. tenue collected from zinc-polluted

streams draining the Northern Pennine Orefield.

Recently de Fillipis & Pallaghy (1976c) demonstrated
that a laboratory strain of Chlorella could develop
increased resistance to zinc and mercury after a
relatively brief exposure to the metals. Shortly followaing
exposure to the metals the cells showed symptoms of metal

toxicity, with sharp reductions in the rate of cell division,
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pigment content and export of photosynthates. After 40
days (approximately 40 series of cell divisions) the
cultures had gained resistance to the metals, and had
almost completely regained the rates of cell davision
displayed by control cultures. Resistance to zinc was
found to be brought about by the development of an
exclusion mechanism, whillst resistance to mercury was
associated primarlaiy with 1increased volatilization of

the metal by enzymatic means

Say, Diaz & Whitton (1977) have recently carried
out a detailed laboratory investigation of the tolerance
of species of Hormidium to zinc Populations of H.
rivulare Kﬁtz, H. flaccidum Kutz and H. fluitans (Gay)
Heering were collected from flowing waters at 47 different
Siues, cnosen to show a wide range of concentrations of
zinc. At sites with higher concentrations of zinc in the
water, populations of H. rivulare and H. flaccidum were
found to show i1ncreased resistance to zinc which was
suggested to be largely, 1f not entirely, the result of

genetic adaptation.

In spite of observations such as these, Whitton &

Say (1975) conclude that 1t seems probable that not all
algae growing 1n high concentrations of heavy metals 1in
the field have developed special tolerance to the
particular metal (s) As the number of species of algae
which can grow in non-polluted streams 1s so large,
several species may exist which may posess the capacity
to grow in elevated concentrations of metals 'by

accident'.

Factors affecting the toxicity of heavy metals to algae

Whether or not species of algae are present 1n a
particular environment as metal tolerant strains or forms,
1t =seems probable that the toxic effects of indaividual
metals may be expected to be influenced by other physical

or chemical factors. Again, this aspect of the toxicity
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of heavy metals has received much less attention for algae

than for some other groups of organisms (e.g. fish).

In the case of fish, both field and laboratory
studies have shown that the concentrations of other
heavy metals may i1nfluence the toxicity of any particular
metal. Examples are known of antagonistic, additive and
synergistic i1nteractions (Jones, 1964). The situation
with regard to algae 1s probably equally complicated,
though less well documented. Bartlett, Rabe & Funk (1974)
noted that combinations of copper, zinc and cadmium were
similar 1n their toxicity to Selenastrum capricornutum
to equal concentrations of zinc alone. However, combinations
of copper and cadmium resulted i1n a greater growth rate

than equal concentrations of copper, suggesting that
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Hutchinson (197-) compared the toxicity of nine
metals to the planktonic algae Chlorella, Scenedesmus,
Haematococcus and Chlamydomonas. Among his conclusions
were that copper and zinc were synergistic in thear
toxicity to these algae, whilst selenium antagonized
the toxicity of cadmium. P1et11ginen {1975) studied the
effects of lead and cadmium on natural communities of
phytoplankton from brackish water. He concluded that
cadmium 1ncreased the toxicity of lead when the
concentration of cadmium was greater then the concentration
of lead, but that the reverse was true when the
concentration of lead was greater. Braek, Jensen & Mohus
(1976) studied the effects of combined additions of
copper and zinc 1ons to cultures of four common species
of marine planktonic algae Synergistic toxicaty by
the two metals was demonstrated in the case of two
species of diatoms and one dinoflagellate, but the two
mctals were antagonistic in their toxicity to the diatom

Phaeodactylum tricornutum.
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Although it seems clear that the toxicity of heavy
metals to aquatic animals 1is almost always less in hard than
in soft waters, few observations have been made on the
effects of hardness components (such as magnesium and
calcium) on the toxicity of heavy metals to algae. Braek,
Jensen & Mohus (1976) noted that the toxicity of zinc to
four species of algae was reduced by elevated concentrations
of magnesium in the medium. They suggested that this
could aindicate a common route for divalent metal ions
entering algal cells. In contrast Gachter (1977) found
that the concentration of calcium di1d not appear to
affect the toxicity of zinc, lead, mercury or copper to

natural populations of phytoplankton from two Swiss lakes.

Among studies of vascular plants, hiagh concentrations
oI pnosphate in the soil have been shown to antagonise
the toxicity and uptake of heavy metals (see 1.64). In
the case of algae, Rana & Kumar (1974a) studied the
influence of phosphate and nitrate on the toxicity of
zinc to Chlorella vulgaris and Plectonema boryanum.
Relatively high concentrations of phosphate, but not
nitrate, were found to improve the growth of both algae
and protect them against the toxicity of zinc to a
certaain limit. These findings are in apparent contrast
to those of Greene et al. (1975) who reported that the
toxicity of zainc to the green alga Selenastrum
capricornutum was not affected significantly by
concentrations of phosphate ranging from 0.047 mg 1-1
to 0.930 mg 1-1. Rather, these authors concluded that
increased ionic strength of the growth medium was the
main factor reducing the toxicity of zinc to Selenastrum.
The formation of ion pairs between zinc and i1ons such as
Na+, Mg2+ or Ca * was proposed as being the main explanation
for this phenomenon. In contrast, the studies of Keulder
(1975) have shown that elevated concentrations of PO4-P,
H+, Mg2+ and Ca2+ all antagonise the uptake of 652n by

Scenedesmus obliquus.
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In a study of a population of Hormidium raivulare
i1solated from a stream at pH 3.1 Hargreaves & Whitton
(1977) demonstrated that the toxicity of zinc decreased
over the range pH 3.5 - pH 7.0. In contrast Gachter (1977)
observed that the toxicity of copper to a natural
population of phytoplankton decreased at values over 7.4
Similarly Failla, Benedict & Weinberg (1976) have shown
that decreasing the pH 1n stages from pH 8.2 - pH 4.8 led
to i1ncreased entry of zinc to the cells of the yeast
Candida wutilis The authors concluded that this was due
to an i1ncreased concentration of Zn2+ ions as the

+
concentration of H 1ons was increased.

The effects of complexing agents such as EDTA or
natural organic materaial on the toxicity of heavy metals
to algae have received more attention, especiallv with
regard to the metal copper Steeman-Nielson & Wium-
Anderson (1970) found that free copper 1ons were toxic
to unicellular algae at concentrations normally found in
natural waters. They concluded that this toxicity was
not normally expressed because the copper was bound by
natural organic materials. Ennis & Br-~gan (1961) proposed

that some chelators

The effects of the artificial chelator EDTA in algal
growth media have been discussed by Overnell (1976). He
noted that the addition of the compound is usually
necessary to prevent the precipitation of trace nutrients
such as 1ron, but 1t may swamp the effects of small
quantities of added heavy metals. If EDTA was omitted
from the medium, however, Overnell noted that the
growth of some algae could only be sustained for short

periods.

Say (1977) i1nvestigated the effects of increasing
concentrations of EDTA on the toxicity of zinc to a

zinc sensitive population of Hormidium rivulare. He found
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that i1ncreasing the concentration of EDTA from 0 - 5 mg 1

had little effect (at least in the culture medium used),
but that concentrations of from 5 - 20 mg l-1 EDTA
increased markedly the concentrations of zinc tolerated

by the alga.

Say, Diaz & Whitton (1977) applied various statistical
analyses to field and laboratory data on the tolerance
to zinc of three species of Hormidium. They found that two
groups of chemical factors appeared to influence the toxicity
of zinc in the field. The first group, which appeared to
increase the toxicaity of zinc, i1ncluded the heavy metals
lead and cadmium. The second group, which apparently
decreased the toxicity of zinc, included magnesium,
calcium and various nardness factors. There was also

some 1i1ndication from the Aata that an incrazagce i

(ot

h

{4

concentration of phosphate and a decrease in pH might also

decrease the toxicity of zinc to Hormidium spp.

Say & Whitton (1977) subsequently carried out a
laboratory study of the influence of selected environmental
factors on the toxicity of zinc to Hormidium rivulare.

The toxic effects of the metal were found to be reduced by
increases 1n the concentrations of magnesium, calcium and
phosphate, and increased by rises in pH and the

concentration of cadmium. In contrast, varying concentrations
of sodium, chloride and sulphate i1ons had no detectable
effects on the toxicaty of zinc. At higher concentrations
calcium was found to be more effective at reducing the
toxicity of zinc than was magnesium, but this situation was
sometimes reversed at lower concentrations. Both magnesium
and phosphate were found to be more effective at reducing

the toxicity of zinc to zinc-tolerant populations than to
zinc-sensltive ones. The toxic effects of zinc and cadmium were
found to be synergistic when the two metals were applied
together. The authors concluded that the effects of all

the factors investigated were sufficiently marked that

they might be expected to be of considerable i1mportance

in the field.
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1.524 Bryophytes

Several authors have noted that certain species of
mosses or liverworts may play an i1mportant rote in the
communities of plants growing on soi1il or in water
contaminated by high concentrations of metals. Thus
Jones (1940) noted that the foliose liverwort Scapania
undulata was the only macrophyte that could tolerate the
elevated concentrations of zinc and lead ain the water of
the R. Ystwyth McLean & Jones (1975) also noted that
S. undulata was tolerant to pollution by heavy metals,
and was sometimes alone at polluted sites 1In contrast the
moss Iontinalis squamosa was found by these authors to
be relatively intolerant of metals in the field, and began
to decay within 18 weeks of transplanting from unpolluted

to polluted sites.

Say (1977) recorded the distribution of species of
Bryophytes i1n streams on the Northern Pennine Orefield
that were subject to a range of contamination by zinc. He
found that the mosses Bryum pallens, Pohlia nutans and
Dichodontium pellucidum occurred alone 1n streams with
higher concentrations of zinc 1in the water. Bryophytes
that were found to occur throughout the entire range of
concentrations of zinc included Scapania undulata,
Philonotis fontana and Dicranella varia. Certain other
species which could apparently tolerate only low
concentrations of the metal included Hygrohypnum ochraceum,

Brachythecium rivulare and Bryum pseudotriquetrum.

Whitton & Say (1975) noted that the association of
certain species of brgpophytes with rocks rich in copper
has been well documented (e.g. Url, 1956, Antonovics,
Bradshaw & Turner, 1971)., These 'copper mosses' have been
used as an aid to prospecting for the metal, and there
has been controversy as to whether high concentrations of
copper are essential for their growth. However Shacklette
(1967) has suggested that their dastribution may be
determined largely by the elimination of competing species.
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There seems to be no evidence 1n the literature
that species of bryophytes growing 1n heavy metal-rich
environments may be present as metal-tolerant 'strains'.
Brown & Bates (1972) could find no differences in the
lead-bainding capacity of plants of Grimmia doniana
1solated from sites with a high and low degree of
contamination by lead. Similarly M. Duncker (personal
communication) could find no evidence for differences in
the tolerance to zinc of populations of Scapan:a undulata
from streams with varying concentrations of zinc in the

water,.

Vascular plants

There are many records i1n the literature of species
of terrestrial angiosperms growing on soils contaminated
by heavy metals, and much research has been carried out
on the mechanisms by which such plants are able to
tolerate particular metals. In contrast, there have been
few reports of vascular plants growing i1n waters rich ain
heavy metals Besch & Roberts-Pichette (1970) studied
the effects of pollution from mining on vascular plants
in the north west Miramichi River system, Canada. They
reported that of the species of vascular plants found in
the area, submerged plants were more sensitive to metal
pollution than riparian plants. Among the latter group
monocotyledons were less sensitive than dicotyledons,
and Equisetum arvense was the least sensitive of all. In
the polluted Little South Tomogonops River, vascular
plants were completely absent, and the bank gravels below

high water mark were quite barren.

An example of a laboratory study of the toxicity
of zinc to aquatic (non-lotic) angiosperms 1is that of
Hutchinson & Czyrska (1972). These authors found that
the presence of zinc markedly 1increased the toxicity of
cadmium to Salvinia natans and Lemna valdiviana. This was
true even at a concentration at whaich zinc itself was

stimulatory. The presence of one metal was also found to
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increase the accumulation of the other by both plants

The toxicity of cadmium to Lemna was found to be greater
when 1t was 1n competition with Salvinia than when 1t was
grown alone. In contrast, Salvinia was able to grow better
at sublethal concentrations of cadmium in the presence of
Lemna than 1its absence, and the accumulation of cadmium

was reduced.

As regards terrestrial angiosperms, an extensive
review of tolerance to heavy metals has been carried
out by Antonovics, Bradshaw & Turner (1971). These authors
compiled a list of plants that have been regarded as
'indicators' when prospecting for metals They concluded
that the 'zinc violet' (Viola calaminaria) 1s the only
terrestraial species that is accepted universally as an
iudacacrus ui tne metal zinc. Ernst (1966, 1968, 1974) has
carried out a considerable amount of research on the
phytosociology of communities of terrestrial plants
colonizing metal-rich soils in Europe. Among his
conclusions were that associations of species classified
in the alliance Thlaspion calaminariae (characterised by
Thlaspil alpestri sp calaminare) withan the class
Violetea calaminariae (characterised by Viola calaminaria)
can be considered to be 1indicative of contamination of

the so1l by zainc.

Bradshaw and coworkers (Bradshaw, 1952, Bradshaw,
McNei1lly & Gregory, 1965; Gregory & Bradshaw, 1965) have
carried out extensive studies of the tolerance to heavy
metals of species of grasses colonizing mine spoil heaps.
Of the species studied, Agrostis tenuis and Festuca ovina
have been shown to be especially tolerant. Most of the
species from sites rich in heavy metals have been shown
to be metal tolerant genetic stro.ns of species which have
non-tolerani strgins growing elsewhere. In contrast,
tolerance to zinc by Typha latifolia apparently does not
involve the evolution of tolerant races (McNaughton et al.,

1974) . Genetical studies carried out by Gartside & McNeilly
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(1974a, 1974b) have shown that the genetical control of
tolerance to zinc i1n Anthoxanthum odoratum and Agrostis
tenuis 1s dominant and directional with a high additive
genetic variance, and 1s under polygenetic control
Turner (1969) has emphasised the specificity of genetic
tolerance in such plants, although the occurrence of
several metals in a particular soill may lead to the
simultaneous expression of tolerance to several metals

by a single plant.

Zinc resistant Agrostls tenuis accumulates large
quantities of zinc, and resaistance 1S thought to be
achieved by an increased abilaity to bind the metal to
components of the cell wall (Turner, 1970; Turner &
Marshall, 1971). Zinc resistant Silene cucabilis, Rumex
acetosa and Philonotis fontana have been found to produce
increased amounts of melate, and 1t has been suggested that
this may complex with zinc to render it non-toxic (Mathys,
1975). Graffiths, Hughes & Thomas (1974) have suggested
that the association of metal tolerant strains of bacteria
with the roots of tolerant grasses may contribute to the

resistance of the plants.

ACCUMULATION OF HEAVY METALS BY AQUATIC PLANTS

Introduction

The ability of submerged plants to taken up heavy
metals to produce an i1nternal concentration greater than
that i1n the external environment has been documented in
many different plants by many different authors. Studies
have ranged from surveys of the mineral composition of
plants i1n different aquatic environments to detailed
investigations of the physiological mechanisms of uptake
and the factors controlling them. Discussion will be
limited here mostly to the former type of study (1.62),

although mechanisms of uptake are mentioned briefly in 1.63.
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1.62 '"Monitoring' of héavy metal pollution by analysis of plants

The use of data on the accumulation of heavy metals
by submerged plants has been justified in several ways.
For example Adams, Cole & Massie (1973) suggested that the
use of plant 'monitors' gives an integrated picture of
poellution, an advantage of which 1s reduced cost in
comparison to chemical monitoring systems. Dietz (1973)
suggested that the accumulation of heavy metals by plants
could be a useful method of calculating the average
concentration of trace elements 1n the water, especially
where the aqueous concentrations were at or below the

detection limit.

Another possible justification for the inclusian of
analyses of plants in the monitoring of pollution by heavy
metals lies 1n the fact that any metals taken up by the
plant must have been i1n a form available to the biota
at some stage. Thus analyses of plants may provaide
an insight into the speciation (and potential toxicity)
of metals 1n a particular situation. This might be difficult
to achieve by chemical analyses 1n situations where
complicated chemical and physical factors may be acting
to affect the behaviour of the metals (see 1.41). Such
uptake must therefore be considered to be of potential
ecological significance whatever the possibility of transfer
to further stages in food webs As Jenkins (1975) states:
"Living biological organisms . .. continuously integrate
and relate biological effects to physical and chemical

measurements of the environment".

Several broad surveys have been reported of the
mineral composition of dxrfferent submerged species of
plants. However, 1t 1s difficult to judge the significance
of some of these studies because of the omission of
sufficient environmental data. Where the intention of the

particular study has been to relate levels of metals 1n the



-108-

plant to levels 1n the water, the most usual index of
accumulation has been the 'enrichment ratio' of Brooks &

Rumsby (1965):

concentration of metal an plant(géxght)
Enrichment ratio =

concentration of metal in water

This corresponds to the 'concentration ratio' gquoted by
some authors (e.g. Harvey & Patraick, 1967). Difficulties
in comparison may arise where workers have used

different measures, for example Dietz (1973) calculated
'enrichment factors' for metals based on determinations

of wet weight.

The study of Dietz (1973) was concerned with the
accumulation of Mn, Fe, N1, Cu, 2n, Mg and Pb by two
species of moss and four species of vascular plants 1in
the catchment area of the R. Ruhr. He found marked
differences 1n the amounts of metals taken up by species,
and between the metal content of particular species
collected from different sites. For a particular species,
however, the 'enrichment factor' showed little variation
between sites with different concentrations of metals

1n the water.

In a rather similar broad-scale study, Adams, Cole &
Massie (1973) studied the mineral composaition of 45
speclies of submerged vascular plants from different
locations 1n Pennsylvania Whilst their study was
concerned mostly with the application of plant analyses to
the monitoring of nutrient pollution, they noted
significant statistical variations between the concentrations
of Mn, Fe, Cu and Zn 1in i1ndividual species sampled from

different sites.

Boyd & Lawrence (1967) gave an extensive account of
the mineral composition of various freshwater algae, but

included little data on the environmenta from which the
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individual species were collected. Detailed studies of the
accumulation of heavy metals by filamentous algae have also
been carried out 1n the 'New Lead Belt' of Missoura

(e.g. Gale et al., 1973, Wixson & Gale, 1975). Keeney et al.,
(1976) have suggested that Cladophora glomerata, one of

the algae studied 1n the 'New Lead Belt', 1s a potentially
useful monitor of concentrations of heavy metals. They

found that Cladophora concentrated metals from the
surrounding water, with a reasonably constant enrichment

ratio for each metal.

Lloyd (1977) carried out a detailed study of the
accumulation of heavy metals by submerged plants,
including Cladophora, in the R. Wear system., north east
England. He found marked increases 1n the concentrations
of zinc, lead and cadmium 1in Cladophora glomerata and
Fontinalis antipyretica on passing from upstream to
downstream of the entry of an industrial effluent to the
R. Wear. Clear linear relationships were found between the
zinc and lead contents of Cladophora and the surrounding

water 1n strictly comparable situations within the river.

Recently Empain (1976a, 1976b) has analysed the heavy
metal content of several species of bryophytes from the
rivers Somme and Sambre, Belgium. He studied 'profiles'
of the concentrations of cd, Co, Cr, Cu, Fe, Mn, Ni, Pb
and Zn 1n water and mosses at several stations along these

rivers and concluded that.

1. bryophytes may 'integrate' variations 1in the

heavy metal content of the water,

11. they accumulate metals present in trace
concentrations, thus aiding i1n theair detection

and measurement,

111. the analysis of plants such as bryophytes
provides an estimation of the total metal
content of the water that 1s available for

uptake by the biota.
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The examples mentioned above serve to 1llustrate
that several workers have used the analysis of submerged
plants as an aid to the study of fresh waters polluted
by heavy metals. However, 1t 1s notable that no studies
have apparently been undertaken to relate the heavy metal
content of a particular plant to that of the water over
1ts entire range of occurrence 1n waters polluted by
metals. Although 1t has been reported (e.g Dietz, 1973)
that the enrichment ratios for certain elements in :the
tissues of a particular plant may be fairly constant,
there are few 1ndications 1in the literature of the
range of concentrations of metals over which this 1is
true for any particular species Some metals (e.g. zinc,
copper) are essential for growth, and it therefore seems
reasonable to assume that the relationship between the
contents of the water and the plant would cease to be
defined clearly at very low concentrations of the metal
in the water. No studies have apparently attempted
to compare the uptake of such essential metals at very
low concentrations with that of metals (e.g. lead,

cadmium) which have no known biological function.

Conversly, no studies of aquatic plants have
apparently attempted to follow the accumulation of any
metal by a particular plant from low concentrations in
the water up to the highest concentrations at which the
plant could survive 1n 1ts natural habitat Such a study
would be limited by the ecological range of the species
chosen, and 1t would clearly be of interest to study a
species with a range extending from very low to very high

concentrations of metals 1n the water.

Whilst much work has been carried out to assess how
the development of genetic tclerance to metals may affect
their accumulation by terrestrial plants (e.g. Turrer &
Marshall, 1971, 1972), no such studies have apparently
been carried out for submerged plants. This seems

suprising since submerged plants are used more frequently
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for 'monitoring', although as pointed eut in 1.523 the
present knowledge of the occurrence of enhanced resistance
to heavy metals by submerged plants 1s very laimited. It
seems probable that the development of genetic or
physiological tolerance would complicate uptake 1n some
way (see below) and thus affect the use of measures such
as 'enrichment ratios'. A study of the accumulation of
metals by a submerged plant with a range extending into
high concentrations of metals, together with studies on
the possible development of tolerance to the metals in
the field, would provide valuable information. In view

of the possible complications involved 1n studies of the
uptake of metals by root plants (see below), the use of
physiologically simple plants such as the algae 1n a study
like that outlined above would possess obvious advantages.
1t has already been noted (1.523) that some species of
algae show a wide range of tolerance to heavy metals 1in

the field.

For the species noted as being especially tolerant
to heavy metals in the field, only a few measurements
have been made of heavy metal content. For the tolerant
liverwort Scapania undulata, McLean & Jones (1975)
presented some data on metal content 1n polluted streams
in Cardiganshire. They noted that whilst the heavy metal
content of the plant mirrored that of the water to some
extent, 1n general S. undulata had a lower content of
iron, manganese and lead than 'non-tolerant' bpryophytes
such as Fontinalis squamosa. Following transplanting from
high to low concentrations of metals 1in the water, no
marked change 1n the metal content of S§. undulata was
found to take place. More recently M Duncker (p:r-sonal
communication) has studied the accumulation of zinc by
S. undulata ain streams draining the Northern Pennlne
Orefield. She found that the concentration of zinc 1in
populations of the plant in the field gave a good
indication of the concentration in the water, but could
find no conclusive evidence for or against the development
of genetic tolerance to high concentrations of zinc in the

field.
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Lemanea was noted in 1.523 as beaing tolerant to high
concentrations of heavy metals 1n the water. However, there
are only a few records 1n the literature for concentrations
of metals accumulated by thais alga (Empain 1976a, Deb et al.,
1974, Whitton & Say, 1975). Of other species known to tolerate
high concentrations of metals 1in the field, study of the
accumulation of metals has apparently been limited to
laboratory investigations of methods of uptake. Thus McLean
(1975) studied the uptake of 65Zn by Hormidium ravulare
isolated from a polluted site within the Cwm Ystwyth Mine,
Wales. The work of Say, Diaz & Whitton (1977) indicates that
the population studied by McLean was almost certainly a
specially tolerant strain. Similarly Silverberg (1975) used
cytochemical technigues and X ray microanalysis to observe
the ultrastructural localization of lead following accumulation
by Stigeoclonium tenue, another species noted for i1ts apparent

tolerance to heavy metals in the field.

Mechanisms of uptake of heavy metals by submerged plants

Aquatic plants have received less attention than
terrestrial angiosperms with regard to mechanisms of uptake
of heavy metals, but enough information now exists in the
literature to enable several broad conclusions to be drawn.
In the case of physiologically simple non-rooted plants such
as the algae and bryophytes, uptake of heavy metals must take
Place entirely from the surrounding water. There seems to be
a general consensus of opinion that in many cases the uptake
of metals by such plants 1s 1initially a passive process
involving adsorption and/or ion exchange onto the cell wall.
In some cases an 'active' mechanism may subsequently transport

metal 1ons into the cells

In the case of aquatic biyophytes, these two processes
have been demonstrated clearly by Pickering & Pula (1969).
In a study of the accumulation of zinc by the agquatic moss
Fontinalis antipyretica, a large amount of the metal was

found to be taken up by rapid 1on exchange/adsorption processes
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involving the Donnan-free-space of the cell wall. However,
two other processes were also demonstrated for the

uptake of zinc by the moss. A second, slightly slower,
stage i1nvolved uptake i1nto the protoplast with the outer
layer acting as a barrier to diffusion. The final stage,
lasting several days, consisted of an active (1.e.
dependant upon metabolic energy) accumulation into the
interior of the cells This phase was 1inhibited by
metabolic 1nhibitors such as DNP, and was affected by

temperature and light.

McLean & Jones (1975) proposed rather a different
pattern of uptake of zainc by the liverwort Scapania
undulata. They suggested that an active mechanism was
involved at "lower' concentrations of zinc in the water

-1,
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uptake took place at concentrations of zinc over 10 mg 1 .,

They proposed that the tolerance of Scapania to zinc

in the field was a result of the presence of a protective

system allowing the binding of accumulated zinc to

'harmless' sites within the cell.

In the case of freshwater algae, the accumulation
of heavy metals by speciles grown in culture has probably
received more study than any other aspect of the effects
of such metals. Such studies have frequently involved
the use of radioactive isotopes such as 65Zn, although
studies using 1sotopes have seldom been combined with

work using non-radioactive metals (Whitton & Say, 1975).

There have been some apparent differences 1in opinion
regarding the relative 1mportance of 'passive' and
'active' uptake of metals by various species of algae, but
again there now seems to be sufficient information in
the literature to enable some generalizations to be made.
Much of the earlier work on possible mechanisms of
uptake was for seaweeds, of which only brief mention is

made here.
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Bachmann & Odum (1960) studied the accumulation of
65Zn by marine benthic algae. Their findings indicated that
uptake was directly proportional to net oxygen production,
and they concluded that uptake was an active process
linked to photosynthetic activaty However, subsequent
studies (e.g. Gutknecht, 1961, Parry & Hayward, 1973)
tended to shed doubt on this interpretation. They
suggested instead that the relationship between
photosynthetic activity and the adsorption of zinc was a

secondary effect related to fluctuations in pH.

As was noted for bryophytes, passive assoclation of
metals with adsorption / 1on exchange sites on the cell
surfaces plays a major part in most observed accumulation

of metals by algae. For example Broda (1965) concluded

65 . - ee. e - -
that _ptok%es cof 2n Ly Chiofeliia fusca was largely the
result of 1on exchange. The system leading to the

uptake of zinc was found to contrast markedly with

known 'active' systems, e.g. for the uptake of potassium,
although the extent of accumulation could be similar.
Broda also compared the competition of foreign ions with
uptake of 65Zn by Chlorella and by ion exchange resins.
From the sequence of uptake of the different ions, he
concluded that the sites involved in the accumulation

of the metal were mostly carboxyl groups. These were
probably carbohydrate deraivatives in the 'free space' of
the cell wall. However, further work also demonstrated
the presence of sites with an 'anomalous afinaity' for

zlnc.

Further research by Broda et al. (1967) confirmed
that passive uptake was an important component of the
uptake of 65Zn by Chlorella. Howevexr, an additional
active mechanism could also be detected by studies using
competitors or deprivation of energy. The metabolic
energy necessary for active uptake was found to be
derived from energy-rich phosphates similar to ATP.

The authors noted that the passive component of uptake
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could still be demonstrated 1n killed cells of Chlorella,

similar observations were made by Cushing & Watson (1968).

More recently Matzku & Broda (1970) have presented
further experimental evidence for the mechanisms of
uptake of labelled zinc by Chlorella fusca. Two
definate processes were found to be i1nvolved, the first
of which was an energy- and temperature-independant
binding to the cell sufaces. The 65Zn taken up by this
process was removed easily by washing with non-labelled
zinc carrier solution. During the second process, zinc
was taken up over longer periods and could not be removed
completely. The uptake by this latter pathway followed
saturation kinetics, and was probably controlled in part
by an active pump However a third,energy-independant,
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with a duifefent temperature coerficient

was also observed

Davies (1974) proposed a model for the uptake of
zinc by Phaeodactylum tricornutum in culture. The model
was rather similar to those outlined above, and consisted

of three phases.

1. rapid equilaibration of the concentration of
65Zn adsorbed by the cell wall with the

concentration an the culture medium;

11. subsequent diffusion across the cell

membrane according to Fick's diffusion law;

111. rapid equilibration of 1ons reaching the
inside surface of the membrane
between the membrane 1tself, the intracellular

fluid and intercellular proteins.

Rathsack & Sachert (1969) studied the uptake of
copper by the giant internodal cells of Nitella. Again
the process of accumulation was found to be 1initially
one of 10on exchange on sites in the cell wall, followed

by slow permeation throughout the cell. At low concentrations
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of copper 1t was proposed that the cell wall exerted

a certain protective effect by shielding the protoplasm
from the toxic effects of the metal. At higher (lethal)
concentrations the authors proposed that copper might
react with the membrane systems of the protoplast,

allowing a permeation into the vacuole.

Wixson (1977) presented an interesting discussion of
the mechansims by which 'passive' uptake of metals by
algal cells might play a major part in the removal of lead
from apparently i1nert suspended particles. During a study
of the accumulation of lead by filamentous algae (notably
Cladophora) in the 'New Lead Belt', 1t was noted that
uptake was frequently preceded by the physical entrapment
of suspended mineral particles Wixson proposed that the
proximity of ‘abundant 1onic sites' 1n or on the cell
surfaces to the entrapped particles played a dominant
role i1n the disassociation and solubilisation of lead,

with subsequent uptake by the alga.

The extension of studies of the accumulation of heavy
metals to include rooted species of agquatic plants railses
the question of whether the uptake of any metals has
taken place directly from the sediments in which the
plants are growing. An experimental study demonstrating
that uptake of 'non-essential' heavy metals may take place
through the roots of angiosperms was carried out by Jones,
Clement & Hopper (1973). Using percnnial rye grass, these
authors demonstrated that lead was taken up rapidly from
solution, with subsequent transport of up to 29% of the
metal from the roots to the shoots. The lead supplied to
the roots during the study was 1n soluble form (as lead
nrtrate) and was not therefore directly comparable to
particulate or bound heavy metals 1n polluted freshwater
sediments. A similar study of the uptake of dissolved
zinc by the roots of barley was carried out by Findenegg
& Broda (1965).



-117-

Chiaudani (1969) studied the uptake of copper by
plants of Phagmites communis growing 1in polluted and
non-polluted sediments 1n six Italian lakes. He demonstrated
that significant quantities of the metal were taken up by
the roots and transported to the stem and shoots,
leading to a linear relationship between the concentration
in the sediment and in different parts of the plant. In
a rather similar study Welsh & Denny (1976) studied the
accumulation of lead by submerged macrophytes growing
1n sediments 1n Ullswater that had been polluted by lead
They discussed the relative i1mportance of uptake through
shoots and roots, and concluded that the latter probably
played a significant role. However, the authors pointed
out the difficulties involved 1in separating the two
types of uptake on the basis of field evidence alone.
Denny (1972) has demonstrated that the relative
importance of shoots and roots in taking up nutrients
may differ markedly between different species of

submerged macrophytes

Two other studies that have considered the possibility
of uptake of heavy metals from sediments are those of
Pet'kova & Lubyanov (1969) and Eriksson & Mortimer (1975).
The former authors studied the accumulation of trace
elements by aquatic macrophytes on the Ukranian Steppe,
and concluded that some species could accumulate manganese
and copper from the sediments through the roots. The
latter authors carried out a laboratory investigation of
the uptake of mercury by the rooted aquatic plants
Sagittaria latifolia and Scirpus cyperinus. They found very
lattle uptake of mercury where the concentration of the
metal was high 1n the sediments but low an the water,
and found that translocation of mercury from roots to

shoots was generally insignificant.
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The possibility that heavy metals accumulated from
sediments by rooted plants might be released from the
plants to the water has been considered by some workers.
Such release has been demonstrated fairly conclusively
in some cases. For example Mayes & McIntosh (1975) found
that some of the zinc and cadmium accumulated by plants
of Ceratophyllum demersum was re-released 1nto the water
of a lake at a later stage i1n the growth cycle of the
plant Although Ceratophyllum 1s rootless, 1t seems
probable that such release could take place from other

angiosperms that had taken up metals through their roots.

Welsh & Denny (1976) suggested that rooted plants
played an important and undesirable role in the recycling
of lead from the sediments to the water of Ullswater. In
a controlled experiment on tne decay OI plants tney
demonstrated that lead (probably taken up from sediments)
was released to the water from theshoots of Potamogeton
crispus They found that invertebrates feeding on
detritus associated with decaying plant material in
Ullswater had very high concentrations of lead in their
flesh, and proposed that senescing and decaying shoots
were responsible for the rapid release of lead into the

lake.

1.64 Factors affecting the accumulation of heavy metals by plants

Whitton & Say (1977) state that "Just as toxicaity
of a metal may be affected by other factors ain the
environment, so also may accumulation be so". They suggest
that the factors influencing the accumulation of metals
may be expected to be similar to those affecting their
toxicity, though experimental studies have been too few
to make this generalization reliable. The factors quoted
most often as influencing the toxicity of heavy metals
include pH, magnesium, calcium, phosphate and complexing
molecules (see 1.523), and examples can be found of
studies 1n which each of these factors has been found to

affect the uptake of metals by plants.
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Bachmann (1963) found that the order of effectiveness
of various 10ons 1n reducaing the uptake of 65Zn by cells of
+ 2+ 2+ + +
Golenkinia pauscispina was H » Ca > Mg » Na »K .
Similarly Keulder (1975) i1llustrated that i1ons of H, P and
Mg all inhibited competitively the uptake of 65Zn by

Scenedesmus obliquus.

pH
Gutknecht (1963) reported that increases 1n pH

increased the uptake of 65Zn by benthic marine algae, and
decreased subsequent loss of the 1sotope Photosynthesis-
linked changes 1n pH were found to affect both metabolic
and non-metabolic mechanisms of uptake. Ferguson & Bubela
(1974) investigated the accumulation of copper, lead and
zinc from aqueous solutionslby particulate algal matter,

and found that uptake of all three metale wac cupres

fu

«
(]

by increases in pH. Lloyd (1977) noted that the
enrichment ratios for several heavy metals were markedly
lower 1in bryophytes collected from a highly acid mine
drainage than i1n material collected from rivers at higher

pPH.

Mierle & Stokes (1976) studied the accumulation of
copper by copper-tolerant and copper-sensitive strains
of Scenedesmus. The initial uptake of copper was never
found to reach equilaibrium with the external environment
at low pH values or high concentrations of calcium.
Both H+ and Ca2+ ions were found to reduce the electrostatic
forces of negatively charged groups 1in the cell membranes,
and H+ ions competed with copper ions for negatively

charged ligands, particularly carboxyl groups.
]

Magresium and calcium

In the case of terrestrial plants, 1t is widely
accepted that heavy metals are usually less available
for uptake from limed than calcium-poor soil (e.g. Cox &
Rains, 1972, John & Van Laerhoven, 1976, Francis & Rush,
1973). Fewer such studies have been carried out using other

groups of plants such as algae or bryophytes. Cushing &
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Rose (1970) studied the cycling of 652n by periphyton
from the Columbia River, and concluded that higher
concentrations of calcium decreased the uptake of the

i1sotope through competition for binding sites.

Kinkade & Erdman (1975) investigated the influence
of Ca2+ and Mg2+ ions on the uptake and concentration of
cadmium in a simulated freshwater ecosystem, 1ncluding
the plants Nitella flexilis and Elodea canadensis. The
results i1ndicated that the initial rate of uptake of
cadmium was greater in hard than in soft water. However,
the total amount of cadmium taken up by the plants over

a longer period of time was much greater 1n soft water.

Phosphate

Tnere nave apparently been no experimental studaies
on the effect of phosphate on uptake of heavy metals by algae
or bryophytes, although some such work has been carried
out on terrestrial angiosperms. For instance Ernst (1968,
1974) has demonstrated that increased concentrations of
phosphate in the soil lead to a reduction 1n the toxicity
of zinc to Thlaspi alpestre spp. calaminare, and also to
a marked change i1n the distribution of zinc within

individual plants.

Stukenholtz et al. (1966) studied the i1nteraction of
phosphate with the uptake of low concentrations of zainc
by Zea mays. They found that the depressive acticn of
phosphate on the uptake of the metal was physiological 1in
nature, and was expressed at the root surfaces and/or
within the root cells. It was not, therefore, the result
of simple chemical inactivation of zinc within the soil.
Translocation of zainc withain the plants was found to be
inhibited by phosphate, leading to a marked reduction
in the zinc content of the aerial parts Similar
observations were made by Motsara (1973) who found that
the uptake of 652n by barley was inhibited at three
stages in the growth cycle by the application of phosphate

to the soil.
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Complexing agents

It 1s clear that the binding of heavy metals in water
by complexing agents, either natural or artificial, may
complicate their uptake by plants. The most usual situation
1s that the metal 1s held too strongly by the complexing
molecule to be available for binding by weaker sites on
the surface of the particular plant. Further, compounds
such as EDTA may physically remove metals that are held by
weaker forces to the surface of a plant. Thus Matzku &
Broda (1970) reported that part of the 65Zn accumulated
by cells of Chlorella fusca was removed slowly from the
interior of the cells by a solution of EDTA. Cossa (1975)
studied factors affecting the uptake of cadmium by the
unicellular alga Phaeodactylum tricornutum. He observed
that whilst the metal was normally taken up rapidly

laccording +o +h in thé JgLfuwen Lyctle), 1T was only

-
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ctag
accumulated weakly as cadmium-EDTA chelate. Similarly,
metabolites (such as amino acids) excreted by the alga
into the surrxounding medium played a part in the gradual

elution of cadmium from the cell surfaces (Cossa, 1976)

Other metals

An 1nteresting example of the way in which the
concentration of one metal may affect the uptake of
another 1s provided by the work of Whitehead & Brooks (1969).
These authors studied the use of aquatic bryophytes as
indicators of uranium mineralization, and found that the
alpha radiocactivaity of many species bore an inverse
relationship to their uranium content. They suggested that

this radioactivity was due largely to 226Ra formed by

the decay of 2380, and that i1n a stream with high
concentrations of uranium this uranium would be
antagonistic to the accumulation of radium, whose complexes
were much less stable. On the basis of this work, Whitton
& Say (1975) pointed out the need for further work on
rossible antagonistic or syneristic interactions between

metals being accumulated by plants.
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Francis & Rush (1973) investigated the factors
affecting the uptake and distribution of cadmium in plants
of Phaseolus aureus and Japanese millet grown in nutrient
solutions. The addition of zinc to the solution was
found to decrease the amount of cadmium taken up by the
roots. Lagerwerff & Blersdorf (1971) studied the
interaction of zinc with the uptake and translocation of
cadmium by radish At low concentrations, 1ncreasing
concentrations of zinc i1nhibited the uptake of cadmium.
However at higher concentrations of cadmium (100 pug 1_1),
increased concentrations of zinc increased the uptake of
cadmium. This was true for both roots and leaves, and
the authors suggested that 1t indicated damage to the

roots by cadmium

John (1976) investigated the relationship between
cadmium 1n plants of oats and lettuce, and the uptake
of other elements from solution. Several complicated
effects were observed, for example the effect of phosporus
on the uptake of zinc, or that of potassium on the
uptake of calcium, could affect indirectly the uptake of
cadmium. However, the addition of zinc was found to

antagonise directly the uptake of cadmium through the

roots.

Very few data are available on the possibilaity of
interactions between heavy metals accumulated by algae.
Broda & Findenegg (1967) investigated the competition
of various i1ons with the uptake of 65Zn by cells of
Chlorella in culture. The following 1ons were found to
compete with 652n in the following order Cd> Co > N1,

Mn > Ca > Na. More recently Cossa (1975) studied the effect

of various factors on the uptake of cadmium by Phaeodactylum
triconutum. He noted that at several stages in the growth

cycle the concentration of zinc in the cells was

inversely proportional to the concentration of cadmium,

indicating possible competition between the two metals.
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Relationships between resistance and accumulation of heavy

metals by submerged plants

In reviewing the available published data on the
development of enhanced resistance to heavy metals by
micro-organisms, Say (1977) noted that the development
of such resistance might be expected to involve a variety
of physiological processes. These may result in the
exclusion of the metal from the cell, binding the metal
away from sites away from the enzyme activity by components
such as the cell wall, or binding by intracellular
components. All of these processes may be expected to have
a profound effect on the net uptake of metals by the plant.
It therefore seems suprising that the possible occurrence
of metal-resistant ecotypes at high concentrations of
metals i1n the field appears to have been largely 1i1gnored

duraing field studies of accumulation by submerged plants.

In li1ght of the broad types of mechanisms of resistance
mentioned above, 1t 1s clearly not possible to state whether
a metal-tolerant strain of a particular plant might be
expected to take up more or less of a particular metal than
normal individuals of the same species. Examples of both

si1tuations have been documented by a few workers.,

Brown & Bates (1972) reviewed the literature on the
development of metal-tolerant strains of terrestrial plants,
and suggested that tolerant ecotypes generally take up
greater guantities of a particular mecal by binding 1t to
negatively charged groups on the cell walls Thus Turner &
Marshall (1971) showed that cell walls 1solated from zinc-
tolerant plants of Agrostis tenuis accumulated greater
gquantities of zinc than cell walls from non- tolerant strains

of the grass.

Stokes (1975) i1ncluded some studies of the accumulation
of metals during her work on copper- and nickel-tolerant
strains of Scenedesmus and Chlorella. Tolerant cells were
found to accumulate very large amounts of copper or nickel

during growth, whilst non-tolerant cells accumulated much
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lower concentrations before death. During further studies
using copper-tolerant strains of Scenedesmus, Mierle & Stokes
(1976) noted that tolerant cells did not accumulate the

metal across the plasmalemma during a two hour exposure to
01 mg 1_1 Cu On the other hand, copper was tfjnsported in
to the i1nterior of non-tolerant cells where 1t was bound

firmly (probably by sulphydryl laigands).

In contrast, some work with microorganisms has shown
that the development of tolerance may involve the exclusion
of the particular metal from the cell. Chopra (1971) compared
the uptake of cadmium by cadmium-sensitive and cadmium-resistant
strains of Staphylococcus aureus, and demonstrated a markedly
decreased rate of uptake by resistant cells. About 40% of the
cadmium taken up by the sensitive strain was found to reach a
lozotion withiia thie Cells, wnilst uptake by the resastant
strain was apparently limited to cadmium adsorbed adventitiously

to the cell surfaces.

de Filipis & Pallaghy (1976a) have recently studied
differences in the uptake of zinc and mercury by cells of
Chlorella that had gained a 'physiological' resistance to the
metals. They found that the development of resistance to
zinc was accompanied by the inhibition of a temperature
sensitive (probably 'active') component of uptake, and by a
reduction i1n the number of exchange sites available in the
'free space' of the cell wall. Tolerance was therefore

characterized by the development of a typical 'exclusion

mechanism',

NEED FOR FURTHER RESEARCH INTO THE EFFECTS OF HEAVY METAL
POLLUTION IN FRESH WATERS

It 1s obvious from the above review that much work has
been carried out on various aspects of the environmental and
biological effects of pollution by heavy metals. The length
of the review could easily have been doubled by the inclusion
of related research on, for example, mercury and terrestraial

angliosperms. B
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Despite this, 1t 1s clear that certain effects of the
pollution of freshwaters by heavy metals have received little
attention. It 1s evident from 1.2 - 1 4 that few environmental
studies have 1nvestigated a single freshwater system in
sufficient detail to clarify relationships between different
fractions of water, sediments and submerged plants. Fewer still
have combined such studies with 1nvestigations of the
toxicity or accumulation of heavy metals by the organaisms
that can tolerate them withain a particular system. It 1s
clear, therefore, that such a study would be of use at the

present time

Whilst 1t 1s widely accepted that certain terrestrial
plants may only sﬁ@eed in colonizing soils contaminated by
heavy metals by the development of tolerant genetic strainsg,
very little work has been carried out on the development of
such tolerance by submerged plants. Similarly, several
workers have suggested the use of data on the mineral
composition of submerged plants in 'monitoring' pollution
by heavy metals However, no comprehensive studies have
been published of the composition of a single submerged
species over a wide range of concentrations of heavy metals
in the field. Further, the possibility that the development
of genetic tolerance may affect the uptake of metals by
'monitor’' species 1n the field has apparently not been
considered. Similarly, little attention has been paid to
the possible effects of other environmental factors on either
the uptake of metals or their toxicity to submerged plants

in freshwater systems

At the present time, therefore,a rather broad study
of several aspects of the pollution of a relatively
simple freshwater system by high concentrations of metals
would be of value Such a study would be of further use

1f 1t concentrated on some of the aspects outlined above.

- —_—
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Before the commencement of the project in September

a series of exploratory surveys was carried out

to select a field area for the proposed study (see

chapter 3). Following this, 1t was decided that the

broad aims of the project should be:

11l.

1l1.

1V.

To survey the extent of contamination by =zinc,
lead and cadmium within the catchment area of

the Derwent Reservoir. To carry out a detailed
field study of the factors causing temporal

and spatial variations i1n cancentrations and
absolute levels of these metals i1n different
fractions of stream and river water and sediments.

To extend these studies to include analyses of
gelocted s bkbsesged plancts {ruwm ctne catchment,
together with laboratory studies of the tolerance
to heavy metals of a selected species 1f alga
common i1n the area.

To perform a similar study of the distribution of
zinc, lead and cadmium within the water, sediments
and submerged plants of the Derwent Reservoir
itself. In light of the results of this study, to
assess the extent of possible pollution together
with estimates of annual additions of i1individual
metals.

To carry out a detailed field study of the
accumulation of heavy metals by an alga sampled
in connection with (11) that has a wide range of
tolerance to such metals in the field. To assess
the 1nfluence of environmental factors and the
possible development of resistance upon the use
of the alga as a 'monitor' of pollution by heavy
metals.

To carry out a detailed field and laboratory
study of the resistance to zinc of a further
species of alga sampled in connection with (1i).
To document the extent of occurrence of enhanced
resistance to zinc in this alga, and to assess
the importance of certain environmental factors
affecting the tolerance of zinc sensitive and
zinc tolerant ecotypes.
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CHAPTER 2

MATERIALS AND METHODS

DESIGNATION OF SITES FOR SAMPLING

Reaches on streams and rivers

In accordance with the computer-orientated recording
system adopted at Durham University for the sampling of
water, sediments and plants from flowing waters (Whaitton,
Diaz & Holmes, 1976), each stream or river sampled was
allocated a permanent four digrt gtream r_rkgs The name
of each stream or river was usually taken from the
appropriate large-scale Ordnance Survey map, but in a few
cases names had to be created Such names are written with

single quotation marks in this account.

The recording system allows flexibility 1n the choice
of subunits to be used as the basis for study of a particular
stream or river For example,designated 0.5 km lengths have
been used as a basis for studies of macrophytic vegetation
(e.g. Holmes & Whaitton, 1977). For the purposes of the
present project