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ABSTRACT

A study was made of a range of aquatic plants from various
parts of the River Wear system, for 13 metal elements. The
heavy metal content of the plants was related to the chemistry
of the water using the enrichment ratio.

Different chemical environments were studied in an attempt
to establish factors affecting the accumulation of heavy metals.

Marked increases were found in Zn, Pb and Cd in Cladophora
glbmerata and Fontinalis antipyretica sampled downstream of
the entry of an industrial effluent as compared to a site
upstream of this effluent. A clear linear relationship was
established for Zn and Pb between the concentration in the
plant and that in the water for Cladopkora glomerata, in
. strictly comparable situations at sites above and. below the
effluent. Divided samples of Fontinalis antipyreticashowed
marked increases in many heavy metals in the older material as
compared to the younger tips. It is suggested that bryorhyte
tips could reliably indicate the heavy metal concentration of
river water. It 1s alsc suggested that leaves of Rannnculus
penicillatus var. calcareus might be useful in indicating
heavy metals.

Plants from a Zn and Pb polluted tributary {(Rookhnpe Burn)
showed marked accimulation of Zn and Pb compared to similar
plants from waters with low concentrations of these heavy metals.

TIn Brandon Pithouse aéid streams enrichment ratios were

" encountered, =t pH <3, several orders of magnitude lower than
sites of pH €-8, It is suggested that pH might have a direct
or indirect influence in reducing this ratio.

It is also suggested that both physiological and

D

nvironmental parameters, notably chemical speciation, are
important factors affecting enrichment ratios. Importance
was attached to defining limits to enrichment ratios so that
aquatic plants could be used to indicate heavy metal

concentratiors in a wide range of flowing waters.
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CHAPTER ONE

1. INTRODUCTION

1.1 Aims

Many attempts have been made to use aquatic
organisms as 'indicators' of their environment. Most
of Fhese studies have been based on the use of different
community structures to indicate certain types of pollution.
The classic studies of indicator communities have been
- concerned mainly with identifying the effects of organic
pollution (Kolkwitz and Marsson, 1908; Butcher, 1947, 1955;
Fjerdingstad, 1950; and SladeBek, 1958). Hynes (1960)
poihtéd ouf that these zbnaligystems can.become>uﬁWieldy
and tend to break down where the pollution is not organic.
Toxic substances in the aquatic environment present a
different problem as far as biological indicators are

concerned.

Pollution of flowing waters by dissolved metals
(notably Zn, Cu and Pb) has been thdroughly studi=d by a
number of‘aﬁthors (Carpenter; 1924, 1925, 1928; Pentélow
and Butcher, 1938; Jones, 1940, 1940b, 1938). Reviews
- of works concerned with the effects of heavy metais o? the

flora =nd faunz of rivers have been given by Hynes (1960)

and most recertly by Whitton and Say {1975).

There has beca less research into the use of
aquafic organisms as quantitative indicators of metal pollution.
It has therefore been the aim of the present study to
investigate the composition of é range of aquatic plants from
diverse riverain environments for 13 metal elements. An

attempt has been made to establish relationships between the

k:\c?"{{:’Em
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heavy metal content of the pléntS'and that of the water.
If the limits of variation for this relationship can Ee
clearly defined then selected species would be suitable as
quantitative indicators »f heavy metals in flowing waters.
It 1s therefore possible to devise an efficient monitoring

system which could have a number of édvantages over others.

(1) The ability of aquatic plants to concentrate trace
elements has been noted (Bowen, 1966). Therefore,

elements which are not easily detectable in the water

might become obvious in plant tissue.

(11) Increases in metals known to be toxic could be

1 il

~

determined at the produoerllevel.' Such fuﬁdamentai
information would be useful in tracing the effects of

these metals up the food chain.

(i1ii) A reliable and economic monitoring system wsuld
be of great value in safeguarding water supply. This
is especially relevant with the increase in lowland
abstraction of water from rivers. Furthermore, changes
1nAhéavy metal concentfatioh resulting from the transfer
of river water could - -be simply monitored. One illust-
ration of this is the—propoéed transfer of water from
the River Tyne to the River Wear in part of the 'Kielder'

" Scheme.

(iv) Particular plants might be used in monitoring long
term changes in the heavy metal status of rivers, allow-

ing comparisons from year to year.

(v) There is the possibility of detecting a 'flush' of

heavy metals wnich might otherwise escape notice.



(vi) 1In general, analysis of selected plants -could act
as a supplement to routine chemical analysis and in

some lnstances act as a suitable replacement.

With these factors in mind a survey was carried out in
order to determine the composition of some large:» aquatic
plants in parts of the River Wear system affected by differ-
ent types of meﬁal pollution. It was hoped that some of
the.factors affecting the accumulation of metals could be

determined in order to select possible indicator species.

Some clarification was needed of the physical ané chem-
ical parameters affecting the water so that relationships

with the plaiats could be better-understood.

Three distinct environments were chosen from within
the River Wear system to establish the variation in accumu-

lation under different conditions.

(a) The lower reaches of the River Wear in the region of
an industrial effluent.

An attempt was made to monitor the effluent, known to
contéin heavy metals, both by analysis of the‘water and

macropnytic vegetation above and below its outfall.

(b) Rookhope Burn, an upland tributary of the River Wear.

This was chosen in order to study the effects of heavy
metals in much higher concentrations. The past and
present mining ectivity in the area has given rise to

high concentrations of Zn and Pb.

(c) Brandon Pithouse Acid Stream.

This minor tributory of the River Deerness exemplifies
an extreme environment with high heavy metal content

caused by 1low pH.



1.2 Literature referring to the chemistry and accumu-
lation of metals in the aguatic environment

1.2.1 Introduction

According to Hynes (1960), 'rivers are

strict individualists, cach of which varies in its own way'.

A vast array of chemical, geological and
hydrological features are present and always changing in
rivef systems. Bowen (1966) has stated that the main ions
present in river water vary with climate and local geology.
In témbérate‘fegions it 1is the latter wnich 1s>of fundamental
importance. Livingstone (1963) regards rivers as repres-
en@iné the average soil solutioh"in;fhe regicn which théy
-drain. It 1is therefore clear that there is an inherent
variation in the chemistry of river water before taking into

‘account biological factors or the effects of ecivilisation.

A number of authors.have coucluded that
rivers are best studied by defining reaches (Carpenter, 1928;
Butcher, 1933%; Huet, 1954). In this context, Hynes (1960)
-Stéﬁes'that one of the fﬁndameutal factors affecting any given
reach_is its ionic composition. The concentraticns of K,
'NOB#N and-POu-P are of particular 1mporfance to aquatic plantsz, -

as key nutrients.

Other 'essential elements' for green algae
and angiosperms are: Na, Ca, Mg, Zn, Cu, Mn and Fe, accord-
ing to Bowen (1966). In addition, Co is quoted by Round,
(1965) as essential for algae. Essentiality however, has

not been shown for some heavy metals, notably Pb and Cd.

It 1s when natural waters contain an excess of any



particular element that inorganic pollution problems arise.
The present study is concerned with excesses or potential
excesses of particular cations and the possibility of using

aquatic plants to monitor them.

1.2.2 Heavy metals in fresh water

The term heavy metal has been defined in a
number of ways (Whitton and Say, 1975). However, Passow et al.’s

(1961) definition referred to 40 or so metals having a cden-

-, sity of greater than five. In the present study the follow-

ing are defined in this way: Zn, Cu, Mn, Fe, Al, Pb, Cd, Co
and Ni.- o

Heavy metals originate from a wide range of
sources. Twé of the most important are mining activities
‘and industrial effluents, according to Hynes ({(1960) and
Bowen (1966). '-Whitton and Say (1975) are more specific
concerning industrial sources of heavy metals and include.
the manufacture of paints, batteries and television-tubes.

A certain amcunt of heavy metal in river water is 'natural’,
in as far as rivers reficect the areas which tﬁey»drain
(Béwen, 1966). This fbadkground' conceﬁtration_is often

) incfeased é§nsiderably hy mining activities of.varioué %ypes.
This is illustrated by lead mining in the Rheidol Valley,
Cardiganshife which resulted in heavy metal poilution by mine
effluents and-tip drainage (Carpenter, 1924). The slow re-
covery of‘rivers from such pollution has been demonstrated

by a series of studies over many years, (Reese; 1937; Newton,

1944; Jones, 19404 Fuge, 1972).

Ir. the River Wear system some data have been



presented by Smow-and\ﬁhttboa (1971) from the chief lead
mining area in tne region of Rookhope Burn. Leeder .(1972)
also investigated concentrations of dissolved Zn and Pb in
the same river.- The most detailed work concerning mining
and heavy metals in the area has been carried out by Say (1977).
He studied mainly Zn pollution in the Alston mineralised block,

which includes part of the River Wear catchment.

. Streams of low pH (less than three) are also
associated with high concentratiéns of heavy metals (Hargreaves
et al., 1975). On the whole, these streams are connected
with coal mining wastes. A survey of the chemistry and flora

" of acld streams throughout‘Britain is given by Hargreaves et al.

- (1975).

It has frequently been noted that the dis-
charge of a river markedly affects the concentrations of heavy
-metals (Carpenter, 1928; Hynes, 1960); although no consiétent
pattern has emerged (Wilson, 1976). Information from Hellmann
(1970) has been quoted by Wilson (1976) in an explanation of
the effects of discharge. Simply, heavy metal concentration
relies on the balance between the increasing 'suspended' or
‘non-filtrable fraction, with the decreasiné 'soluble' or filt-
rable fraction, with dilution. It is therefore impossible

to generalise concerning this effect.

In a censideration of the chemical state of

heavy metals in fresh water three problems arise.

(i) Collection and storage

Rebertson (1969) has discussed the problems

encountered with the contamination of laboratory apparatus.



Metlhiods of preservation and adsorption of heavy metals have
been discussed by Smith (1973a, 1973b). He concluded that
a pH of 1.5 or leés is required to preserve most metals in
true solution. Allen ct al. (1974) have suggested criteria

for the collection of water samples.

(i1) Analytical error

The accuracy of many analytical techniques
has been presented by A.P.H.A. (1971) and Allen et al. (1974).
Reviews of atomié absorption spectrophotometry, in the anal-
ysis of natural waters, have been given by‘Platte and Maréy,
(l?65)vand.Fishmah (1966).

(1iii) Speciation

The speciation of heavy metals in natural
waters has received growing attention, especially in relation
to the availability of metals to aquatic organisms. Several
vauthors have pointed out the inadequacy of knowledge in this
field (Stumm and Mérgan, 1970; Stumm and Bilinski, 1972;
Whitton, 1972; Perhac, 1972; Whitton and Say, 1975;. Wilson,
1976).

_Theoretical classificatioﬁs of metal ions
and complexes in natural waters have beeh given by Stumm and
Morgan (1970) and Stumm and Bilinski (1972). These define
metals in aqueous solution as free ions and inorganic com-
plexes (<10 nm),cheiates and colloids (10-100 nm) and large
colloids and precipitates (>100 nm). Stumm and Morgan (1970)
fufther subdivide truly dissolved metals into 'aquo metal ions'
i.e. a metai ion co-ordinated with water and inorganic hydroxo

and poly hyvdroxo complexes. This speciation was suggested



as pH dependent and could affcect the adsorption of caﬁions

onto solids including agquatic organisms.

Perhac,-(l972j has devised a method for
separating solld and dissolved heavy metal'particles, using
continuous flow ultra centrifugation. He has classified
metals into the following categories: true solution (<100 nm),
colloidal particles (100 nm to 1500 nm), coarse particles
(>1500 nm). These correspond to some extent with the hypo-
thetical divisions noted above. Perhac's data for river
 ‘water Showed'QO% of metals in true solution, 10% in
coarse particles and colloids less than 1%. However,
he noted a considerable potential for flowing watérs to carry’
large amounts of heavy metals in colloidal form. Kennedy
et al. (1974) have separated colloidal clay particles from

truly dissolved' species using O.lpy membrane rilters.

The speciation of ahions in natural watefs
must not be overlooked. Compounds of P, in particular, have
a marked effect on the complerxing of heavy metals. Diss-
olved forms of P in natural water fall into three categories:
orthophosphates, inorgenic condensed phosphates, organic
phospﬂates (bofh dissolved and colloidai). Many of these
forms affect the distribution and avallability »f cations,
depending on pH, concentration of metal ion and other ligands

(Stumm and Morgan, 1970).

Chemically, many heavy metals are found
'dissolved' in natural waters to a far greater degree than
their theoretical solubility products allow (Stumm and Morgan,
1970). Chelation with organic complexes has been given as

an explanation of this phenomenon (Fogg and Westlake, 1955;



Shapiro, 1957; Sculthorpe, 1967).‘ More recently it has

been suggested that chelation plays only a minor role in
heavy metal solubilisation and that many metals are held

in colloidal dispersions, particularly Mn, Fe, Zn and Co
(Shapiro, 1964%; Stumm and Morgan, 1970; Perhac, 1972; Rashid,
1974).  Such colloids are often associated with brown org-
anic acids (fulvic/humic complexes) found in lake waters
(Shapiro, 1964). However such complexes are not restricted
to étanding waters. Brown organic material has been noted
in the River Wear system, associated with wash out from peaty
moorland (M. Snow, pers. comm.) and in waters of the River
South Tyne Catchment (Say,.1977). Wilson (1976), in a crit-
ical review of trace metals iﬁ river water, concluded that
fulvic/humic acids often represent an important fraction of

the filtrable heavy metal.

It is fundamental in an understanding of
the availabilitj of metal ions to aquatic organisms that in-
organic and ovrganic complexes and colloids are able to hold
a variety of heevy metals. - These are, in many cases, held
.in a readily exchangeable form. However, Elder (1975) has
>stated that 'few generaliéations can be made abcut trace

metal complexation because they are so highly dependent on

pH and anionic concentrations'.

The need for a practical and easily applic-
able method of metal speciation has been acknowledged by
Wilson (1576) and has particular relevance to the uptake

of metals by aquatic organisms.
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1,2.3% Accumulation by aquatic organisms

The use of aﬁy aquatic organism as a

quantitative indicator of the surrounding water relies on

the ability of living cells to take up elements against a
concentration gradient, such that the internal concentration
is higher than the external (Bowen, 1966). One approach

is. to investigate the elemnental composition of organisms.
Early work by Hoagland and Davis (1923) suggested that the
element content of cells was much higher than the surround-
ing medium. There is a good deal of such information avail-
able bqt rarely is it directly concerned wifh the monitoring

of the environment.

b ~

Many of the éarly works in freshwater
are limited to a few macro-elements (Schuette and Hoffman,
1921; Birge and Juday, 1922; Harper and Daniel, 1934) and
analytical methods are guestionable, by recent standards
(Boyd and Lawrence, 1967). There has been a considerable
increase in avallable information with the introduction of
modern analytical techniques such as atomic absorptiqn spectro-
photometry, anode stripping voltametry, neutron activation
énalysis. Sowen (1966) has reviewed both the composition
and the accumulation cof elements by living organisms. He
concluded that all meteals studied are more or less concen-
tréted, excepi for Na which is weakly rejected. He goes on
to point out that the concept of accumulator organisms arises

when large amounts of vnarticular elements are retained.

A large proporticn of data frcm elemental composition
studies in fresghwaters, is concerned with the use of plant

material for forage (Anderson et aql., 1965; Boyd, 1968, 1969,
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1971; Sandholm et al., 1973).

Other authors; have made attempts to re-
late their composition data to the chemistry of the water.
Riemer and Toth (1969) analysed 11 elements including Zn,

Cu, Mn and Fe. They found certain relationships, between
Potamogeton spp. and the surrounding water notably for-Mg
and Fe although these were not directly proportioﬂal. Adams
et al. (1971) found that the elemental composition of Eloden
canddensis increased as concentrations of K, Mg, Ca, Zn, Cu

and Mn in the environment, became higher.

Mayer and Gorham (1951) analysed Mn a.d Fe
-_conténts of . some aquatic angiosperms in the English Lake.
District; they found large quaﬁtities of the former element,
present in the tissues. However their data were more con-
cerned with the distribution of aquatic plants than relation-

-ships with the agquatic environment.

Quantitative studies of the accumulation of
heavy metals by aquatic organisms have been carried out in

two ways.

(i) Direct analysis

‘This involbes analysing both the organism

and surrounding water.

Scott (1943%) first suggested the dependence
of the interngl conceritration upon the ionic concentration
of fhe surrounding medium., Brooks and Rumsby (1965) quant-
ified this relétionship by proposing the term 'enrichment
ratio' in their studies of New Zealand bivalves. They cal-

culated the ratio as:
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concentration in the organism (dry weight)

concentration in the surrounding medium

This mode of approach has been used subsequently by a number
of authors in both marine and freshwater environments (Pringle
et al-, 1968; Boyd and Lawrence, 1967; Bertine and Goldberg,
19]2).

(i1) The use of radio-active isotnpes

This technique can be used to establish the
same ratio, usually under experimental conditions (Timofeeva-
Résovskaya.et al., 1961; Gileva, 1964; Harvey and Patrick,

..1967; - Cushing and Rose, .1970). - ST

As Bowen (1966) pointed out, different

authors have‘adopted various ways of expressing this ratio.
The majority have quoted ratios as a fraction of dry weight
'although fresh weight may have more physiological signific-
ance. There are several expressions for the enrichment ratio,
which include, 'concentration factor' (Bowen, 1966), used by
the majority of authors, 'coefficient of accumulation'’
(Timofeeva-Resovskaya, 1961), ‘'accumulation facteor' (Gileva,

196y) and 'enricpmgnt factén' (Dietz, 1973). However, the
| térm 'enrichment ratio' as defined above, and adcpted by

Wh;tton and Say (1975), will be used throughout this work.

Enrichment ratios have been calculated for
two species of seaweed ( Fucussp. and Porphyra sp.) and for
the soft parts of limpets in British Isles coastal waters
(Preston et al., 1972). These authors concluded that Fucus
sp. would be a good quantitative indicator for Zn, Mn, Fe

and Ag.
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Boyd and Lawrence (1967) analysed 14 genera
of freshwater algae, including Cladophora sp., for a large
number of macro- and micro-elements. The composition ofl
these was related to the water using enrichment ratios.
These ranged from 3000 to 12000 for most élements. They
concluded that '"elevated accumulation of most elements ocec-
-urred when samples of algae from waters of high concentration
were compared to samples from water of low content but the
relationship did not hold for waters of intermediéte level."
Marked enrichment of Zn, Cu, Mn, Fe was found in all genera.
However, few if any of their samples were taken from flowing

waters.

Neutron activation analysis has been used
by Fjerdingstaddd(1974) to calculate enrichment ratios for a
very large number of trace elements in Chlamydomonas nivalis,
from the snows of Greenland. The ratios for Zn, Cu, Mn and
Fe, were much lower than those quoted by other authors for

more complex plants.

A considerable accumulation of metals by
filamentous algae has been noted bj several authors (Davis
et az.,vl958; Tihofeeva-Reéovskaya et al., 1961; Gileva, 1964)._
Until recently the potential use of these organisms had not
been exploited. However, Leeney et «l. (1976) used Cladophora
glomerata as a space/time indicator of heavy metals in the
Lake Ontario catchment. They found»a narrow range of en-
richment ratios: Zn, 1000 to 2900; Cu, 1900 to 2200;

Pb, 16000 to 20000. The ratios, particularly for Cu, were
found to be comparable with those found in the mining area

of the Upper Spokané River.
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Dietz, (1973) has investigated two species
of aquatic moss and four speciés of aguatic angiosperm from
the River Ruhr. He found surprisingly little variation in
enrichment ratios for trace elements. The heavy metals stud-
ied included Zn, Cu, Mn, Fe, Pb, Ni, and Hg. Enrichment
ratios were calculated using wet weight but a correction for

dry weight was given.

Adams et az.»(1973) have analysed 30 species
of aduatic vascular plant for 11 elements including Na, X, Mg,
Ca, 2n, Cu, Mn, Fe and Al. They suggested_that a number of
these species could be used as sﬁitable quantitative mcnitors
._on\the basis of the variation in element composition but they

did not give any enrichment ratios.

Data for the River Wear system concerning

the enrichment of plants are scarce. Leeder (1972) has
studied the lower reaches of Rookhope Burn. He investigated
the composition of Lemanea fluviatilis, Hygrohypnum ochraceum
and Mimulus guttatuss using enrichment ratios to relate the
composition of Zn and ?b to the water chemistry. Although
these ratios were by no means constant, he found that an over-
all increase in Zn and Pb éoncentrations in the water corres-

ponded with overall increases for these elements in the plant.

Some composition data have been given by
Patrick (1973) for a moss found at pH 2.6 in Brandon Pithouse
Acid Stream. These data were compared with data from a
stream in the Nenthead region of the River South Tyne Catch-

. . A -1
ment containing in excess of 9 mg 1 Zn.

The study of metal uptake and accumulation,

using ratioactive isotopes, has rarely been used in conjunction
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with mineral composition studies (Whitton and Say, 1975).
Cross et al. (1971) have pointed out some differences in

the availability of Zn65

and total Zn to aquatic organisms
in relation to the chemical speciation of this metal, in an
experimental marine ecosystem. Enrichment ratios were in

the region of 4900 for Zn65

and 7200 for total Zn (dry weight),
in a mixed phytoplankton community (mainly Chlorelia sp.,
Nitzschia closterium and bacteria). . These authors suggested
that the difference in concentration factors‘might be caused
by the presence of a non exchangeable 'pool' of organically
complexed Zn available to the phytoplankton but not available
for exchange with Zn65. They went on to point out the need
to study both stable and radioactive isotopes in tracer ex-
periments. The possible effzcts of chemical speciation on
the bilological availebility of cations have already been men-

tioned in 1l.2.2.

The ability of aquatic organisms to concen-
trate radio-active isntopes has been used as a guide to their
concentration in the environment. For evamplz, stream
bryophytes have been used to indicate the presence of U235

in the bed-rock (Whitehead and Brooks, 1969).

Several experimental studies using radio-
éctive isotopes have shown that within limited ranges of
micro-concentrations, enrichmeﬁt ratios remain stable. The
enrichment of these isotopes i1s therefore proportional to
their concentration in the surrounding medium. Timofeeva-
Resovskaya et al, (1961) found constant enrichment ratios
over a wide range of micro-concentrations for many elements

65

including Zn in their investigation of 32 species of fresh
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water plants. Gileva (1964) found similar stability for
enrichment ratios of many radio-active 1sotopes in Cladophora

fracta. However, proportionality was not found for Zn65

because of the high minimum concentration used (10_4 1).

65

M,6.5 mg 1~

The enrichment ratios for Zn in Fontinalis antipyretica

4 2

have been found constant over a range of 10 ' to 10 mM Zn

(D.007 to 0.5 mg l'l), in experiments carried out by Pickering
and Puia (1969).

A number of similar experimental enrichment
ratios, however, have to be treated witihh some caution as the
data have not been obtained a:t equilibrium conditions (Cushing

arid Rose, 1970).

Much of the cultural work with radio-active
isotopes has been concerned with the mechanism of uptake of
metal ions rather than the overéll accumﬁlation. Some early
studies stated an apparent relationship between Zn65 uptake
and photosynthesis (Bachmann and Odum, 1960; Gutknecht, 1963),
implying some form of obvious active uptake. It has been
‘pointed out that this may well have been an artefact, caused
by pH changes during the experiments (Bryan, 1969; Cushing
and Rose, 1970). |

The concensus of opinion now seems to indi-
cate that the initial means of uptake of divalent heavy metal
ions, particularly Zn65, is actually a very fast physico-
chemical phenomenon of some kind, independent of cell energy
(Gutknecht, 1963%; Broda, 1965, 1972; Pickering and Puia,

1969). This is followed by a slower binding process into

the cells (Cushing and Rose, 1970; Failladdl976).

Some authors have found that the initial

uptake corresponds with physical surface equations, e.g. the
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Freundlich equation (Gutknechf, 1963) or the Langmuir_ad-
sorption equation (Gileva, 1964), and is thercfore propo:rt-
ional to the concentration of elements in solution. The
constancy of the enrichment ratio under equilibrium condit-
ions (Gileva, 1964; Pickering and Puia, 1969) imnlies that
subsequent accumulation is also propdrtional to the concen-

tration in solution.

. The literature supplies some evidence for
the practical use of certain aquatic organisms as potential
indicators of heavy metals. There is also~sufficieht exper~
imental evidence, concerning the mechanism of uptake, tn warr-

" ant furtheér investigation into the use of aquatic plants as

quantitative indicators of heavy metals in river water.

1.3 Environmental Background of River Wear system

1.3.1 Introduction

Basic information is available concerning
the biology and chemistry of the River Wear system Trom the
annual reports of the Northumbrian Water Authority and the

former Northumbrian River Authority (1967 to 1976).

\ A generai account of the River Wear nas
beer. given by Whitton and Buckmaster (1970) together with a
survey of the macrophytes throughout the freshwater reaches.
According to these authors, two of the main influences in
the system prior to'l967 were pumped mine water and sewage

effluents.

Tn a survey of the chemistry of the river
and some of its main tributaries, Snow and Whitton (1971)
pointed out an overall increase in key plant nutrients from

source to mouth. Theylalso noted the-presence of Zn and Pb
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in some upland tributaries (1;2.3)_but found only small
concentrations of these metalsAin the main river. Detail-
ed chemical infofmation concerning the reaches of the river
below Durham has been presented by Sunderland and South
Shields Water Company; records of which are held in the

Botany Department, Durham University.:

>'In 1972 a new effluent entered the River
Wear below Durham. This was of particular interest as it

was known to contain heavy metals.

There have been some marked changes in the
flora of the river over the last'ten years. One of the most
" important has been the spread of- 'Ranunculus peniecillatus Var.
caleareus in the lower reaches of the River Wear, recorded by
Holmes ¢t q1. (1972). In their recent re-survey of the Ri&er
Wear, Holmes and Whitton (1977) suggested that the spread of
_this plant and other species has been brought about by the
improvement in environmental conditions, particularly the re-

duction of suspended solids and pumped mine water.

The pollution by heavy metals of the main
upland tributary, Rookhope Burn, has received some attention.
As mentioned in 1.2.3, Leeder (1972) studiea Zn 2nd Pb con-
centrotions in both the water and aquatic plants of the river.
Say (1977) has given further information concerning Zn-rich
tributaries and adits of Rookhope Burn. The possibility orf
increased heavy metal pollution in the River Wear, from both
mining and industrial activities, has been pointed out by

Holmes and Whitton (1977).

There have been several studles concerning

the biology and chemistry of Pithouse Acid Stream, which
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enters the ﬁiver Deerness in the north-western part of the
catchment. Robinson (1971) has given a general éccount of
the stream, noting high concentrations of heavy metals and

a very low pH. Pomfret (1973) has discussed aspects of the
acld tolerance of algae in and around this streanm. The most
detailed study has been carried out by Hargreaves (1977 ),

who discussed the effects of pH,acidity and heavy metals on

the flora of the stream.

* 1.3.2 Geology &

The geology of the River Wear catchment is
1llustrated in Fig . 1.1. The system drains off the up-
lifted and mineralised Alston block and over the gently east-
ward dipping Carboniferous sefies (Johnson, 1970). The riv-
ers and streams of Weardale have cut down through the MillQ
stone Grit to the underlying Carboniferous Limestone series
(Cairney and Storey, 1970). The latter comprises the cyclic
limestones, shales, sandstones and coal of the Yoredale

series (Johnson, 1970).

A number of commercially important ores

.have been mined from the mineralised Alston block. In the
-Weardéle region the most intense activity occurred inter-
mittently in the eighteenth and nineteenth centuries (Dunham,
1948), According to Johnson (1970) the ores include sphal-
erite (ZnS), limoniFe (2Fe2o3.3H2O), galena (PbS), barytes
(BaSOu), witherite (BaCOE) and fluorite (CaFg). Most of

the upper tributaries show evidence of the old mine workings.
Thé most significant of the mining areas lies in the region

of Rookhope.
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From Stanhope to Wolsingham the River Wear
flows over the alternating bdnds of limestone, shale and

sandstone of the Millstone Grit.

In its lower reaches, the river, together
with its major tributaries, drains the strata of the Coal
Measures (Cairney and Storey, 1970). One important except-
ion to this is the River Jaunless which originates in the
Magnesian Limestone prominent in the south and scuth-east
of €o. Durham. In the lower part of the catchment the
river is hardly affected by the underlying geology. It
meanders,_across.the thick alluvial deposits of the flood
p;ain (qurney and Storey, 1970), to its mouth at Sunderland.
Fuller accounts of the geology of the area are given by |

Hickling et al. (1931) and Dunham (1948).

1.3.3 Hydrology and Geography

In order to locate accurately the features
of interest, the River Wear and its tributaries have been

marked in km.

On the main river these km marks incrcase

- from 0.0 at the headwaters to 106.9 at the mouth (Whitton
 and Buckmaster,. 1970). The point of entry of any tribut-
ary into the river is also given as 0.0. In this case,

km marks increase upstream and tributary marks are prefixed
with a minus sign, e.g. the gauging staticn on the River
Rookhope Burn is at- km 0.6 from the point of entry of the
tributary into the River Wedr. This system has been used
to locate sites in the River Tweed system (Holmes, 1975) and
the River Tyne (Holmes et al., 1972). Further identific-

ation of individual sites is given by a numerical system of



stream and reach numbers, fully described in 2.3.1.

The hydrology of the system is closely
related to the geoclogy. In the upper part of the catch-
ment area the River Wear and its tributaries flow quickly
down steep but uniform gradients. Qn the whole, the flow
rate decreases towards the lerr part of the system where

tﬁe river reaches the gentle gradient of its 1lood plain.

. The source of the River Wear is at the
Junction of two fast flowing tributaries, Kilhope Burn and
Burnhope Burn {Wearhead, km 0.0). The river is typically
fast fiowing to km 12.6 where Rookhope Burn enters at

Eastgate.‘> The substrétum‘compfises large amoﬁnﬁs of shéet

rock and boulders in this stretch.

The river continues in a generally east to
south easterly direction. The gradient becomes shaliower
"~ and the substratum changes to small boulderé and cobbles,
until it crosses onto the Coal Measures of the Durham plain.
Here it begins to veer northeastwards and deeper silty reaches
occur. | These are interspéfsed 5y riffles of faster flowing
iwater,.often containing large sandstone boulders and some
sheet rock (Whitton and Buékmaster, 1970). The River GaunleSs,.
a major tributary, enters the River Wear at km 44.1, down-

stream of Bishop Auckland.

In the middle stretches the river becomes
sloWer and begins to flow in deep silty meanders with only
occasional faéter stretches of water. As it progresses to-
wards the tidal limit at km 91 it becomes much deeper and
riffles no longer occur. Beyond this point the river be-

comes estuarine before reaching the mouth at Sunderland.
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The total length is 106.9 km from Wearhead to Wearmouth

Bridge (Whitton and Buckmaster, 1970).

The Rivers Browney and Deerness rise in
the higher parts of the Ccal Measures and both flow down
a fairly uniform gradient before the latter joins the
former at - km 6.0. The confluence with the main river

ocecurs at km 58.5.

The whole river system is subject to quite
marked changes in discharge,. particularly in its upper
catchment where the rainfall is considerably higher, J00
to 1800 mm per year, according to location (Smith, 1970;
Snow and Whittan1971). Northumbrian Water Authority
data (1973), at Sunderland Bridge gauging station (km 58.3),
show a range of flows from 1.5 to 141 m5 s'l for the period

March to October 1973 with a mean value of 5.8 m st

Major flooding was rare during the period
~of study, (March, 1972 to January, 1974) although mincr
floods have occurred intermittently at various seasons.

- The flows were much highgr in winter than in summer. At
\times the rivef\was subject to exceptionaliy low flows
during the summer months, e.g. during the pericd March to
October 1973 the flow remained almost continually low and
recordings less than 2.0 m3 s_l were frequent at Sunderland

Bridge gauging station (Northumbrian Water Authority, 1973).

Table 1.1 summarises hydrological data at
three of the gauging stations in the River Wear system dur-
ing the period March to October 1973. Further hydrological

information is given by Cairney and Storey (1970) and details
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March to October 1973
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Hydrology of the River Wear system,

"Data abstracted from Northumbrian Water Authority

gauging ;
Station river
(N.W.A.)
Stanhope "Wear
Sunderland .
Bridge Wear
* Eastgate Rogﬁ?gpe

Km catch- .

ment

km2

‘14.8 171.9

}
v

58.3 657.8

-0.6 36.4

mean

5.82

0.45

flow (m3 s ")

1

max min

54.34  0.48

~

141.3 1.52

12.08 0.09

* -records calculated without August 197> figures
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of climate in the region by Smith. (1970).

1.3.4 Rookhope Burn

1.3.4 (a) Geography

The stream rises at Rookhope Burn Head ffom
the junction of several minor tributaries. It flows east-
ward for 7 km before turning south for 6 km, to join the
main river at km 12.6. This tributary drains an area of
open, moorland and rough pasture, in common with other Wear-
dale streams (Sdow and Whittoa,1971). The lower reaches
have steep banks and are well shaded by woodland. Thz2 area
receivés high and-localised rainfall often giving rise to
small floods. The hydroloay -of the river is dealt with in
1.35.2 and Table 1.1. The headwaters rise from peat bog-
land and the river flows down an uneven gradient of aiter-
nating Carboniferous shales and sandstones. Above Rookhope
- Village the stream flows in long shallow stretches down a
gentle slope. The bed comprises mainly boulders and pebbles.
Aftef turning south at Rookhope Village it flows steeply down
over bands of lirestone and igneous rock, which give rise to

‘a series of fast flowing stretches and occasional waterfalls.

“1.3.4 (b) History of lead mining

_ Lead mining in the Rookhope area is thought
to-have begun in Roman times. It did not reach its heyday
until the eighteenth and nineteenth centuries, mainly under
the-auspices of the London Lead Co. and the Beaumont family
(Johnson, 1976). Output reached its peak between 1815 to
1880; most of the derelict mine workings and spoill heaps
originate from this reriod. In the later part of the nine-

teenth and early twentieth centuries the lead mining 1ndustry




declined and most of the workings were taken over by the
Weardale Lead Co. (Dunham, 1969). The ores mined wére
chiefly sphalerite (ZnS) and galena (PbS) mentioned in

1l.2.2; sufficient silver (Ag) was present in these to make
it worthwhile re-extracting (Johnson, 1970). The silver
was removed from the inside of the flues of the lead smelter.
The last vestiges of the latter lie upstream of Rookhope
Village and have only recently been dismantled. The other
maih cre of interest was chalcopyrite (CuFeS2), a copper ore,

which was worked at Groverake in the upper Rookhope Valley.

‘The development of the non-metallic mining
industry ‘has brought abOut‘repewed activity in the area:
large deposits of fluorite (CaFg) have been found in the |
vicinity of Rookhope. The Weardale Lead Co., a former sub-
sidiary of I1.C.I. Ltd, carried out most of the operations
in the Rookhope valley at the time of the study. A brief
description of the individual mines is given by Leeder (1972)
and more details of the economic geology of the region have

been given by Dunham (1948, 1959).

High concentratlons of Zn and Pb in the

"river are the result of run-off from the old spcil heaps

and adits. Fig. 1.2 summarises the course ol the river
and features of interest concerning the mine workings in

the area.

1l.3.5 Brandon Pithouse dacid streams

1.3.5 (a) Geography

‘the location of the streams, together with
some of the more important features, is 1llustrated in

Fig. 1.3. The main stream flows in a north to north-
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easterly direction for 3ﬂ6 km before Joining Red Burn at

- km 1.0. This stream meets the River Deerness at - km 3.7

The acid waters issue at two points below
the spoil heap. Acid Stream A springs from an earthenware
pipe near the site of old drifts. Stream B has a diffuse
source, seeping from the base of the tip into a deep channel
of clay and silt. It 15 possible that this stream orig-
inates from old drifts now covered by the tip (Pumfret, 1974%;
Hargreaves, 1977). It then disappears underground, re-
emerging a few metres before the junction with the main stream
(- km 3.0). For the first 200‘m Stream A flows over a sub-
sbfatum composed of clay with occasional shalely. reaches.

In 1970, part of the drainage.channel was re-excavated to
prevent the flooding of farm land (Robinson, 1971). The
stream passes underground for a few metres before entering

a small reservoir; the purpose of which is not clear. From
 the reservoir, the stream flows down a steeper gradient over
a mixed substratum of pebbles and sand to the entry point of
Stream B._ After the confluence, the stream flows steeply
down over heavy precipitates of Iron oxides and receives
idrainage from arable land before entering Esh Wood. The
lower parts of the stream were heavily shaded during the
period of study. In generai the substratum is more silty

and the presence of Iron oxides diminishes.

Thé discharge of Stream A remained remark-
-abbrconstant,’at its source, throughout the period of study.
The mean value was 0.3 1 s-l._ However, both streams were
subject to spectacular 'flash' flooding caused by run-off
from the tip. This tended to scour the stream bed and

intermittently removed most of the vegetation, apart from
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that near the source of Stream A.

On occasions in winter the middle reachnes.
of the stream froze over and at times in summer parts of
the stream dried out completely. The bilological implica-
tions of these extremes have been discussed by Hargreaves
(1977) who has also given more detailed accounts of the

environmental background of the stream.

1.72.5 (b) History of coalmining

The area has been mined on a small scale
for many centuries. Shaft mining was firSt recorded in
%838. The main'shaft was sunk in 1926 and the modern
workings.iﬁterconnectIwitﬁ the-old drifts in ﬁhé Five Qﬁart-
er ond Main seams (Pomfret, 1973). The colliery was closed
in 1966 leaving a spoil heap 800 m across (Robinson, 1971).
In recent years the heap has been considerably altered in

order to lower and stabilise it. This had little effect

on the streams during the period of study (Hargreaves, 1977).
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CHAPTER TWO

2. - METHODS

2.1 Water Samples

2.1.1 Collection and storage

Samples were'taken from the main current

- of the river or stream immediately below the surface. On
several occasions four replicate samples were taken to
illustrate the limits of variation. All containérs to

be used for sampling were soaked in 5% 4C1 for 24 hours

and rinsed six times in glass distilled water before use.
This procédurevwas carried out to enéure freedom from
contamination. The samples were filtered through an acid
washed No. 2 'Sinta' glass funnel to remove larger suspended

matter and most algae.

Sambles for cation analysis were collected
in 100 ml 'Pyrex' bottles. These were chosen as being the
leasy, iikely to cause trace contamination. Testé showed
that certain polythene containers leached large quantities
of Zn and Fe in partiéular (Test A). No measurable con-

tamination of any Zn, Cu, Pb or Cd was encountered with

'Pyrex' (Test B).

Test A

Four acid washed polyethylene containers were filled
with glass distilled water and analjsed after 7 days. Glass
distilled water was kept in an acid washed 'Pyrex' container
and analysed along with the samples (e). Contamination is

obvious.
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~Zn Cu Fe Pb
(a) 0.015 0.015 0.84 0.018
(b) 0.098 0.023 0.7 0.010
(¢)  0.020  0.009  0.76  0.024
(d)  0.008 0.007 0.33 0.006
(e) <0.002 <0.002  <0.01 <0.001

Test B

Four acid washed 'Pyrex' bottles (ground glass stoppers)
were filled with glass distilled water and acidified with.
0.5 ml 'Aristar' HC1. The samples were analysed immediately
and at 7 day intervals Subsequgnt;y. The data presented

below applies to all four samples.

| Zn Cu Po Ccd

initial <0.002 <0.002 <0.001 <0.0001
after 7 days <0.002 <o.ooé <0.0¢C1 <0.0001
after 14 days <C.OO2 <0.002 <0.001 <0.0001
lafter 21 days <0.002 <0.002 <0.001 <0.0001

It is clear that none of the heavy metals analysed
showed any signs of increase from leaching. In both cases,

analysis was carried out as described in 2.12.

Samples for the analysis of anions and pH
were collected in 300 ml heavy duty polythene containers,

in the same manner as the cation samples.

On return to the laboratory all samples
were stored in the dark in a refrigerator at 4°Cc until

analysis was carried out. Trace element analysis was
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carried out as soon as possible after collection, before
loss could occur, through precipitation. Heavy brown
flocs of humic material tended to form in samples from the
River Wear if these were left standing (1.2.2). PO,-P,
NH

-N, N02-N ané NO_-N were determined on return to the

> )

laboratory. When this was not possible analysis was

completed within 48 hours.

2.1.2 Analysis of cations

Cation analysis was carried ouf usihg a
Perkin-Elmer model 403 Atomic Absorpticn Spectrophotometer.
The elements analysed included Na, K, Mg, Ca, Zn, Cu, Mn;
Fe, Al, Pb, Cd, Co and Ni. 1In mosf cases the standard
conditions were used (Perkin - Elmer manual). Pb and Cd
were analysed using the Tm sampling boat procedure (Kahn

et al.,1968).

2.1.3 Analysis of anions

The analysis of anions included the regular

analysis of Cl, Si, P04-P, NH_.-N, NO,-N and NO_-N. Other

3 2 3
analyses included pH, conductivity and optical density.
All optical density measurements of the colourimetric pro-

cedures were performed on a Uvispek (Hilger & Watts).

Cl. Analysis of Cl was made by argentometric titration

(A.P.H.A., 1971).

Si. The determination of Si was carried out by the

heteropoly blue method (A.P.H.A., 1971).

P044P. For normal river waters, the stannous chloride
procedure was adopted (A.P.H.A., 1971) without any pre-

treatment of the samples. The detection limit for this
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technique using 400 mm silica cells was 0.0l mg l-l Poq-P.

Where interference was ehcountered, an extraction procedure
using n-hexanol was used (Mackereth, 1963). Not only is
interference reduced or eliminated but the sample is also
concentrated. Reduction of ammonium molybdate to a
complex blue colour with stannous chloride was carried out
in a similar manner to the standard method. A detection
limit of 0.001 mg 1-l POa-P could bé_attained by this
method.

NHj-N. The recommended procedure for the analysis of

NH3-N is distillation followed by nesslérization (A.P.H.A.,
1971). This procedﬁre was used for some determinétions

but the time taken for each sample was too long for use in
regular analysis. Thé simpler procedure of direct
nesslerization of the sample was therefore adopted for the
bulk of analysis (A;P.H.A., 1971). Clafification of the
sample was carried out by the addition of Q.5 ml of ZnSO4
(1000 mg 17%) to 40 ml sample. 0.1 N NaOH was then added
dropwise to a pH of 10.5. The flocculedt precipitate which
appeared was centrifuged .down at 30C0 r.p.m. for 2 min.

A 25 ml aliquot'of the supernatant was taken for nesslerizatioﬁ.l
The yellow colour was measurcd at 420 nm in 40D mm silica
cells. Optimum colour development occurred between 35

1

and 45 minutes. A detection limit of 0.0l mg 1™~ NH,-N

3

was found possible using this method.

NO,-N. The procedure adopted was that of Crosby (1967).
An initial measurement of the sample was ~arried out at
520 nm to allow a correction for the natural colour of the

waﬁer. This value was subtracted from the final colour



reading to obtaln the true optical density. Use: of

1

400 mm cells gave a detection limit of 0.002 mg 1 ~ NO,-N.

2
NO3-N. The procedure of Hammond (1959) was used for the
majority of samples. This 1s a single step, rapid,

procedure involving 3:3Ldimethylnapthidine. There were

two major disadvantages in thé use of this technique.

Firstly, occasiénal colour instability was encountered.

Thi§ was improved by diluting the purple reaction product
with 25% H2SO4 in place of distilled water. Secondly, a
highly coloured blank occurred which absorbed, to some extent,
at 570 nm (the wavelength of colour measurement). This
allowed a detection limit of only 0.5 mg 17* using 100 rim
cells. Maximum colour development occurred after 20 minutes

and remained stable for only 10 minutes.

The procedure of Montgomery and Dymock (1962) was adooted
for certain samples. The reaction was carried out in a
constant room temperature at 500 to minimise the temperature
dependence of the reaction. Using 400 mm cells a detection

1

limit of 0.05 mg 171 was found (0.2 mg 1~ NOB—N,'using

100 mm cells).

‘Other analyses.' ~pH was determined in the laboratory usingv
an E.I.L. pHd meter. Conductivity was measured with a Lock
Coanductivity Bridge. Optical density was measured directly

on a Uvispek spectrophotometer at 420 nm in 400 mm silica

cells.
2.1.4 Analysis of water from acid mine drainage
Waters from acid mine drainages presented
certain analytical problems. Several modifications to the

above procedures were made.
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Cl. The normal argentometrie titration did not give any
end point with acid water because of interference. The
sample was therefore clarified by adjusting the pH to 10.5
with 1IN NaOH and centrifuging down the heavy precipitate.
The supernatant was then re-adjusted to pH 7. A 25 ml

portion of this was taken for titration in the usual way.

P64-P. All anélysis for orthophosphate was carried out
by extraction into n-hexanol (Meckereth, 1963). The normal

phosphate procedure gave a low recovery.

N02-N and NOB-N. The high concentrations of Fe fouﬁd in
scid waters (>80 mg l-l) caused considerable interferecnce

in the colourimetric determination of NOE—N aﬁd\Noj—N. ' The
interference was in the form of colour enhancement. Removal
of the Fe present was therefore necessary. The samples were
passed through a column of cation exchange resin (Amberlite

. IR 120 H form). Analysis for NO,-N was then carried out by

5
the method of Montgomery and Dymock (1962). No readings

could be obtained for N02-N after this pre-treatment. It
is felt that any trace quantities present would be lost on

-a cation exchange column. N02-N results are therefore not

presented for acid waters. -

804-5. The procedure used was than of Colson (1963).
Samples were diluted by a factor of 10 after ion exchange
(through Amberlite IR 120 H-form) before titration against
Ba('0104)2.

Acidity. The determination of acidity was carried out by
hot titration to pH 8.3 using phenolphthalein indicator
(A.P.H.A.,1971).
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2.2 Plant samples

2.2.1 Collection

For several reasons, plants were always
collected at low flow.
(i) Only at these times could samples be collected
acrcss the rivers.
(ii) The plénts were less silted up and therefore
easier to clean; |
(11i) Periods of low flow were expected to give the

most stable water chemistry.

‘Plants from the River Wear were cqllected
over 20 m stretches, in the main current, away from the
banks. An experiment was conducted using the alga
Cladophora glomerata to establish the variation in com-
position within a sampling site. This test confirmed

the use of the above criteria (5.2.1).

Plants from Rookhope Burn were also
collected from 20 m stretches of river. Where 1t was
possible, the same'sampling criteria were used. However
application of these criteria was not always possible.
Mimﬁlus guttatus tended to occupy habitats not in the main

stream. Hygrohypnum ochraceum usually occurred towards

the river bank.

Brandon Pithouse stream presented different
sampling problems because'of its small size. In this cése
10 m reaches were chosen. The same sampling criteria were
used i.e. the plants collected were submerged in the main

flow of the stream except for the emergent Juncus effusus.
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Samples of this species were taken from plants whose roots

stood permanently in acid water.

Visually mature healthy plants were always

selected, avoiding obviously very young or very old material.

Plant material was always collected from
four suitable areas within the site to ensure representative

' replicate samples.

2.2.2 Washing

As a generél procedure, all plants were
washed thoroughly in river water at the time of collection
to remove as much silt as possible. Excess water was re-
moved by squeezing. The samples were then transferred to
polythene bags and storéd until return to the laboratory.
Further washing procedures were carried out immediately on
return to the laboreatory. The aim of this was to remove
all grit and other debris such as invertebrates. Presence
of foreign ﬁatter could affect the dry weight of the sample
and might also lead to contamination. All washing in ﬁhe
laboratory was carried out with distilled water. Care was

taken tQ avoid over washihg because of the risk of leaching.

Healthy cladophora glomerata growing in a
fast current was usually fairly grit free but thorough

inspection was required to ensure removal of larvae.

A matted. growth habit of Vaucheria sessilis

made removal of all silty material practically lmpossible.

Algae such as Stigeoclonium tenue from

Rookhope Burn or Hormidium rivulare from Brandon Pithouse

_ stréam tended to retain particles of inorganic and organic’
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debris. These were removed as far as possible during the

standard washing procedure.

The filaments of Lemanea fluviatilis were
almost always grit free. The attachment organs of the
alga were so intimately mixed with the,sﬁbstraﬁnnthat re-
moval of debris was not possible. These parts were there-

fore removed altogether during washing.

Euglena mutabilis from Brandon Pithouse
stream, presented =pecial problems in its collection and
washing. The alga grew in a thick film on top of a muddy
substratum. Field washing was therefore not possible.

All saﬁplés of the alga and sedimenf were scraped into a.
Jar. In the laboratory this mixture was shaken and then
allowed to settle. The EFuglena could then be poured away
from the sediment. Centrifuging and washing several times
ensured the removal of all the stream water and most of the

sediment.

Those mosses which grew away from the
stream bed and were washing in the current were relatively
easy to clean e.g. pontinalis antipyx»etica and Drepanocladus
fluitaﬁs. Those which were closeiy appressed to their
substratumtended to hold largs quantities of dcbris in the
thallus. Eurhynchium riparioides and Fissidens crassipes

were virtually impossible to clean thoroughly.

If the mosses were to be divided this
procedure was carried out at the washing stage. Individual
filaments were taken, measured and cut at 30 mm intervals

from the tip.
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The higher plants presented few problems
in washing. Special care was required when cleaning the
roots to ensure all grit was removed. Division of higher

plants into root stem and leaf was carried out during

washing.
2.2.3 Microscopic examination
‘A detailed survey of the microflora
associated with each plant was not éttempted. Certaln

microscopic examinations were undertaken to ensure blolog-

ical contamination was kept to a minimum.

2.2.4 Storage

After washing, the samples were traﬁsferred
to acid washed petri diéhes and dried in an oven at 105°C
for 48 h. Baker et al. (1964) noted that samples should
be dried as quickly as possible.to prevent loss in dry
matter caused by continuing respiration. Precautions were
also taken to reduce the possibility of contamination from

dust in the oven.

The dried samples were ground by hand in
a porcelain mortar and pestle, rather than with an auto-
matic grinder. Hood et al. (1944) have stated that many

grinders are sources of metal contamination.

The powdered samples were transferred to
plastic sample tubes and desiccated for 24 h. The tubes
were then:stoppered with a polythene cap and stored until
analysis. The samples were re-desiccated for 24 h prior

to weighing out.



2.2.5 Digestion

2.2.5 (a) Sample size

Roughly equal amounts of the four replicate
samples were taken for analysis. The sample size varied
according to the amount of material available. The minimum
apd maximum quaptities used were 0.1 g and 0.3 g (dry weight),
respectively. Test (C) shows no significant differenge

between results using the maximum and minimum sample size.

Test C

Three approximately equal replicates of dried Clndophora
dlomeratd were weighed’but'acpurately for each samplc size
(0.1 g, 0.2 g and 0.3 g). These were digested and anal-

ysed for Zn as recorded in 2.2.5 (b) and 2.2.6.

size weight mean_%n
 ug g

0.1 0.1201  63.5 ¥ 4.6

0.2 0.2018 61.3 - 5.8

0.3 0.3195  61l.2 ¥ 3.9

Samples were weighed out in 100 ml polypropylene
'digesfioh bottlgs. The 59ttle was weighed to 4 decimal
\places. The approximate weight of samples was added using

a 2 figure balance. The bottle plus sampie was then weighed
accurately to 4 decimal places and the dry weight calculated

by difference.

2.2.5 (b) Wet pressure digestion

The samples were digested using a
modification of the wet pressure digestion described by

Adrian (1973). The digestion does not carry to completion
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but is sufficlent to rclease all the cations into solution.

2 ml 'Aristar' grade HNO, were added to

>
each sample, the caps were screwed down and the samples

left overnight to pre-digest. lml7+1 H,50, (Analar

100 vol.) + H2804 (Aristar) was added and the capé re-
tightened. The bottles were'placed in a polythene bowl

ahd hot water was circulated_(?O-BOOC) for three hours.
The.gases build up a pressure as the digestion proceeds.

At the end of the digestion period the caps were loosened
and the excess gases allowed to escape for one houf; 20 ml
doublé distilled water was then added to each digest. The
samples with washings weré transferred to centrifuge tubes
and centrifuged for 5 min. at 3500 r.p.m. The yellow
supernatant was poured off and retained. The precipitate
was washed with a 10 ml aliquot of double distilled water
and re-centrifuged. The second supernatant was added to
the first and the volume made up to 50 ml in a volumetric
flask. The solutions were stored in the digestion bettles

until analysis.

2.2.5 (¢) Comparison of digestion techniques

‘A comparison of four digestibn techniques

1s given in Test D.
Test D

Four replicate samples (0.3 g) of dried Ranunculus
penteitlatusvar. calcareuswere weighed our accurately
for each analytical technique. The four methods used

were.
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(a) Dry ashing (Johnson‘and Ulrich, 1959)

(b) Wet digestion (Johnson and Ulrich, 1959)

(c) Wet pressure digestion (Adrian, 1973)

(d) Wet pressure digestion,'modified by replacing
perchloric acid (HCloj) with Hydrogen peroxide
(H202: 100 vol) described in 2.2.5 (b).

Method (a) has been questioned bj Gorsuch (1959) because
of the possible loss of volatile metals. Keeney.et al.,
(1976) have since noted the conclusions of Lord (1974),
who has staféd that serious loss of Cd occurs-above 35000
and a similar loss of Pb at temperatures above SOOOC.

Samples were ashed in a muffle furﬁace for 12 h at 450—55000.

" Methods (b) and (c) were not practical on a large scale,
in the laboratory facilities available, because of the ex-
'plosive nature of HClOE. Method (b) was carried out on
micro-kjeldahl apparatus in a fume cupboard. The fumes
were ducted away and dissolved in water. Method (c) was
carrled out as described in 2.2.5 (b) except for the

modiflcatlon noted above.

Method (d) was carried out as described in 2.2.5 (b)

It was partlcularly lmportant that data for heavy motals
were comparable with those from other digestion techniques.
The comparison was designed to see if this method was

feasible for digesting large numbers of samples.

The results are presented in Table 2.1. It is clear that
Pb, Cd and possibly some Zn are lost in the dry ashing
technique, although recoveries of major cations are higher
than the other methods. The technique was therefore

rejected.
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Methods (b), (¢) and (d) show very similar results for
the heavy metals although recovery of Na and K is lower.
Method (d) was adopted for the reasons of convenience

mentioned atove.

2.2.6 Analysis of plant digests

All analysis was carried out on the
Perkin-Elmer 403 atomic absorption spectrophotometer
using an acid resistant nebulizer. "The followiqg 13
cations were measured by standard aspiration procedufes
(Perkin-Elmer manual): Na, K, Mg, Ca, Zn, Cu, Mn, Fe,
Al, Pb, Cd, Co, Ni.

2.3 Location of sites and reacnes in River Wear system

Table 2.2 is a lis%t of 21l the sites sampled in
the River Wear system during the course of the study. Each
stream has been allotted a number-and where sites have been
given a reach number, this refers to a specific 0 m reach'.
Further biological and chemical data for these reaches are

held in the Botany Department, Durham University.

All sites have been given km marks (1.3%.3) except
for a number of sites in Brandon Pithouse acid streams.
In fhis case, only the sites of major importance have been
given km marks. More emphasis has been placed on the use
of reaches which coincide with those used by Hargreaves
(1977). Site numbers fér this stream system are placed
in brackets after the site cdescription; these have been
used in Fig.1l.3 to identify clearly the position of the

sites.

Brief descriptions of the individual sites are
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given together with the full grid reference and map

reference.

2.4 Check-list of species

2.4.1 Algae

021601  Hildenbrandia rivularis (Liebm.) J. Ag.
021902  Lemanea fluviatilis (L.) Ag.
03%020% Euglena mutabilis Schmitz
060203 Vaucheria sessilis de Canddlle
090404 Melosira varians C. A. Ag.
121432  Mougeotia sp. (8-12 um)
1221 Spirogyra Spp.
122750 Zygnema sp.
152402 Enteromorpha flezxuosa (Wulfen. ex Roth.) J. Ag
152902 HormidZium rivulare Kutz.
154532 Stigeoclonium tenueKutz.
154703 Ulothrix zonata Kutz.
160302 (ladophora glomerata (L.) Kutz.

1607 vedogonium sp. (9 um)

2.4.2 Byrophytes

222102 Secapania undulata (L.) Dum.

252150- Dicranélla Sp. |

232302  Drepanoccladus fluitans (Dillen) Warnsﬁorf
232501 Eurhynchium riparioides (Hedw.) Rich.

232602  Fissidens crassipes Wils. ex B.S. and G.

232701  Fontinalis antipyretiza Hedw.

232702  F.antipyretica Hedw. var. gracilis Schp.
232801 Grimmia alpicola Hedw.var rivularis {(Brid.)Broth.

233101 Hygroamblystegium fluviatile (Hedw.) B.S. and G.
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233202 Hygrophypnun ochraceum (Turn. ex Wils.) Laeske.

233401 Leptodictyum riparium (Hedw.)Warnst.

2.4.3 Angiosperms

260204 Callitriche stagnalis Scop.

260301 Caltha palustris L. .

250801 Elodea canadensis Michx.

251302  Juncus effusus L.

266701 Mimulus guttatus D.C.

260902  Myriophyllum spicatum L.

v251902 Potamogeton crispus L..

251906 .P. natans L. . _ . S
251910 P. pectinatus L. .

261106  Ranunculus fluitans Lam.

261110 R. penicillatus (Dumort.) Bab. var. calcareus

(R.W. Butcher) C.D.K. Cook

N.B. numbers refer to the file 'Specieslist', dated October

1977, held in Botany Department, Durham University.

2.5 Sempling Programme

2.5.1 Water Chemistry

Water samples were taken at regular
intervals, weekly and bi-weekly, at Sunderland Bridge
(km 58.3) and Finchale Abbey (km 78.1) during the period
February to August'l972. This programme was designed to
establisn the variation of important chemical parameters

ih relation to discharge.

In 1973 the programme was extended to

include a site above the industrial effluent (km 73.5)
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and one beléw the effluent (km 73.9). The sampling at
these four sites in the lower River Wear was carried out
between January 1973 and January 1974, at monthly intér-
véls. The location of these sites is shown in Fig.2.1l

and reach information given in 2.3.

Samples were taken on six occasions
between March and October, 1973, at four sites on Rookhope
Burn shown: in Fig.l.2. Brandon Pithouse Acid Stream A
was sampled at its source at monthly'intervals, from July
1972 tec August 1974, At ﬁhree monthly intervals, surveys
of the whole acid stream complex were made (this work was
carried out jointly with J. W. Hargreaves (1977) who gives
full details of sampling). The location of all the éites
sampled in the Acid Stréam catchment is given in Fig.l;j

and details of the reaches in 2.3.

Four seasonal surveys of the main river
and selected sites on its tributaries weré carried out in
1972/74: 1 Mérch 1573, 30 June 1973%, 10 October 1973
19 January 1974. These survéys comprised the sites
A to M illustrated in Fig.2.l. Geographical details are
found in 2.3.

2.5.2 Plant samples, 1967/68

A survey of the mineral composition of
aquatic plants occurring at Finchale Abbey (km 78.1) was
carried out on material collected in 1967 and 1968. The

plants included are given in Table 2.3.

Cladophora glomercta and Fontinalis

antipyretica were collected from several sites on the
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River Wear during 1967 and 1968.' A number of these

samples were chosen to gain some idea of the variation
in mineral composition of these plants down the river.
Both plants were sampled at the same time at the sites
and dates given in Tables 2.4 and 2.5. Full site

information is given in 2.3.

2.5.3 Plant samples, River Wear 1972-74

. All plants sampled from the River Wear
were collected from 20 m stretches of river (2.2.1) at
-‘the km marks indicated. Full site information is given

in 2.3.

N

Cladophora glomerata was sampled at
intervals during its main growing season at Finchale
Abbey (km 78.1) in 1972; dates of collection are pre-
sented in Table 2.4. -

In 1973, collection was darried out from
April to November, at the four sites in the lower RiQer
Wear: Sunderland Bridge (km 58.3), above the industrial
~effluent (km 73.5), below the industrial effluent (km 73.9)
~at Finchale Abbey (km 7851)- Collection was also
\carried out, oﬂ é single occasion; at sites further up-

stream (Table 2.14).

Fontinalis antipyretia was collected
in 1972, from Finchale Abbey (km 78.1) and divided by eye,

into young tips, mature parts and old material (Table 2.5).

This moss was collected, in 1973, from the

four main sites in the lower River Wear and on one occasion




TABLE 2.4

Stream
no.

0008
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List of sites in the River Wear at which

Cladophora glomerata was sampled during

1968, 1972 and 1973

km

b0

51.1
70. 4
78.1
80.
90.
78.
78.

3
©
WMWK HE OO

site

Bishop Auckland (above
River Gaunless)

Willington
Durham Sands
Finchale Abbey
Cocken Bridge
Lambton Bridge
Finchale Abbey
Finchale Abbey
Finchale Abbey
Finchale Abbey
Finchale Abbey
Wolsingham
Witton-le—Wear.

Bishop Auckland (below
River Gaunless)

Willington
Sunderland Bridge
above effluent
below efrfluent
Finchale Abbey
Sunderland Bridge
abiove effluent
below effluent
Finchale Abbey
Sunderland Bridge
above effluent.
below et'fluent
Finchale Abbey
Sunderland Bridge
above effluent

below effluent

Finchale Abbey
Sunderland Bridge
above efrlluent
below effluent
Finchale Abbey

date
15. 8.68

15, 8.68
16. 8.68
13. 8.68
13. 8.68
16. 8.68
1. 4.72
25. 4.72

- 9. 5.72

24, 5.72
14, 7.72

26. 8.73

26. 8.73
26. 8.73

26. 8.73
29, 1,73
29. 4.73
29. 4.73
29, 4.73
18. 5.73
18. 5.73
18. 5.73
18. 5.73
14. 8.73
14, 8.73
14, 8.73
14, 8.73

4., 9.7%

4, 9.73

b, 9.73

b, 9.73
20.11.73
20.11.73
20.11.73
20.11.73



TABLE 2.5

Stream
nOO

0008

IList of sites in the River Wear at which

Fontinalis antipyretica was sampled

during 1968, 1972 and 1973

Ly, o

51.1
70.4
78.1
80.6
90.0
78.1
58.3
73.5
73.9
78.1
58.3
73.5
73.9
78.1

58.3

73.5
73.9
78.1

Site

Bishop Auckland
(above River
Gaunless)

Willington

Durham Sands

Finchale Abbey

Cocken Bridge

" Lambton Bridge

Finchale Abbey
Sunderland Bridge
above effluent
below effluent
Finchale Abbey
Sunderland Bridge
above effluent
below effluent
Finchale Abbey
Sunderland Bridge
above effluent
below effluent

Finchale Abbey

date

15. 8.68

15. 8.68
16. 8.68
1%, 8.68
13.. 8.68

- 16. 8.68

7. 5.72

29. 4.73

29. 4.73
29. 4 73

29, 4,73

14. 8.73
14, 8.73
14, 8.73
14, 8.73
20.11.73
20.11.73
20.11.73
20.11.73

undivided

undivided
undivided
undivided
undivided

undivided

' divided

divided
divided
divided
divided
undivided
undivided
undivided
undivided
undivided
undivided
undivided

undivided
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divided into 30 mm sections from the tip (Table 2.5).

Saimples of Ranunculus penicillatus var.
calcareuswere collected from three of the four sites in
the lower River Wear: above industrial effluent (km 73.5),
below industrial effluent (km 73.9) Finchale Abbey
(km 78.1). The plant was not collected from Sunderland
Bridge (km 58.3) as it did not occur at the site at that
time. For comparative purposes, a sample was also collected
from the River Tweed at Gala Ford (km 75.5).  All samples
were divided into root, stém and leaf. All samples were

coliected on 14 August 1973.

2.5.4 Plant samples, Rookhope Burn 1973

Plants were collected from the river on
two occasions in 1973 from the four sites located in
Fig, 1.2 and listed in Table 2.6. Many of the algae are
fransitory in their bccurrence and were therefore collected
only once. The more permanent vegetation sampled, com-
prised.the alga Lemanea fluviatilis, and the bryophytes;
Seapania undulata, Drepanocladus fluitans and Hygropypnum
ochraceum. The only angiosperm to occur in sufficient
quantity to sample was the emergent hydrophyte, Mimulus
guttatus. The collection sites again consistad of
20 m stretches (2.2.1). The head tributary, North
Grain Sike, was sampled because of the wealth of plant
material and the presence. of Drepanocladus fluitanswhich
also occufs in Brandon Pithouse acid streams. Table 2.5

gives the details of the plants collected.
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2.5.5 Plant samples, Brandon Pithouse acid
streams, 1973%/1974

Samples were taken of the complete range

of macrophytic flora, present in both Acid Streams A and
. B on various occasions during 1973/1974 (Table 2.7). The
moss Drepanocladus fluitans was also collected at partic-
ular sites down. the main stream to study the effects of

an increasing pH gradient (Table 2.8).

.
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TABLE 2.8 List of sites on Brandon Pithouse acid streams
at which Drepanoecladus fluitans was sampled

on 14 June 1973

stream no. reach km site
0la7 ol . -3.6 stream A (1)
. 03 channel (3).
05 below reservoir (5)

pelow confluence

o7 -2.9 with stream B (8)
08 above farm track (9)
09 bog (10)

11 ~1.6 gpper_Eshwood (12)

0125 . 01 - -0.6 - stream B (Tb)



62

CHAPTER THREE

3. SITE DESCRIPTIONS

3.1 Introduction

. Descriptions are given of the main sites in

each area of the River Wear system studied.

Details of the taxonomy of the species mentioned
are given in 2.4 and the exact gecgraphical locations of
the sites are recorded in 2.3. In describing‘the sub-
stratum the_sizes have been graded according to the
'Wentworth Scale' (Table 3.1). It has already been
mentioned (2.2.1) that 20 m lengths were used for sampling
except in the case of Brandon Pithouse acid streams. In
' this case 10 m 'reaches' (2.3.) were adopted, partly De-
cause of 1ts small size and partly to ensure continuity

with other work carried out (Hargreaves, 1977).

Relevant features of the four main sites in the
lower River Wear are described in 3.2.1 to 3.2.5 and
-illustrated in Figs 3.1 and 3.2. ‘ These diagrams have
been compiled from observations at summer low flows. The :
distribution of the majof species is givén together with
suﬁstratﬁh éharacteristics and a qualitative éstimaté of

current velocity and direction.

The four sites chosen for study in the Rookhope

Burn catchment are described in 3.3.

A summary of the relevant sites in Brandon
Pithouse acid streams is given in 3.4. Further details
of the microflora found in the individual reaches are given

by Hargreaves (1977).




TABLE 3.1

sheet rock

‘Boulders

Cobbles

Pgbbles

Sand

Silt and clay

The 'Wentworth

very large
large
medium

small

large

small

very coarse

coarse
medium
fine

very fine

very coarse
coarse
medium

fine

very fine

Scale' of substratum size.

mm
>4096
2048 - 4095
1024 - 2047

512 - 1024

256 - 512

128 - 256

64 - 128
32 - 6k

16 - 32

8 - 16

y - 8

2. 4

1 - 2

0.5 - 1

0.25 - 0.5

0.125 - 0.25

0.0625 -0.125

< 0.0625
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‘Details are Included in 2.3 of the sites studied
in 1967/68. The location of all the sites sampled in the

present study is shown in Filg.2.1l.

3.2 8ites on lower River Wear

3.2.1 Sunderland Bridge (km 58.3)

The 20 m length chosen for study lay just
downstream of the Northumbrian Water Authority flow gauging
staticn, located under the bridge. At this point the
river flowed through the bridge in deep c¢hannels before
entering the shallower region of the sampling area. A
small effluent entered.intgrmittently from a pipe situated
on the south bank adjacent to‘ﬁhe bridge. The substratum
vari2d from large sandstone boulders to sand and silt.

Fig, 3.1la shows the relation between substratum, flow and

flora at low flow.

The predominant macrophytic algal veget-
ation was Cladophoraglomerata and Vaucheria sessilis,
although Stigeoclonium tenue and Ulothriz zonata occurred
in small quantities. Cladophora varied considerably in
- form according to its poSipion in the river. In the
\slower, deeper bafts filaments often exceeded 2 m. However;
in the shallower parts the filaments were usually consider-
aﬁh;shorter and more branched, looking younger and 'health-

'

ier'. Species of encrusting green and blue green algae and

mats of diatoms were also present at times.

The most obvious and persistent mosses
noted were Fantinalis antipyretica and Eurkynchium

ripartoides, although several other species were also

evident; some of these.have been recorded by Whitton and
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Buckmaster (1970) and in more detail by Holmes and
Whitton (1977).

Aquatic anglosperms were found mainly
in the deeper parts of tahe sampling area; these included
Myriophyllum spicatum, Elodea canadensis, Potamogeton
erispus and Callitriche stagndlis. The only angiosperm
féund in the shallower parts was Ranunculus fiuitans;

small fragments of this became established during 1973.

3.2.2 Above industrial effluent (km 73.5)

The site lay 100 m upstreém of the out-
fali,of the industrial effluent. It was a rather more
shaded site than any of the others with heavy tree cover
on the banks of the_river. The substratum consisted
mainly of a mixture of medium and small boulders inter-
spersed by small cobbles and pebbles; on the northern bank

- the shallower parts became rather sandy.

The algal flora was similar tc Sunderland
Bridge with obvious macrophytic growths of Cladophora
glomerata and Vaucheria sessilis. During the summer
"months Enteromorpha fZexubqa flourished in'thefstill water

near the banks.

Two of the mosses recorded at km 58.3
were also present in large quantities; Fontinalis

antipyretica and Eurhynchium riparioideswere found together

boulders. However, the most. abundant macrophyte present
was Ranunculus penicillatus var. calcareus. A diagram-

with clumps of Fissidens crassipess appressed to many
matic illustration is given in Fig. 3.1b.

-
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3.2.3 Entry of industrial effluent (km 73.6)

The treated efrluent enters the river at
km 73.6 by a submerged pipe. At times of exceptionally

'l; at Sunderland Bridge gauging station),

low flow (<2 ™ s
the pipe became exposed. Occasionally large amounts of
foam were present which spread across the river,.making
the mixiﬁg profile obvious. The foam was caused by the
presence of polyvinyl alcohols in the effluent.‘ Full

mixing appeared to have occurred by km'73.9 where the sifte

downstream of the effluent was located.

3.2.4 Below industrial effluent (km 73.9)

The site was loéatéd in a shallow fast
"flowing stretch of river with an open aspect. The sub-
stratum was much more sandy than either that of km 58.3 or
km 73.5 although there were a large number of small and
medium sized boulders. The shallowness of ihe water led
to the presence of one or two eyots in midstream. The
fastest flowing water was focund in the dovnstream part of

the site in a small riffle.

The flora comprised the same species as
tﬁét upstfeém of the effiuent although CZadopkorangomérata
showed increased cover whilst Ranunculus peniceillatus vVar.
calcareus was reduced. In the slower shallow parts near
each bank Cladophora tended to have very long filaments
(>2 m) but the alga was found at its healthiest towards

the middle, in the faster flowing water (Fig.3;2a).



68

)

@]
]
% ] E
-ll» IIIIIII e/ mm e m e e . ————- - -
i » ru
' F>+F )
w . o
>
EC'CX#
-~ ©
3
>
+ \Of ¥ *
© x
+ oL
5* o |
- FE
.V Q
+
>
. x o
F+C. A
I
<A PWA ® A ~
‘m» »+ x v
£ © x
ol % > O o
c [ _J
XX Lo
+* N ©
«  + [ ] PWAER
L] V ‘
>
o » o
.AYR >
©
+ @
[s
g+ !

2 0m

(b)

north bank

20m

o w
o-.
v 5 ul w
R R S wA |||||||||||||||||||||||||
> > X o S
w
* . R JAY A w A
+ AN c
+E » » +»+ A A co o W
. ® v . F‘d o
(S w
+ . aWAg
+ Cm O ) ¢ 4
+ ¢
L d N o
. O 4+ - k (T8
* CXC\ nwn [ J
. » . F.,..»,.. L - CX» »
[ = Sh.VVA# > 7] P o > W
+ @ » D . CXd <
+ n ’ ° -—
+ . o [
= > o
@+ .m
wJ
+
>
(@)
+
#
\%
=1
uj




%.2.5 Finchale Abbey (km 78.1)

The site was chosen in a deep sandstone
cutting, shaded on the south bank by a rock wall and over-
hanging trees. At.low flow large areas of sheet sandstone
were exposed towards the south bank leaving shallow cut off
pqols. The main stream ~f the river was fast flowing and
fairly deep becoming shallower towards the northern side;

herg the substratum became a mixture of cobbles and pebbles.

The obvious algal flora was similar to the
other sites; large areas of the main streaﬁ bed were
cgvgped by Cladophora glomerata and Vaucheria sgssilis;
Whitton and Buckmaster (1970) have recorded the presence
of Oedogonium sp. (9 um) and Lemanea fluviatilis at this
site but neither was present in any quantity during the
period of study. A large number of encrusting algae were
found, including #ildenbrandia rivularis, in the main flow
of the river. ~Just as at other sites below Durham,
Enteromorpha flexuosa was present in summer towards the
banks of £he river. During late summer considerable

_growths of lelosira varians became obvious.

A variety‘of mosses flourished although
the bulk of these consisted éf Fontinalis «ntipyretica,
Edrhynchium riparioides and Fissidens erassipes - Others
recorded in small amounts included Leptodictyum riparium

and Grimmia alpicola

Apart from Ranunculus penicillatus var.

calcareus , few angilosperms were found in the fast flowing

water. However, this plant did not cover the river bed
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as much as it did at the two sites a few kilometres
‘upstream. Some of the important features are illustrated

in Fig, 3.2Dh.

3.5 S8ites on Rookhope Burn

3.3.1 North Grain Sike (- km 0.5)

The site was located on a smail tributary
close to the headwaters of Rookhopc'Burn. The substratum
consisted mainly of shale and included a small waterfall
. on which.the‘main vegetation grew. In the very shallow
water of the upstream part of the site quantities of
Stigeoclonium tenue and Hormidium rivulare vere found, mainly
in the early part of the year. iDu£ing the summer these
“tended to be replaéed by considerable growths of Mougcotia

sSp. This species tended to coat the rock surface.

" The bryophytes present were restricted
to the face of the waterfall in a thick mat. Scapania
undulata dominated the vegetation although patches of

_Drepanocladus fluitans were entangled with this.

3.3.2 Upper Rookhope Burn (- km 8.5)

The site was positionéd in the upper -
reaches of the main river, downstream of Groverake minz
(- xm 8.5). The stream bed consisted mainly of small
boulders, cobbles and pebbles. The volume of water
passing through the site was considerably greater than
that passing ﬁhrough the site at the headwaters. Macro-
phytic vegetation covered only a very small part of the_
sampling area. The presence of macrophytic growths of

algae depended upon the season and prevailing conditions.




In spring growths of Ulothrix zonata were noted together
with some Mowugeotia sp. In summer and early autumn large

growths of Spirogyra sp. were recorded together with some

Zygnema sp.

Tufts of Scapania undulata were present
on the downstream side of the boulders but the growth was

less luxuriant than that in North Grain Sike.

. The only other bryophyte present was
Hygrohypnum ochraceum, gzlthough its growth was atypical.
The moss tended to occur towards the stream bank rather
than in the main flow.

. . Highef plénts.were reétricted‘to the -
occurrence of Mimulus guttatus in the shallower parts of

the site.

3.3.3 Lower Rookhope Burn (- km 3.9)

This site was located downstream of

Rookhope Village at - km 3.9, about 300 m below the out-
fall of a. small sewage WOTrKs. Small boulders covered
most of the stream bed. The algal growth was again only
“present for short periodé.‘ Early in the year the whole
\of the river bea became covered with a thick growth of
Stigeoclonium tenuse. This diminished rapidly in summer
aﬁd was replaced by less abundant filaments of Mougeotia

sp. together with some Hormidium rivulare.

Among the bryophytes only Hygrohypnum
ochraceum was found. This covered both submerged and

emergent boialders at low flow.
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The only angiosperm in the stream at

this point was again Mimulus guttatus.

3.3.4 Eastgate (Rookhope Burn,- km 0.6)

This site was positioned upstream of the
Northumbrian Water Authority flow gauging station at
Eastgate, 0.6 km from the confluence with the River Wear.
At tﬁis point the river flowed very rapidly down sandstone

and limestone steps.

Stigeoclonium tenue was found in very
smallAquantities in the slower flowing watér especially
qgrly in the year. The only other macrosoépic\alga was
Lemanea fluviatilis which flourished‘throughouf the summér‘
in the fastest current, firmly attached to the solid sub-
stratum. Hygrohypnum ochraceumand Hygroamblystegium

Fluviatilis were found towards the banks of the river.
No angiosperms were found at this site.

3.4 Sites on Brandon Pithouse acid streams

" 3.4.1 Introduction

The two sites of brimary_importance in
.~accumulation studies are:

the source of Acid Stream A (site 1),

the source of Acid Stream B (site 7Tb).
Other sites were selected at intervals dovmn the stream to
collect data from the increasing pH gradient. In all
cases 10 m reaches were used (2.3). A summary of the
sites in acid parts of the stream (pH<4) is given in

Table 3.2.
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3.4.2 Source of Acid Stream A (0115.01)

Measurement of the stream at its source
showed that it was 20 to 50 mm deep and 300 to 500 mm
wide. Mats of Euglena mutabilisgdhered closely to the
clay substratum and were always fully submerged.
Drepanocladus fluitans was found in both protonemal and
adult form, in the main flow.  Some Dicranella gp. occurred
in the damp splash zone of the stream banks. The dis-
charge of the stream remained consistently in the region

of 0.3 1 s™% (..3.5).

3.4.3 Source of Acid Stream B (0125.01)

This site cohprised a series of seepages
into slow flowing water, 500 mm deep and about 1 m across.
Hormidium rivularewas abundant in the deep water.
Drepanocladus fluitans and Dicranella sp. flourished on
" the banks in and around the seepages. Stands of Juncus
effusus were found in the viecinity, many of whicn were

partially submerged, growing in the acid water.
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CHAPTER FOUR

4, WATER CHEMISTRY

4,1 River Wear system

" 4,1.1 Introduction

The complete results of the water
chemistry of the River Wecar system are presented in
Appendix A.l1 (Tables A.la to A.1i). = Table A.la shows
the variation found between four replicate samples; these
were taken on a single occasion from two sites in the
lower River Wear. The coefticient of variation for the
majofity of elements analysed is-S%-or less. Hoﬁever,
-Mn, Fe, Al and Pb all have large coefficients of variction
(20 to 30%) on this occasion. Other samples show co-
efficients nearer 10%. Variation in Cd results could
not be calculated as the concentrations were lower than

the detection limit (0.0001 mg 171

cd). Other analyses
for this element indicate a variation, in the region of
'10% at low concentration. These coefficients increase
markedly as the detection 1limit is approached. At the
hiéhef concenﬁrations'enCOuntered in mény sites the :
variations are smaller (5% or less). In Rookhope Burza,.
for example, the maximum coefficients of variation re-
corded were 5% for Zn and 1.1% for Pb. Analysis of
cations in acid stream water was found to be exceptionally

reproducible (the coefficients of variation rarely ex-

ceeded 1%).

Tables A.lb to A.1f show results based
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on single analyses except where otherwise stated. it
should also be pointed out that most of the results
presented were achieved_affer fefinement of techniques
(2.1.2). Similarly, a chaﬁge in analytical method for
NOB—N aliowed the detection limit of this anicn to be

lowered.

4,1.2 Seasonal surveys of River Wear and
selected tributaries

The means calcuiated from the data for
four seasonal surveys are presented in Figs 4.1 to 4.4;
the primary water chemistry uata is found in Tables A.1lf
to AJ1i. These surveys covered the period from March'
' 1973 to January 1974 and were taken at medium to low flows.
All major cations increase steadily from the source to the
‘tidal-limit of the River Wear. An increase in Mg and Ca,
the main hardness elements, occurs with the antry of the
River Gaunless (km 44.1). The entry of the River Browney
at km 58.4 causes notiéeable increases in K, Mg, Ca and a
- marked increase in Na concentration; the latter continues
to rise rapidly in the reaches below Durham. Fluctuations
in Na, Mg and Ca occur aﬁ the entry of-ﬁhe industrial

effluent (km 73.6).

Fig. 4.% shows the changes 'in heavy metal
coﬁtent in the fresh-water stretch of the river; the pattern
contrasts markedly with Fig.4.1. The overall trend shown
for the élements.Zn, Cu, Pb and Cd is a decrease from the
upper to the middle reaches of the River Wear. The entry
of Rookhope Burn (km 12.6) seems to cause some increase»in

Pb concentration but does not inecrease that of Zn, although
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the concentration of this metal remains relatively high.
Concentrations of Cu and Cd are apparently unaffected by
the entry of this tributary. There is a Steady decrease
in all these elements from Stanhope (km 14.6) to Bishop
Auckland below the River Gaunless (km 44;3). However Pb
rises marginally between Witton-le-Wear and Bishop Auckland.
. Zn, Cu and CaA remain at a steady concentration as far as

km 73.5 but Pb concentrations fluctuate between km 44.3

and km 73.5. | '

Marked increases occur in Zn and Pb
concentrations at the site below the industrial effliuent
(km 73.9); The effect of these inéreases is markédly
reduced in the reaches before Finchale Abbey (km 78.1)
where concentrations return to the same level as those at
km 73.5. Further data concerning the heavy metal concen-
trations at the sites in the region of the industrial
effluent are presented in 4.2.4, The concentrations of
all cheése elements fiuctuate less dramatically as far as

the tidal limit at km 90.0.

Fig. 4.2 shows the variation in concentration
of Mn, Fe and. Al. All three elements have high concen-
trations in the upper stretches but fall sharply downstream
from Weardale. The concentration of Mn remains remarkably
steady throughout the middle and lower parts of the river
but increases towards the.tidal limit. Concentrations of'
Fe and Al'exhibit a similar pattern throughout the fresh

water part of the river; there is a graduzl dilution down-

stream followed by fluctuations in the lower stretches.
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The concentrations of anionic nutrients
in the maiﬁ river are shown in Fig. 4.4. The pattern
shown by these elements 1s remarkably similar to that of
the major catlions; there is a steady increase in nutrients
from source to tidal limit. NOB—N'concentrations rise
rapidly in the middle and lower stretches of the river.
Most of these increases coincide with the centres of
population and the consequent sewage outfalls. The River
Browney also increases the nutrient concentrations in the
lower River Wear. The unusually high NHB-N concentrations
shown in the upper part of the river are sdspect. It
cannot be.ruled’oﬁt that these data are an artefact caused
by analytical error; the limitations of the method are

mentioned in 2.1.3.

4,2 Lower stretches of River Wear

4,2.1 Introduction

The lower reaches are those fresh water
partc of the River Wear from Sunderland Bridge (km 58.3)

to Lambton Bridge (km 90.0).

Data showing the relation of nutrient and
heavy metal concentrations to discharge are given in 4.2.2.
There are a number of other factors affecting the river in
this region. The only major tributary entéring the Wear
is the River Browney; some of the effects of this tributary
have already been pointed out in connection with the seas-
onal Surve&s (4.1.2). ' There are many other smaller influ-
ences on the chemistry of the river, for example, the entry
of 01d Durham Beck (km 66.7), the outfall from Durham Sewage

Works (km 71.0), possible effects of run-off from the ALl(M)



and A690 trunk roads (km 72 té T4). Some effects of the
effluent which enters at km 72.6 have already been nofed
in 4.1.2. Data specifically concerned with the éffects
of this are presented in a later section (4.2.4).
Influences on the chemistry of the lowest section of the
fiver, (km 76.9 to km 90.0) include: some pumped mine
water and the entry of two small but highly polluted

tributaries, Lumley Park Burn (km 88.1) and Chester Burn
(km '88.6).

4,2,2 Relation of water chemistry to discharge

Scatter diagrams showing discharge effects on
concentration of two majof‘cations (K, Mg) and two heavy
metals (Zn, Pb) at the Northumbrian Water Authority gauging
station (kmv58.3) are presented in Fig. 4.5. These data

have been abstracted from Tables A.lc and A.1d covering the

. period March 1972 to January 1974.

Both the major cations, Mg in particular,
show clear negative trends which indicate a dilution effect;
the greétér the 1low the 10Wer the concentration. .However,
ithis relationship is not necessarily linear. Other major
cations Na, Ca and two nutrient elements N and P show very

similar scatter patterns to Mg.

The scatter diagrams for the two heavy
metals show no clear trend. The highest flows are assoc-
iated with both highest and lowest concentrations of Zn
and Pb. A céreful study of all the flow data shows that
the highest concentrations of‘Zn and Pb occurred in the

first high flow after a long spell of low flow (Northumbrian
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Water Authority flow data 1972 to 1974). Some of the
very low concentrations of these elements encountered at

high flows occurred towards the end of a sustained period

of high flows.

In general, it appégrs that heavy metal
concentrations in the lower réaches of the River Wear are
not directly related to dischérge. None of the other
frage elements analysed (Cu, Mn, Fe, Al) showed any partic-
ular trend; however, the highest.values seem to be associated
with the lowest flows. A study of the data of Sunderland

and South Shields Water Co. for Finchale Abbey (km 78.1),

'© over the period 1964 to'l976,showedrmfclear relationship

~ elements occurred at the highest flows e.g. Mn 0.50 mg 17

for either Mn or Fe with flow (taken at Northumbrian Water‘
Authority gauging station, km 58.3). Nevertheless, these

data indicated that the highest concentrations of these
1

»

Fe 2.28 mg 171 on 5 November 1967 (flow at Sunderland
Bridge gauging station, 257.6 m s'l). It must be made

clear that the highest flows considered during the period
1

_bf study, 1972 to 1974, are in the region of 20 m)_s_ and

"flood conditions of the order mentioned abbve did not occur .

during that period.

4.2.3 1Influence of River Browney

Chemical data are presented in Tables
A.1b and A.lc for various sites in the lower River Wear.
The period covered by the studies is March 1972 to November
1973, Data in A.1lb are from two important sites:

Sunderland Bridge (km 58.3) and Finchale Abbey (km 78.1).



The parameters determined give an idea of the general
chemistry of this part of the river. The water is fairly
hard (from Mg and Ca values) and alkaline (pH 7.9 to 8.3).
Conductivity, ma jor catibns,-nutrient elements and chloride
are consistently higher at the downstream site. The
average levels of Zn and Pb are slightly higher at
Sunderland Bridge (km 58.3). The maximum concentrations
of Zn and Pb recorded at either site in 1972 were Zn,

1

0.018 mg 1”1 and Pb, 0.012 mg 1”Y. Data for Cd were not

always collected and when analysed only occasionally ex-
' ' 1
)

ceeded the detection limit (0.0001 mg 1~

The differences between the two sites-
are summarised in Fig. 4.6, abstracted from Table A.lb.
The importance of the River Browney has already been noted
in 4.1.2 and 4.2.3. Table 4.1 shows the effects of the
River Browney on the chemistry of the main river by taking
the mean of the four seasonal surveys, at the one site
above and the two sites below the entry of the tributary.
_Thefg is a marked increase_in conductivity of the River
Wear below the point of entry. Much of this can be
attributed to the congiderable increase in Na salts.
Noticeablé increases in Mg and Ca have already beén
mentioned in 4.1.2. The mean concentrations of heavy
metals indicate low concentrations of these in the River
Browney, with little effect on the River Wear. In the
case of Pb however, there 1s a major increase in the main
river between km 58.3 and km 65.5; there are nbt suffic-
ient data for these reaches to attribute the increase to

any particular source; the mean concentration of Pb in
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Fig. 4.6 Concentration of cationsAat Sunderland Bridge (km 58.3)

and Finchale Abbey (km 78.1). Mean values in 1972 n % 27.

G  Sunderland Bridge K  Finchale Abbey
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the River Browney however, is very low: 0.006 mg 17t
Anomalous data have also been recorded for other metals e.g.
Zn, Cu and Al in the lower River Wear, River Browney and
its catchment. At siteé below the entry of the River
Browney for example, at km 73.5 concentrations of Zn,

1 1 ana Al, 1.10 mg 171 were

0.139 mg 1, Cu, 0.043 mg 1~
recorded on 31 May 1973 (Table A.lc). The following high
concentrations of the same three elements have previously
been recorded in the River Deerness, a tributary of the

1; Cu, 0.40 mg 1-1; Al,

. River.Browney: Zn, 1.07 mg 1~
0.20 mng l_l (4 September 1972). It is therefore possible
that occasional high concentrations_of these elements
originate from a source in-this part of the catchment.

anomalous chemical results make the identification c?

point sources of pollution difficult.

The River Browney undoubtedly has a marked
effect on the nutrient concentrations in the River Wear;
Table 4.1 shows an increase of more than 3%0% in PO, -P
.concentration. All reaches downstream of the entry point

of the River Browney are high in forms of dissolved N.

During the summer low flow period of 1973
the P04-P concentrations in the lower reaches remained
above 0.4 mg l_1 for most of this time. By comparison
data from Sunderland and South Shields Water Co. for the
period 1960 to 1970 show POu-P reaching a maximum of 0.53

1

mg 17~ on two occasions (18 June 1962 and 10 April 1970)

but rarely exceeding C.4 mg l—l at any other time.

L.2.4 Influence of industrial effluent

The chemical data obtained for the region
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of the industrial effluent aré presented in Table- A.lc.
Table 4.2 shows the mean concentrations of selected
elements at the four sites: kms 58.3, 75.5, 75.9»and
78.1 for the period Januvary to November 1973. The
anomalous results for Zn and Cu (jl'May 1973) referred

to in 4.2.3 have been omitted for the purposes of calcul-
ating the mean values. These figures are therefore the

result of either eleven or twelve analyses.

It can be seen‘that the two major cations
K and Mg are higher at the three sites below Durham and
remain remarkably constant at these sites. This reflects
the differences in nutrient status, generally, between
Sunderland Bridge and the other sites. The sites above
and below the effluent and at Finchale Abbey were closely
comparable in nutrient terms. Table 4.2 also shows the
mean values for three heavy metals Zn, Cu and Pb, one of
which, Cu, is known not to occur in significant quantities
in the industrial effluent; and therefore acts as a refer-
ence for the other heavy metals. The pattern at the four
~sites for these elements 1s very different from the major
'cationé. Sundgrland Bridge shows marginaily higher values
gf Zn and Pb, possibly because it is far enough upstream
tq be influenced by the higher concentrations of these

elements found in the upper stretches.

The most significant increases occur at
the site downstream of the industrial effluent. Zn in-

creases by 30% and Pb by 25%.- The metal Cu (not present



91

€00°0 800°0 210'0 ¢l
€000  210°0  LT10°0  LT'iT
€00°0  600°C  €T0°0  2T°AT

€00°0 600°0 #TO°0 0¢ 41

np .- ad uz . 3

Laqqy eoTeYOUTH 6°28"
quenTJJe® MOTaq 6°GL
quanTJJe dAoqe GGl
93pTag pueTJISpPUNS ¢-°g%
2971S E wy

2T = U MHcH YW Ul wQOHpmnpcmocoo

*CJET ‘aeapm JI@ATH J9MOT 8Uj3 UT S93TS 3® wGOﬂpdo paj3aaTes Jo mcnﬁQNMQCwocoo uespi

8000
8000
8000°

8000

*ou
wesdqls

c'f HIdVL




92

in the effluent) is remarkably constant at all Tour sites.
A few kilometres downstream at Finchale Abbey the mean
values for Zn and Pb have returned to the level found up-
stream of the effluent as mentioned in 4.1.2. The import-
ance of the water chemistry at thesé four sites in relation

to the accumulation of heavy metals by plants is discussed

in 5.2.3.

Results for the sites above and below the
industrial effluent in the Winter 1974 survey (Taﬁle A.1i)
are exceptionally high. Zﬁ is given at a concentration
of 0.038 mg 171 avove and 0.060 mg 171 below the effluent;
and Pb at 0.040 mg 1°1 above and 0.230 mg 17 below the
effluent. Such high results are either erroneous or

caused by a flush of metals in the river.

The only other heavy metal studied was Cd.
This was not often recorded above its detection limit at
1
).

these sites (0.0001 mg 1~ On a single occasion results

a factor of ten, higher than normal, were recorded at all

four sites (30 March 1973%; see Table A.lc).

4.,% Rookhope Burn

4.3.1 Introduction

The results of six surveys of Rookhope
Burn between March and October 1973 are presented in
Table A.1lb. The water chemlistry varies considerably
from fhe headwaters to-Eaétgate. This reflects the
changes in drainage noted in 1.3.4. Throughout its
length small streams enter, some of ihich significantly

affect the chemistry,as does run off from the spoil heaps
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associated with the mining in the area (1.3.4.).

The waters of North Grain Sike are soft
and acid, draining almost entirely peat bog land. The
head waters and upper reaches are also subject to wash out
from many disused lead mines and théir wasfe. These relics
of the lead mining era can influence the heavy metal con-
tent -of the water. Mining still continues by'the river-
side as illustrated by the presence of two working mines
upstream of Rookhope Village: Groverake (- km 11.0) and
Red_Burn'mine (- km 6.1). A fiourspar crushing plant is-
sited by the river near Rookliope Village and a small sewage
works is found downstream (- km 4.7). Both of these al-

most certainly affect the chemistry of the river.

4.3.2 Relation of water chemistry to discharge

The concentrations of selected elements
and discharge at Eastgate over the period.March to October
11973 are shown in Figs 4.7 and 4.8. The results for Nea,
.K, Mg anq Ca all show increased concentration during the
summer low flow period (Figs 4.7a,b,c,d). The concen-
tration of all four elements are low at the spring and
autumh high'fiows. This pattern indiéates a-strong nega-
tive relation with discharge similar to that found in the
main river at Sunderland Bridge (km 58.3; 4.2.2).
The concentrations of Mn and Fe on the other hand, change
positively with discharge (Figs 4.8a and b). This in-
dicates a wash out of these elements (together with Al)
from the moorland. These elements are known to be assoc-
iated with suspended material, notably clay particles.

This positive relation with discharge is not seen in the
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main river at km 58.3 presumably-because it is well away
from the influence of moorland water. Figs 4.8c and d
shows that Zn and Pb do not have any clear relatibn to

discharge.

4.3.3 Surveys of Rookhope Burn

The mean changes in concentration of
séleéted elemenfs from the headwaters of Rookhope Burn
to Eastgate are shown in Table 4.3. K and Mg are seen
to increase rapidly on passing downstream; in the lower
reaches the ccncentrations of these elements level oﬁt.
Other'macfo-elements Na, Ca and also pH show similar in-
creases in the upper part of the river (see A;la). The
concentrations of Zn, Pb and Cd are highest at the site
downstream of the village (- km 3.9), where much of the
mining activity has been and still is centred. The lower
reaches are fed by many small streams few of which sﬁow
high concentrations of heavy metals. These streams
therefore tend to have a diluting effect on the concen-
trations in the main river. In the upper reaches of fthe
. stream the only anionic .nutrient preseht in measureable
 quantities is NH3¢N; the concentrations of-this form of
N decreases down the stream. There are notable increases

in POy-P, NO,-N at the site below Rookhope Village (- xm 3.9).

This site is influenced by a sewage outfall at - km 4.2,
There 1s a reduction in the concentration of nutrients at
Eastgate presumably caused by the diluting influence of

numerous nutrient-poor streams.
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4,4 Brandon Pithouse adid streams

4.4,1 Introductiocon

The chemistry of Brandon Pithouse stream
is remarkable because of the exceptionally low pH.
Chemical data are presented from thg source to the
jﬁnction with the River Deernéss in Table A.le. These
wére'obtained ffom the mean of surveys between Julyvl972

and August 1974.

The first section of Acid Stream A has
a pH of 2.6. The subsidiary Stream B which seeps from

the base of the coal tip has a pH of 2.8. The source of

acidity is thought to be a combination of chemical and
bacterial oxidations of Iron pyrites (FeS), resulting in
the production of mainly sulphuric acid (Hgsoq)(Hargreaves,

1977) -

Although the discharge of the stream is
very small compared to other study areas the signifiéance
of research lies in the low pH which causes high concen-

trations of heavy metals including Zn, Cu, Co and Ni.

“The pH increases below the confluence of Streams A and

‘B, giving rise to a gradient of increasing pH and de-

creasing heavy metal content.

h,4,.2 Chemical gradient

Thé gradient is illustrated by changes
in pH from 2.6 at the source of Stream A to 7.2 at km -0.1
from the junction with the River Deerness. As a result
of this increase in pH the mean conductivity decreases

from 1870 ymhos to 616 umhos.



The ph of sfream A remains constant for
the first 300 m of its course; consequently the chemistry
of the stream remains reasonably stable e.g. mean K in-
creases from 0.95 to 2.2 mg 1-1; mean Mg decreases from

1

61.4 to 53.3 mg 1 ; the mean Zn concentration decreases

slightly from 1.13% to 0.93 mg'l-l; mean Cu decreases ffom

0.69 to 0.52 mg 17+

; and the mean Fe decreases from 99.6
to 78.7 mg l—l. These slight falls in concentration of
most metals cause a reduction in mean conductivity from

i870 to 1550 pmhos.

The entry of stream B markedly affects
the concentrations of Né, K, Mg and Ca. Table 4.4 com-
pares the chemistry of some of the major sites. Although
Stream B runs at a similar pH, the alkali metals are very
different. This could be caused by the difference in
source; Stream B has a diffuse source seeping from under
the coal tlp whereas Stream A is a point source springing
from underground (1.3.5). The hign concentrations of these
metals cause a very large increase in these elements in the
.main stream, below the confluence. The pH rises sharply
at thié point to 3.5 (site-8) but this does not affect the

very soluble alkali metals.

A sharp fall in the concentrations of
soluble Fe is seen as a result of this increase in pH.
There is a visible precipitation of ferric hydroxides at
this point. The other metals decrease in concentration
only slightly hera but continue to fall steadily down the
stream; many of the trace elements occur in quite high

concentratinns viz. Zn, Cu, Mn, Fe, Al, Co and Ni whereas
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Pb and Cd only occur in relatively low concentrations

presumably reflecting their status in the local strata.

The concentrafion of anions tend to show
a steady decrease from the source e.g. meah 804—8 (the
highest ih concentration) decreases from 454 to 338 mg 171
over the first 500m. The high concentrations of SOM-S

in Stream B (616 mg 1"1) causes an increase in the main
1

stream below the confluence: up to 508 mg 1~

‘ One of the key plant nutrients P04'P
markedly deéfeases with the increase in pH to 3.5; this
is probably precipitated with the ferric hydroxides
mentioned above. There 15 theVer_an increase ih NG,-N

>
-at this point.
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CHAPTER FIVE

5. COMPOSITION AND ACCUMULATION OF HEAVY METALS

5.1 Plant species in River Wear

5.1.1 Introduction

A variety of plants present in the three
study areas of the River Wear system have been analysed
for thirteen metal elements. Heavy metal composition
data have been related to the chemistry.of the surround-

ing water by calculating errichment ratios.

The primary data and statlistical analysis
of all samples'are presented in Appendix A.2. All data
are expressed in yg g—l (mg kg-l) dry weight plant
maferial; this is in line with the standardisaticn of data

suggested by Bowen (1966).

Analysis 1s presented of a range of plant
material collected in 1968 (Table A.2a). More detailed
studies of Cladophora glomerata (Tables A.2b to A.2e);
Fontinalis antipyretica(Tables A.2f to A.2i); and
Ranunculus penicillatusVaP- caleareus (Table A.2j) in

the River Wear, "follow.

5.1.2 Survey of metal composition

of plants 1967/68

A range of plants occurring at Finchale
Abbey (km 78.1) in the lower River Wear was studied.
The floristic changes and simple chemistry of this site
are well documented (see also 3.1. and 3.2.5); and a
number of commonly occurring aquatic plants are present.

Examples of algae,bryophytes and angiosperms collected
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during 1967/68 were analyeed to assess which might be
sultable for further investigation. . Particular attention
was pald to amounts of heavy metals present in various
plants. The survey reveals a wide»range of concentrations
of all elements in the plants sampled. Generally macro-
elements are higher in concentration than heavy metals.

Na cdncentratioﬁs of the algae and mosses are less than
0.0?% of the dry weight (the lowest of the major cations)
bat the two species of Potamogeton have a much higher

content (approximately 1% Na).

5 The concentratlons of K tends to be nigh
in the region of 2 to 3% for the algae and hlgher plants
but rather less (about 0.5%) in the three species of moss..
Mg concentrations are less than 1% in all plants analysed
but highest in the algae. Most species contain particul-

arly high amounts of Ca; in the region of 2% of the dry

weight.

Immense variation is found in trace
element content of the 9 species analysed. Mn, Fe and
t Al are accumulated particularly by the mosses, Mn reaching

‘as much as 4.8% dry weight of Fissidens crassipes.

Heavy metal-contents in relation to the
macro—elements K and Mg are summarised in Table 5.1.
Cladophora glomerata and Vaucheria sessilis ghow higher
cohcentrations of Zn, Co and Ni than Oedogonium sp, and
Enteromorpha flexuosa. The mosses exhibit greater N
accumulation of the heavy metals, notably Zn, Pb, Co and

Ni; heavy metals in the algae and higher plants are an
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order of magnitude lower than in the mosses. Results for
Cd are exceptionally low in all species and in many cases
values are so close to the detection limit that their

validity 1s questionable.

Among the algae, Vaucheria sessilis shows
the highest concentrations of Zn, Pb and Cd. It is also
o wide occurrence in the River Wear. However, practical
problems regarding sampling and cleaning (2.2.2) ruled out
a more extensive investigation into its use as an indicator
plant. Enteromorpha and Oedogonium were not used in
further studies for several reaéons; both plants have only
loﬁ-concéntrations of Zn, Cﬁ and Pb, the former. species
has a restricted and Variablé occurrénce in the river while
the latter was not found in sufficient quantities to sample,
during the period of study. Cladophora shows conveniently
measurable quantities of trace elements, 1ts occurrence is
widespread in the nutrient rich reéches of the River Wear
and it has a longer growing season than many other algae
(Whitton 1970). This organism{ therefore, seemed the

most suitable to select for more detailed study.

Among  the_ bryophytes Fissidens crassipes
\shows higher concentrations of heavy mefals than either
Eurhynchium riparioidesor Fontinalis antipyretica. The
moss, however, occurs inconsistently in the lower reaches.
Eurhynchium is one of the most widespread aquatic organ-
isms; however, its growth habit and tendency to cling to
silt ruled out the possibility of further investigation (2.2.2)
Fontinalis antipyretica was selected because of its
widespread occurrence, ease of sampling and appreciable

heavy metal content.

-
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Although bofh species of Potamogeton
contained measurable quantities of heavy metals, they
tend to occupy the deeper reaches of the river and did
not occur in many sites; neither of these was therefore
used for further investigation. Samples of Ranunculus

spp. were not available in the river during that period

(1967/68).

Unfortunately chemical data for these

years did not include heavy metal analysis. Therefore
enrichment ratios could not be calculated for any of these

plants.

5.2 Accumulation by Cladéphora glomerata

5.2.1 Variation in samples

The criteria adopted for the sampling
of plants in a river have been mentioned in 2.2.1. In
order to confirm that the variation within the sites was
acceptable six replicate samples were taken at each of
the four main sites in the lower River Wear. Plants
~were carefully selected by eye, to be well branched, dark
' green"healthy' specimens from fast flowing sections
‘across the middlé of the 20 m sample site, away from the
immediate influence or the river banks. The individual

samples were washed, dried and analysed as described in 2.2.

A summary of the 11 metals analysed is
given in Table 5. 2. Variation is smallest for the macro-
elements, K, Mg, and Ca; data concerning Na content are

less consistent.
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The coefficients of variation for the
trace eleiments tend to be greater than the macro-elements
e.g. Zn varies from 13.6 to 24;5%, Pb from 10.7 to 15.0%
and Cd from 6.0 to 29.8%. bther trace elements tend to
vary betﬁeen 20 to 30%. Although the variation is large
it nevertheless allows major differences between the sites
to be established. In order to reduce the time for pre-
paration and analysis subsequent samples were based on

four replicate samples using the criteria already described.

5.2.2 Preliminary study at Finchale Abbey, 1972

The first detailed study of Cladophora
giomerata was carried out between April and July 1972 at

onie site, Finchale Abbey (km 78.1).

Among the macro-elements, K varies widely
over this period (20000 to L0000 ug g-l) showing no relation
to variation of this element in the water. Mg values
however, remain much more stable in the plant and apparently

.independent of the concentration in the water,

The composition of the heavy metals Zn,
Cu and Pb is shown in Table 5.3, The chemispry of the
water for.the same metals, at the times closest to plant
collection, is also given. From these data some idea of
the enrichment ratios for these heavy metals can be gathered.
A wide range of ratio is found in each case; between 8000
and 70000 for Zn; 2000 and 20000 for Pb. It should be
noted that much of the water analysis is close to the limit
of detection and not taken at exactly the same time as the

plant sample. All enrichment ratios for Cu have a value
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of > 1400 because the concentﬁation of Cu in the water is

-1 .
given as <0.01 mg 1 for samples taken at that time.

5.2.3 Accumulation in the region of
industrial effluent, 1973

During 1973 data were obtained from the
four sites in the lower River Wear to study the effects
of the industrial effluert (km 76.6). The relationship
between the concentration of heavy metals in Claedophora
and’ in the water was established from the data collected
in an attempt to use this plant as a quantitative indic-
ator of heavy metals in the river. -~ Fig. 5.1
shdwstheXZn and Pb concentratigns in the water, at the
sites in the lower reaches, during 1973, plotted against

the Zn and Pb concentrations in Cladophora.

For both Zn and Pb there is a clear
positive correlation (r values 0944, 0.809 respectively.

p, <0.001).

The macro-elements K and Mg in the watef
plotted against those in the plant show no correlation in
. either case (r values; K - 0.0884, Mg - 0.156). Therefore
.\these.elements‘are independent of their cdnoentrations in
the water. Cu does not give a positive correlation but
this 1s attributable to probable inaccuracy of Cu data at
the very low concentrations encountered; this was also

noted in 5.2.2.

The proportional relationship for Zn and Pb
between Cladophoraand the water allows the data concerning
the composition of the plant and the effects of the indust-

rial effluent to be studied in more detail. The chemistry

\
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of these sites has already beén presented (4.2.4)-and
marked increases were noted for Zn and Pb at the site

below the effluent. Fig. 5.2 shows the concentrétions

in the plant for K, Mg and four heavy metals: Zn, Cu,

Pb, Cd,  on various dates during 1973. The contents

of K vary considerably, however this'does not. correspohd
with changes in content of the water (4.1.2). Mg contents
are presented to allow comparison of the heavy metals with

a séable macro-element.

In the case of both Zn and Pb highly
significant increases were found at the site immediately
downstream of the effluént‘on.all occasions except 4
September 1973; on this occasion it is known that Pb, at
least, was not present in the effluent. The highest
concentrations of both elements are generally found at
Sunderland Bridge (km 58.3). Perhaps the most important
increases‘are'seen below the effluent on 18 May 1973 and
.id August 1973 when both Zn and Pb are between 25 and 50%
higher than either of the upstream sites. Unfortunately
~data are not available from the effluent itself, to confirm
“the rélative_ingrease in plant concentrations. A fall-off.
\in :oncentrétions of both Zn and Pb, similér to those shown
by the water chemistry (4.2.3) occurs between km 73.9 and
78.1. | "

A study of the Cu content of Cladophora 1is
of value despite the lack of a clear relationship with the
water. Concentrations of Cu-do not vary greatly in
these reaéhes of the river although Sunderland Bridge

(km 58.3) tends to show highest concentrations (Fig.5.2).
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Unlike Zn and Pb, Cu does not exhibit any significant
increases af the site below the effluent; as noted in
5.2.3 Cu is not present in any appreciable quantity in
the effluent. This element therefore acts as a useful

control for heavy metals (4.2.4).

The concentration of Cd in Cladophora is
the lowest of all thc metals analysed. Results are pre-
sented because of its possible occurrence in tﬁe industrial
effluent. The concentrations aré close to the detection
1imit in all.but a few instances; higher values in Cladophora
are recorded twice at Sunderiand Bridge (km 58.3) and twice
at the site below the effluent (km 76.9); this is shown in

Fig, 5.2. On both occasions the latter results corres-

pond with increases recorded in the water chemistry.

The overall pattern of heavy metal

concentration in both plants and water aré very similar.

Some attempt to quantify this apparent
relationship has already been made for Zn and Pb in
Cladophora. Enrichment ratics in this plant have also
been calculated for the four selected heavy metals (Zn,
cu, Pg and Cdj; these areé shown in Tabie 5.4 .- In a few
cases ratios have not been calculated because of anomalous
water chemistry results and where 'less than' values occur
in the water, only 'greater than' ratios can be given.

The majority of enrichment ratios for Zn are in the region
of 11000. The ratios for Cu are much lower, the majority
being around 2000 and Pb ratios vary from 6000 to 13000,

most being close to 7000. These ratios are less variable

than those quoted in 5.2.2, mainly because of the improved
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TABLE 5.4 Enrichment ratios for Zn, Cu, Pb and Cd in
Cladophora glomerata at four sites in the lower
River Wear, on various dates during 1973.

* Anomalous data for watef chemistry, ratio not calculated

site . km date Zn Cuv Pb Ccd

Sunderland Bridge 58.3 29.4.73 13600 1510 * *
above effluent 73.5 " 8350 1080 * *
"below effluent 73.9 ! 11400 710 * *
Finchale Abbey 78.1 " 9860 880 * *
-Sunderland Bridge 58.3 18.5.73 13100 1600 7400 > 16100
above effluent 73.5 " 9600 1390 6230 > 16100
below effluent 73.9 " 15600 1380 7800 > 16100 °
Finchale Abbey 78.1 " 14400 1590 9950 > 16100
Sunderland Bridge 58.3 14.8.73 11300 2300 8630 8250
above effluent 73.5 " 11600 2000 8690 > 16300
below effluent 73.9 " 12900 1340 9040 10300
Finchale Abbey 78.1 " 8200 1680 8770 8050
Sunderland Bridge 58.3 4.,9.73% 50101 3460 3950 > 32280
above effluent  73.5 " . »28000 »2450 7200 16400
below effluent 73.9 " > 48800 52800 6010 >166oo'
Finchale Abbey ~ 78.1 " 48800 ,3610 6620  >16500
.é?hderiand Bfidge 58.3 20.11.73 14000 6100 i325o ->16100
above effluent 73.5 " 11500 1890 . 7730 > 16700
below effluenf 73.9 " 14600 4550 10420 33500
Finchale Abbey 78.1 " 17600 3290 9830 >16100

Mean 14500 1900 8300 > 16000




techniques in analysis of water noted in 2.1.2 and because
water samples were taken at exactly the same time as

collection of plant material.

5.2.4 Other sites 1968 and 1973

Samples of Cladophora glomerata were also
analysed from other sites on the River Wear both in 1968
(Table A.2e) and.l973 (Table A.24d). Table 5.5 shows data
at various sites for major cations,-K, Mg and three heavy
metals Zn, Cu and Pb, collected during 1968. Table 5.6
shows similar data from a range of.sites sampled during
1975. The 1968 samples were all cqlledted within three
days of each other to allow reasonable comparison Eetween
the sites; whereas plants were collected on the same day
from all the sites in 1973. Water chemistry data for the
earlier period are not available. Some compariscn can be
made between the Tables 5.5 and 5.6 although the 1968
survey covers more downstream reaches and that of 1973,
covers'more upstream reaches. Both sets of samples were
taken during low flow conditions in August/September of
the respective years. The Wolsingham site (km 24.3) in
the l973 survey was the highest upstream site at which
Cladophora was found in the River Wear. The highest values
of Mg and all three heavy metals are found in the plant at
this site; this corresponds with the higher values of the
fhree“heavy metals in the water, recorded consistently in
1973. Mécro-element Values in the plant remain relatively un-
changedon passing downstream whereas heavy metals fall
steadily, possibly reflecting the gradual decréase in

concentrations in the water. The same pattern cf steady




117

0°Ge

L°LT

2-g

T 8%

tr* 65

L gh

ad

#=u fqydtem Lap ¢

S84TS SNOTJBA 4B D3DI2WO] D c&ommowuNo Ul STeisw pa3oaTaes Jo uofgrsodwo) uesy

T

68

65°9

¢6°8

LG

no

90T

G¢*S9

¢°G9

2 69

26T

10T

uz

0¢Te

08¢

0g0¢

0661

09%e

000¢

3

_8 8d Ul SuUOT3e'A3USOUOY

008¢8

00GTH

0080¢

0oocle

00862

00.5¢

*Q96T Jauwns 838 ‘desM JI9ATY 8U3 UT

8978791

89°8°¢T

89°8°¢CT

89°8°91

89°8°4T

_wm.m.mH

ELR-Re

0°06

9°08

¢ gl

O uthr

W

o8pTag
uojque]

a3pTag
U300

£sqqy
aTBRYOUTS

Spueg
weyand

UO3BUTTTIM

ssaTunesn
aAOQe

9171s

GG ¥IgYL




T¢¢ 2. §°.6  o0% 00EHE L6 < gl srenony
L6 g9 or 0oL ooggr L6 C'85  pueraaomd
6°G9  on°L vl 0EHz 002.¢ ¢L'g 92 1T°16 = UuoaBuITTIM
G'0S  #9°h et onze 002¢¢ €L g 9z ¢y P s e
9'26  G2'9 o€z o021 0096¢ ¢L'g"92 2r¢ - sl
Lege - 6°91 002T 0£GS oozke ¢L'g 92 0-ce WeysuTSToM
ad a uz - B X a3ep oy . 831s

f = U fquy3T1em Aap

n.m..w m:, UT SUOT3BJIJUSOUOD *¢C)L6T Jasuums 298 ‘JaesM JSATH 98Ul UT S99TS

snotaea e p3vaouoll vaoydopry)y Ul STRIOW PojoeTss Jo uorafsodwo) ues 9 G AIGVL -




119

macro-element concentrations and decreasing heavy metal
values is evident at the upstream sites used in 1968

(Table 5.5).

A comparison of the same sites in 1968
and 1973 reveals that the composition of Cladophora 1is .
remarkably constant; K and Mg values are very similar but
Zn and Pb values are lower in 1968, at the sites in the
middle and lower stretches of the river. Natural variation
in the chemistry of the water could account for mostAof
these differences. For the most part it appearsthat ma jor
changeé iﬁ the trace element concentrations of Cladophrora
did not oscus between 1968 and 1973, with the nobable
excention of results from km 76.9, below the industrial

effluent (5.2.3),

5.3 Accumulation by Fontinalis antipyretica

5.3.1 Preliminary study at Finchale Abbey, 1972

A preliminary examination of Fontinalis
antipyretica was zarried out in 1972. Samples were sub-
.Jectively divided intc growing tips, mature stems and old

‘material (details of the samples are given'in 2.5.3).

The data presented in A.2F show a marked
tendency for the macro-elements; Na, K, Mg and Ca to de-~
crease in concentratinn away from the tip whereas the heavy

metals increase in concentration in the older material.

5.3.2 Accumulation in the region of
industrial effluent, 1973

Data for the metal composition of Fontinalis

antipyretica were obtained from both divided and undivided
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samples of the moss. The samplés were taken from the

sites above and below the industrial effluent in the lower
River Wear and the full results are presented in A.2G and
A.2H. Division of the samples allows clearer comparison
of the metal contents of the plants from the different

sites and also relates to different'time periods of grbwth.
Fig.5.5 summarises the composition of divided Fontinalis
for two of the macro—elements'analysed (K, Mg), at the

fou; sites in the region of thelindustrial effluent. These
histograms show a clear tendency for the concentration Qf
‘both elements to fall away from the tip at all sites but
this fall is most marked for K. The differencés in K
content between sites are not statistically sigﬁificant

(P <0.01) except for samples of the lst 30 mm. Mg results
are fairly stable between sites particularly in the lst

30 mm where only the sample from below the industrial
effluent is significantly higher than the others at P <0.01;

the increase is however only marginal.

The contents of heavy metals (Zn, Cu, Pb,

-Cd) in the different sections and at the different sites
iyary greatly by comparison with the macro—eléments

Fig. 5.3). Cu acts as a control over the other heavy metals
as it is known not to occur in any quantity in the industrial
effluent. Increasgs in this element at the site below the
effluent are not statistically significant at P >0.05.
However, highly significant increases (P <0.00l) are found
consistently at this site for-Zn, Pb and Cd. These in-
creases become even more obvious in the oldest material

where the heavy metal concentrations are very much higher.
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This appears to indicate a gradual build up of these‘

metals by the plant as it grows.

Data given in A.2G also show considerable
increases in Ni concentrations below the effluent although

no regular water chemistry data are available for this

element. It therefore seems probable that this element

is present in the efTluent itself.

Undivided samples from the same four sites
also taken in 1973 do not indicate the dlfferentlal between
the sites so clearly although highly swgnificant increases
in Zn, Cd and Ni are found be¢low the effluent in the samples

taken in November but not in Aﬁgusﬁ 1973. Samplés ofVCka@hora

- glomerata (5.2.3) however, showed increases for Zn, Pb,

and Cd on both occasions. It 1s possible that increases
are blurred in these undividad samples by the relative
proporticn of older material containing high concentrations

of heavy metals.

Enrichment ratios were also calculated

for the four heavy metals of chief interest (Zn, Cu, Pb,

cd) in both divided and undivided samples. These are
presented-in Table 5.7. Ratios obviously increase away
from the tip in the divided samples. It is also clear

in all cases, except Cd, that the ratios beéome more
variable in the older material. Ratios for the element

Cd have not been calculated for the divided samples because
of some anomalous, possibly erroneous water chemistry data.
The undivided material shows even greatef variability in
enrichment ratio than the divided material. It is there-

fore clear that the youngest material exhibits the most
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TABLE 5.7 Enrichment ratios for Zn, Cu, Pb and Cd in divided
and undivided Fontinalis antipyretica, at four sites
in lower River Wear dﬁring 1973.

*¥ Anomalous data for water chemistry, ratio not calcukited

site km date section Zn Cu Pb Ccd
Sunderland Bridge 58.3 29.4.73 1st 30 mm 18700 3170 11700 *
above effluent 73.5 ' - 27100 4780 6040 %
below effluent 73.9 35900 3200 7250 *
Finchale Abbey 78.1 26400 3160 12000 *
Sunderland Bridge 58.3% 29.4.73 2nd 30 mm 28700 4350 16400 *
above effluent 73.5 31700 4700 7360 *
below effluent 7%.9 52500. 4080 9700 *
_Finchale Abbey 78.1 31800 3600 17170 *
. Sunderland Bridge 58.3 29.4.73 >rd 30 mm 48200 U720 24800 *
above effluent 7%.5 47100 5070 9160 *
below effluent 7%.9 82200 4300 11800 ¥
Finchale Abbey 78.1 38200 3690 20400 *
Sunderland Bridge 58.3% 29.4.73 4th 30 mm 213000 7680 54700 *
above effluent 73.5 124000 6680 11400 *
below effluent 73.9 186800 5590 14300 *
Finchale Abbey 78.1 86200 3440 22900 *

Sunderland Bridge 58.3 12.8,73 undivided 145200 857C 47900 57000
above effluent 73.5 82500 6880 33600 > 35800
below effluent 73.9 33100 8180 24300 11700
Finchale Abbey  78.1 - 64500 6430 31200 14100
Sunderland Bridge 58.3 20.11.73% undivided 70600 21800 84700 78L00
above effluent 7%.5 51400 6740 20300 > 22600
below effluent 7%.9 55800 14500 19600 30000

1 - 65700 7600 26800 46500

Finchale Abbey 78.
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reliable potential as an iﬁdicétor. Enrichment rétios
for these sections range from 18700 to 35900 for Zn;
}169 to 4780 for Cu, the most stable, and 6040 to 12000
for Pb.

5.3.3 Other sites, 1968

‘Data are presented in A.2I to show the

cbmposition of Fontinalis antipyretica at various sites
in the River Wear in 1968. The'data for K, Mg, Zn and
Pb are summarised in Table 5.8. Certain trends are -
clear despite the use of undivided samples. K values
fall from'the upstream to downstream sites whereas Mg
results remain stable. The ﬁighest concentrations of
both Zn and Pb occur at the sife above the entry of the
River Gaunless (km 44.0); this was the furthest upstream
site from which Fontinalis was sampled in 1968. The Zn
concentration decreases downstream as far as Lambton Bridge
(km 90.0) where there is a marked increase in the concen-
tration of this element. Pb shows a similar trend. These
‘patterns correspond quite closely with those for Cladophora
'glomerdta sampled from the same sites at the same period

in 1968 (5.2.4): - There is, therefore, reasonable evidence.
to suggest that the water chémistry for the heavy metals
followed a similar trend despite the lack of chemical data

to confirm this.

5.4 Accumulation by Ranunculus
penicillatus var. calcareus

The content of two macro-elements (K, Mg) and

three heavy metals (Zn, Cu, Pb) in Ranunculus penicillatus

var. calcareus from sites in the River Wear and River Tweed


http://Clad.oph.ova
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TABLE 5.8 Mean Composition of selected metals in

Fontinalis antipyretica at various sites
in the River Wear, late summer 1968,

Concentrations in ug gal, dry weight; n = 4.

date Stream km site K Mg Zn Pb
no.
) Above -~
15.8.68 0008 44,0 Gaunless 8460 1920 1250 398

15.8.68 0008 51.1 Willington 8170 1930 883 172

16.8.68 0008 71.1 purham 7200 2300 835 237

13.8.68 0008 78.3 Ttinchale 440 1885 473 100

Abbey

13.8.68 0008 80.0 ggggzg 6610 2080 297 100
Lambton -

16.8.68 0008 90.0 5500 3160 632 169

Bridge
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is summarised in Table 5.9; the composition data for all
elements analysed are presented in A.2J. Samples were
divided into root, stem and leaf in order to establish

the distribution of metals ﬁhrough the plant.

' The two macrc-elements show a markedly different
distribution to the heavy metals; K is consistently highest
in the stem whereas Mg is almost equally distributed in the
three parts. Zn shows the most consistent distribution;
highest in the leaves, almost double the concentration in
the'rbdté,ih'each case, and lowest in the stem.‘ Cu does.
not exhibit the same marked Aifferences except in the sample
from the River Tweed in which the concentration in the leaves
. 1s significantly higher than either the stem or root. Pb
is also highest in the leaves, in all cases but lowest in

the roots.

There is little difference in heavy metal content
between the samples from the River Wear except for a
significant increase (P <0.00l1) in Zn concentration in the
" leaves of the plant at the site below the industrial effluent

(km 76.9) compared with the site above the effluent (km 76.5).

A comparisoﬁ of Ranmunculus from the River Tweed
at Galashiels (km 75.5) with that from the River Wear shows
similar concentrations of the macro—elemenfs K and Mg, but
Zn and Pb concentrations in the River Tweed sample are
considerably lower. On the other hand Cu concentrations
are higher in all parts of the River Tweed sample. This
may reflect to some degree differences in the heavy metal

status of the two rivers. A comparison of heavy metal
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concentrations in both water and plant material together
with the enrichment ratios aﬁ Finchale Abbey (km 78.1)

on the River Wear and Gala Ford (km 75.5) on the River
Tweed is given in Table 5.10. Although the enrichment
ratios for the heavy metals are radically different at

the two sites, the higher Cu concentrations in the River
Tweed plant are in agreement with consistentlv higher
concentrations of this element in the water (Holmes,1975).
Similarly. Zn and Pb concentrations are consistently higher
in the River Wear than in the River Tweed and the concen-
tratiqn of these elements is also markedly-higher in the

Ranuneulus from the River Wear.
i - N . . ‘ . )

5.5 Plant species in Rdokhope Burn

5.5.1 Introduction

A range of aquatic plants from the four
sites on Rookhope Burn were analysed. The composition
data are given in A.2K (algae), A.2L (bryophytes and A.2M
(angiosperms). Enrichment ratios have also been calculated
in an attempt t.o gauge the accumulation of heavy metals by

- the plants.

‘The changés in flow, substratum and
chemistry outlined in 3.3 and 4.3.3 resulted in a change-
able flora at each site. The sites sampled and the dates

of collection of plant material have been given in 2.5.4.

Before presenting detailed results for
the metal composition of the species found in the river,
some general comments can be made on the metal concen-

trations found.
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The pattern of composition encountered
is similar to the other aquatic plants in the River Wear,
system so far mentioned. K. again shows the highest
concentration of the macro-elements in the majority of
plant samples and Na tends to be the lowest of the four
major elements analysed. One notable exception‘to this
1s the emergent hydrophyte Mimulus guttatus which has Na
values an order of magnitude higher_than other aquatic

plants studied.

In general, heavy metal concentrations
are nigher than plants analysed from the lower River Wear.
Fe concentrations are particularly high in the bryophytes
reaching 8.6% dry weight in one sample of Scapania undulata.
Heavy metal values vary greaily from plant to plant and
site to site but the highest concentrations are found con-
sistently at Upper Rookhope (- km 8.5) and lower Rookhorpe
(- km 3.9) where the river receives the largest volumes of

wash out and adits from the lead mining area (4.3.3).

5.5.2 Accumulation by Algae

The accumulation of heavy metals by the
various species of algae analysed varies greatly. Table
5.li summarises the heavy metal composition, water chemistry
and enrichment ratios for four species of algae found at
the sites in the Rookhope Burn catchment. Direct compar-
ison Qf the sites is not possible using these data as
different'algae are present at each site. However, with
the exception of Mougeotia sp. concentrations of.Zn and
Pb are an order of magnitude higher than any of the algae

collected from the lower River Wear (Table 5.1) as indeed
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are the concentrations in the waﬁer. The Cu concentrations
on the othef hand, are of a similar order to River Wear
algae in both plant and_water.' This shows up clearly in
the consistent enrichment ratios encountered of about 2000;
this is closely comparable to ratios given for Cladophora

glomerata in the lower River Wear (Table 5.4).

A marked difference can be seen between
the heavy metal composition of young and old Lemanea fluviatilis;-
the concentrations of all three metals are about double

in the older material.

5.5.3 Accumulationn by Bryophytes

A summary'is giveﬁ, in Table 5.12, of the
" heavy metal contents of the two bryophytes sampled from
Rookhope Burn. The concentrations of these elements in
the surrounding water are also presented together with the
enrichment ratios calculated from these data. Some com-
parison can be made between the sites. The Zn and Pb
contents of Scapania undulata are an order of magnitude
-hiéhér at the upper Rookhdpé‘site than at the North Grain
Sike site on each sampiing occasion. However, the water
chemistry-at the time'of'sampling does'not show a similar
increase; thus the enrichment ratios are widely different.
Although the concentration of Cu is similaf in the plant
at both sites and on both occasions the enrichment ratios
again differ because of the concentration of this element

in the water.

Similar 1inconsistencies between the heavy
metal content of the plant and the chemistry of the water,

at the time of sampling, occur when comparing the three
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lower sites on Rookhope Burn at which Hygrohypnum ocehraceum
occurs; ratios for Zn vary from approximately 7000 to
120000, and ratios for Pb from 12000 to 160000. It is
therefore quite clear that neilther of these bryophytes

is reflecting the chemistry of the water at the time of
sampling. However in the case of both Scapania and
Hygrohypnum the concentrations of Zn and Pb areabnormally
-high whereas Cu concentrations are an order of'magnitude
less; this corresponds with the overall water chemistry.
Thus in general terms the plants give a guidelto the metal

status of the river.

5.5.4 Accumulations by Angiosperms

The only aquatic angiosperm, Mimulus
guttatus , occuring in any quantity in Rookhcpe Burn was
divided into root, stem and leaf. Data concerning the
macro-element content of the divided plant at each of the
two sites sampled show that K in common with other planfs
has the highest concentraticn of any element analysed;
being in the region of 4 to 6% dry weight. This is
considerably higher than other truly aquatic plants studied.
Mg.cdhtent.is>also higher than other piants reaching. 0. 7%
dry weight in the leaves. Trace element content is con-
sistently greatest in the submerged roots of the plant and
decreases through the stem to the leaves. The composition
data are presented in A.2M. Further data presented here
are confined to the heavy metal content of the submerged
roots; these data are compared with the concentrations in
the surrounding water using the enrichment ratio and are

presented in Table 5.13. The same pattern of concentration
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is encountered as in other aduatic plants from Rookhope
Burn; Zn and Pb concentrations are high whereas Cu con-
centrations are much lower by comparison. Enrichment
ratios for the two sites at which the plant occurs are
again widely different. Such data can give only a very
generalised picture of the cohditioﬁs in the water and

possibly the sediment.

5.6 Plant species in Brandon Pithouse acid streams

5.6.1 TIntroduction

The range of macroscopicaily obvious
qegetatiqn.occurring at the sources of Acid Strgams A
and B, at a pH of 2.6, was aﬁaiysed to show metal com-
position; the data are given in A.2N. The most abundant
aquatic plant present, Drepanocladus fluitans, was analysed
at points down the stream as the pH rises from 2.6 to 4.5
The same organism was also analysed from North Grain Sike
(pH 4.5 to 5) for comparative purposes; these data are
presented in A.20. Analysis of the moss was also carried
out aftéf division into 30‘mm séctions (Table A.2P). Full
~details of the dates and species collected from the various
.sites have been given (2.5.5). Aspecﬁs of the metal
compousition with particular reference to the heavy metals
are summarised in the following sections. Certain heavy
metal data are related to the water chemistry using enrich-
ment ratios in order to establish any differences in metal

accumulation in an acid environment of low pH.

5.6.2 Survey of accumulation by plants

The concentration of two macro-elements,
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K and Mg, and eight heavy metals in two species of algae,

- two species‘of bryophyte and an emergent hydrophyte are
summarised in Table 5.14. A pattern of metal composition
simlilar to that described for plants from the other two
sampling areas emerges. K again tends to be the element
with the highest concentration relative to the other metals,
Two notable exceptions to this are Fuglena mutabilis and
Diecranella sp., in which Fe concentrations are in excess

of 1% and 3% dry weight respectively. Such high concen-
trations-of.Ee have been recorded for other mosses
(Fissidens crassipes, A.2A) but not for algae. Mg
concentrations are in the region of~0.l to 0.2% in all.-
cases. Concentrations of other heavy metals, particularly

- Mn, are surprisingly low.

It has already been shown (4.4) that the
concentrations of certain heavy metals are high in those

1 1

acid stream waters: 2n, 1.13 mg 17, Cu, 0.69 mg 1™,

1 1

Co, 0.21 mg 17—, and Ni, 0.47 mg 17, at the source of

- Stream A. Concentrations in the water of other heavy

metals are exceptional: Fe, 99.6 mg 1’;, at the source
- - . - . -1

of Stream A, Al, 28.7-umg 1 1 and Mn, 8.7 mg 1 ~, at the

source of Stream B.

Apart from the Fe concentrations already
mentioned, the low concentrations of heavy metals are all
the more surprising in view of the water chemistry. This
is clearly illustrated in the enrichment ratiocs given in
Table 5.15. All ratios shown with the exception of Pb
are several orders of magnitude lower than any encountered

for algae, bryophytes qr angiosperms in areas of higher pH.
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5.6.3 Accumulation by Drepanocladus fluitans

The metal composition of Drepanocladus
fluitans from three sites of increasing pH on Acid Stream
A and a site of higher pH on North Grain Sike, is présented
in Table 5.16. Among the macro-elements Na shows a marked
decrease at the sites of higher pH.. Only minor differences
occur between sites for the other major elements although
the Ca concentration in the sample from North Grain Sike
is about double those from Acid Stream A. Some of the
heavy metals tend to show an increase in concentration at
the sites of higher pH, notably Zn, Mn, and Al. Howaver
bhé-pattern of increase in heavy metals becomes- clearer.
when enrichment ratios are célculated; these are presented
for eight heavy metals at the same four sites of increasing
pH in Table 5.17. In every case the relative accumulation
increases at the higher pH values. For the majority of
elements the increase between pH 2.6 and pH 5 is greater
than an. order of magnitude. The increase from pH 2.5 to
3.5 tends to be small except in the case of Fe. The
greatest increases in the ratio occur between pH 3.5 and
- 4.5. ' Data from North Grain Sike (pH 5) have been included
\despite the gréaf differences in the streams because of
the occurrence of Drepanoclddus fluitans and the pH at a

level above which the moss occurs in Acid Stream A.

A-study of the data from sub-divided
Drepanocladus‘fluitans, illustrated in Fig.5.4, reveals
a-similar, although less distinct pattern of metal éompos—
ition to sub-divided Fontinalis antipyretica described in

5.3.2. An overall decrease 1n concentration of the two
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major cations (K and Mg) occurs away from the tip.
Among the heavy metals Zn does not show a clear trend to
increase in older material whilst the other elements

studied show only an insignificant increase away from

the tip.
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CHAPTER SIX

6. DISCUSSION

6.1 Influence of major chemical parameters on
heavy metals in River Wear system

6.1.1 Introduction

It was suggested in Chapter One chat
studies in a range of different chemical environments
could help establish some of the factors affecting the
accumulation of heavy metals by aquatic plants and also

enahle their use as quantitative indicators to be assessed.

The need to understand the chemicel forms
of heavy metals in river water was stressed so that the
availability of these elements to aquatic plants could be

established (1.2.1).

The results presented in Chapter Four
and Appendix A.1l show the variation of pH, major cations,
nutrient anions and discharge in the River Wear and

particular parts. of its catchment.

Important differences have been shown
forrchémical pafameters in each of the three areas studied.
These paramefers not only have a marked effect on the
concentration and speciation of heavy metals but also

affect the vegetation.

The influence of some of the major
chemical parameters on the heavy metal content of the
water can bé clarified by comparing these parameters in

the main study areas. Two representative sites have been
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chosen from the River Wear, Rookhope Burn and Brandon
Pithouse Acid Stream A; chemical data are shown in

Table 6.1.
6.1.2 pH

A range of pH values waé established
in the River Wear system from 2.6 in Brandon Pithouse
. acid streams to 7.8 in the main river at Finchale Abbey

(km 78.1).

pH is fundamental by controlling directly
the solubility of most cations and anicns and indirectly
by influencing_oxidation states and complexes. (Stumm
and Morgaﬁ, 1970; Stumm and Bilinski, 1972; Elder, 1975).
Furthermore, the inter-relationship of pH with major cations
such as Mg and Ca is of great importance regarding the
buffering of natural waters (Cholnoky, 1960); fluctuations
in pH are certain to cause radiéal changes in chemical
speciation and availability. The upland streams of
Weardale {(Table 6.1) exemplify the variability of pH and
consequently other chemical parameters. | The lower reaches
of the River Wear constitute a better»bufféred system with
the_pH va1ues consisﬁently in the region of 7 to 8. In-
creéses in Ca and Mg in the lower stretches of the River
Wear are mainly attributed to the influence of the River
Gaunless (km 44.1). The remarkable consistency of pH in
Brandon Pithouse acid streams illustrates a very different
buffering system. The effects of pH have been shown in
increasing the metal concentration (4.4.2) and reducing
the relative accumulation of heavy metals (5.6.3). This

i1s further discussed in 6.3.6 and 6.4.
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6.1.3 Major cations

The four major cations found in the
River Wear system are: Na, K,>Mg, Ca. Rarely, were
any of these elements encountered at concentrations of
<1l mg l'l. Lower concentrations of K were recorded in
upland streams draining peat bog e.g. Wearhead (km 0.0)
and North Grain Sike (- km 0.5). Concentrations of X
as low‘as 0.04 mg l_l have been recorded at thé source
of Brandon Pithouse Acid Stream A. It has been suggested
that such a low concentration could be limiting to plant

/ ' growth (Hargreaves et al., 1975).

A steady incréase’ﬁas been shown in Né,
K, Mg and Ca down the River Wear (4.1.2); this is well
illustrated in Table 6.1 by the difference between Wearhead
(km 0.0) and Finchale Abbey (km 78.1). Similar increases
are obvious for Rookhope Burn and Brandon Pithouse Acid

Stream A (Table 6.1).

The relativzly low values_recorded for
‘major elements in North Grain Sike (¢ km 0.5) are not un-
usual in streams draining moorland. It has already been
mentiéned.(6.l.2) that such poorly buffered streams present
a very unstable chemical environment which could influence

the availability of ions for accumulation.by plants,

Concentrations of Ca and Mg are of partic-

ular importance in river systems for several reasons.

(i) Both elements contribute to the
buffering capacity of natural waters (6.1.2) and have a

.major effect upon the precipitation of other ions. At

|
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Wearhead (km 0.0) and Eastgate (- km 0.6), Ca values are
high compared with moorland streams (Table 6.1). It is
expected tﬁat the 'harder' water reduces the load of heavy
metals carried by a river; marked decreases have been re-
ported at Eastgate in Zn, Pb and Cd (Table 4.3). However,
this decrease 1s by no means conclusive because of the

effects of dilution (4.3.3).

(ii) It has been suggested that Mg and
Ca play an important role in the stability of many chemical
complexes in natural waters, particulariy those invelving

other divalent cations (Stumm and Morgan, 1970).

(iii) The effects of Ca in reducing'the
toxicity of heavy metals to aquatic organisms are well
documented (Carpenter, 193%0; Jones, 1938). More recent
studies have shown that both Ca and Mg can bring about a
mariked reduction in the toxicity of Zn to Hormidium spp.
in 'normal' and low pH situations (Hargreaves and Whitton,

1977; Say and Whitton, 1977).

(iv) Table 6.1 shows that Brandon Pithouse
Acid Stream A contains highér concenctrations of Mg and Ca
than;any of the other streams studied. In other streams
at <pH 3, very high concentrations have been recorded;
Mg >2400 mg l—l, Ca >500 mg 171 (Hargreaves et al., 1975).
It seems reasonable to suggest that such high concentrations
could affect the speciation and availability orf other

cations.

It is therefore clear that Mg and Ca,

combined with effects of pH, can have an important effect
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on the chemistry of other divalent metals, consequently
affecting the availability of these for uptake by aquatic

plants.

6.1.4 Anionic nutrients

The concentrations of nutrient-anions are
very low in the upland parts of the River Wear system
(Table 6.1). . This factor is important in determining
the occurrence of certain aquatic plants. It has been
pointed out by Whitton (1970) that the genus Cladophora
appears to avoid waters low in phosphate and nitrate.
Similar considerations may well affect ﬁhe preserice or

absence of other potential indicator species.

The concentration of nutrients is one among many
factors affecting the rate of growth and productivity of
aquatic plants. In the lower River Wear concentrations
of dissolved forms of N and P are high (Table 6.1), and
were especially high during the low flows of summer 1973
(4.2.3%). Such high concentrations almost certainly
affected the growth of a number of aquatic plants. Some
effects of growth on accumulation and the use of certain

species as indicators of heavy metals are discussed in 6.4,

It 1s also possible that high concentrations
of dissolved forms of P affect the chemistry of other cations

(1.2.2) in the lower stretches of the River Wear.

An example of the possible effect of phos-
phate on heavy metals has been given by Stumm and Morgan

(1970). In the presence of a 1072

M ligand (H2P04), a
lO_-3 M solution of Fe3+ was precipitated at around pH 4.5

but precipitation did not occur until pH 7.5 of the ligand
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was citrate. This may be relevant to the situation in
Brandon Pithouse Acid Stream A where high concentrations
of PO,-P are present (Table 6.1). In this case Fe2' is
-precipitated at pH 3.5 to 4 and the dissolved ortho-

phosphate is marxedly reduced at the same time.

6.1.5 Organic compounds and colloids

‘Some of the possible effects of fulvic/
humic complexes and their occurrencé_in the River Wear
have already been noted (1.2.2). The coloured waters of
upland streams such as North Grain Sike certainly contain
large quantities of such compounds. Precipitation of
brewn organic material also occurred in some samplés.from
the main River Wear after a few days and a reduction in

heavy metal content was observed at the same time.

Other suspended and colloidal material
also occurs in sampies from the River Wear system especially
at or just after periods of high flow. The effects of

these and discharge on heavy metals are discussed in 6.2.

0.2 Aspects of the chemistry of heavy metals

6.2.1. Introduction

The main sources of heavy metals in rivers
have been reviewed in 1.2.2. Three of the sources are
clearly illustrated by the chemical data presented from

the River Wear system (4.2.4, 4.3.3, 4.4.1).

(1) Past and present mining activities
have given rise to elevated concentrations of Zn, Pb and

Cd in the Weardale region of the Alston mineralised block.
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(11) An industrial effluent has caused

1ncfeases of Zn, Pb and possibly Cd in the lower River Wear.

(ii1) Acid drainage from Brandon Pithouse
coal tip was shown to be associated with high concentrations

of Zn, Cu, Mn, Fe, Al, Co and Ni.

Some suggestions can be made concerning
. the analysis and speciation of heavy metals together with
other factors which have a bearing on the accumulation of

these elements by aquatic plants.

6.2.2 Chemical speciation

It has been noted in 1.2.2 that there is
a lack of easily applicable, practical methods of éeter—
mining the state of heavy metals in river water. According
to Wilson (1976) there is a general lack of understanding.
concerning the chemical form in which heavy metals are
present. Biologic@l interpretation of fheir effects

fherefore becomes even more difficult.

Before discussing the validity and inter-
pretation of data from the River Wear System further
clarification of the theoretical speciation of heavy métals
in natural watef is requifed. Table 6.2 shows such a
classification as it applies to river water. The boundary
lines between each section are not oleaf cut. The first_
two sections are almost entirely hypothetical arising from
in vitro studies. Filtration or even dialysis to the
10 nm true aqueous solution level is not possible. Filt-
ration to the 100 nm level also presents <difficulties mainly
through contamination (J.P.C. Harding, pers. comm.).

Practical data, therefore, rarely coincide with the rigorohs
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TABLE 6.2 Theoretical classification of heavy metal

species in river water (After Stumm and

Bilinski, 1972)

FILTRABLE FRACTION ' size

Truly dissolved Free metal ions
co~-ordinated with water
aquo solutions

"Inorganic complexes Oxidation states cf ions
also coriolexes such as
hydroxo and polyhydroxo B ,
' o 10 nm

Truly chelated - Likely to be a very small
complexes " proportion in river water
Colloidal organic Such as Fe and Mn
~ complexes complexed with humic/
fulvic acids
100 nm
NON-FILTRABLE FRACTION
Larger colloids Such as hydroxides B
" Dispersed solids and 1000 nm
precipitates
Particulate matter Suspended solids
Large particulate Includes algae etc.

matter
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chemical analysis required to identify the chemical state

of heavy metals in river water. Filtered samples may
therefore refer to the removal of anything from large
particulate material to larger colloids. Data presented

in the present study refer to water passed through a No.2
'Sinta' funnel which has a maximum pore size of 45 um.

_ However, it should be pointed out that use of these filters
gradually reduces the pore size such that particles of 10 um
are retained. However only particulate matter has been
removed and data can therefore be defined as 'total' heavy
metal concentration, including dispersed and colloidal
material.  There is some justification for using total
values, as Keulder (1975) has shown an increase in Zn'65

uptake by Scenedesmus obliquus in the presence of colloidal

clays,

For'heavy metal data to be useful and
comparable, reasonable precautions regarding collection,
filtration, contamination and storage must be observed

(Wilson, 1976).

6.2.3 Validity of heavy metal data

Methods used in collection and storage of
samples for heavy metal analysis have been described in 2.1
Some further comments are useful in clarifying the data,

bearing in mind the foregoing statements regarding speciation.

(i) Maximum precautions were taken to avoid

heavy metal contamination, by using acid soaked glassware.

(i1) Chemical changz was kept to a minimum

by carrying out heavy metal analysis on return to the laboratory.
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(111) Attempts to carry out full speciation
were not made. However in some cases 1t is felt worth

while speculating as to the possible form of heavy metals.

(iv) It seems likely in stream conditions
that colloidal material may contribute to a pool of avail-

able heavy metals.

"(v) Enrichment ratios have therefore
been calculated on the basis of 'total' heavy metal defined

in 6.2.2.

Certain anomalous results, recorded in
4.2.4, occurred in turbid samples, taken at high flows.
It isbprobable that these data resulted from the pfesence
of large colloidal or even fine particulate matter which
could easily pass through a sintered glass filter. How-~
ever it must be stressed that the majority of samples were
taken at times of stable flow when the influence of such

fractions is minimal.

6.2.4 Availability of heavy metals to
aquatic plants

The likely importance of adsorption in
uptake'mechanisms (1.2.3.) may be fundamental in assessing
the availability of heavy metals to aquatic plants. The
possibility of adsorption or ion exchange from various
chemical species present in water onto the plant surface

was noted in 1.2.2.

Factors affecting this adsorption are the
pH and oxidation state of the metal in question. Iron
gives a clear example of changes in adsorption capacity;

at below pH 3.5 Fe tends to be in the Fe~' aquo form and
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not in its hydroxo complex Fe(OH)n and is much less
strongly adsorbed at the lower pH (Stumm and Morgan, 1970).
It seems reasonable to suggest that such a situation could
exlst in the conditions‘of very low pH in Brandon Pithouse
acid streams although other factors must not be ignored.
It has already been pointed out (6.1) that Ca and Mg or
nther competing ions as well as pH could influence the
degree and type of inorganic complexation. Other factors
including the presence of organic chelators and colloids
could also affect the adsorbative properties of any given
metél ion. Such physico-chemical phenomena must have a
profqund influence upon the availability of heavy metal

ions for adsorption.

The presence of fulvic/humic acids in the
River Wear, particularly its upper catchment, has already
been mentioned in 6.1.5. Such compounds are known to have
a 'solubilising' effect upon heavy metals (1.2.2). It ié
not yet clear whether the heavy metals held by these organic
. complexes (as opposed to inorganic qomplexes) are more or
less available to aquatic organisms. However the processes
involved are likely tq be either adsorption or ion exchange

at surface interfaces.

6.2.5 Effects of discharge on metal concentrations
' in the River Wear system

Discharge has already been shown to have a
marked effect on the concentration of certain metal ions
in most areas of the River Wear System (4.2.2,.4.3.2). It
is thus an important parameter in controlling the concen-

tration of metal ions surrounding aquatic plants.
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According to Wilson (1976) the overall
plcture of the relationship between metal concentration
and discharge is inconsistent. = However, clear inverse
relationships between discharge and concentration were
noted for both the River Wear and Rookhope Burn{ in 4.2.2
and 4.3.2, for K and Mg. Positive relationships were
noted for Fe, Mn and Al in Rookhope Burm (4.3.2) but not
in the lower River Wear for the same elements. The posi-
tive relationship in Rookhope Burn can be explained by
increasad run-off from the surrounding moorlands. These
elerents in particular are known to form complexes with
the organic compounds associated with run-off from peat
areas (1.2.2). Such an explanation 1s consistent with
the hypothesis put forward by Hellman (1970) and Wilson
(1976) that there is a decrease in the filtrable fraction
with dilution and an increase in the non-filtrable fraction
as discharge increases. This relationship is masked in
the lower River Wear by the increase in run-off from non-

peaty sources.

The situation for Zn and Pb is more com-
plicatéd. Zn tends to incfease with decrease in diséharge
whefe it is relatively high in concentration (0.2 mg l-l)
in Rookhope Burn (Fig.,4.8) but in very diluteisolution
(<0.02 mg l-l) in the lower River Wear, this increase is
not apparent (Fig 4.5&).‘ Pb shows no clear relationship

at either -Eastgate (km -0;6) or Sunderland Bridge (km 58.3).

This could well reflect its unstable chemical state.

The influence of discharge on the avail-

ability of metals to plants has yet to be clarified although
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some changes in equilibria and chemical speciation must
ocecur. For example Hellman (1970) has pointed out the
relatively minor effect whereby the amount of Zn adsorbed

by suspended material decreases with increasing flow.

Such a situation could well apply to other surface inter-
faces such as adsorption onto the surface of aquétic plants.
~Although the overall effect of iIncreasing non-filtrable clay
colloids may well increase the amount of exchangeable cations

available (Keulder, 1975).

6.% Accunulation of heavy metals by aquatic plants
in relation to their use as monitors

6.%.1 Introduction

It has been suggested (1.2.3.) that fhe
literature supplies some evidence for the practical use of
aquatic plants as indicators of heavy metals. This was
partly based on the ability of many aquatic plants to adsorb

divalent heavy metals onto their surface.

It seems reasonable to suggest that a
considerable proportion of the total heavy metal is available
for such adsorption or ion exchange (6.2.4.). Subsequent
steady assimilation into the cells has been suggested as'a,
1atér stage 1in the uptake mechanism for several divalent
heavy metals, notably Zn65 (1.2.3). Bearing these two pro-
cesses in mind, the claim that many aquatic organisms can -
quantitatively indicate and integrate the concentration of
a number of trace elements in their environment (Goldberg,
1965) seems probable.

The selection of suitable indicator plants

in fresh running waters therefore relies, to a large extent

on the enrichment ratios (1.2.3.). It is expected that




these ratios will remain the same if the conditions
affecting the plant and the water also remain constant.
Direct use of this can be made in monitoring specific sites
(6.3.8). Where variation in the ratio is encountered it
is useful to suggest certain parameters affecting this so
that within limits the plants concerped could still be used
as indicators. Some of the factors affecting accumulation
of heavy metals-are therefore particularly relevant. An

overall assessment of the advantages and limitations of

potential indicator plants can now be given in the light

of other work.

6.3.2 Factors affecting the accumulation
: of heavy iwetals by algae :

Some comparisons can be made with data
from the literature in an attempt to define some of the
factors which affect the accumulation of heavy metals by

algae.

Data have been restricted to fresh water
algae as it is felt that the situation in the marine =nviron-
ment, especially concerning the chemistry of heavy metzls in

“the water, is too different for valid comparison.

In many cases radioactive isotopes such as

Zn65

nave been used in both experimental and field situations
to establish the relative accumulation of the stable isotope.
Enrichment ratios (concentration factors) are the usual way
of expressing this accumulation (1.2.3). In general the

data vary greatly from species to species or even within the

same species.

Data are presented in Table 6.3 to show

the mean enrichment ratios for heavy metals in a number of
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fresh water.algae from the River Wear system, compared with
similar organisms from the U.S.S.R. (Timofeeva-Resovskaya ,
et al. 1961) and Canada (Keeney et al., 1976). Timofeeva~-
Resovskaya et al. (1961) calculated the ratios from radio-
active isotope data, whereas field information was used by

Keeney et al. to calculate their ratios.

~All data presentéd show considerable en-
richment cf all four heavy metals. . Considerable differences
in ratio are obvious for Cladophora glomerata; Zn ratio is
much higher 11 the River Wear than at the Canadian sites.
On the other hand, Pb ratios are lower in the Wear; whereas
those for Cd are of the same order of magnitude. This
variation in ratio is not unexpected as some chemicai and
physiological parameters are likely to be very different
between the various sampling areas. Ratios fcr Cu are
remarkably similar. This might indicate a similar avail-

ability despite variation in other factors.

Spirogyra sp. from Rookhope Burn shows a
similar enrichment ratio for Zn, to that of a Spirogyra sp.
from the U.S.S.R. but data for the other heavy metals are

not available for comparison.

Three species from Rookhope Burn all show
marked énrichment of Zn and Pb (5.5.2): Lemanea fluviatiltis
Spirogyra Sp. Stigeoclonium tenue. Mougeotia sp. from
Rookhope Burn shows low enrichment of Zn, Cu and Pb but
éonsiderable enrichment of Cd in the specles from the

U.S.S.R.

There are insufficient data, particularly

for important chemical parameters to draw conclusions
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concerning the factors affecting accumulation. Further
research into the range of enrichment ratios and factbrs
such as pH and the concentration of major ions would help

establish specific effects on accumulation.

Experimental data in the fresh water
environment are sparse. Harvey and Patrick (1967) found
concentration factors for Zn65 in the region of 3000 to 4000
for three species of green algae grown in continuous culture.
These data fall within the range of enrichment ratios for
green algae given in Table 6.4. They also concluded thaw
uptake- may be related to surface/volume ratio rather inan
taxbnomic,group. This may have some bearing upon the
variation in enrichment ratioé encountered. For example,
Cladcphora glomerata sampled in the River Wear was always highly
branched thus increasing its surface area/volume ratio
consequently increasing the area for adsorption of metal

ions and possibly the overall accumulation.

Among the few fresh water experimental
data are those of Gileva (196k4) who carried out ratio-active
_isotope experiments with Cladophora fracta including the
"heavy metal Zn. This author found enrichment ratios were
femarkably stable at concentrations of lO_4 M, or less, for
a_number of elements. He concluded that at these low con-
centrations the concentration within the plant depends
entirely on the conéentration in the surrounding medium.
Unfortunately the concentrations used for Zn were so high
thét the data show a reduction in enrichment ratio due to
*saturation. Nevertheless the principle of proportionality
between plant concentrations and low concentrations of

elements in the surrounding medium was clearly demonstrated
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under closely defined experimental conditions.

6.3.3 Algae as monitors of heavy metals

It has already been noted (1.2.3) that a
number of authors have suggested the use of algae, partic-
ularly green filamentous algae as possible quantitative

indicators of heavy metals in fresh water.

One of the chief limitations in attempting
to find indicator plants is their distribution. No single
spegies of mgcrophytic alga exists throughout the River Wear
system. This necessitates the use of different plants in
different circumstances and brings about the problem of

selection of suiltable species.

In the present study most attention nas
been devoted to the use of Cladophora glomerata as a monitor
of the industrial effluent (km 76.6) in the lower River Wear.
This study (5.2.3) clearly illustrates the proportional
relationship between the heavy metals Zn and Pb in the water
..and the plant. The concentrations'accumulabed (up to

1

500 ug g_l Zn and 100 dg g ~ Pb (dry weight) show the ad-

yantage of analysing the plant since concentrations in the
water were low (0.024 mg 171 zn ana 0.009 mg“l-l

The effect of the effluent also became obvious (Figs 5.4

and 5.5); the concentration of Zn almost doubled in most
cases, relative to the site upstream of the effluent and
the concentrations of Pb and Cd were also significantly

increased.

The widespread occurrence of this alga in
the nutrient rich pafts of the River Wear system and also

in many other rivers, could allow its use as a monitor to

Pb; maximum).
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to be extended. However, there are limitations which

must be taken into consideration.

(1) Differences in morphology and rate
of growth could alter the amount of heavy metal accumulated.
Careful selection of the plant is necessary when sampling
to ensure that qualitatively similar plants are selected

(2.2.1, 5.2.1).

(ii) The distribution of the plant tends
to be restricted teo areas of high nutrient and it has been
suggestad thal Cladophora glomerata cannot withstand high concen-

trations of heavy metals (Whitton, 1970).

(iii) The occurrence of the plant is seasonal
it occurs in the River Wear from March f£o November. It also
tends to have two distinct growth peaks in spring and autumn
(Whitton, 1970). There may also be a marked decrease during
the hottest months (Whitton, 1970) at which time it becomes

easily removable by summer floods, as occurred in 1973.

Preliminary metal composition and accumul-
ation studies carried out, revealed other algae displaying

a potential for use as monitors of heavy metals.

Lemanea fluviatilis (5.5.2) is widespread
in both heavy metal polluted and unpolluted sites in the
upstream part of the River Wear system. Investigations
carried out on this orgahism by Leeder (1972) in Rookhope
Burn and in the present study showed that this organism
accumulates large concentrations of heavy metals, notably
7zn and Pb. In a survey of Lemanea fluviatilis at sites in Britain and

Europe J.P.C. Harding and B.A. Whitton (pers. comm.) have
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shown good correlation between Zn concentrations in plant
and water. They have also found, in field experiments
that the alga reflects very rapid changes in Zn concen-

trations in the water.

Other algae collected did not show the

same potential for a variety of reasons. Vaucheria sessilis,
‘ although widespread in the lower Reaches of the River Wear

was always assoclated with large amounts of silt (2.2.2);

the rigorous and time consuming washing procedure precluded

its use as an indicator organism. Algae of a transient

nature such as Enteromorpha flexuosa(5.1.2), Stigeoclonium

tenue, Mougeotia Sp. and Spirogyra sp. (5.5.2), although

showing measurable quantities of heavy metals do not.grow

for sufficiently long périods to be realistic monitors other

than in exceptional circumstances.

Algae, in general, show a number of advant-

ages as monitors of heavy metals. These organisms can

obtain.their nutrient only from the surrounding water (Davis
et al. 1958). It is clear that they car accumulate large
concentrations of apparently useless but toxic heavy metals
such aS‘Pb and Cd. This is important because both of these
eleﬁents are particularly tcxic and cumulative poisons in

mammals (Bowen, 1966).

Furthermore, many of these algae should
integrate the concentratign of heavy metals over the time
period of growth, as illustrated by Cladophora, thus levell-
ing out fluctuations in water chemistry. Selected species
can, therefore, be used as an adjunct to, if not a total
replacement for, analysis of the water, as already suggested

(1.1). Where concentrations in the water are normally so
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low as to be difficult to detect, the ability of these
organisms to concentrate heavy metals is of obvious value,
especially as occasional 'flushes' of heavy metals are

likely to be retained by the plant material.

6.3.4 Factors affecting the accumulation
of heavy metals by bryophytes

‘The age and morphology of bryophytes have .
a very considerable effect upon the amount of heavy metals
accumulated. The increases in concentration in older
material have an obvious effect upon the enrichment ratio

which also increases in the older parts of the plant (5.3%.2).

It is also noticeable that the majority of
bryophytes studied accumulate heavy metals, particulérly Mn
and Fe much more than ahy of the algae or angiosperms studied.
Similar enrichment of heavy metals in bryophytes has also
been noted by Dietz (1973). He suggested in the case of
both Mn and Fe that the elements are not necessarily com-
pletely incorporated but may be bound to the surface as iron
hydroxides or manganese oxihydrate. Such purely physical
accumulation is likely to reduce the effectiveness of these
plants as indicators for Mn and Fe, as the accumulation is

not:dynamic.

Dietz (1973) has also calculated enrichment
ratios for a number of trace elements including the heavy
metals, Zn, Cu and Pb in Fontinalis antipyretica and
HyQPOdmeyStégium; the Spécies name is not given for this
organism but it seems reasonable to assume that it ié the
common river moss H.fluviatile . Accumulation data for

these elements and species including the range of enrichment
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ratios and water chemistry are compared with similar data
for Fontinalis from the River Wear (Finchale Abbey, km 78.1)

in Table 6.4,

The range of water chemistry data‘quoted
for the River Ruhr is greater than that fer the River Wear.
This gives a wide total range of water chemistry for the
‘two areas: Zn 0.009 to 0.28, Cu 0.00% to 0.10, Pb 0.005 to
0.27 mg l-l. Both range and mean enrichment ratiocs shown
for Fontinalis are remarkably similar for all three heavy
metals. This is all the mere surprising as none of these
samples were divided. The similarity of enrichment ratio
encountered for Fontinalis over the wider range of heavy
metal concentration might imply that the plant can act as
an indicator over a broader range of chemical parameters.
Sufficient chemical data is not given to demonstrate this

clearly.

Hygroamblystegium shows enrichment ratios
of a similar order to the other moss. However enrichment
of Cu and Pb are higher. This moss, although present in

the River Wear, was not analysed.

: In general terms these data help to confirm
the hypothesis put forward by Dietz (1973) that 'enrichment
of minor elements in water plants is a useful criterion to
calculate the average concentration of these elements in

water'.

Some experimental work has been carried out

65

using Zn"- in Fontinalis antipyretica (Pickering and Puia, 1969) in

an attempt to establish the mechanism of uptake. These
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authors have shown that Zn taken up from the water is
strongly bound to the plant cells; only 5% of the Zn65
activity was released after repeated washing with distilled
water. Concentration factors were also found to be stable

from 10~ % to 1077 L.

mM (0.0065 to 0.5 mg 1~ At higher
concentrations a marked decrease in ratio occurred. These
~data are essentially similar to those found by Gileva (1964)
for Cladophora fracta (6.3.2). Such experimental evidence
helps to confirm the ability of aquatic plants to accumulate
heavy metals, at low concentration, in nroportion to the

concentration of the surrounding medium.

6.3.5 Bryophytes as moniters of heavy metals

Unlike most algae, bryophytes do not
necessarily obtain their nutrient only from the water.
The so called 'copper masses' are well known as indicators
of heavy metal in the substratum to which they are attached
(Shacklette, 1967). In this respect aquatic bryophytes,
closely appressed to the rock surface such as Fissidens
erassipes are less likely to be good indicators of the water
because of the possible influence of the substratum on heavy

metal concentrations.

One advantage in selecting bryophytes is that
a number of species are extremely widespread. Fontinalis
antipyreticagnd Eurhynchium riparioidesoccur throughout the.
length of the River Wear (Holmes and wnitton, 1977), and
many of its_tributaries. Both plants therefore tolerate a
very wide range of nutrients and changes in other chemical
parameters (6.3.4.). Neither moss however occurs in Rookhope

Burn although this is not necessarily related to the high
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heavy metal content of the river. Scapania undulata ang
Philonotis fontana are often found in heavy metal polluted
areas of the River Wear system and the adjacent River South
Tyne catchment (Say, 1977). One species 1s particularly
tolerant of low pH; Drepanocladus quitans cceurs in North
Grain Sike (Rookhope Head) at pH <5 and thrives in Brandon

Pithouse Acid Stream at pH < 3.

A further advantage in the selecticn of
bryophytes for monitoring heavy metalé is the tendency to
be firmly attached and perménent parts of the aquatic

vegecation.

A number of species.were ruled out because
of contamination and cleaning problems (2.2.2). Unfortunately,
this included the widespread Furhynchium riparioides. However,
if a rapid method of removing grit from the thallus could be
found, this moss would certainly be worthy of further invest-
igation, particularly since the few analyses carried out

indicated high concentrations of Zn, Pb, Co and Ni.

One of the most important factors affecting
the use of bryophytes as indicators ~-f heavy metals is the
distribution of elements through the thallus illustrated by
Fontinalis (5.3.2) and Dreparnc=zladus (5.6.3). In general,
the lowest concentrations of heavy metals occur in the tip
of these mosses and the highest concentrations in the oldest
material close to the point of attachhent of the plant.

The most cbnsistent data are obtained from the tips since these
appear to be the most actively growing part of the plant. The
time period which the tips reflect should obviously be the

most recent. It is felt that it would be of some use to
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establish the rate of growth in the field in order to gain
a clearer idea of the time period over which metals might
be integrated into the piant. The length of tip sampled

would then be of more relevance.

Most species of aquatié-bryophyte can toler-
ate drying out when exposed at periods of low flbw e.g.
Eurhynchium ripariotdes Fissidens crassipes . From the point
of view of indicators, mosses whichvare frequently exposed,
such as Grimmia alipcola are less useful since they can only
indicate heavy metal concentrations while submerged. This
imposes a further limitation in the selection of suitable
species. As far-as possible fully submérged specigs such
as Fontinalis antipyretica should be chosen. In the'preseht
study examination of the sites at fhe lowest flows during
the summer months enabled the identification of permanently

submerged areas; samples were taken only from these areas.

A further advantage in selecting Fontinalis
antipyreticais that its attachment is well away from the
growing shoots, reducing the possibility of contamination
from the substratum. Rigorous application of the criteria
given should help in seiecting the most suitable species

for quantitative studies.

Other authors have used aquatic bryophytes
as indicators of heavy metals in river water, notably Dietz

(1973), whose data have béen discussed (6.3.4).

Recently Empain (1976a) has used a number of
bryophytes species, including Fontinalis antipyretica and Fissidens
ecrassipes to indicate levels of heavy metals in the River Somme.
This author does not give any details of the chemistry in the

water. Nonetheless the data provide an interesting comparison
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with concentrations found in the River Wear.

The ranges of concentration found in
Fontinalis for Cu. Mn, Fe, Pb, Cd, Co and N1 are similar

if slightly lower than those found in samples from the River

Wear (A.2H). For example, in the River Somme, Cu ranges
from 15 to 77 kg g'l dry weight and Pb from 40-90 ug g“l
dry weight. However, Fissidene from the River Wear (A.2A)

shows markedly higher concentrations of all seven elements

than those from the Somme.

Further sfudies have been carried out on the
Rivers Sambre, Meuse and Somme (Empain, 1976b). Profiles
of the heavy métal content were produced for several
bryophytes from samplesvtaken at intervals down the rivers.
These were compared with profiles for the water and sources
of héavy metal pollution. He found that aquatic bryophytes,
including Fontinalis = antipyretica integrated the broad
variations of concentration of a number of heavy metals in
the water. Direct comparison of his data with those from
the River Wear system is not possible because of the general-

ised form of the profiles.

6.3.6 Factors affecting the accumulation of
heavy metals by agquatic angiosperms

Apart from variation in the heavy metal
content of the water discussed in 6.2.2 and 6.2.4 which
applies to all aquatic plants, the most important factor
affecﬁing'the accumulatioh of heavy metals by angiosperms
is their morphology and means of obtaining nutrients from
the water. Sculthorpe (1967) has classified aquatic

angiosperms according to their principal growth forms.
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Two principal types are encountered in the present study.
(1) Emergent hydrophytes which are rocted in the substratum,

such as Mimulus guttatusand Juncus effusus.

(11) Submerged hydrophytes which are also rooted in the
substratum but with vegetative parts almost completely sub-
merged, such as Ranunculus penicillatus var. calecareus and

- Potamogeton crispus.

It 1s not clear in the literature reviewed
by Scuithorpe (1967) to what extént plants in the first
categbfy'aré‘able to obtain nutrients and traée-elements
directly from the water through the vegetative parts.

Adams et at, (1973) acknowledged-thié problem but neverthe-

~ less suggested that such plants could still be of value as
monitors in the absence of other more suitable species.

In thé present study, enrichment ratios have been calculated
only for the submerged parts. In the case of Mimulus guttatusf
(5.5.4) marked accumulation of Zn and Pb was noted but en-
richment ratios were very variable. Leeder (1972) gave very
-similar results for this species, also in Rookhope Burn.

In such cases concentrations in the sediment could well have

a distinot_effect upon the amounts of heavy metal accumulated.

Many species of submerged hydrophytes can
take up nutrients including heavy metals, via both shoots
and leaves as well as through the roots (Adams et al., 1973)
although the pathways of uptake and movement of nutrients
through individual species have not been clearly established
(Sculthorpe, 1967). In the study of Ranunculus fmﬁ%llaﬁw var.
calcareus (5.4)7Zn was consistently highest in the leaves, Cu

was more or less consistently distributed, Fe, Al and Pb
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are among the elements with the least stable compounds

in water andhlikely to be found in higher concentration

in the sediment whereas Zn, being more soluble, might be
more.available to the leaves. These assumptions require
further research particularly regarding the importance of
sediment as a source of mineral elements to rooted aquatic
vlants and the relative importance of uptake of trace
elements directly from the water by the vegetative parts.

In his study of enrichment of heavy metals by aquatic plants,
Dietz (1973) gives no indication of the distribution of

theée elements in the different gspecies studied, basing

the analysis upon green parts iny. . The data on elemental
composition given by Adamsiet aZ; (i973) is based on entire

" plants. Comparison of these data are therefore not possible.
However it is interesting to note that the enrichment ratios
vgiven by Dietz for Zn, Cuband Pb in the green parts of
Ranunculus fluitans are very similar in range and mean to

those presented for the leaves of Ranunculus penicillatus Vvar.

calcareus from the River Wear.

6.3.7 Aquatic angicsperms as monitors
of heavy metals

Aquatic"angiosperms have not' received' the
same attention in the present study as aquatic algae and
bryophytes. Nevertheless, some comments fegarding their

use as indicators of heavy metals are pertinent.

(i) Fully submerged plants are likely to
give a better indication of the surrounding wéter than
emergent types; the only example given is Ranunculus
penteillatus var. calecareus (5.4) . The emergent Mimulus

guttatus showed very much reduced concentrations of heavy
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metals in 1ts aerial parts whereas the submerged leaves
of Ranunculus showed the highest concentrations of these

elements.

(ii) The leaves of submerged plants
particularly Ronunculus give the best indication of heavy
metals probably because of the large surface area exposed

to the water.

(iii) Many suitable submerged plants are
restricted in their occurrence; thesé plants are—rarely
found in the csmaller upland streams. In the River Wear,
Ranunculus gspp. do not appear until km 26; other submerged
speciles such as Elodea canadensis Myriophyllum spicatum
and Potamogeton spp. show a similar distribution pattern

(Holmes and Whitton, 1977).

(1v) Tt has been pointed out by Adams et al.
(1973) that individual species may be exceptionally sensitive
to particular pollutants. They selected three species for
further study in relation to monitoring nutrient pollution
including heavy metals. The species chnsen were: Elodea canadensis,
Potamogeton crispus‘and Myriophyllum exalbescens. The two

former are of common occurrence in the River Wear and many.

othér British rivers. Further investigation of these
together with Ranunculus penicillatusvar. caleareus and
R.fluitans , which are also very common might prove fruitful.
Dietz (1973) has alsolinvgstigated a number of aquatic
angiosperms in relation to the accumulation of heavy metals,
including Ranunculus fluitans and Myriophyllum spicatum,

finding these species suitable for nonitoring heavy metals

(6.3.6).
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A wide variety of aquatic angiosperms may
well have the potential to be used as monitors of heavy

metals in rivers.

6.3.8 Monitoring industrial effluent

The present study has shown that the
monitoring of a specific effluent is a workable possibility
using aquatic plants. This is chiefly because the‘factors
affecting the lower stretches of the River Wear, particularly
below Durham, are much the same. Cértain advantéges and

limitations are worth mentioning concerning species used.

Certain species can be used to keep a
continuous check on the effluent over most of the year,
especially during periods of low flow when pollution would

be most serious.

Analysis of Cladophora glomerata and the
water have indicated-that this alga could be used as a
reliable indicator of at least Zn and Pb (5.2.3) and probably
Cu, Cd‘and Ni even when concentrations of these elements are
difficult to detect in the water. Serious increases in any
of the above mentioned heavy metals seem almost certain to

show up in plant material.

The tips and other sections of Fontinalis
antipyretica glso appear to indicate changes below the
effluent although the sections probably represent longer

time periods than Cladophora glomerata.

Despite increases in Zn, Pb and Cd which
appear to have been up to 100% in plant material below the
effluent (6.3.3), the effects seem to be short-lived; plants

at Pinchale Abbey (km 78.1) showed no apparent signs of
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elevated heavy metal content during the period of study.

The long term effects of such effluents
are difficult to predict but careful monitoring using
Cladophora glomerata or Fontinalis antipyretica would be
especially useful in'ensuring that any serious pollution

could be identified.

The major limitation in the use of plant
spegies concerns the length of the growing season. The
two plants mentioned thrive from March to November; it is
therefore only the winter period when monitoring could not
be-cafried out. Limitations of the individual plants and

the effedté of chemical féotors have been disdussed in the

appropriate sections (6.2, 6.3.3).

6.3.9 Accumulation in an environment of low pH

Up To now little attention has been. focused
on the accumulation of metals at low pH (<3). The present
work gives a preliminary study of the accumulation by a
range of aquatic plants found in Brandon Pithouse acid
streams. It has not been found possible to draw any tirm
-conclusions from the type of data presented but some tenta-_
tive suggestioné éan be made regarding the parameters

affecting accumulation and guidelines for further research.

The concept of using plants as monitors of
heavy metals may still apply in situations of low pH but the
marked reduction in enrichment ratios in all species and for
moét of the heavy metals studied would restrict its use to

similar situations.

The importance of the study lies more in
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the use that can be made of the information obtainable
from an extreme and stable environment in improving the
understanding of the complex ecosystems of more typical

rivers and streams (Whitton, 1972).

The stability of Brandon Pithouse acid
streams assists accumulation studies because important
parameters such as pH nutrient and metal content remain

relatively unchanged (4.4.1).

Tne low enrichment ratios found for heavy
metals in acid stream plants (5.6.2) are of great interest.
There 1is some evidence to suggest that the reduction in
ratios for Drepanoccladus fluitans 1s related to pH.(5.6.3);
marked increases in ratio ocnur at sites of increasing pH
although the absolute concentrations of most elements do

not change very much.

It is only possible to speculate as to the
reason for the reduced enrichment. However, there are

several possibilities.

(i) A mechanism exists in these extreme
conditions which allows the aquatic plants present to reject
thé'large concentrations of heavy metals surrounding them.
Hargreaves and Whitton (1976) have suggested, in laboratory
toxicity studies of Hormidium rivulare (acid stream popul-
ation), that an active mechanism may be involved in the
resistance of this alga, at low pH to high concentrations

of Zn.

(ii) Heavy metals are not available for

uptake because of  marked changes in chemistry brought about




179

by the low bH. It has been suggested that many cations
exist in true aquo sclution at pH <3 and that these ions
are not as well adsorbed as other inorganic complexes
(1.2.2). At higher pH values in more 'normal' streams a
large variety of organic complexes and colloids are present
from which adsorption and ion exchange can freely occur.

As the primary mechanism for uptake of a number of{ cations
probably relies upon some lon exchange adsorbation process
‘(1.2.3), lack of suitable complexes and colloids could con-
sequently reduce the uptake by plants. It is most notice-
able in the Brandon streams that there is a lack of coloured

organic compourids.

(i1i) Under the prevailing conditions the
plants are approaching a saturation level of heavy metals
thus reducing the enrichment ratio. Saturation levels have
been encountered exrerimentally in accumulation studies
(Gileva, 1964; Pickering and Puia, 1969). However, the
concentrations of elements are not unusually high in acid
stream plants and considerably higher concentirations of manj
elements have been recorded for Drepanocladus fluitans at

a site'elsewhere.

(iv) Saturation by similar elements might
reduce uptake of heavy heavy metals e.g. Mg and Ca are both
present in very high concentrations at low pH (6.1.3). It
has been suggested by Sayand Whitton ((977)that Ca can compete with
Zn for uptake in such a way as to reduce the toxicity of
the latter to Hormidium rivulare.

(v) The concentration of H' ions directly

65

reduces the accumulation. Bachmanr (1963) found that Zn
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uptake by Golenkinia paucispina cells was reduced more by
the concentration cf H+ ions than Ca2+, Mg2+, Na+, and K+,

in that order.

There is an obvious need to clarify the
availability and means of uptake of heavy metals by plants
from situations of low pH. It is felt that this might be

best ‘achieved with radio-active isotope studies.

. The absolute cqncentrations of most eleﬁents
in acid stream plants are, in most cases, of the same order

as similar plants in non-acid environments, except that in

all cases Na concentrations are high. A marked reduction

in Na concertration, at‘siﬁes of increasing ﬁH,\bccurs in
Drepanocladus fluitans although the significance of this is
not immediately clear (5.6.3). Further field studies over

as wide a range of pH as possible, might{ well prove profitable
in establishing more fully the effects of this factor on the

composition and accumulation of aquatic plants not only in

acid conditions but also in a wider field.

6.4 General Conclusion

Tn=2 . use of aquatic plants as quantitative indicators
‘of heavy metals;rélies on éhe ability to take up elements
proportionally from the available supply in the surrounding
water. Sufficient heavy metal must be retained and perman-
ently accumulated to allow integratioq of the concentrationv

over a given time period.

The simplest way of determining this ability is
to calculate the 'enrichment ratio' (1.2.3). However, the

use of this ratio oversimplifies the true situation in river

waters. A variety of .factors affect both the concentration

| . o
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in the water and that 1in the plant.

t 1s not clear which chemical species or
combination of species is availlable for uptake from the
water (6.2.4), Truly dissolved 'aque' ions may only form
a relatively minor proportion of 'normali river water.

The proportion 1s likely to be higher in conditions of low
pH such as those encountered in Brandon Pithouse acid
streams, hecause of the influence of hydrogen ion czconcen-
tration. These compounds may hot bé as available because
of the lower capacity of adsorption corpared with the
hydiroxo and polyhydroxo éomplexes which form at higher pH
values (6.2.4),

In general, running waters are unlikely to be
composed entirely of these relatively simple, pH dependent
inorganic species. Most streams are subject to influxes
of a range of natural organic compounds such as the fulvic/
humic complexes which have the ability to 'solubilise'
heavy metals (6.1.5 and 6.2.4), Furthermore many of .
these complexes do nct necessarily act as simple chelators
but may well have colloidal properties. Phy;ico-chemical
phenoﬁena of surface exchange and adsorption must have a

considerable influence on tihe availability of all metal ions.

Artificial organic compounds such as pesticides
and detergents are also capable of affecting the availabiiity
of metal ions. These influences are.likely to affect down-
stream stfetches where sewage and industrial effluents

together with run-off from arable land tend to increase.

Rivers are also subject to periodic influences of
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larger colldidal material such as clay minerals. These
influxes are often brougbt about by increase in discharge
(6.2.5). It has been suggested that such colloids could
increase the surface interactions and therefore bring aboutA
increased availability (6.2.5). Even particulate matter

could act as an ion exchange reservoir for some heavy metals.

Individual metals may be available in some or all
of the above mentioned species. It appears that oH has a
fundamental role in the controi of side complexations and
surface phenonena. Anionic compounds, particularly those
of T, can also profoundly affect such reactions (6.1.4).
Competition between metal ions can also occur in all species,
depending upon the proportions of ions present. Easily
exchangeable cations, such as Ca and Mg, seem to be partic-

ularly important in this respect (6.1.3, 6.2.4, 6.3.9).

All these factors are embraced by the term 'total
heavy metal' concentration; the proportions of chemical
species differ widely from one streanm to another and there-
fore contribute to the variation of enrichment ratios en-

countered in the different areas studied.

Empain (1976b) has suggested that accumulation
by équatic bryophytes, actually ‘helps in the discrimination
of truly available heavy metal, as opposed to total heavy
metal concentration'. However, it is important to establish
accumulation over a range of chemically different environ-
ments, as this helps to elucidate some of the key factors

controlling accumulation.

Studies with radioactive isotopes, such as those

of Cross et aZ.(lQ?l) have demonstirated that accumulation -
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of Zn65 differs from total Zn, probably because of the

different avallability of the latter in the water (1.2.2).

It has been suggested that chemical speciation
might be important in the reduced accumulation in an

environment below pH 3 (6.3.9).

There are another set of factors whieh affecf
the énrichment ratio as a measure of accumulation. These
epply to the plants themselves. It seems fairly certain
that ion exchange and adsorptioh processes are the primary
mechanism of uptake of at least divalent heavy metals. This
applies to plants unaffected by absorption of ions from the
substratum, chiefly algae, some bryophytes and a few angio-
sperms (1.2.3, 6.2.4, 6.3.1, 6.3.4). However, a propocrtion
of heavy metal may be lost with a change in equilibrium. For
example, J.P.C. Harding (pers.comm.) hae shown that up to 20%
Zn may be lost from Lemanea fluviatilis in the field when the
Zn concentration of the water decreaees after a 'flush' of
high concentration. On the other hand, Pickering and Puia
(1969) found only 5% loss of Zn65, in experimental situations,
~when Fontinalts antipyretica was transferred to distilled
' water; This may reflect the difference in uptake of radio-
\active isotopes compared with uptake from available chemical
species in the field mentioned previously and reinforces the
need to estapnlish factors controlling availabilityf However,
a slower secondary,‘energy dependent, binding process has been
established for a number of heavy metals in a range of organ-

isms, under experimental conditions (1.2.3).

In the field, there are a number of factors which

could affect the rate at which this process might occur,
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including temperature, oxygen concentration, nutrienfs and
pH. These-factors also affect the rate of growth of plants
and consequently the time period over which the latter could
integrate the heavy metal concentration. - The growth rate
of Cladophora glomerata, in the field, is faster than thaf
of Fontinalis antipyretica. These two organisms are there-
fore-likely to indicate the concentrations of heavy metals
over different time periods. A short tip of Fontinalis
might represent a longer period than a young growth of
Cladophora; differences were noted in the pattern of accumu-

lation above and below the industrial effluent (5.3.2).

Differences in morphology‘and growth caused by
external factors are also likely to alter the enrichment
ratio of plants of the same species. Radically different
chemiéal situations were found between the sites in Rookhope
Burn (4.3.3). This apparently affected the growth and habit
of Secapania undulata and Hygrohypnum ochraceum and possibly
the enrichment ratios. A difference of several orders of
- magnitude were found at the different sites (5.5.3%) for these

species.

._Enrichment ratios should be similar in situations
where physiological and external parameters, other than the
concentration of metals, are also similar; simple quantitative
monitoring theh becomes possible. This was best illustrated
by the linear relationships for Zn and Pb found between
Cladophora glomerata and the water (5. 2.3). It seems likely
that a similar relationship exists for Cu and cd (5.2.3)

probably for other heavy metals such as Co and Ni.
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Iﬁ order to use aquatic plants as indicators in
a brcader way it is necessary to be able to predict enrich-
ment ratios from a knowledge of the key chémical factors in
the environment and the physiological state of the selected
species. If Cladophora glomerata is chosen as an indicator
species the restrictions imposed by its physiology should
help to reduce the variation in enrichment caused by environ-
mental parameters. For example, Cladophora in the field has
a restricted pH range, rarely growing at pH <7 (Whitton, 1970).
This factor and others associated with it are therefore of
mincr importance in affecting enrichment ratios. In well
buffered situations with high Ca and Mg as well as high
nutrients (6.1.2) these factors are aiso likely to assume
less 1mportance. It 1s posgible that the variation, in
ratio, in this case, is mainly attributable to physiological
factors, including age, contamination with epiphytes and
variation in morphology. Apart from adopting strict
qualitative criteria in sampling, (2.72.1, 5.2.1), the macro-
element content might give a guide to the phyziological staﬁe
of the sample. It 1is most noticeable that Mg concentrations
are consistently in the region of 2000 ug g ' dry weight.
Howévef the samﬁle from the most upstream site in the Rivef
Wear (Wolsingham, km 24.3%) showed a content of 5500 ug g-l
dry weight. Detaiied experimental work might establish
whether this or other macro-elements could be used in the

standardisation of samples.

If simple criteria could be established for deter-
mining the physiological state of any plant, data from a much
wider range of sites would be comparable and many rivers

could be simply monitored for heavy metal content.
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It has already been pointed out (6.3.5) that a
number of bryophytes exlist in a wider range of environmental
conditlions and considerably greater variation in enrichment
ratios has been noted, e.g. Scapania undulata shows a
variation in Zn ratio from 1000 to 124000 and Drepanocladus
fluitans varies from 60 to 920. Whefe ratios show such a
~ range of variation direct comparison between sites using
theée species 1s obviously not possible. It has already
been pointed out, however, thai careful selection of a stand-
ard tip of bryophytes would reduce the variation to some

extent.

'Data-would be more compardble provided that the
enrichment ratio could be defined for a certain set of .
environmental parameters. This is clearly illustrated by the
very low ratios encountered at pH <3. Drepanocladus
Fluitans could be used as an indicator of heavy metals
provided the pH is limited. Thus heavy metal data from
other sites of very Xow pH might be simply obtained and
compared using this species, especially as it is widespread
in such streams; In more complex environments factors
other than pH would also be involved in establishing the
environmental range at whicn a certain enrichment ratio

exists, particularly Ca and Mg and organic/colloidal complexes.

It is therefore possible to summarise the practical
criteria and limitations in the use of aquatic plants as
quantitative monitors of heavy metals, from the field studies

presented.

(1) Species should be widely distributed and

easily identified.
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(ii) Species should be independent of the sub-
stratum fortheir nutritional requirements but sufficiently

attached to withstand periods of high flow.

(i1i1) The growth and morpholcgy need to be fairly
standard between samples, so that the time period repres-

ented is apmroximately the same.

(iv) Specles should have a long growing season

to allow regular analysis.

(v) Species must. accumulate easily measurable

concentrations of heavy metals.

(vi) Clearly defined limits need to be established
for important chemical factors so that the enrichment ratio
can be linked to these. This would allow valid comparison

between samples at different sites.

Among the plants studied Cladophora glomerata and
Fontinalis antipyretica display the most potential for simple
quantitative use, partcicularly in lowland stretches of rivers.
Such plants could be of particular value in mcnitoring
changes caused by water transfer and abstraction together
with the increasing volume of heavy metals entering river
sysfems. A number of other species, particularly attached
algae and bryophytes could be used in different but clearly

defined ecological situations.

The use of enrichment ratios in selecting suitable
species relies on a balance between the environmental con-
ditions and the physiological state of the plant. If both
can be established within defined limits the concept of
aquatic plants as quantitative indicators of heavy metals in

flowing waters could be greatly extended.
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SUMMARY

A study was made of a range of aquatic plants from
various parts of the River‘Wear system for 13 metal elements.
An attempt was made to relate the heavy metal content of the
plants to that of the surrounding water using 'enrichment rafios'

so that quantitative indicator organisms could be selected.

A detailed study was carried out of the chemistry of the
main river and some of its tributaries in order to establish
background concentrations of heavy metals and some -of the

factors affecting these concentrations.
Three main areas were chosen for Investigation.

(1) The lower stretches of the River Wear were studied
in the region of an industrial effluent which was

known to contain heavy metals.

(i1) Rookhope Burn was studied because of the high
concentraticns of Zn and Pb presént in the water,

as a result of past and present mining activities.

(iii) Brandon Pithouse acid streams were studied because
of the exceptionally low pH and high heavy metal

content of the water.

Surveys of the chemistry of the River Wear revealed lowA
concentrations of heavy metals in the downstream stretches
although marked increases occurred in Zn and Pb concentrations
below the industrial effluent. Nutrient elements tended to
show a steady increase from source to mouth. Macro-elements
tended to show an inverse relationship with discharge in the
upland tributary, Rookhope Burn and in the main river.

Relationships were not clear for most heavy metals despite
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much higher coﬁcentrations of Zn and Pb in Rookhope Burn.
However, positive relationships were noted for Mn, Fe and

Al in this tributary but not in the downstream sites of the
main river. These relationships were attributed to colloidal

run-off from the moorland.

The chemistry and discharge at source of Brandon Pithouse
Acid Stream A remained extremely stable over two years of study.
High concentrations of Zn, Cu, Mn, Fc, Al, Co and N1 were

encountered at pH<3. Decreases in these heavy metals were

. observed as the pH increased and much precipitation occurred.

Surveys of a number of macroscopically obvious plants were
made in each area in order to establish species which accumulaﬁed
large amounts of heayy metals. This was the first step in the
éelection of indicator plants. The majority of species
analysed contained easily measurable quantities of heavy metals
and large amounts of K, Mg and Ca. Concentrations of Na were
generally low except in species growing below pH 3. These
elements were not directly related to concentrations in the

water.

Bryophytes in general, tended to contain the highest

"mconéenﬁrations of all heavy metals, especially Mn and Fe.

On the basis of data from these surveys, together with
biological and methodological information, various species

were suggested as potential indicator plants.

In the lower River Wear Cladophora glomerata and Fontinal<s
antipyretica were chosen for further study. Both species
were found to accumulate higher concentrations of Zn, Pb and
Cd below the induétrial.effluent compared to a site above this

effluent. Increases in Cu were not recorded in either speciles;
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this element was known not to occur in significant quantities
in the effluent. A clear linear relationship was shown for
Cladophora glomerata between concentrations of Zn and Pb in
the water and those in the plantlat comparable sites above
and below the effluent; this éllowed its use as a simple

quantitative indicator ol at least these two elements.

Such relationships were not establicshed for Fontinalis
antipyfetica from the available data. Marked increases in
heavy metél content were found in the older parts of this
species and it was suggested that the growing tips of the moss

were the best indicator of heavy metals.

Studies of Ranunculus penicillatusygr,calcareus showed
that the highest concentratibns of héavy metals occurred in
the roots and leaves. It was suggested that the latter part
could be suitable as an indicator. Comparison with the same
species from the River Tweed indicated that the heavy metal
composition corresponded to the average composition of each

river although there were not sufficient data to be conclusive.

~Studies of‘a range of species from Rookhope Burn showed
that most plants accumulated rélatively large concentrations -
- of Zn and Pb. Most algae were too traﬁsient to be practicable
:as ihdicatbr‘species with ﬁhe notable exception‘of Lemdnéa
fluviatilis. Bryophytes were found to have a particularly
wide variation in enrichment ratio which imposed limitations

on their use as indicators.

All species from Brandon Pithouse acid streams showed very
low enrichment ratios. Some evidence was presented that pH

was the most important factor in the reduction of the ratio.
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It was suggested that Drepanocladus fluitans could be used as
an indicator of heavy metals under comparable conditions of

~low pH.

The studies carried out show the pctential for the
nractical use of a number of aquatic planté as quantitative
indicators of heavy metals. In some circumstances the use
may be straightforward, as in monitoring specific effluents
where other factors are equal. It was concluded that a range
of physiological and environmental factors affected the
enrichment ratic; these must'be taken into account before
more general use of agquatic plants as indicators of heavy

" metals.
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APPENDIX 2.

Plant Analysis

Tables A.24 - A.2P
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