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Abstract

Two surveys of the water chemistry and photosynthetic
flora were carrxried out in England, for waters with a pH
of 3.0 or less. Of the 16 sites located, fourteen were
associated with coal mining, one with a barytes mine and
one with an industrial effluent. One coal mining site
(Site 16) and the industrial effluent (Site 15), were found N
to run intermittently below pH 3.0. Samples collected from
95 10 m reaches, showed that the waters were characterized
by high levels of heavy metals;.silicate and sulphate and
that most carried moderately large levels of phosphate and
combined inorganic nitrogen. The total flora from the 16
sites consisted of 24 algal species, two mosses and two
flowering plants. Of the 8 species which occurred in over

20% of the recaches sampled, Euglena mutabilis was the most

widespread and abundant species.

One stream with a pH gradient of 2.6 - 7.0 (Brandon
Pithouse Acid Stream) was studied in greater detail. Observations
were made in respect to seasonal variation and to changes
in chemistry and flora along the pH gradient. 1In addition,
monthly estimations of the maximum standing crop of algae and
moss protonema were carried out for one year. Analysis of
these data suggests that over a large pH range, H+ concentration
has the greatest influence on the number of species present
in the stream; although other factors (eg. precipitation of

ferric hydroxide) may also affect the presence and abundance

of some algae.




In addition to field studies, laboratory experiments

were conducted on five species of algae isolated from

Brandon Pithouse Acid Strean. These included an examination

of the effect pH had on growth and morphology and also the

relationship between low pH and heavy metal toxicity.

e
————
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1, INTRODUCTION

1.1 General introduction

Although some research has been carried out on the
effects of hydrogen ion concentration on aquatic organisms,
many basic questions remain unanswered. Further,only a small
proportion of tbe work which has been carried out on the
low pH environment has concerned photosynthetic organisms.
Some progress has been made in understanding the community
structure and physiological adaptations which occur in the
thermal acidic environment (Brock & Brock, 1966: Doemal &
Brock, 1970: Castenholz, 1973). However, similar work has
not been conducted on the non thermal acidic environment,
even though the occurrence of such habitats is probably more
widespread and available to biclogists than the thermal
springs. Most of the emphasis in the non thermal acidic field
has been placed on the formation and abatement of the acidic
waters where they constitute a pollution problem, and therefore,
the physio-chemical énd engineering aspects have received
considerably more attention than the biological ones {eg.
Braley, 1951 -~ 1954: Parsons, 1956-58: Hawley, 1971).

As mentioned in more detail in 1.2, highly acidic waters
have a worldwide distribution, however, although their
existence is known in England (Glover, 1971), little work
has been conducted on the chemistry and biology of these
waters. It was therefore considered that a study of the
chemistry and flora of highly acidic waters in England should

be carried out.
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A general review of many aspects of low pH environments
has been included because the published data relating to
photosynthetic organisms are limited. The various organisms
recorded are considered in order of their position in the
aquatic food chain, beginning with the larger animals.
Bacteria are discussed in two sections, the first (1.24)
relating to their involvement in acid formation, and the
second (1.8) to the distribution of species which are not
necessarily involved in this,

1.2 Low pH environment and production of acid

1.21 Sources of acidity

The various types of acidity which occur, originate either
from organic or inorganic sources. Many waters are acidic due
to the presence of organic humic acids derived f£xom natural
decomposition of plants; however, the resulting pH values
are rarely below pH 3.0 (Brock, 1969) and where they 4o occur,
it is usually due to inorganic acid contributing towards the
total H+ . concent;ation. Pearsall (1938), examined the pH
of woodland and moorland soils and found that in the upper
layers of the so0il which were exposed to the air, oxidation
was taking place and resulted in low pHE values. The lowest
values recorded were on cotton-grass moorland at pH 2.80.
However, Pearsall also found that in the bog situation, the
substitution of waﬁer for air prevented the oxidation reaction
taking place and hence the decrease in H+ concentration
resulted in pH values around pﬁ 3.5.

Other natural sources of acidity which often lead to values



1

below pH 3.0 are thermal springs and volcanic lakes, such
as those found in Japan. The acidity of both sources 1is

due to the oxidation of H_S and/or SO

2 in the volcanic

2
gas. This oxidation process can lead to pH values of about
1.0 and probably constitutes the most extreme non-thermal
acid environment.

A thirxd source of acidity which may produce extremely
low pH values is from industrial effluents. Invariably, the
low pH is caused by the presence of inorganic acids in the
effluent rather than organic acids. Industries involved
in the production of batteries, iron smelting, wood pulping,
chemical distillations, munition and some textiles may
produce acids as waste products (Klein, 1957). It would
appear from River Authority reports, that in this country, at
least, these effluents are largely treated before being
discharged into surface water. The most common source of
highly acidic water is a result of mining activities often
associated with coal. The principal socurce of the highly
acidic water in this/case is due to the production of
sulphuric acid from the oxidation of sulphurous material.
The formation »f acidity is considered in detail in 1.22
and constitutes the main source of extreme acid conditions
reviewed in this study.

Acid mine drainage results from the passage of water
through mines (and mine spoil heaps) where iron disulphide,

usually in the form of pyrites, marcasite or pyrrhotite is

exposed to the oxidizing action of air, water and possibly
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bacteri&. Such Eonditions are found in some lignite, pyrite,
zinc, copper, gold, silver, and lead mines as well as coal
mnines (Temple & Koehler, 1954). The occurrence and formation
of acid has been well documented, the following are examples
of a large bibliography: Braley (1951 -~ 1954); Parsons (1956);
Barnes & Clarke (1964); Brant & Moulton (1960); Glover (1967);
Hanna et al. (1963); Boyer (1972).

As a result of the many possible sources of sulphuric
acid, highly acidic conditions are likely to occur where
mining has exposed pyrites. Such conditions have been reported
in many countries, including North America (eg. Parsons, 1956;
Kinney, 1964; Boyer 1972), Australia (Blesing, 1974) New
Zealand (Kaplan, 1956), South Africa (Harrison et al., 1958 -
1962) and several European countries including Britain
(Glover, 1967), Denmark (Dahl, 1963) and Czechoslovakia
(Fott, 1956).

The acid mine drainage from bituminous coal mines in
North America presents a major pollution problem and has been
the subject of many general surveys which have been conducted
in an attempt to ascertain the chemical reactions involved
in the acid production (Braley 1951 ~ 1954; Hanna et al., 1965).

1.22 Formation of acid mine drainage

The pyritic minerals are normally chemically stable in
the reducing conditions of undisturbed strata, but oxidize
slowly to form soluble sulphate compounds when exposed to the

atmosphere. This reaction can and does occur naturally,

where outcropping coal seans containing pyrites become exposed
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to the air by natural erosion. The occurrence of acid

mine drainage, often obvious by its characteristic yellow -
orandge colour, led to the discovery of coal in the United
States 270 years ago (Eavenson, 1942). The productidn of
acid is not, therefore, entirely due to man's operations, but
to the normal oxidation process between oxygen and sulphur. |
The mining of coal has, however, greatly increased the amount
of acid produced.

As it is the exposure of pyritic material to the atmosphere
and ground water that caused the production of sulphuric acid,
then mining techniques can play an important role in the
production and abatement of the acid. The iron sulphides
are generally a waste product of mining and are exposed to the
atmosphere in the shafts and in the spoil tips on the surface.
Thus the treatment of the spoil and the shafts after they
have been abandoned is impoertant in the prevention of acidity.
Practices such as deliberate flooding of the mine to gquench a
fire in the spoil or underground, are likely to increase the
problem (Glover, 1967).

Unlike other forms of pollution wﬁich increase or decrease
in proportion to production, acid mine drainage increases with
coal production, but does not necessarily decrease with its
cessation. The aéid often continues to run for years afterx
the mine has been abandoned.

The problem has increased rapidly with demand for coal,
so that now a point has -been feached in the major bituminous

coal mining areas of America where many of the streams and
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rivers are unfit for industrial, domestic or recreational
use, unless first treated. It has been estimated that in the
United States there were over 10,000 miles of streams and
29,000 acres of impounded water which were seriously affected
by acid mine drainage in 1971 (Lundgren, 1971).
1.23 Chemical reaction involved
Although the chemical reactions of pyrites oxidation have
been studied in some detail, the reactions are not completely
understood when considered in the context of the field situation
in which they are formed. Temple & Koehler (1954), Hanna et al.
{1963), and Boyer (1972) have reviewed the literature on the
chemical aspects of acid mine drainage. There is general
agreement that the basic chemical change is from pyritic
material to iron sulphate and the subsequent oxidation to other
salts proceed as follows: (adapted from Brant & Moulton (1960)
Step 1. Sulphide to Sulphate;
When sulphide is exposed to the atmosphere, it may
theoretically oxidize in two ways, with water as the limiting

condition. The first reaction, assumed to take place in the

dry, produces an equal amount of sulphur dioxide and ferrous
sulphate.

(1) Fes2 + 502 = Feso4 + so2

iron pyrites ferrous sulphate sulphur dioxide

However, if the oxidation process occurs in the presence
of water, then the direct formation of sulphuric acid as well

as ferrous sulphate will be produced.
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(rx) FeS2 + 2H‘20+ 702 = 2FeSO4 + 2[‘12504

iron pyrites ferrous sulphate sulphuric
aciad

As most mines contain a certain amount of water then
the latter reaction is favoured.
Step II Ferrous sulphate in the presence of sulphuric
acid and oxygen is oxidized to ferric sulphate and water.
(I1II1) Feso4 + 2H2504 + 02= 2Fe2(SO4)3 + 2H20
ferric sulphate
Step III. Precipitation of iron
The ferric sulphate combines with the hydroxyl ion of
the water to form ferric hydroxide. In an acid environment
ferric hydroxide is largely insoluble and precipitates out

as an orange-yellow precipitate.

1?@.2(504)3 + 6H20 = 2Fe(OH)3 + 31—1250

4

ferric sulphate ferric hydroxide sulphuric acid

It has been suggested that the ferric ion may enter into
an oxidation reduction reaction with iron sulphide, whereby
"the ferric back-triggers the oxidation of more sulphide to
the sulphate, thus increasing the production of acid. Barnes
& Clarke (1964) postulated that acid production occurred
undexr anaerobic conditions, thus dismissing the essential
role of 02 suggested by many other workers. Clarke (1967)

however concluded that the reaction could not be supported

by the kinetic evidence.

The rates of reaction of pyrite (Fesz), marcasite (Fesz)
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and pyrrho£ite (Fen Sn + 1) under acid mine drainage conditions
are significantly different.. Braley (1954) found that pyrrhotite
reacted 18 times and marcasite 9 times the rate of pyrite.

The oxidation rates of other pyrite materials such as
sphalerite and chalcopyrite are slower compared with iron
sulphides. However, ferric sulphate readily attacks these
sulphides according to the reaction

Fez(soq) + XS = XSO4 + 2FeSO4 + S

where X = Zn, Cd, Cu, Ni and Co (Blesing et 3£.,1974).

Other reacticns which occur as a result of the low pH
created by the release of sulphuric acid include the motility
of Na, K, Ca, Al, Mn and Si ions. Undexr low pH conditions

assemblages are formed, for example:

2KA151308 + HZSO4 + HZO = A1231205(0H)4 +

s ;
K2 O4 + 48102

At higher pH values the mobility of these ions is reduced
and they precipitate out to produce yellow, orange and white
sludges of various sulphates, as well as ferric sulphate. The
grey-white precipitates sometimes encountered at pH values
between 3.0 and 6.0 are mainly due to Al and colloidal silica
(Blesing e l., 1974).

1.24 Role of bacteria

The association of bacteria with acid mine water has

been noted since the earliest investigations of that environment.

Powell & Parr (1919) reported that sulphur oxidation appeared

to be hastened by the presence of bacteria or some catalytic
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agent. Davidson (1930) and-Carpenter & Herndon (1937) also
arrived at similar conclusions. In 1947 Colmer & Hinkle

suggested that the bacterium Thiobacillus thioxidans was

involved in the conversion of sulphur to sulphuric acid and

Temple & Colmer (1951) gave the name Thiobacillus ferrooxidans

to an iron and thiosulphate oxidizing acidophilic bacterium.

Leathen et al. (1956) isolated Ferrobacillus ferrooxidans

— Sm—

from bituminous coal mines at pH 2.0 to 4.5. They found that
this chemoautotrophic bacterium could completely oxidize 200
mg ]."1 of ferrous iron in 3 days. Ashmead (1955), in his
studies of mines in Scotland, claimed that for every ton of
sulphuric acid produced by chemical reactions, approximately

4 tons were produced by bacteria. Baker & Wilshire (1970),

carried out a study of the role of Ferrobacillus ferrooxidans,

Thiobacillus thiocxidans and Ferrobacillus sulphooxidans using

a pilot plant. They found that the oxidation of ferrous iron
and sulphide was increased, but that the bacteria did not alter
the dissolution rate of pyrites.

Whilst there is much evidence that these and other species
of chemoautotrophic bacteria are implicated in acid production
(Halsh & Mitchell, 1972; Manning & Cooke, 1972), their detailed
role is not yet fully understood. Lundgren {(1971) and Singer

& Stumm (1970), studied Thiobacillus ferrooxidans in detail

and consider it essential for the rapid production of acid.
These bacteria were shown to accelerate the reaction by a

factor of more than 106 over the chemical reaction.
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However, Smith & Shumate (1971), in a report concerning
the rate of pyrite oxidation in the field, found that the
main sites of pyritic oxidation lie above the ground water
table and are only exposed to the vapour phase, not the water.
They proposed that the acid forms in small droplets which are
carried away by the ground water to produce an acid effluent
and laboratory data show that the contribution by bacteria
in these conditions is insignificant. Further evidence which
supports the insignificant role of bacteria, is that the
addition of bacteriocidal agents did not reduce the production
of acid (Lorenz, 1962).

There appears to be a considerable amount of evidence to
suggest that bacteria are implicated in the production of
acid in some cases, but that the formation of acid is not
entirely dependent on their presence. There is a need for the
use of more field pilot schemes, such as that used by Smith &
Schumate (1971), so that the many observations that have been
made in the laboratory can be tested under field conditions.

1.25 Rate of reaction

The steps in the oxidation of pyritic material are
apparently complex and involve several simultaneous reactions
for which the kinetics are not completely understood. Many
of the studies of the sulphide to sulphate oxidations made
in the past, have been based on the overall reaction and not
on the individual steps. Alsq, much of the work has been

carried out in the laboratory with pure crystalline pyrites,
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and it is not certain how applicable the data are to the
dynamic conditions of the mines.

Singer & Stumm (1970) reported that in the absence of
bacteria the rate determining step was the ferrous oxidation.
Kim (1968) reported that the rate of oxidation was dependent.
upen the ferrous concentration, temperature and amount of
dissolved oxygen. Barnes & Clarke (1964) suggested that
bacteria are implicated in the speed of oxidation, but that
without biooxidation the chemical reactions would, in the end,
produce the same amount of acid, but at a slower rate.

Silver & Lundgren (1968) suggest that the rate of ferrous

oxidation is controlled by the catalytic action of Thiobacillus

ferrooxidans. The more recent work of Smith & Shumate (1971)

considers the critical reaction to be the oxidation of pyrites
by oxygen and not the oxidation of ferroucs to ferric iron,
which they maintain does not occur at the pyritessurface.
They found that the majority of acid formation takes place
at the surface of the pyrites, where it is in contact with
water vapour, The formation of the acid is a continuous
"weeping" process, where droplets form due to the hygroscopic
nature of the ferrous and sulphate ions. The rate of oxidation
is therefore considered to depend on the oxygen concentration,
temperature, humidity of the air and the pH.

Controversey over the role of the bacteria and the
rate determining step will need careful consideration if

control of the acid proddction is to be ‘carried out efficiently.
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It is still unknown why certain mines produce acid effluent
in varying amounts when neighbouring mines in the same strata
do not produce acid.

1.26 Hydrology

Ground water invariably acts as the transporting agent
for most sources of acid pollution, as well as being involved
in its formation. Therefore, the hydrology of the area is
important when considering the production of acid.

The hydrological aspects of acid mine drainage have been
considered in detail by Brant & Moulton (1960), Collier et al.
(1955), Ahmad (c 1971) and Emrich & Merritt (1969). Smith
& Shumate (1971) categorized the removal mechanism of the acid
intoc the ground water. The first and least important, is the
flushing action of the rise and fall of the water table, the
second is the removal of the oxidation produced by water
percolating down through cracks in the overburden, after
heavy rainfall. The last mechanism is due to the constant
weeping of.the acid d;wn the walls and has been reviewed (see
1.25), this is considered by the authors to be the most

important.

Prior to mining, the rocks above the coal seams are

usually completely saturated with ground water. These over-

lying rocks are fractured during mining and the water drains

through the rocks into the shafts, which then act as conduits
draining the water and acid away into the surface. The

immediate effect of mining on the ground water is usually the
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lowering of the ground water table. In some cases, the under-
lying, or associated ground water, is not drained from the
rocks but flows into the other associated ground wate; areas
and thus contaminates them. The sinking of wells from one
aquefer to the next, may cause the contaminated water to

move down the hydraulic gradient to lower uncontaminafed
aquefers, thus distributing the acid pollution many miles

from its source.

Although much of the acid mine drainage originates from
abandoned mines which flood naturally over a period of time,
acid production in the working mines is not uncommon. Water
in the shaft 1is itself a problem to mining, but the presence
of acid water can considerably increase the handling problems.
The water is usually pumped out of the shafts and then diverted
to the nearest ground water, thus causing considerable
contamination.

1.27 Abatement of acid mine water

As previously mentioned, the primary concern of most of
the research carried out in this field has been with a view
to the control of acid formation. There are two possible
methods of control. The first is to prevent the acid
formation in the mines and the second is to treat and
neutralize the acid effluent before it reaches_the s&reams.

The methods of control at the sourée have been based
on the principle of excluding contact between the three
essential components, aif, water and pyrites (Glover, 1967)

Many attempts have been made to divert the water from the
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acid producing area and seal off -abandoned shafts to reduce
the air contact. In addition, attempts have been made to
cover the pyriteswith non acid forming material. However,
because the source of acid is often so diverse, segregation
methods are not very successful in the majority of mines.

The second treatment option has been used with varying
degrees of success. Lime and limestone neutralization plants
have been commonly used, but are very expensive when large
amounts of acid water have to be treated. This process also
creates a sludge of high water content and large concentrations
of iron and heavy metals which present difficult and expensive
disposal problems (Barnes & Romberger (1968). Other methods
such as the deliberate flooding of the deaper mines has met
with some degree of success, but again, results are unpredictable
and this method may, in fact, enhance acid formation. The use
of bacteriocides have failed to make any significant contribution
to the reduction of the acid.

Glover (1967) reported favorably on the use of biochemical
oxjidation of ferrocus salts in conjunction with limestone grit
neutralization. This method could be successfully and
economically used with dilute acid drainage water.

It appears that until a relatively inexpensive and
efficient treatment process has been developed, the streams
and rivers will continue to be polluted by these effluents.

The acid mine drainage problem in Britain is similar in form,
but a .very small fraction of the size of the problem that is

found in America.Glover (1967). -“However, with increasing
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Table 1.1

After Lundgren et al.(1971)

Classification of mine drainage waters. .

Class I ClassII Class III Class IV
pH 2-4.5 5.5-6.6 6.5-8.5 6.5-8.5
Acidity Aomqouv 1000-15000 0-1000 0 0
Ferrous iron, mg 17 500-10000 0-500 0 50-1000
Ferric iron, mg 17 0 0-1000 0 0
Aluminium, mg 17 0-2000 0-20 0 0
Sulphate, mg 17 1000-20000 500~10000 500~10000 50010000
After Parsons Adwm¢v - for lakes ‘receiving acid water

Type 1 Type II Type I1II Type IV

Red lakes Transitional lakes Blue lakes Grey lakes
pH 1.2-2.5 2.5-3.5 3.0-4.0 above 4.0
Acidity mg Hlﬂﬁmm m¢wﬁ5¢Hpo high - 5500 high - 3500 high - 300 -

Iron mg 37! acid ) > 65 130 in spring, < 30 low
15 remainder of year
Turbidity present all year present in spring none low to normal
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pressure to reduce the pollution in the surface and ground
waters in Britain, the consequences of the problem become
more important and treatment of acid mine drainage essential.

1.3 Physical and chemical characters of acid mine drainage

Many of the surveys of acid streams have included brief
descriptions of some of the chemical and physical aspects of
the water. Hawley (1971) described a typical acid mine
drainage as characterized by low pH, high iron and high
sulphate concentrations and abnormal heavy metal concentrations
including manganese, copper, cobalt, zinc and nickel. The
chemical composition of the water is dependent on the surrounding
geology over which the acid flows as it is being formed.
Consequently, the chemistry of the water will vary between
the different geological areas. However, there is sufficient
similarity between the different types of coal mine water to
create four general classes, (Lundgren et al. 1971) ;f which
classes 1 and 2 can be considered the most damaging (see Table 1.1
These categories are a useful guide, but they do not include
information on the heavy metal concentrations, or the nutrient
status of the waters. Parsons (1964) classified the acid
strip mine lakes on the basis of their physical and chemical
characteristics and concluded that the progressive oxidation
and precipitation of iron oxides in the water was the key
to classification of lakes.

Although various aspects of the chemical composition of
acid water have been determinea by many workers, for example

Roback & Richardson (1969), Kemp (1967) and Klein (1957),
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(see 8.25 for further details), the report of Van Everdingen,
(1969) on the acid springs in Kootenay National Park, British
Columbia, remains one of the most extensive. He studied the
chemical aspects of a range of sites from pH 2.5 to 5.5,
measuring 11 cations, including 6 heavy metals, 6 anions, plus
CO2 and 02 concentrations and the physical parameters pH, Eh,
temperature and conductivity. The concentrations recorded
agree with the broad description given above by Hawley. However
no information was given on phosphorus and nitrogen.

The nutrient status of the water appears to vary
considerably but generally the water can be considered as
slightly to moderately eutrophic in character. Roback &
Richardson (1969) and Bennett (1969) determined the nitrogen
and phosphorus concentrations of several sites and found

levels varying from PO

-1
mg 1 .

45 4-8 - 0.5 mg 17! ana NO,; 6.46 - 0.1

1.31 Relationship between water chemistry and species

As already staéeq there have been several attempts to

describe, or partly describe, the chemical characteristics of
acid watexr, however, very few authors have attempted to relate
the species composition and the chemical environment. From
the obser?ations made by Bennett (196%9), Besch et al. (1972)
and Patrick et al. (1974) it would appear that pH or acidity
had the controlling influence on the species presence rather
than other parameters such as heavy metal concentrations.

However, there is some evidence from the work of Besch et al.
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that heévy metal concentrations do .play a secondary role
in determining the species composition of acid waters, although

this will depend upon the pH value of the water (see 8.57).

1.4 Effects of acidic water on terrestrial wild life-and

f£ish

1.41 Terrestrial wildlife

The presence of acid mine water pollution is-felt not
only in the aquatic environment but also in the surrounding
area. The presence of acid in a majof stream complex, as
found in the U.S.A., may result in a dramatic reduction in
the animal population of the surrounding area (Kinney, 1964).
This is partly due to the continual disturbance of the
surrounding countryside by the mining activities and partly
because of the lack of food and cover normally provided by
the vegetation in and around the acid streams. Mammals,
birds and reptiles which rely on the river systems for food
and breeding are particularly affected by the devastation
of the normal river environment by the acid mine water. Fish
predators, such as otters, bears, racoons and various species
of fish eating waterfowl, are notably absgnt from areas where
the low pH and associated factors have removed the fish
population. Although data and observations are lacking in
the literature, the reports by Boccardy & Spaulding (1968)
and the Appalachian Regional Commission (1968) indicate
that even though it is difficult to determine the specific
reasons why a species iS'absen£ from an area, the effect

of acid mine drainage is deletérdious to terrestrial vertebrates.
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The absence of fish from these waters is of particular
importance, especially in view of the increasing demand for
freshwater sport fishing. Kinney (1964) estimated that in
the U.S.A., 5890 miles of stream and 14967 acres of
impoundment had a potential for fish ahd wildlife habitat, if
the acid pollution was removed. The problems encountered in
the U.S.A. are several degrees greater than any where
else in the worlé; however, fish kills have been reported in
other countries and potential fishing rivers are spoilt by
the presence of acid waters eg.South Africa and Denmark.

1.42 Fish

There is much literature on the pH limits of fish in
freshwater and this has been evaluated critically by Doudoroff
& Katz (1950) and Lloyd (1968). There seems to be general
agreement that fully developed fish can live between pH 5.0
and 9.0 and that below this range certain species are capable
of surviving and reproducing down to pH values of 4.2, (eg.
pike). Other environmental factors such as CO2 concentrations
and hardness of the water are important in determining the

pH limits of the fish. High levels of CO_, (100~200 mg 1-1)

2
in the water appear to influence the toxic effect of low pH

and fish kills may occur at pH values which are normally

not harmful.
Although several species can survive around pH 4.0 for
some time, their reproductive ability is diminished and the

hatching success of the eggs is greatly reduced below pH

5.0. For salmonoid eggs, a marked reduction occurs below
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4.8 altﬁough thé adults have béen observed at pH 4.5.

The pathological effects of low pH on fish are not
completely understood. Ellis (1937) subjected goldfish to
low pH and reported that death was due to suffocation by
the precipitation of mucus on the gill epithelium. Lloyd &
Joxrdan (1964) found no mucus on the gills, or apparent damage
to the gill tissue of trout which had been held at pH 3.4
for 7% hours. The authors attributed their death to acidemia.

Although the data regarding the effects of large amounts
of iron on fish are limited and confused, there seems to be an
indication that the lethal effects of acid mine water are
increased by its presence. Even if the iron is not directly
toxic, where it precipitates out it is likely that the fish
poepulation will inevitably be reduced following a reduction
in the benthic community. There does not appear to be much
data on the combined effects of low pH and high heavy metal
concentrations. Perhaps some of the anomalies concerning the
toxicity of iron may be attrihuted to the heavy metals.

Whatever are the reasons for the absence of fish from
these waters, it is clear that restoration of the acid water
to a pH in wh;ch fish can survive, ie. pH 5.0 and abo&e,
will ultimately result in an improvement in the wildlife and
recreational facilities of polluted areas.

1.5 Effects of acidic waters on the fauna

1.51 Benthic fauna

Of the organisms which inhabit acid waters, the benthic
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and planktonic fauna have probably-received the most attention
and therefore a little more is known of their distribution.
Harrison and various co- workers (1958, 1960 and 1965)
in studies of the fauna of S. African acid streamsreported that
the fauna was impoverished, but not necessarily of low density.
There appears to be characteristic species which are resistant
to the acid conditions; for example, Harrison et al. found that
the populations of streams were dominated by caddis and

chironomid species. The caddis Leptocerus harrisoni and

Argyrobothrus sp. thrived at low pH, where other species of

caddis were eliminated. Often several of these acid tolerant
species were more abundant than in the normal streams, probably
due to the iack of competition and predation in the acid
environment.

Jewell (1922) and Lackey (1938, 1939) noted the fauna of
acid waters. Lackey found 12 species of macroscopic inverte-

brates from pH 2.2 to 3.9. Of these, Chironomum lavae and the

midge Caretha sp. were abundant. Chironomidae were also
reported tolerant to low pH (2.8) by Warner (1968). He found
that in water at pH 2.8 ~ 3.8 the maximum number of species
was 12,whereas at pH 4.5 and above the number increased to

25 species. Blackflies, mayflies, and stoneflies were not
found below pH 4.5. Roback & Richardson (1969) investigated
the effects of mine drainage (pH 3.0 - 7.0) on aquatic insects
and found that species of the Odonata, Ephemeroptera, and

Plecoptera were eliminated by low pH, and that the species

Ptilostomis (caddis), Sialis (alderfly) and Chironomus
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attenuatus (Diptera) were reduced but could tolerate the high

acidity.

The distribution of Tendipes plumosus in 19 strip mine

lakes (pH 2.3 - 7.6) was studied by Harp & Campbell (1967).
They reported that T. plumoesus was the only tendipedid established
at pH values below 6.0 and that although the adults were collected
on the surface of the lake at pH 2.3, the pupae were unable to |
emerge below pH 2.8. The distribution of this species appeared
to be controlled primarily by the absence of leaf detritus, not
the pH value. Stockinger & Hays (1960) also recorded the genus
Tendipes as the most numerous group, present in 3 strip mine
lakes. Other major field studies into the influence of pH
on benthic fauna, include Dinsmore, (1968), Patrick et al. (1974)
and Henrick & Cairns (1972).

1.52 Laboratory studies

Several laboratory studies have also been made on the

effects of acidity on aquatic insects. Stickney (1922) recorded

that the nymph of the dragonfly Libellula pulchella was able

to tolerate pH 1.0 for 12.5 hours. Bell & Nebeker (1968)
conducted a study on the short term tolerance of 10 species

of aquatic insect to low pH. The caddisflies, Brachycentrus

and Hydopsyche were tolerant to pH 1.5 and 3.15 respectively

for 96 hours, but for survival of #he population over a longer
period, higher pH values were required (approx. pH 3.8). Bell
(1971) investigated the effect of low pH on the survival and
eﬁergence of 9 aquatic insects; including, dragonflies, stone-

flies, caddisflies and-mayflies. He concluded from his studies
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that the pH tolerance of the species varied considerably, and
that caddisflies were the most tolerant and mayflies the least.

Brachycentrus americanus was agaln the most resistant, with-

standing pH 2.45 for 30 days. The emergence of the iﬁsects
appeared to be the critical stage of the life cycle and
required a much higher pH value for a 50% success rate. Bell
recommended that to ensure a large population of insects the
water should be above pH 5.5.
1.53 Zooplankton

The amount of literature discussing the zooplankton of
acid stream water is considerably less than for the benthic
fauna. Lackey (1938) reported several microinvertebrates
present in streams of low pH. In particular, Distyla sp.,

Y

Actinophrys sol, and Oxytricha sp. were well represented in

the total population. Of the 3 lakes studied by Heaton (1951)

the rotifer Brachionus ureolaris dominated the most acid lake

(pH 2.96 - 3.3). This rotifer was also reported to be the
dominant plankter in Lake Osoresan-Xo, Japan, at pH 3.0

(Uéno, 1958). At a slightly higher pH, Stockinger & Hays (1960)
reported the rotifer of the genus Keratella to be the most
numerous. Other genera which occurred in smaller numbers, in

low pH lakes; were Cyclops, Daphnia, Diatomus and Scapholeberis.

Parsons (1968) carried out one of the most extensive
studies on the effect of acid water on the fauna of streans.
He studied several sites along Cedar Creek, Missouri, which were

subjected to varying amounts of constant and intermittent acid
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pollution. From his worxrk on the recovery of the streams,
he concluded that certain planktonic and benthic animals

were more tolerant and better adapted to acid conditions than

others. Included among these were the rotifers Brachionus

urceolaris and B. havanaensis and Keratella guadrata. It was

evident at stations where the intermittent pH decreases occurréd,
that the population was dominated at all times by acid tolerant
species. Although there was a decrease in the number of species
in the more acidic reaches, the number of individuals was higher
than in compatible non acidic reaches. The repopulation of

the streams following cessation of the acid conditions was

found to be a function of the length of the life cycle, eg. the

planktonic species with the shorter life cycle reappeared before

~

the benthic organisns.

1.6 Effects of acid water on photosynthetic organisms

1.61 Macrophytes
It would appear from the literature that the macrophytic
flora is restricted to a few acid tolerant species. Lackey
{(1938), in his survey of acid streams, reported that Typha
latifolia was the most abundant vascular plant, although
Isocoetes spp. also occurred. Patrick et al. (1974) also

recorded a species of Isoetes present below pH 4.0, althouqgh

Vallisneria sp. was the most dominant plant recorded.

Species of Eleocharis seem: -commonly to be associated with

the acid habitat. Heaton (1951) found Eleocharis palustris,

Typha latifolia and Carex sp. to be the only plants in a lake
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at pH 2.4 - 3.8. With an increase in pH to above 5.0 the
plant community increased by 7 species. Bell (1956) also

reported Eleocharis obtusa and Typha latifolia at pH values

3.4 and 3.0 respectively, whilst Ehrle (1960) found

Eleocharis acicularis in Pennsylvanian streams at pH 3.0.

One of the most extensive macrophyte surveys of acid waters

was carried out by Moore & Clarkson (1967) and they confirmed

that E. acicularis was the most abundant species present in

the W. Virginian streams.

Harrison (1958, 1965) did not report Eleocharis present

in the S. African acid streams he studied; however, Typha

latifolia, Phragmites communis and the moss Sphagnum truncatum

were found at pH 2.9. The species which were more abundant

at higher pH values (3.7 - 4.3) were Scirpus fluitans, Juncus

exsertus and J. oxycarpus. Harrison concluded that strong
acid pollution eliminated some species, but at the same tine,

encouraged the acidophilic species to colonize the extreme

environments. !

1.62 Algae

Although algae are the basic components of the food

chains in most aquatic environments and therefore of fundamental
importance to the productivity of the other organisms, theirx
reaction to acid conditions has received little attention.
There have been several studies in which the algal species
have been noted in passing, but very few which have dealt
séecifically with the algal flora and the tolerance of the

individual species to the extreme environment.
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fhe most extensive studies-of the influence of acid
water on the algal community, as a whole, have been carried
out by Lackey (1938), Bennett (1969), Warner (1968), Steinback
(1966) , and Weaver and Nash (1968). The studies of-Hustedt
(1938), Cholnoky (1958), Jorgensen (1948), Merilainen (1967{
and Patrick et al. (1968, 1974) were primarily concerned with the
pH preferences of diatoms. 1In addition to the discussion of
the available literature given below, some of these data
are also summarised in a comparison of the results reported in
this study, with those obtained by other workers (Table 8.2)

One of the most detailed accounts of the photosynthetic
organisms in acid mine drainage, is that of Lackey for sites
in Indiana and W. Virginia. He recorded 76 species of algae
and protozoa over a pH rahge of 1.8 to 3.9. He concluded that
at or below pH 3.9, the number of speciers found in acid
water was small, the largest being 11 species at pH 2.6, while
several samples showed none at all. However, where typical
acid tolerant species occurred, they often did so in large
numbers. The species occurring most frequently were Euglena

mutabilis (85% occurrence), Chlamydomonas sp. (70%), Navicula

diatoms (66%), and Ochromonas sp. (38%). Lackey considered

it possible to determine the water quality by the relative

abundance of a limited number of easily recognizable species.
Bennett investigated 17 stations (pll 2.69 - 7.0) in

W. Virginia located on creeks, rivers and pools receiving acid

drainage. He reported findiné 107 species of algae at 8

stations below pH 4.1; 25 of these were restricted to the 8
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acid stations but the remaiping 82 were found at higher

pH values. Algae characteristic of mine polluted water
were those species which were common to a range of habitats.
There were a few algae that were found to be consistently

abundant over a period of months, these were: Euglena mutabilis

Ulothrix subtilis, Pinnularia braunii, Eunotia tenella (possibly

E. exigua), Ulothrix sp., Frustulia rhomboides and Penium
jeneri.

Bennett also found a reduction in the number of species
as the acidity increased and pH decreased and concluded, as
did Lackey, that from the number of species present and
their relative abundance, the range of pH and acidity could
be estimated. However he added that abundance was often
dependent on the algal species present and the season.

The number of species reported by Bennett was considerably
larger than the numbers found by other authors. Joseph (1953)
found 20 species of algae, most of which were diatoms, from

10 streams in Ohio; unfortunately he did not give the pH

values recorded for the species. Weaver & Nash (1968) recorded
20 species from 6 stations on one stream of pH 3.0 - 4.0 in
Kentucky. The flora of this stream was dominated by

filamentous algae and Euglena spp. Of these, Euglena was
found to be dominant in the more acid reaches. Warner (1968)
compared two streams, one pH 2.8 -~ 3.8 and the other pH 4.5
and above and found that the lower pH supported 10—19.taxa
of algae, while the less pollufed contained 33 species. The

most abundant species of the more acid areas were, Ulothrix
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tenerima, Pinnularia termitina, Eunotia exigua and Euglena

mutabilis. Steinback (1966) also recorded E. mutabilis in
water below pH 3.0, together with Eunotia spp., Navicula spp.,

Chlamydomonas spp. Above this pH, species of Ulothrix,

Microspora and Mougeotia were commonly found.

In the S. African streams investigated by Harrison and
his co-workers, the dominant species in a reduced flora were
filamentous and diatoms. The diatoms that were often abundant

below pH 5.0 were Eunotia exigua, Frustulia spp., Pinnularia

acoricola, P. subcapitata, Achnanthes microcephala and A.

minutissima. These species are considexred by Cholnoky (1958)

to be characteristic of acid conditions. Other studies of
the diatom flora of acid streams include those species and
therefore, they may be considered common to the low pH
environment. Besch et al. (1972) used diatom communities as
indicators of acid and high heavy metal conditions. They

considered Eunotia exigua, Achnanthes microcephala and

Pinnularia interrupta var. beceps as primary indicators of

acid and high concentrations of 2zn: and Cu.
In addition to the apparently common and abundant

diatoms reported, the species Pinnularia braunii var.

amphicephala might also.be considered as tolerant of extremely
low pH conditions. Uéno (1958) reported it's presence in
a Japanese lake at pH 2.7 and Satake (1974) found that it
contributed considerably to the total productivity of the

lake at pH 1.7.

In these extremely low pH waters, Chlamydomonas spp.
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appear to be quite common.- Fott (1964) reported Chlamydomonas

applanata var. acidophila as growing weil at pH 1.0 and Uéno

(1958) and Satake (1974) also found it in a Japanese lake at

pH 1.7 and 1.8, The species Cynanidium caldarium was also

reported present in the same Japanese lake at pH 1.8.
Although C. caldarium is considered a common member of the
thermal acidic environment, there are no other records of
this species in the non-thermal acidic habitats.

Blue-green algae are noticeable by their absence in the
majority of reports on acid waters. This subject has been
investigated by Brock (1973) who surveyed many acid sites
but could not find any blue-green algae beilow pH 4.0, and
only occasional occurrences below pH 5.0. These observations are
supported by the majority of surveys and therefore it seems
fair to conclude that the absence of blue-green algae is a
characteristic of acid waters below pH 4.0,

1.7 Tolerance of photosynthetic species to low pH and

heavy metals

]

1.71 Low pH

The majority of the literature reviewed has been
concerned primarily with observational studies on the effects
of low pH in the field situation. With the exception of
the role of bacteria in acid formation, and Cyanidium
caldarium in the thermal acidic habitat, very few studies
have attempted to determine the physiological aspects of an
ofganisms tolerance to low pH: Whilst there is a need for

more detailed field work, it is also necessary to determine
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the phyéiologicalwcharacteristics of acid tolerance, if
the whole problem of acid pollution is to be considered.
There have been several attempts to determine the pH

tolerance and improve the growth of acidophilic species in
culture, but very few of these species are included in the
list of commonly occurring extreme acidophiles. Fott &
McCarthy (1964), McCarthy et al. (1965) and Cassins (1974)
have studied the ﬂutrient requirements and to some extent

also the pH tolerance of Chlamydomonas applanata var. acidophila

and reported that it was not fastidious in its nutrient
requirements and could tolerate pH values around 2.0 at a

wide range of light and temperature conditions. Although

it did not have any marked nutrient requirements, its

growth at low pH was improved by the addition of liver fraction
and increased iron concentrations (Cassins, 1974). Several
other acidophilic species which are not reported commonly

from extreme acid conditions, have also-been studied by the

authors mentioned above. These include Carteria acidicola,

C. turfosa and Chlamydomonas spp. Carteria acidicola was

reported by Fott & McCarthy (1964) to be similar to

Chlamydomonas acidophila in its nutrient requirements and

growth rate, where as Carteria turfosa was found to have a

possible absolute requirement for some vitamins and was not
as tolerant to lower pH values as the other species.
As mentioned previously in this section the thermophilic,

acidobiont Cyanidium caldarium has received detailed studies
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in the laborato?y. Doemel. & Brock (1971) demonstrated that
the species has a pH optimum of about 2-3 and is capable
of growth at pH 1.0. Ascione et al. (1966) found that in a
poorly buffered medium, the alga reduces the pH of its
growth medium in batch culture at higher pH values.

Several species of Euglena have been investigated for
pH tolerance, including the apparently extreme acidophil

Euglena mutabilis. Dach (1943) found that it could suxrvive

at pH 1.4 for 12 hours in basic medium. KXostir (1921), Jahn
(1931) and Schoenborn (1950) have examined the nutrient
requirements of E. gracilis and E. viridis and reported
tolerance to moderately low pH. E. viridis was also found

to be capable of autotrophic growth. Moss (1973) investigated
the effect of the initial pH on 35 species of algae. He found

that Euglena gracilis and Eunotia exigua were the only

species that would grow below pH 4.0.

Although not commonly associated with acid water, several
species of Chlorella have been tested for pH tolerance.
Hopkins & Wann (1926) studied the relationship between H
lons and a species of Chlorella, and reported pH 3.4 as the
limit of its growth. Kessler (1965) conducted an extensive
study of 51 autotrophic Chlorella strains of 7 species and

found that there were specific differences which could be

used as taxonomic characters. Strains of C. ellipsocida were

the most resistant, growing at pH 2.0 - 3.0.

In addition to determining the pH limits of algal species,

some effort has been made to determine the effects of pH on
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the availability of naturally occurring elements. Oborn
(1960) and Hunter et al. (1950) have reviewed the role

of iron in natural waters but little is known of the effects
of pH on it's availability. Cassins (1974) found that at
lower pH values the demand for Fe was increased.

Foy & Gerloff (1972) examined the response of Chlorella

pyrenoidosa to aluminium and low pH and showed that at lower

pH values (4.6) tﬁere was an increased requirement for Al.
They also induced tolerance to normally toxic concentrations
of Al by using stress techniques.
1.72 Heavy metals and low pH
Very little work has been carried out on the combined
effects of low pH and the toxicity of héavy metals. M. R. Droop
(1974) suggested that the intolerance shown by many algae
to low pH, 1s due to high levels of heavy metals, although he
had no experimental proof (pers. comm.). Besch et al., (1972)
found in the field situation that many acid tolerant species
were also tolerant to high levels of heavy metals, but that
acidity is the primary factor influencing species distribution
in the low pH situation. Further aiscussion of the findings
of Besch et ai. are given in 8.57.
1.73 Mechanisms involved in pH tolerance
Although efforts are being made to determine the
nutrient requirement and resistance of organisms to pH,Ithe
basis of their tolerance remains unknown. There is some
evidence in acidophilic bacte?ia that acid stable proteins

may be involved (Doetsch et al., 1967, Gale & Epps, 1942).
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Manning & Cook (1972) have-suggested that an energy dependent
system actively removes H ions from the cells. However, even
if these systems are true for bacteria there is no reason

why they should exist in plant cells. Cassins (1974) has
suggested that specilized membranes must be involved in acid
resistant algal species. Clymo (1963) demonstrated an ion
exchange mechanism in Sphagnum in which H ions were released
in exchange for other metal ions; he also demonstrated that
the exchange rate was proportional to the amount of polyuronic
acids in the cell wall. Further discussion of the possible
mechanisms involved is given in Chapter 8.

1.8 Effects of acidic water on bacteria and fungi

It is now generally-accepted that bacteria are associated
with acid water and probably with acid formation (see 1.24).
The chemoautotrophic bacteria associated with iron and sulphur
oxidation appear to be indigenous to acid water. The most

commonly occurring bacteria are Thiobacillus thiooxidans,

T. ferrooxidans and Ferrobacillus ferrooxidans. (Leathern,

1953). Recently Walsh & Mitchell (1972) isolated an acid

tolerant filamentous iron bacteria of the genus Metallogenium,

and Manning & Cook (1972) found a new acidophilic member

of the genus Pseudcomonas, at pH 3.5.

In addition to the extensive work on these bacteria,
several studies have been made on the microorganisms which
are not thought to be involved with the production of acid,
but are found growing in the acid environment. Joseph (1953)

~isclated 40 species of bacteria during a study of Chio streams
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of pH 2.0 - 4.0. The genera represented were Bacillus,

Micrococcus, Sarcina, Escherichia, Aerobacter, Thiobacillus,

Crenothrix and Microsporium. The majority of these were

among the genera Bacillus and Micrococcus. Fungi were also

relatively abundant and represented by seven genera: Aspergillus,

Trichoderma, Helminthosporium, Alternaria, Penicillum,

Trichothecium, Cladosporium. However, the numbers of both

bacteria and fungi increased considerably with an increase
in pH. Weaver & Nash (1968) compared two branches‘of a
creek, one acidic (pH 3.0 - 3.5), the other 4did not receive
acid drainage. They isolated a total of 41 genera of fungi;
17 were common to both branches and 20 were in the acid branch.
only.

Of the 41 species present, only 3 genera of truly

aquatic fungi were represented, these were Achlya, Aphanomyces

and Saprolegnja. The observations of Weaver & Nash indicated
that drainage from the acid strip mine appeared to increase
the fungal flora.

Tuttle et al. (1968) compared the bacterial flora of an
acid and an alkaline stream, and reported that the two streams
had different characteristic species. In the acidic streanm
the iron and sulphur oxidizing bacteria were common, whilst
in the alkaline stream, they found low numbers of acid
tolerant heterotrophic microqrganisms.

Species of yeast have also been commonly found in acid

waters. Cooke et al. (1960) isolated 3 genera of yeast,

Candida, Rhodotorula and Trichosporon. Rogers & Wilson (1966)
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and Weaver & Nash, also reported the isolation of species

of Rhodotorula from acid water. Ehrlich (1963) studied

the microbiology of acid drainage from a copper mine and

found several species of yeast, including Rhodotorula sp. and

Trichospora sp. It would appear from the literature that the
resistant non photosynthetic population of acid waters is
quite varied and characteristic of the conditions. One
remarkable example of resistance was found by Starkey and
Waksman (1943) who isolated two species of acidiphilic fungi.

Acontium velatum and a species thought to be related to

Cephalosporium grew at between pH 2.0 and 0.3 in a saturated

solution of copper sulphate.

The main aims of the study were to carry out detailed
chemical and floristic surveys of acid waters of pH 3.0 and
below in England. In addition, one stream was to be studied
in more detail so that the seasonal variability in both the
chemistry and flora might be investigated.

It was hoped that from field and laboratory observations,
it would be possible to establish which factors influenced

the distribution and growth of photosynthetic organisms in

the low pH environment.
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2. METHODS

2.1 Locating the sites

In an attempt to locate water at and below pH 3.0, two
methods of approach were used. Initiaily, representatives
of the National Coal Board and all River Authorities in
England were consulted. As information available was often
rather vague, every possible location was checked; Several
reported low pH sites were not sampled, either because their
flow was found to be intermittent, or because at the time of
sampling their pH was not within the stated categories of
the sampling programme (see 2.2). In addition to the direct
approaches made to these Authorities, a literature search
was carried out using old mining records in order to establish
the whereabouts of large quantities of pyrytic material and
also for the occurrence of acid mine waters. Several of the
most probable sites were visited but no acid waters were
found. Industrial effluents are generally less well publicised
than mine drainage and therefore it is likely that there
may be several which are either discharged intermittently,
or run only shsrt distances from the discharge before being
diluted out.

2.2 Sampling programme

All sites sampled included flowing water, at least
part of which was known to flow continuously throughout the
year. Many sites consisted of one or two larger streams

draining several small flushes. Invariably, the streams

)
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consist-in part.of excavated ditches, which were made for
the purpose of diverting and controlling the flow of effluent.
These streams and flushes are referred to throughout the
text as stream complexes..

At several sites, poolé of various sizes and depths
were included in the complex (see 3.1). Although these
pools were connected by streams they often consisted in
part of stagnant water. Smaller, temporary pools'also
occurred in several complexes following long periods of dry
summer weather, when the flow from the seepages was considerably
reduced and evaporation occurred at a high rate.

All physical, chemical and floristic sampling of a
stream cbmplex was carried out from particular 10 m reaches.
Methods of collection of physical, chemical and algal samples
are given in 2.3, 2.4 and 2.5. In addition to the information
collected for the sampling reaches, general observations on
the topography of the stream complexes were made and are
summarized in Chapter 3.

A reach was designated either at the source of the stream,
at a confluence with a second stream, or below the inflow
of a side flush. Every reach had its own distinct chemical
compostion. Extra sampleslwere aléo taken from reaches
designated at points where there was an obvious change in
the flora. Therefore, the number of reaches per strean
complex depended on the length of the stream and the number
of side flushes, or stream coAfluents present along its

length. Where a side flush was deep enough for the physical
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parameters to be measured and the collection of water samples
to be made, then it was classed as a separate stream.

Samples were also collected from all of the pools present
in the complexes. Because of the unstable nature of the
substrata it was often both difficult and dangerous to
sample any distance from the shoreline. Therefore in these
instances, a section of the pool delimited by a 10 m length
of its perimeter was treated as a reach. Although the
sampling of the pools was not completely satisfactory, it
was considered that very few species were overlooked because
the majority were found growing in the shallow waters near
the shoreline. In the smaller, more shallow pools, an effort
was made to take samples from all areas of the substrqta.

Two surveys of the water and flora were carried out, the
first taking from August to early October 1973 to complete
and the second was done in the latter part of February 1974.
These are termed late summer (A) and late winter (B) throughout
the text. The number of sites, stream complexes and 10 m
reaches for both surveys A and B are summarized in Table 2.1.
The details of the number of reaches and pools per site are

given in Table 3.1. 1In survey A, 13 sites were visited, of

‘these, 12 were assoclated with mining, and one was an
industrial effluent. At these sites 19 stream complexes
were sampled from 46 distinct 10 m reaches.

Minor differences occurred between the number of reaches

sampled at each survey. One coal mining site (site 2) was
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Table 2.1 Summary of sampling programme( excluding industrial effluent,site 15)

abbreviation no. sites no, stream mo, 10m
used in text complexes reaches
late summer survey A 13 19 46
winter survey B 14 20 49
total common to :
both surveys - 13 19 43

total from both surveys A+B 95



added between the two surveys and it was impossible to gain
access to another stream complex on the second survey (site 4,
reaches 5-7). At sites 4 and 8 some reaches of the complex
were dry during the summer period, but were flowing in the
late winter survey. These were therefore only sampled on
one occasion making a total of 52 different 10 m reaches
sampled during both surveys and 43 10 m reaches common to
both surveys. With the exception of current speed, which was
measured only during the second survey, all details of the
field measurements and sampling procedures were identical for
both surveys.

Shortly after the completion of the second survey,
acid water was found at a site associated with coal mining,
(site 16). However, the stream was found to run at pH 3.0 only
at times of relatively low flow and was therefore classed
as an intermittent site. The Industrial effluent near Minehead
was also in this category, because on the return visit the
pH of the water was found to be 7.2 compared with 3.0 on the
previous occasions. The data recorded for these sites have
been included in the table of floristic and water chemistry
data, but they have not been included in the analysis of
data.

2.22 Brandon Pithouse Acid Stream

In addition to the surveys, an acid stream with a pH
gradient, draining Brandon Pithou$e colliery, Co. Durham
(site 3) was considered in moré detail, and a separate

programme was set up (see Table 2.2). As described in 3.3
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Table 2.2

reach number

no. times water chemistry
sampled between October
1972 and July 1974

no. times water chemistry
sampled between July
and November 197k

no. times water chemistry
sampled between November
1974 and March 1975

total number of times
sampled

no. times standing
crop sampled

6 6 6 6 5 5 6 6 6 6 6
2 2 2 2 2 2 2
2 2 2 2 2 2 2

10 6 10 10 9 5 6 10 10 6 10

12 12 12 12 12

11

10

12

13

10

12

14

10

12

15

16

10

12

Sampling programme of water chemistry for Brandon Acid Stream from

October 1972 to March 1975.

17

18

19

10

12
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there are two soﬁrces of acid water draining from Brandon
Pithouse, these are referred to as stream A and stream B,
Monthly water and floristic samples were taken at the source
of stream A from October 1972 to April 1975 (see 5.1). At
approximately 3 monthly intervals during this period the
whole stream complex, including stream B was sampled. The
sampling procedure of the 10 m reach systems used in both
surveys was also applied to the regular sampling of the
Brandon Pithouse stream. The stream was initially divided
into 19 10 m reaches, from the scurce to where Redburn enters
the River Deerness (see 3.2). After a number of gquarterly
surveys the 19 reaches were reduced to 11. These were
considered to present an adequate description of the chemical
and floristic characters of the stream. 1In addition to the
regular samples, algal samples were taken on several occasions
at random from sites other than those designated as sampling
reaches. These checks never produced species which were

not already recorded in the monitoring system.

As a result of the changes in the pH gradient of the
stream which occurred in July 1974 (see 3.5), the data are
presented in three sections. These included the periods;
October 1972 - July 1974, July 1974 - November 1974 and
November 1974 - April 1975. The number of chemical samples
taken at each reach during these periods are given in Table
2.2,

| In addition to the chemical and floristic data collected

for Brandon Pithouse Acid Stream, estimations of the maximum
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standing crop for algae were made. These measurements were
also carried out on the 10 m reach basis used for chemical
sampling. Nine reaches of similar physical and topographical
features were chosen and sampled at monthly intervals.from
July 1974 - June 1975. A summary of the sampling programme
is given in Table 2.2

2.3 Physical parameters

The data collected for the physical parameters recorded

are displayed in Chapter 4.
2.31 Current speed

The Ott Small current flow meter, model 10.150, was
used to determine current speed. The values recorded refer
to the fastest current speed of the reach. Where no result
is given for current in Table 4.1 this was either because the
reach consisted of stagnant water, or the water was not deep
enough for measurements to be taken, ie. less than the minimum

-1

working distance of 40 mm. The results are expressed as m s
2.32 Total discharge

Monthly measurements were made only at the source of
stream A, Brandon Pithouse (site 3). In order that the total
discharge could be measured; a pipe was sequered in the stream, such
that the total volume of water passed through the pipe. Using
a graduated collecting vessel and a stop watch accurate to
0.1 seconds, the total discharge was intercepted by the
vessel until three parts full. The volume collected was then
measured and the time taken to collect the volume recorded.

This procedure was repeated 10 times at each sampling,
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and thé mean vaiue determined. Results are expressed as
1 sfl.
2.33 pH

Measurements were recorded both in the field, using a
Pye Unicam portable model No. 293, and also in the laboratory,
at a temperature 15°C on an E.I.L. pH meter. Because of
the acid nature of the water, the difference between the two
values never exceeded 0.1 units.

2.34 Oxygen and temperature

The Lakelands Instrument portable meter with a Mackereth

type electrode was used for all measurements. The results
are expressed as percentage saturation and degrees centigrade
respectively.
2.35 Conductivity
Laboratory measurements were made using a Lock Conductivity
Bridge. Results are expressed as micromhos.
2.36 Optical density
Measurements were made directly on a Uvispek spectro-
photometer at 420 nm using 400 mm silica cells,
2.37 Redox potential
Redox potential was measured using the Pye Unicam portable
model No. 293. As the redox electrode was available only
towards the end of the study, only a few measurements could
be made.

2.4 Chemical parameters

2.41 Collection of water samples

Before samples were collected, all containers were soaked
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in 10% HCl for 24 hours and then rinsed six times in glass
distilled water. This procedure was carried out to ensure
removal of adsorbed trace elements, and to destroy any
living cells which might be present.

Water for analysis was filtered in the field through
an acid washed No.2 "Sinta" glass funnel, to remove large
suspended matter and the majority of plant material. Both
the filter and the collecting vessel were rinsed well with
sample water before the final collection was made.

Samples for cation analysis were collected in 100 ml
"Pyrex" bottles. These were used in preference to polythene
because no measurable contamination of any element was found,
whereas some sources of polythene are known to leach large
quantities of Zn, Cu_and Fe.

Samples for analysis of anions, pH redox potential and
conduvtivity were collected in heavy duty polythene containers,
using the same procedure as for cations.

Although the chemistri of highly acid water is likely
to be reasonably stable during storage, care was taken to
maintain the samples at low temperature, especially over a
long distance and during hot weather. On return to the
laboratory cations samples were stored at 4°c in the dark,
until analysis was carried out. Careful checks were made
to determine the loss of trace elements over a long period
of storage. Samples for anion analysis were determined on

return to the laboratory but where this was not practicable,

they were stored at —10°c.
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2.42 BAnalysis of cations

Catidn analysis was carried out using a Perkin-Elmer
model 403 atomic absorption spectrophotometer. The following
elements were analysed: Na, K, Mg, Ca, Zn, Cu, Mn, Fe, Al
Pb, Co, Ni. The standard conditions used in the Perkin-
Elmer manual were used. Pb was analysed using the Ta sampliﬁg
boat procedure (Kahn 1968).

2.43 BAnalysis of anions

The following anions were analysed: PO NH4, N03, cl,

4°
Si, SO4 and acidity. All optical density measurements
involving colorimetric procedures were carried out on a

Uvispek spectrophotometer (Hilger and Watts). Becausé of the
unusually high concentrations of ions found in acid water,
normal analytical techniques could not be applied in all

cases. Where in:terference was encountered and alternative
methods employed, standard additions were performed to confirm
that the methods were satisfactory.

P04-P The normal stannous chloride procedure for
phosphate determinations (American Public Health Association,
1973) gave low recovery, therefore exyraction with hexanol was
used (Mackereth, 1963). In addition to removing interference
the sample is also concentrated; allowing for a dctection limit

1 1

of 0.001 mg 1 P04-P, as compared with 0.01 mg 1 PO4-P by

the A.P.H.A. method.

NH4-N The procedure of direct nesslerisation of the
sample was adapted for analysis of NH ,~N (A.P.H.A. 1973).

Slight modifications to the normal techniques were made. As most

samples contained large concentrations of ions, in particular
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Fe, it was necessary to clarify the samples. This was
achieved by the addition of 0.5 ml of ZnSO4 to 40 ml of
sample, and the dropwise addition of 0.1 N NaOH to a pH of
10.5. The precipitate was centrifuged down at 3000 r.p.m.
for 5 minutes and 25 ml aliquots of the supernatant was
taken for nesslerization. A detection limit of 0.01 mg l-1
NH4—N was achieved using this technique.

NO3—N The high concentrations of Fe found in the
acid water caused considexable interference in the colourimetric
determination of NO3—N. Attempts to remove the Fe by

precipitation also reduced the level of NO3—N in the sample.
Therefore the samples were passed through a column cf cation
exchange resin (Amberlite IR 120 H form) prior to analysis.
It was necessary to wash the exchange resin with 10% HC1l and
double distilled water at regular intervals. To ensure that
the sample was not being diluted out as it passed through the
column, 300 ml of sample was passed through and only the

last 50 ml collected for analysis.

During the first survey (A) of acid streams NO_, was

3

determined using the method of Hammond (1959), involving

3-dimethylnaphthidine. The disadvantage of this method was

the occurrxence of a highly coloured blank and the occas ional

instability of the colour reaction, allowing a detection limit

of only 0.5 mg 1-'1 N03—N. Therefore, the more sensitive

method of Montgomery - & Dymock (1962) using 2,6-xylenol

was adapted for all subsequent N03-N analysis. It was necessary
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-to carry out all procedures at a constant temperature of

8°C as the reactions are temperature dependent. In particular,

care was taken in the preparation of the 2,6-xylenol solution.

Using 400 mm cells it was possible to attain a detection limit
1

of 0.05 mg 1 NO3—N.

N02—N The presence of high levels of Fe caused inter-
ference with the colourimetric determinations of N02-N

(Crosby 1967). However, no NO2 could be detected after
pretreatment by passage through an ion exchange column. It

is possible that only trace amounts of NO_ were present in

2
the samples and were lost on the column. Therefore, no
results are presented for N02-N.

Cl The argentometric titration for chloride (American
Public Health Association, 1973) did not give an end point
because of interference. The samples were therefore clarified
by adjusting the pH to 10.5 with 1IN NaOH and then re-adjusted
to pH 7.0 before titration against silver nitrate.

Si The heteropoly blue method (American Public Health
Association, 1973) was used for Si determination because of
large concentrations of Si in acid water, samples were
invariably diluted 10 times.

SO4—S The method of Ceolscon (1973) was employed for 504-5
analysis. 300 ml was passed through the cation exchange resin,
Amberlite IR 120 H form, and the last 50 ml collected. As
high levels of SO4 were present, many of the samples were

diluted by a factor of 100 before being titrated against

barium perchlorate.



Acidity The determination of acidity was carried out by
hot titration to an end point of pH 8.3 using phenolphalein
indicator (A.P.H.A., 1973)., Potentiometric determinations
to a pH of 8.3 were also carried out in conjunction with the
indicator. It was necessary to dilute the majority of samples
by times 100. The results are expressed as Caco3 mg 1'-1 and

include any weak acids, strong acids, and acid salts that were

present in the samples.

2.5 sampling for algal and moss species

2.51 Designation of sampling area

In an effort to reduce the possibility of a species
remaining undetected, each reach was sampled with extreme care.
Organisms were considered part of the acid environment only
when they were either submerged or emergent. Species growing
on the side of the streams above the splash zone were not
recorded.

A minimum of 6 x 100 mm2 areas were collected from each
reach and placed in 20 ml tubes. The samples were taken from
the following areas within a reach:- areas of visually different
pPlant growths; areas representing the various types of
topography present in the reach; areas representing the
different substrata; areas within the last 2 categories but
where there was not obvious growthj a composite sample was
taken from all physiognomic forms and different substrata with
or without obvious growth. Additional algal samples were
taken from the stream pools-ana flushes which were outside the

designated reaches. This was done in an attempt to identify



every spécies growing at the sites sampled.

In addition to the collection of samples, on site
visual estimations were made of several factors connected
with the samples. These included estimations of the ﬁercentage
cover within a reach of those species easily recognizable
macroscopically. Details of the topography, substratum size
and composition,of each 100 mm2 samples area were made. The
depth and angle of substratum at which the sample was taken
were also recorded. These data were used firstly in an effort
to give a general description of the habitat of the speciles
and secondly, to be included in a much larger sampling
programme being carried out in the Department of Botany,
Durham University. This study is being carried out with the
view to determine more accurately the environmental parameters
which influence the growth of algae in a wide range of aquatic
habitats. As this sampling programme is, as yet, incomplete
the analysis of data by computation of the acidic aspects is
not included in this text.

2.52 Harvesting of algal samples

The varied habitats in which the organisms grew required
different techniques for collection of the samples from the
100 mm2 areas. On solid surfaces, not covered with mud,
silt, precipitate or other debris, samples were scraped off
with a knife into the tube. On surfaces coated with a friable
over layer, either the sampled was 'scooped' directly into the
tube or it was sucked up'using.a pipette. The disadvantage of

the pipette method was that it tended to block, especially
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when the substratum included coarse sand. An improved

sampling technique involved the use of an 8 mm diameter

solid plastic tube attached to a large syringe. The end

of the tube was placed over the sampling area and pushed
carefully into the overlaying substratum, whilst drawing

the sample up into the tube. The algae were then transferred
to the collecting vessel. Care was taken to wash the sampler
carefully between samples. Whilst the larger diameter of the
tube removed the problem of blockage5 the pipette was preferred
where the surface was uneven.

Where mosses and emergent angiosperms were present, a
sample was taken and the excess water squeezed from the material
into a sample tube. This procedure was employed so as to
identify any algae which were associated with the macroscopic
plant material. The material was also examined for any
species which was not removed by the 'squeeze' technique.

All samples were transported in a cooled thermos and
stored at 8°C until a microscopic study could be made.

2.53 Microscopic examination of samples

As the literature indicated that the number of species
in the acidic environment was relatively small, efforts were
made to ensure that all samples were examined thorcughly. The
samples were viewed as soon as possible on return to the
laboratory. From each 100 mm sample at least four slides
were prepared and studied. 1In addition to the identification
cf species, an estimation was made of the relative abundance

of the species present. This was recorded on a 1 to 5 scale,



and corresponds to the widely used system of scoring ie.
present, occasional, frequent, abundant, very abundant.
This method is highly subjective but was considered useful,
especially when combined with the estimates of percentage
cover (see 2.51) of a species.

Where diatoms were present, subsamples were boiled in
nitric acid for approximately 20 minutes, after which hydrogen
peroxide was added until the solution cleared. The samples
were washed with distilled water and a permanent slide
prepared using Naphrax as the mounting medium.

Species were only recorded as being present in a reach
if they were alive. If dead specimens were recovered they
were only considered relevant if they were in sufficient
ﬁumbers as to suggest that they had been previously growing
in the reach.

2.6 Estimation of standing crop of algae and moss protonema

Estimations of the maximum standing crop of algae, for
9 reaches down Brandon Pithouse stream, were made by determining
the amount of chlorophyll a present in a given area. The method
used was based on the principle outlined in the I.B.P. Handbook,
1974. As communities growing on sediments were to be considered

and contamination by indistinguishable detritus was unavoidable

m

chlorophyll was selected as the parameter for the measurement
of standing cxop, because of its specificity to plant material.
The extraction method also fac%litated the analysis of a

large number of samples on a regular basis. Other non radio-

active techniques for estimation of standing crop presented
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either ﬁotential'interference with elements in the environment
(eg. Fe) or the impossibility of removing detritus from the
sample. Patrick et al. (1974) working on acid streams in the
Appalachian area, U.S5.A., found that where heavy precipitate
occurred, they recorded an actual loss of oxygen rather than
the expected gain by photosynthesis. This was thought to be
due to the presence of reducing agents in the sediment which
interfered with the technique.

The main disadvantage of the chlorophyll a determination
is usually associated with difficulties in harvesting the
samples accurately. An additional problem is that the pigment
per unit area or weight, is influenced by many environmental
and internal variables, such as age of the plant and nutrient
status of the water. The problems of harvesting usually
encountered in 'most' streams, are reduced in many acid streams
and in particular in Brandon Pithouse stream. The substrata
are usually found to be clay or silt, which facilitate the
removal of algae, and thus makes the determination more
"accurate.

2.61 Harvesting and storage of samples

As estimates were made at monthly intervals at the
same 10 m reaches, it was not possible to give a complete
picture of the standing crop for the whole reach without
dgvastating the population. Therefore, it was considered that
the most meaningful comparative data could be obtained by
defermining the maximum standiﬁg crop at each reach. A

visual subjective assessment for the area of highest standing



crop was made. From this area, within the 10 m reach, 5
samples were taken, one of which represented the maximum
standing crop for that reach. Where several macrophytic
growths of algae were present, more than 5 samples were
taken and where no obvious growth was present 5 areas of
the substrata were sampled at random.

The method of harvesting employed, depended on the alga
being sampled and on the substratum. Where the surface was
loose, and the algae were not attached, a no. 13 cork borer
(area of 380 mm2) was pushed into the substratum thus
isolating a column of water and plant material. Using a
plastic tube attached to a large syringe, the contents of the
column were removed and transferred to a clean McCartney bottle.
Where moss protonema and algae were to be taken, the cork
borer was driven approximately 10 mm into the substratum and
the column of water drawn off and transferred to the container.
The plug of moss protonema and algae could then be transferred
separately. Filamentous species were harvested by pushing
the borer into the substratum, thus cutting through the
filaments and isolating a known area of algae. The material
was transferred to the bottle as described above. The majority
of reaches sampled had clay, silt, or flocculent precipitate
as their substrate, and therefore, the techniques described
above could be utilised. However, in some instances it was
necessary to crop solid surfaces. Where possible, this was
completed by removing thé substratum, for example a stone,

from the water, and the area to be sampled was marked out.



The material was then scraped off with a knife. When this
was not possible the main flow of water was diverted from
the sample area using a sheet of plastic and the sample
either scraped or sucked off the surface.

From each area sampled, a small subsample was taken for
microscopic examination. This was done so as to determine
which species were present, and in what proportion the
individual species were likely to contribute towards the

total chlorophyll a extracted.

It was necessary to keep the samples cool during transport,
especially over the summer period. TIf this was not done it
was found that the flagellate species, in particular, were
degraded before extraction could be carried out. The effective-
ness of the technique for determining the maximum crop was
tested at reach 1 where 50 samples were ccllected from a
10 m reach. The standing crop values ranged from 2.3 ug mm2
to 0.1 pg mm2 chlorophyll a, with a mean value of 1.9 + S.D.
0.36 ug mm2 chloxophyll a. 1In addition to these samples, 10
samples were taken which were visually considered to
represent the maximum standing crop of algae for that reach.
The mean value for these estimates was 2.1 + S.D. 0.25 ug mm2
chlorophyll a. These results indicate that the values
recorded as the maximum standing crop were probably near
enough to the true values to be sufficiently accurate for
comparative purposes, both between different reaches and

different samples.
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2.62 Extraction of chlorophyll a from field material
The extraction procedure was carried out immediately on
return to the laboratory. Chlorophyll was extracted into
90% acetone and absorbance measured on a Perkin Elmer 402
recording spectrophotometer at 665 nm. As sediments invariably
contain coloured degradation products of chlorophyll (Vallentyne,
1960) it is essential when making an estimation of the pigments
of benthic communities, that either the crops must be separated
from the sediment, (Eaton & Moss, 1966), or determinations
must include a correction for the degradation products (Wetzel,
1964). It was probable that the reaches being sampled would
contain considerable amounts of dead material, especially
where moss protonema occurred. Therefore, as it was not
practicable to separate the algae from the substrata, corrections
were made to the final chlorophyll a concentrations for the
degradation products, using the method of Lorenzen (1967).
The optical density of the extract was measured before and
after acidificationv
A problem specific to chlorophyll extractions on material

from acid water, is that any residual acid on the sediment
or algae,will cause immediate degradation of the chlorophyll
to pheophytin on addition of the solvent. This was overcome
by increasing the pH of the sample to 7.0 before the extraction
took place. Mg CO3 and Na OH were used for neutralization.

Mg CO3 was preferred because any excess NaOH caused a drift

in-absorbance at 665 and 750 nﬁ.
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Thé effectiveness of preventing degradation of the
pigment by this method, was checked by determining the
acid factor of a healthy culture of an acidophilic organisms
growing at pH 2.7. The acid f;ctor refers to the ratio of
absorbance of the extract between 660 and 665 nm, before and
after, acidification of the sample. The culture was divided
into two, one aliquot was left at pH 2.7 and the second
neutralized using Mgco3. The samples were centrifuged, and
the supernatant discarded. The chlorophyll a was extracted
with 90% acetone and the absorbance of the extract recorded.
The extract was then acidified with INHCl and the absorbance at
665 nm re-read. It was assumed that the culture contained
little or no degradation products and therefore should give an
acid factor in the region of 1.7, that being the figure given
by Lorenzen (1967) and Marker (1972) for reveral other algal
species. An acid factor of 1.66 indicated that the neutralization
technique was successful. Where no treatment was used, the
acid factor was 0.64, a figure within the range given by
Marker which was assumed to represent phenophytin.

As chlorophyll determinations were to be carried out
on several different forms of algal material, preliminary
tests were made to establish both the most effective solvent
and the most effective treatment of the sample prior to
extraction. The combinations that were examined are given
in Table 2.3. Plant material was sampled from three
predetermined areas known to c;ntain represeﬁtative species,

as given in sections A, B and C cf. Table 2.3. The samples



Table 2.3
solvent
a
90%
acetone c
A
90%
methanol c
A
90% hot B
methanol c

Chlorophyll a

1
0.56
0.21

0.18

0.53
0.32
0.20

0.42
0.49
0.34

no pre- treatment

2

0.02
0.23
0.21

0.01
0.13
0.22

0.12
0.02
0.10
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treatment -

determinations on field material,

ground with sand

before
1
0.57
0.47
0.42

0.54
0.48
0.39

0.53
0.48
0.40

(chorophyll results expressed as ug m2)

«Q
il

filamentous species

moss protonema

flagellated species and diatoms

extraction
2
0,002
0,002
0,002

0,02
0.06
0.04

0.001
0,003
0.01

sonification:

1 2
0.56 0.02
0.31 0.10
0.3%1 0.11
0.54 0.01
0.%6 0.21
0.33 0,07
0.21 0,17
0348 0003'
0.33 0,32

1= first extraction

2= re- extraction
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were then subdivided equally and the pre-extraction and
extraction processes carried out. The material was re-extracted
in order to determine the efficiency of the primary t;eatment.
So as to avoid having too many different techniques in use

at once, and to avoid the re-extraction procedure; it was
decided that two combinations would provide adequate e#traction
for all categories A, B, C. Therefore 90% acetone, without
pre-treatment, was used for samples containing species in
category A and 90% acetone, with a pre-treatment of grinding,
was used for any sample containing filamentous organisms.

As a result of the preliminary examination of neutralization
and pre-treatment extraction, the following technique was
implemented for all samples. The McCartney bottles containing
the plant material and the sediment were filled with distilled
water and after pH adjustments to 7.0, cencrifuged at 4000 r.p.m.
for 5 minutes. The supernatant was discarded and where
grinding was necessary, the material transferred to a pestle
and mortar, and then ground with sand. This material was then
returned to the sample bottle and rewashed to ensure that no
acid remained. 10 ml of 90% v/v agqueous analar acetone
were added to the samples and the bottles sealed and stored

Q

in the dark for 24 hours, at 4 C. A period of 24 hours was
necessary in order to allow time for complete extraction to
take place. On completion of the extraction process, the

sealed bottles were centrifuged at 4000 r.p.m. for 5 minutes

and the clear extract decanted off into a volumetxric flask

and made up to volume.



Wiéh the exception of the gfiAding proéess all other
steps were carried out in the same McCartney bottle, in order
to reduce loss of sample during transfer from one vessel to
another. Using aliquotesof the extract in 1 cm cuvettes,
the absorbance was read at 665 and 750 nm, on a Perkin~-Elmer
recording spectrophotometer. The extract was then acidified
directly in the spectrophtometer cell, with 2 drops of 1IN Hcil
and mixed for seve¥al seconds before re-reading at the same
wavelengths. Where necessary, the sample was diluted 10 times
before the inital reading was taken. The optical density was
measured at 750 nm, as an approximate measurement of the back-
ground absorption by material other than chlorophyll a. This
figure was subtracted from the 665 nm reading, which was
used for the calculation of chlorophyll a concentration.

The measurements obtained at 665 nm before and after
acidification were substituted in the general equation of

Lorenzen (1967).

Chlorophyll a ='(Db—Da)x [ R/R —{] x v/1 x 103/ac
Where Chlorophyll a = concentration of chlorophyll a in
ug/sample

Da = optical density of the extract after acidification
Db = optical density of extract before acidification
ac = specific absorption coefficient for chlorophyll a
v = volume of solvent used in extraction (ml)
1 = path length of the spectrophotometer cell in cm

R = Db/Da for pure chlprophyll a.



using 96% acetone the values substituted in the equation were:
ac = 84, v =10 ml, 1 =1 cm and R = 2.43.

The specific absorption coefficient of Talling & Driver (1963)

was adopted because of the possible presence of chlorophyll

b and ¢. This gives an empirical coefficient of 11.9 for 903

acetone. Thus the final equation used was:

. -1
Chl a ug unit area = 11.9 [ 2.43 Da D;] 10 p

area sampled
For tests carried out using 90% methanol, the empirical
coefficient of 13.9 was used.
The chlorophyll content of each of the five samples taken
from each reach was thus determined and the largest chlorophyll

concentration per unit area was recorded as the maximum standing

crop for that reach.

2.7 Culture technigues

2.71 Equipment and environmental conditions

'Pyrex’' glassware was used for all culture and experimental
work. This was soaked in 10% HCl for 24 hours and rinsed
six times in distilled water toc remove any absorbed trace
elements. The non graduated glassware was dried at 108°C
for at least 2 hours before use. This served both to dry and
partially sterilize the equipment. All chemicals and solvents
used were of analar grade, so as to reduce contamination of
ions as much as possible.

The majority of cultures were grown in 30 ml of medium,
in 100 ml flasks. When large aﬁounts of inoculum were needed,

100 ml of medium in 250 ml flasks were used. Except where

[N



specifiéd, all cﬁltures were grown at 15% + 1°C, under
constant fluorescent light of approximately 2000 lux. Stock
cultures were maintained either in standing culture, or in
water cooled shake tanks. The gentle shaking action of these
tanks promoted the growth of most species, and therefore was
used mainly for experimental work.

2.72 1Isolation techniques and preparation of media

An effort was made to collect and culture as many of the
acidiophilic species as possible. With the exception of one
oxr two species this proved to be difficult and in some cases
impossible. The cultures were used as an aid to identification,
and also as a source of test organisms for experimental work.
The six species maintained successfully for a long period of
time in unialgal culture, were all isolated from Brandon
Pithouse Acid Stream.

As the organisms were isolated from a fairly low nutrient
environment, it was felt that a standard, low nutrient, mineral
medium should be used for culturing. Several high and low
nutrient media were tried, of these a modification of Chu (1942)
10 liquid medium was found to be satisfactory for the growth
of most organisms (see Table 2.4).

Analysis of the acidic water during the general surveys

indicated that nitrogen was present mainly as NH,-N, rather

4
than NO3—N (see 4.1), therefore, in addition to the NO3 already
in the medium NH4SO4 was added. This improved the growth of

several species, in particular, Gloeochrysis turfosa,

Chlamydomonas spp. and Euglena mutabilis.
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Table 2,4 Composition of medium developed for growth of acid stream

species ( all concentrations in mg 1-1).

Major salts .
Major salts KH2PO4 7.8
MgSO4.7H20 25.0
ca(No,), 40.0
NaHCO, 15.8
Na28103 10.9
(NH4)2 50, 76.0
Fe (added from Fe.EDTA
stock ) 2.0

Microelements 16" stock ( 1 ml 1°) of Kratz & Myers (1955)
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Batches of Qedia (21) were made up using double distilled
water and the pH corrected with IN and 0.1 NH2804 and NaOH.
The pH of the medium remained stable over the range pH 1.5 to
4.0, but above this value it tended to drift towards neutral
unless corrected regularly. In order to avoid the use of
chemicals not likely to be present in the natural water, other
buffering systems were not considered. Attempts to obtain
axenic cultures were unsuccessful, although the number of
bacterial and fungal contaminants remained minimal as long as
regular subculturing was employed.

The isolation of species was made easier by the natural
colonization of the organism in the stream. It was not
uncommon to find areas of stream completely dominated by one
species, almost forming a unialgal population. Where this
occurred, samples were transferred directly into medium and
left to grow. If a mixed population was present, efforts were
made to isolate species, either by micropipetting, serial
dilution, or streaking onto agar plates made up with acidified
medium. Additonal samples of the mixed population were put
into media, and left in the hope that one species would grow
and dominate the rest.

Specieé that produced a motile stage were put into flasks
in the dark and left overnight. This invariably stimulated
the production of the motile stage which could then be
pipetted from the surface. As the species varied in their
tolerance to pH, inoculation of medium over a pH range proved

to be a successful method of isolation, especially for the




more acidophilic species, eg. Euglena mutabilis.

Agar was used for the growth and isolation of some
species, in addition to liquid medium. The medium was
prepared by the addition of agar to boiling acidified Chu 10.
After the agar had dissolved it was poured into plastic
petri dishes and stored at 4%c. Boiling of the media for
15 minutes was used in preference to autoclaving, because it
was found that autoclaving acidified agar and prevented it
from setting.

2.8 Growth response experiments

2.81 1Introduction
Growth of an organism was determined by chlorophyll a
extraction methods at the end of the experimental period and
expressed as Mg l-1 chlorophyll a. Microscopic examinations
were also carried out to establish whether any morphological
changes had occurred. An attempt was made to maintain simple,
uniform, experimental conditions, which could be related as
nearly as possible to the field conditions. This was achieved
.by the used of a basic defined mineral medium, buffered with
acids and alkaline solutions which occurred naturally in the
environment. Four replicates of each treatment were prepared
and most experiments were repeated at least cnce.
2.82 Experimental equipment, media and conditions
All experiments were conducted in 100 ml pyrex conical
fl;sks, previously treated as ;n 2.71. All other glassware

was similarly treated before use, in order to reduce

contamination by non desirable trace elements. The medium
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that was used in all experiments was based on the Chu 10,
as given in section 2.72. For experiments where pH tolerance
was being investigated, the basic medium was used. Investigations
concerning the reaction of organisms to varying concentrations
of an element, required a slight adjustment of other elements
in addition to the one being examined. Where a single element
was concerned, the chloride or suiphate salt was used. Controls
using NaCl and Na2504 were carried out and these salts were
found to have no effect on growth at the concentrations used.

Acid stream water was passed.through membrane filters
before addition to the medium. 1In all experiments 30 ml of
medium were added to the flasks and allowed to equilibriate
at 15°C. Replicas of each treatment were then inoculated,
cotton wool bungs were placed in the necks of the flasks,
and the flasks were then placed in the shake tanks at 15°C and
2000 lﬁx.

2.83 Size of inoculum

The material to be used as the inoculum for the experiments
‘'was acclimatized to the culture conditions for at least 24 hours.
As both fresh field material and stock cultures were used, tests

were carried out with Hormidium rivulare to ascertain whether

there was any difference in growth response between field and
culture material. The results of the preliminary tests are
given in 6.24 and 6.33.

The size of inoculum was also tested using the most pH
seﬁsitive organism, BE. rivularé, the results of these experiments

are also given in 6.24. As this species is both filamentous
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and mucilaginous, all attempts to produce a homogenous
suspension of filaments were unsuccessful and therefore,
small amounts of filaments were separated manually. A 'normal’
inoculum size was adopted for the experiments as a result
of the tests carried out in 6.24. As all the other species
used in experiments were singled celled, a suspension 6f
- these could be accurately pipetted into the experimental
flasks. An inoculum size of equivalent to approximately 40
Hg 1-1 chlorophyll a, was used for all five specles.
2.84 pH tolerance experiments

The general methods described in section 2.81 were
employed. Several species were tested over a pH range from
1.5 to 7.0 and the amount of growth was determined by
chlorophyll extraction at the end of the experiment.

The incubation time of each experimen: depended on the

organism being tested. For Euglena mutabilis a period of 10

days was employed, as this organism had a slow growth rate

in culture. The other species used included Hormidium spp.,

Gloeochrysis turfosa and Chlamydomonas-applanata var. acidophila

and these were usually left for 7 days before being harvested

(6.23)
The organisms were exposed to the following pH wvalues:
2.5
1.5, 1.75, 2.0, 2.255(2.75, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0.

Where preliminary tests were carried out several pH values

could be omitted eg. Hormidium rivulare 4id not grow below
pH 2.5. The individual Qalues were adjusted to the required

pH by a dropwise addition of 1IN and 0.1NH25_04 to the medium.
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The liquid was continuously stirred with a magnetic stirrer

and the pH was measured on an E.I.L. pH meter. Where necessary
1IN and 0.1 NaOH were added in a similar manner. The pH values
were adjusted to + 0.02 of a unit. The medium was inoculated
and left in the culture tanks as described in 2.81 for the
required time.

As there was a tendency for the pH to drift, each flask was
checked on alternate days and when necessary readjusted to the
correct value. For values of 1.3 to 3.5 the pH was maintained
at + 0.05 of a unit, and for values between 4.0 and 7.0 + 0.2
of a unit., Care was taken to rinse the electrode with distilled
water between measurements, so as to avoid carry over of
material from one flask to the next.

2.85 Heavy metal tolerance

The methods &and conditions described in section 2.82 were
adopted for investigations into the effects of Zn and Cu
on acidophilic algae. Two test organisms were subjected to
varying amounts of Zn (as ZnSO4) and Cu (as CuSO4) at a
range of pH values. Quantitative estimations of growth were
determined by chlorophyll extraction techniques (see section
2.86), after exposure to the metals for 7 days. Adjustments
to pH were made as described in section 2.83 and the final
concentrations of the metal under investigation were made up
at each pH value of the range. The concentrations which were
tested, depended on both the tgst organisms and the element
being examined. The levels were initially decided by reference

to the field data, consequently in order to accommodate field
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values, the difference between concentrations within the
series was often large. Also, the number of levels in a

series was at times determined by the amount of space available

in the culture tanks.

All dilutions were carried out in volumetric flasks 5 g 1_1
stocks of the elements were used in order to obtain the final
concentration required without diluting the medium by more

than 2 percent. An effort was made to determine the effect

of varying the concentrations of several other metals, besides

the heavy metals, and to see what effect they had on growth
at low pH and high heavy metal concentrations (eg. Ca and Mg).
The same procedures as described for the heavy metal tolerance
experiments were used in these experiments.

2,86 Harvesting and estimation of growth

At the end of an experiment the algae were harvested by
vacuum filtration through 25 mm diameter glass fibre papers.
The efficiency of these filters was tested by re-filtering the
supernatant through membrane filters. No material was found
'to pass through the glassfibre.

The algal material on the paper was then placed in a
McCartney bottle and the amount of growth estimated by pigment
extraction.- A known volume of solvent (90% acetone or methanol)
was added to the bottles so as to cover the algal material.
Usually 5 or 10 ml of solvent was added depending on the
amount of material present. 90% acetone was used for tﬁe
to£al extraction of pigment from the following organisms:

Euglena mutabilis, Chlamydomonas applanata var. acidcphila
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and Gloeochrysis turfosa. The last organism was surrounded

by mucilage and pretreatment by grinding with sand had to

be applied to complete extraction. Complete extraction of
these species occurred usually within one hour, although it was
often convenient to leave them overnight at 4°C in the dark.

Hormidium spp. and Stichococcus bacillaris were extracted

in hot methanol. After the addition of the methanol the tops
of the bottles were sealed to avoid evaporation 6f the solvent
during heating. These were then placed in a water bath at
approximately 70°C for a few minutes until the pigment had
been extracted (usually 5 minutes was sufficient). The bottles
were then removed and allowed to cool at 4°C in the dark.
This modification of the hot methanol technique was preferred
to boiling the samples individually, as suggested in the I.B.P.
Handbook since many extractions could be carried out together,
depending on the size of the water bath. The technique was
carefully checked against the recommended method before use,
but there was no eviéence to suggest that there was any loss
of chlorophyll a due to degradation, or that incomplete
extraction was taking place.

Following extraction all samples were passed through
glassfibre filters or centrifuged to remove any debris and
then made up to volume. The absorbance of the samples was
read at 665 nm and 750 nm on a Perkin Elmer 402 recording
spectrophotometer, using 100 and 400 mm cells, (see section
2.62). The amount of chlorophyll a per sample was determined

by applying the féllowing equation: '
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Chl a pg per sample O0.D. x 11.9 x v (for acetone, 90%)
: 1

= 0.D. x 13.9 x v/l (for methanol, 90%)

Where 0.D. absorbance at 665 nm

v volume of solvent

1

path length of the spectrophotometer cells
As only a measurement of the live material was required no

allowance was made for chlorophyll degradation products.



Statistical analysis and computing

All statistical methods were based on those suggested
by Bailey (1959) and Siegel (1956). Apart from the

determination of means, standard deviations and standard

error all analyses were carried out using an IBM 360/67 and 370/

168 computer (NUMAC). For the most part the SPSS (Nie et al.,

1975) packaged programmes were made where necessary.
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3. DISTRIBUTION AND DESCRIPTION OF SITES AND STREAMS

IN ENGLAND

3.1 Distribution of sites

The distribution of the sites surveyed, with water at
and below pH 3.0, are given in Fig. 3.1. The exact location
of the sites together with the topography and geological
description of the stream complexes, are given in Tables 3.1 and
3.2. Fourteen of the sites visited were associated with
coalfields, one was a disused barytes mine, (site 14), and
one was an intermittent Industrial source (site 15). Aas
previously mentioned, although Dowgang (site 16) is associated
with a coal seam, it was found to run at pH 3.0 only at times
of low flow.

The geography of the sites, including the approximate
dimensions of the individual stream complexes and pools, are
given in Table 3.1. The number of separate stream complexes,
sampling reaches and pools are given for each site. The

) /
-length of the streams varied from a few metres to about 1000 m
and their widths from 20 to 1500 mm (site 7 and 6 respectively).
Depth of water within a stream varied greatly from approximately
5 to 800 mm, invariably the deeper sections were very slow
flowing.

The approximate dimensions of the major pools given in
Table 3.1, varied considerably from small, shallow pools
(site no. 1), to large deep ponds (sites 11 and 6). The depth

of the larger ponds was not estimated because collection of



Fig.3.1Lozation of acid mine drainage sites in England with water < pH 3.0
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site no.

" 12
13
14

15
16

name

Walkmill
Oatlands

Brandon Pithouse

Rowley

Deerplay

Chisnall Hall

Welsh Whittle
Gibfieid

Denby

Cannock Opencast
Polesworth
Kingsbury

Birch Coppice

Bridford

Nr. Minehead
Dowgang

no. stream
complexes

1

ya

main source

Sp, Se
Se

Sp

Se
Se

Se

Sp

Se

Se
Se
Se
Se

Se
Se

Se
Se

Se

Se

Sp

Sp
Industrial
Se, Sp

predominant stream
+ pool substratum

clay, shale,
sandstone

shale, sandstone
clay :
clay, shale,
sandstone

shale, clay,
sandstone

shale, clay

clay, shale,

sandstone
clay

clay, shale
clay

shale, clay,
sandstone
clay

shale, clay,
sandstone

clay, red
sandstone

clay, shale,
sandstone

red sandstone,
shale

clay
sandstone, shale

predorinent grades
of substratum
(Wentworth scale)

silt, sm. pebbles
silt, sand

clay, sm. pebbles

clay, sand

silt, sand,
sm. pebbles
silt, sand, sm.
& med. pebbles

silt, sand, sam.
& med. pebbles
sm. & lg. boulders

clay, silt
clay, silt
silt, clay
clay, silt
clay, silt

clay, silt
silt, sand, sm.
pebbles

silt, clay
silt, clay

clay, silt

silt, clay

silt, sn. pebbles

silt, sand
silt

silt, pebbles,
sm. & med. boulders

presence of
Iron oxide
precipitate

c
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samples was restricted to the shallow water at the edge of
the ponds. At several sites (sites 2, 3, 8, 13 and 14)
smaller man-made holding lagoons had been excavated in an
effort to control the spread of the acid drainage water.
The larger ponds at sites 11 and 6 had completely different
appearances. As mentioned in 7.28,the water at site 11

was glear whereas the pond water at site 6 was bright red
in colour due to the very large concentrations of ferric
compounds present in the water.

3.2 Geology and history of sites

3.21 Source of acid water from coal mine

Coal measures of the upper and low carboniferous period
are usually associated with a series of clays, shales, grits,
sandstones and ironstones. Limestones are with a few exceptions,
noticeably absent from the coal seams. Sulphur commonly
occurs in varying amounts in most coal seams, usually in the
form of iron pyrites. Other mineral ores in particular aluminium
silicate, are also féund.in the veins immediately around the
coal seams. During the process of coal mining, these minerals,
unless present in large amounts, are treated as waste along
with the othexr non carboniferous material such as the shales
and clays, and are either left undexrground, or are brought
to the surface and dumped. Many of the streams surveyed were
situated at the base of the waste tips and often the bed of
the stream consisted of a mixture of different substrata from

the various depths of the mine.
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The main source of most of the streams was from seepage
from the spoil heaps (Table 3.2), but six originated in part
from springs in the immediate area of the tip. 1In all but
one of the latter (site 1), the water had been diverted through
a pipe. 1In these instances it was difficult to determine with
any certainty whether the source was a nature spring, or
whether the pipe had been laid to drain the old mine shafts.

It is possible that several of the seepage; originated from |
underground springs, rather than water percolating through the
spoil heap. If this was the case, then it is likely that
the point of issue of the water had been diverted by the spoil
material, so that its exit from the tip was in the form of a
slow seepage rather than the continuous flow from which it
originated. Where seepages occurred, they were usually
represented by several small issues of acid water combining to
form a larger stream. These were invariably led away from
the tip by man-made ditches and in the case of sites 4 and 12,
the water was then nehtralized in treatment lagoons.

3.22 Substratua

The principal components of the substrata of the streams

are given in Table 3.2. The substrata were very similar,

cons

[ ]

sting mainly of clay and shale, with sandstone occurring
less frequently. The particle size of the substrata, as
determined by the Wentworth scale, (Stranhler, 1971), Qaried
from clay to boulders. However-a mixture of clay, silt and
sand was typical. The most variable substrata size was found

at sites 4 and 16, where it ranged fram silt to large boulders
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which ;ften forﬁed waterfalls. The substrata at many sites
were often mixed with friable and compacted precipitate,
usually of ferric compounds. Although the majority Qf iron
in solution does not precipitate out below pH 3.0
some ferriciron when present in very large amounts will
gradually precipitate out of solution, thus partly covering
the stream bed. Because of the nature of the substrata and
the presénce of friable precipitates, the stream beds were
rather unstable and subject to considerable erosion under
high flow. As many of the streams were located close to
the spoil heaés, run-off from the tips into the streams at
times of heavy rainfall, could have quite devastating effects
on the stability of the bed. Of the sites surveyed, only
sites6, 12 and 14 would be relatively free from the extreme
scouring effects of high flow.
3.23 History

It was almost impossible to determine how long these
acid streams had been in existence, as it appears that no
.specific records have been kept for any of them. Knowledge
of the age of the mine may be of some advantage, but in many
cases information is rather scattered and often dates are
vague. Several mines are likely toc have been in operation
for over 100 years (sites, 3, 4, 6, 9, and 11) but whether
there has been acid running £or that length of time is
unknown. With the exéeption of sites 10 and 13, all other
siées have been closed down for a number of years, and sites

5 and 8 have been reclaimed and gréssed. It is likely that
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the springs which formed several of the streams were in
existence before the mining activities began (eg. sites 1
and 3). However, this does not mean that the spring water
had a low pH.
3.24 ©Sites not associated with coal mining
Of the two sites not associated with coal fields, the
barytes mine (site 14) was situated on a strata of predominantly

red sandstone and shale, with the barytes vein occurring in a

natural fault. The source of the acid most likely comes

from the oxidation of the barytes and to some extent iron
pyrites associated with the vein. The main stream originated
from a sprin§ at the base of a rock face, presumably this
spring had been in existence before the mining. The second
source was from drainage from within the mine and flowed into
a lagoon. The shafts had been abondoned for several years
after the minerals became uneconomical to mine. As the mine
was privately owned it was not possible to find out when
mining had commenced, although the size of the mining area
suggested that it had been operational for at least 50 years.

The industrial effluent originated from a munition

factory and consisted of sulphuric and nitric acid. The

effluent was released into a draining ditch which eventually
flows into the sea. The factory would not allow the exact
position of the stream to be given, nor would it give
information concerning the frequency of discharge. However,

the large changes in flora (see 4.62) suggested that the

releases were infrequent rather than on a regular basis.




- - 3.3 Geology and history of Brandon Pithouse Acid Stream

3.31 Location
As mentioned in 1.9, of the 16 sites surveyed, one site
at Brandon Pithouse Colliery (site 3), was studied in detail.
The colliery is situated on a north west facing hillside, at
an altitude of 800 ft, approximately 5 miles from Durham City
and in the Urban District of Brandon and Byshottles. The

acid water draining the colliery, flows from the tip down a

valley, where it is mixed with other non acidic streams, thus
creating a pH gradient of 2.6 to 8.0. Except in discussion
of the general surveys of streams, the stream draining Pithouse
Colliery will be referred to in the text as Brandon Pithouse
Acid Stream and not site 3 as in Table 3.1.
3.32 Geology

Brandon Pithouse is situated on the iestern extreme of
the Durham Coalfield, which was deposited during the Upper
Carboniferous period. The rock types associated with the coal
seams and which are therefore present in the spoil heaps,
consist mainly of fine ground sandstones, shales, and fire
clays. Iron pyrites and aluminium silicate are commonly
associated with the coal seams together with other mineral
ores such as sphalerite, barytes and witherite (WOodward:

1876). During the sinking of the shafts to the deeper

seams, such as the Brass Thill and Tilley, and drifts into
the more easily accessible outcrops of the Five and Main
Quater, (see Fig. 3.2)'iayers of non carboniferous material

were disturbed and brought to the surface as waste. The
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Fig, 3.2 Map of Brandon Pithouse Acid Stream, from source

to confluence with River Deerness.(reaches 16-19 included)

Ushaw Moor

Brancepeth
N

1

N
e e W T ST
Z

— - Brandon




91

exposure of these mineral ores to air and water, underground
and on the tips, gives the water its chemical characteristics.
The various seams which have been exploited at Brandon all
have very similar surrounding strata. The measures of the
middle coal seams are surrounded by a predominance of shale,
siltstone and subordinate sandstone. The Tilley, which was
the deepest seam mined, is situated near the lower coal
measures and is surrounded by a predominance of sandstone,
shale, and grit. The underlying strata below the lower
measures, consist of Durham Millstone Grit and rocks of the
Upper Limestone group, however, it is doubtful whether these
rocks will have been exposed by mining activity. Another
possible source of mineral ores is from a natural fault which
transects the coal seams at several points along the hillside.
The occurrence of witherite (BaCO3) in the immediate
vicinity of the mine is noteworthy. This mineral is considered
reasonably rare and several decades ago was mined only a few
miles away at Brancebeth (Wilson, et al. 1922). Analysis
of the mine water did not show significant amounts of Barium.
The possible reason for this could be that the sulphate salt
of Barium is insoluble at low pH and may be precipitating

1 1y
ocut

cu uudergfouud and therefore would not be detected at the
surface.
3.33 Historical background and source of acid water
Records suggest that coal mining in the area has been

carried out since the 13th century, when monks worked the
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more eésily accessible outcrops in the Durham area, (Dewdney,
1970). Specific reference was made to mining of Pithouse
colliery in 1856, but Diocesan records of 1838 show the
existence of shafts to the west and east of the pre;ent day
pit. Surveys of the area indicate that a considerable amount
of mining had occurred prior to the sinking of the main
shafts in the 1900s. It is likely that some of the mines
which occur where the coal seams are near the surface, have
been in existence since the early 1800's, (I. Green, 1975
pers. comm.). There is evidence of drifts into several of
the major seams which outcrop along the hillside. The
Five Quater, Main, Brass Thill and Low Main were all mined
during this period. The presence of many of these drift
mines was not shown on the 0.S. maps drawn up in 1897,
probably because as soon as the drift was finished it was
filled in and would not therefore be externally obvious. It
was not until after the geological maps were drawn up that
many of these drifts were recorded.

After drift mining techniques had diminished the coal
supplies in the more easily accessible seams, the main
shaft was sunk down to the Tilley seam in about 1926. It
was the practice at the time to sink the main shaft to the
lowest seam and then work the seams in ascending order.
Consequently, since 1926, many of the measures represented
in Fig. 3.2 have been worked. The colliery was finally
closed in 1966, leaving a spoil heap of approximately 800

metres across. In 1970 contractors began to reclaim the
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coal séill presént in the spoil. This work is still in
progress and eventually the complete tip is to be landscaped
and probably returned to agriculture. During the reclamation
it is likely that the spoil will be covered by clay and top
soll before being planted. It will be interesting to see

if this reduces the amount of acid produced, as this technique
is recommended as a method of abatement of acid water.

The cause of the acid water is undoubtedly due to the
oxidation of pyrites and consequently the production of
sulphuric acid (see 1.22). The pyrites is either directly
associated with the coal or in the adjacent veins lying
around the marine bands. The seam at Brandon Pithouse
consists of high grade coal of low sulphur content, so it
is likely that the pyrites is in the adjacent rocks (J. C.
Trickett, 1973, pers. comm.).

The origin of the acidic drainage water is uncertain
because the whole area which supported many drifts, has
been covered by the present spoil heap. One possible source is
that rain water percolates through the spoil and is exposed
to iron pyrites and other waste minerals, thus leading to
the production of acid water. However, if the water is
passing through the spoil, it should contain its own water
table. Borings made by Taylor & Attewell (1968) did not
locate any.such water table. Further indirect evidence
which disproves thi§ possibility is that if the source of
acid was due to percolation, then it would be likely that

acid seepage would occur at several points along the tip.
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Howeve?, this is not found to be so, because although there
are several intermittent issues from the tip these are not
acidic;

The other possible source is drainage from the sld drift
mines. Stream B is likely to originate from a drift in the
Main seam which is now covered by the spoil heap. Maps of the
site in 1897 showed a natural spring in the area in which
there was a drift. This spring could be the source of water
which comes in contact with pyritic material exposed when
the drift was excavated.

The source of stream A is also situated directly below
an old drift into the Five Quater and Main secams. This stream
issues at a fairly constant rate from a clay pipe (see Table
5.1). The presence of the pipe suggests that water was

draining from a drift before it was covered over. It was

common practice to pipe away the drainage water from drifts
before they were closed, in order to avoid a build up in

the water table which could flood other working mines. Like
stream B, it is possible that a natural spring was disturbed
during the excavations, and it continued to flow through

the exposed mMminerals. after the mine was closed. The volume
of water flowing from the pipe is so constant (see 5.2) that
it strengthens the suggestion that the source is from a

deep spring. Only after several months of above average
rainfall does the discharge alter significantly. The presence
of a natural fault in the coal seam above stream A could

explain the relatively high concentrations of heavy metals
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presenf in the acid water.

There are no records of when the acid water first
occurred. Although the position of the source of stream A
was different, its approximate present course has been shown
on maps since 1838. There is no evidence to suggest that
it was running acid at the time, or that the drifts from
which it is presumed to have originated had definitely been
made in the positions shown on the later maps. However, as
explained earlier in thils section, the drifts could have
been filled in by 1838 and therefore it is possible that the
stream may have been acid for about 150 years; it is almost
certain that it has been acid for 50 years (I. Green, pers.

comm.) .

3.4 Topography of Brandon Pithouse Acid Streams

The topographical details of each re-ch are summarized
in Table 3.3. The two streams at Pithouse colliery issue from
the base of a large waste heap and flow down the valley for
3.3 km in a northerly direction to Redburn and eventually
the River Deerness at Ushaw Moor, (see Fig. 3.2).

3.41 Stream A, reaches 1-6.

Acid stream A flows from an earthenware pipe at a
constant pH of 2.6 and except after a period of heavy
rainfall for several weeks, the total discharge remains
constant (see 5.2). The width and depth of the stream remains
fairly constant throughout its length, varying from 150 to
600 mm in width, and 5 to 150 gm in depth. The stream is

generally fast flowing, with the occurrence of a few small
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reach ro. computor no.

streaz width

_stream depth predoninant substratum

grade of substratum gradient

shading

Fe ppt.
(n) (rm) type (Wentworth scale) (rmm) (1- w (1-5) =

1 0127.01 0.5 5-50 clay clay, silt 500 - 1
2 0127.02 0.3 5-40 clay clay 400 - 2
3 0127.03 0.4 10-40 shale, clay sm. pebbles,clay 100 - 4
4 0127.04 1.2 10-150 shule, clay,sandstone sm., pebbles,silt 300 - 1
5 0127.05 2.0 10-50 shale,clay lg. boulder,clay 2000 . - 1
6 0127.06 0.8 5-100 shale, clay pebbles,silt,sand 200

7 0127.07 0.7 5-50 clay clay,silt 450

7b 1.7 10-300 shale, clay, coal mmﬁn.ma.wmvdwmm. 10

8 0127.08 0.6 5-150 sandstone,clay,shale HMwchHnmu.wan. 1000

9 0127.039 0.8 10-60 sanistone,clay,shale M“wwacummﬂ.nvmw 200

i0 0i27.10 0.4 5-100 sandstone,clay silt,sand 300

11 0:27.11 0.5 20-75 sandstone,clay,shale sand, silt 80

12 clz7.12 .7 40-100 clay, sanéstone silt.clay 90

13 0127.13 0.3 1C-90 clay, sandstone silt,clay 300

14 . 0127.14 Awo 20-80 MMMWM. sendstone sm,pebbles,cobbles 300

15 0127.15 1.2 100-2C0 clay, shale,sandstone silt,sand 250

16 0022.03 0.9 2G-200 shale, clay sm.cobbles, pebbles, 120

17 0C22.06 2.0 20-150 shale, sandstone cobbles,pebbles 150

18 0005.05 6.0 100-300 shale, sandstone cobbles, pebbles, 100

19 0005.06 6.0 70-300 shale, sendstone conbies, saobouider,120

peboles




97

poeols And a section where the water flows through a bed
of moss.

For a stretch of approximately 40 m below the source,
the stream receives a considerable amount by run-offfrom
the tip during times of heavy rainfall. The floods also
cause a considerable amount of erosion lower down the streanm,
although the effect is not quite as dramatic as that observed
at reach 2.

The stream then flows though a small coppice where fhe
substrata change from clay to medium and small sized pebbles,
and in summer the algae are subjected to a considerable amount
of shading. The water is then piped under part of a field
for 20 m into a small holding reservoir. The reservoir was
built early this century but for what purpose is not known.

Drepanocladus fluitans covered the bottom of the reservolir

throughout the study period. This moss often becomes covered
with the silt washed in during floods. The reservoir acts as
a buffer for the rest of the stream, both by controlling the
flow during floods and also retaining the water long enough
to allow silt to settle out.

The stream continues for a further 50 m, through arable
land, before it is joined by acid stream B. Stream A has
run continuously as far as the reservoir for the three years
of study and with the exception of the reservoir the watex
has never frozen.

3.42 Stream B, reaches 7 agd 7b

Stream B is formed from several acid seepages at the
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side and toe of the tip. These collect in a ditch and
form a slow flowing stream, part of which at times could
be classed as stagnant. The stream is joined by alkaline
surface water after 20 m. Where the pH rises above 3.5
hydrated iron (Fe+++) and aluminium oxides are precipitated-
out, colouring the stream bed yellow-orange. The water
then passes through a pipe to join stream A at reach 7. The
volume of water from the two streams is, under normal
circumstances, approximately the same, although there is
much greater variation from stream B because of surface run-
off.

3.43 Downstream of confluence of stream A and B

(reaches 8-12)

At the confluence of the two streams (reach 8), the pH
increases and large amounts of hydrated iron oxide precipitate
out, changing the characteristics of the stream bed for
about 30 m from clay to a more unstable substrate of friable
and compacted ferric'hydroxide precipitate.. For 30 m below the
confluence and at intervals from there until it reaches Eshwood
approximately 200 m below the confluence there is some shading
by large teees. This section of the stream runs through
agricultural land and is subjected to intermittent nutrient
enrichment by run ~off from the fields.

During a period of low flow a small acid seepage was
observed at reach 10. The source of this acid is not known

but was assumed to emanate from an outcrop of the Brass Thill
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seam (so called because of the large amounts of pyritic
material present in the seam). The pH and chemistry of
the seepage could not be determined because the effluent
ran directly into the stream from its underground source.
From reach 10 the water course becomes diverse as it

flows through a bog of Drepanocladus fluitans for apﬁroximately

30 m. The stream then reforms 10 m above the boundary of
Eshwood at reach 11.
3.44 Eshwood to River Deerness (reaches 12-19)

At the boundary of the wood, the stream receives
several smaller tributaries which contain non acidic water.
Here the stream bed is covered with a mixture presumed to consist
of a very unstable, friable complex of iron aluminium and
organic materials, which precipitate out over an area of about
20 m. The water at this point often supports a considerable
growth of fungi and bacteria which are macroscopically
obvious. In the winter of 1972 the plantation of deciduous
and fir trees was felled and replanted, thus increasing the
amount cf light available to the organisms in the stream.

At approximately 1.2 km from the source, the stream flows
into Redburn, and is quickly diluted out to about pH 7.0.
The immediate effect on Redburn is minimised after 15-20 m.
Redburn flows for a further 2 km before entering the River
Deerness, at Ushaw Moor. During its passage Redburn receives
untreated sewage, which in summer causes deoxygenation in the
higher reaches, and also non acidic mine drainage from

Ushaw Moor colliery in its lower reaches. As the burn receives
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several different forms of pollution, it is impossible to
determine how much the effect seen at its confluence with

R. Deerness, is due to the presence of water from Brandon

Pithouse Acid Stream.
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3.5 Changes to the stream which occured during the study

The general description of the streams given previously has altered
at various times during the study period and in some instances these
changes have completely altered the characteristics of parts of the stream
system,

3.51 Freezing over of the reservoir

During the winter the reservoir has frozen over on several
occasions for brief periods.Consequently during these periods water ceased
to flow from the reservoir, thus causing the section: of the stream below
the reservoir to dry up.During periods when this occured the only acid
water flowing down the main stream to Redburn originated from stream B,

As previously mentioned the pH of stream B was considerably greater than
stream A thus leading to relatively large changes in the pH and other
chemical parameters in the reaches down stream of the confluence,

3,52 Broken pipe - changes from July 1974 - November 1974

In July 1974 the pipe feeding the reservoir was broken and
a considerable amount of acid water flowed into the field,This had two
effects, firstly the graés in the field which came in contact with the
acid water was destoyed and secondly, after about two weeks the level in
the reservoir dropped below the level of the out flow, resulting in the
discontinuatiom of the stream A below the reservoir.Stream B was again
the only source of water flowing down the stream below the confluence,
except on a few occasions following heavy rainfall which filled the reservoir
sufficiently to allow water to flow.down the stream,After one month, the
PH and acidity gradient down the stream below the confluent altered
considerably (see 5.42).The pH was maintained near the pre=-July value
at reach 10 because of the small acid seepage which enters the stream at
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this point .However, any increase im flow down the stream reduced the effect
of the seepage.
3.53 Changes from November 1974 - March 1975
In November the bdroken pipe was replaced and the reservoir

refilled with acid water.Within a few days of the stream A running its full
course the pH of the stream below the conluence at reach 8 returned to its
previous value(see 5.5).Immediate1y, the friable iron precipitate covered
the stream bed at and below the confluence.where it had largely disappeared
in the July-November period,

Shortly aftér the pipe was repaired,stream B was dredged removing

all the Juncus effusus that was growing at the edge of the stream.This action

changed the stream from a slow moving, deep ditch to a shallow,faster flowing
type.In addition the pH increased from 2.9 to 3,0 -3.5.The reason for the
change in pH is not clear.Possibly the reconstruction of the tip in the
immediate vicinity may have diverted some acid water away from the ditch, or
alkaline water may have been seeping into theditch thus diluting the acidity.
In addition to an increase in pH the total discharge from stream B has decreased
slightly since dredging took place.This lead to a decrease in pH helow the
confluence at reach 8 and a consquential decrease in the amount iron oxide
precipitate at reach 8 but an increase in precipitate at reach 12 -14.

As previously mentioned in 2.22 because of the above changes

the chemical and floristic data are presented in three sections ( see Table 2.2)
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4. SURVEYS OF WATER AT OR BELOW pH 3.0 1IN

ENGLAND

4.1 Chemical parameters

The details of the physical and chemical parameéers
measured at each site during the late summer and late
wintexr surveys are given in Table 4.1 and the maximum, mean
and minimum values-for all reaches are summarized in Table 4.9.

4.11 pH

The pH values of the reaches sampled ranged from pH 1.5
to 3.0, with a mean value of pH 2.7. The distribution of
recorded values within the range can be seen more clearly
from Table 4/10. The results show that the distribution
over the range was uneven, with only 15 reaches having a pH
value of less than 2.5 and the greatest numher having a pH
of 3.0. The lowest value of pH 1.5 was recorded at site 4,
reach 5; this reading was taken after a long period of hot
weather and may be partly accounted for by evaporation and the
consequential increase of ions in the water.

4.12 Acidity

The aeidity of these waters ranged from 64000 mg l_1
CaCO3 at site 13, reach 2, to 116 mg J.-1 CaCO3 at site 9 reach
5. Although measurement of acidity takes into account the
total H ion concentration, there was no significant correlation
between pH and aciéity (see 4.7) over the pH range 1.5-3.0.

The lack of correlation suggests that acid salts provided an

important contribution to the acidity of the water and where
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site o.m.ouuo.u. 420 om micro-mhos pH as o»now vo.mlv z:&-z 20u|z mchnm Cl Si o 3 temp C
no. name A B A B A B A B A B A B A B A B A B A B A B A B B
1 Walkmill 1 1 0.042 0.011 4200 3500 2.9 3.0 2080 4100 0.10 0.14 0.60 3.90 <0.5 0.56 1265 1794 27.0 59.1 50.0 53.0 55 60 18.6 15.6 0.23
2 0.101 0.069 7000 3500 3.0 2.9 3320 3800 0.24 0.15 3.00 2.10 ¢0.5 0.43 2383 1632 21.0 60.2 67.0 56.0 65 82 12.6 10.8 £0.03
3p 0.041 0.077 5500 4000 2.8 2.75 2400 7800 0.04 0.88 2.6 3.08 <0.5 0.40 1950 2106 42.0 29.5 69.0 77.0 55 80 15.3 8.3
2 oatlands 1 1p 0.146 2750 2.6 6000 0.38 1.80 0.26 1638 33.7 43.5 26 7.4 <0.03
2 0.246 3700 2.4 8300 0.08 0.79 0.26 1833 35.9 56.0 42 11.3 <0.03
3 Brandon 2 1 0.028 0.23 2000 2000 2.6 2.6 1392 1500 0.43 0.26 0.64 0.30 <0.5 0.40 412 312 86.0 27.8 39,0 32.5 85 95 11.3 6.1 0.36
Pithouse 2 0.025 0.016 1800 1500 2.6 2.6 1428 1500 0.45 0.30 0.46 0.40 <0.5 0.21 385 273 74.0 26.8 35.0 32.0 95 95 9.5 7.0 0.23
3 0.015 0.007 1800 1500 2.6 2.6 1196 1500 O0.17 0.28 0.33 0.42 <0.5 0.31 367 250 52.0 26.9 36.0 31.2 86 98 11,2 7.2 0.20
4p 0.004 0.006 2500 1750 2.9 2.7 1472 1900 0.01 0.14 0.25 0.55 <0.5 0.32 605 429 23.0 24.6 44.0 37.0 95 96 1l1.4 7.4<0.03
4 Rowley 2 1 0.0l4 0.775 17000 7000 2.3 2.4 13800 12500 7.20 1.64 0.15 1.30 <0.5 2.04 2145 5889 155 128 97.0 77.5 60 85 .19.0 8.8 0.12
2 0.120 0.219 7500 3200 2.3 2.8 3320 5900 1.00 1,36 9.3 0.68 <0.5 0.55 4080 3549 80.0 25.3 55.0 25.0 40 85 20.0 6.5 0.42
3 0.170 0.440 17500 4700 3.0 3.0 13000 11000 44.0 1.65 10.3 0.80 <0.5 0.37 2028 2340 65.0 141 47.0 43.5 50 87 21,0 7.6 0.26
4 0.382 4500 2.6 15500 0.28 4.48 0.38 1404 46.4 37.0 8o 12.0 <0.03
5 0.160 20000 1.5 20000 76.0 0.23 <0.5 2730 145 111 30 11.6
6 0.140 5500 2.8 2200 1.8 10.5 <0.5 2028 60.0 40.5 40 14.8
7 0.650 12500 1.8 10600 1.05 0.66 <0.5 1677 28.0 65.5 40 20.0
5 Deerplay 1 1 0600 0.276 3750 3700 2.7 2.6 1656 8300 1.43 1.54 0.73 1.37 <0.5 0.15 4875 3705 28.0 21.1 33.5 50.5 %0 48 20.1 7.6 0.25
2 0,140 0.187 13000 3000 2.7 2.7 1620 6200 1.20 1.60 0.65 1.50 0.51 0.60 5304 1833 27.0 23.2 35.0 53.5 80 85 18.5 7.1 0.36
3 0.061 0.200 4500 3250 3.0 2.7 1650 5%00 0.31 1.56 1.05 1.10 0.50 0.56 3978 1638 32.0 18.9 35.0 46.5 81 92 20.0 6.6 0.27
6 Chisnall Hall 3 1p 0.058 0.117 10000 3250 2.7 2.7 15660 8300 0.05 0.15 2.50 0.82 <0.5 2.15 4485 8937 18.0 25.3 28.5 15.0 30 89 20.2 9.1
2 0.091 0.112 10000 3250 2.5 2.7 15520 4100 0.05 0.12 2.48 1.44 <0.5 0.65 2535 887 14.0 27.4 4.5 13.5 90 100 19.3 7.4
3 0.231 0.685 12000 10000 2.1 2.5 8565 2950 0.86 3.70 2.10 1.78 0.7 2.10 3413 3939 18.0 27.4 6.2 1ll.0 80 73 20.2 10.1<0.03
4 0.090 0.122 6500 5000 2.5 2.5 9200 B600 0.12 0.29 2.40 1.66 0.5 1.53 2730 1131 14.0 23.2 5.5 17.0 9% 97 18.6 8.9<0.03
5 0.08l 0.050 6500 4500 2.5 3.0 8000 3100 O0.14 0.05 2.51 1,80 <0.5 0.30 2418 975 31.0 25.3 4.5 38,0 79 60 17.9 8.2<0.03
6p 0.065 0.145 6500 4500 2.5 2.8 6560 5500 0.13 0.14 2.38 0.78 <0.5 0.70 2340 702 21.0 29.5 6.0 23.0 84 42 17.3 8.8<0.03
7 0.078 0.134 6000 4500 2.5 2.8 5360 4600 0.10 0.25 2.10 0.92 <0.5 2.90 2730 975 25.0 29.5 6.5 24.0 95 98 19.0 8.3 0.29
8p 0.150 0.005 5000 3000 2.8 3.0 3760 1900 0.05 0.29 2.05 1.10 <0.5 0.38 2145 1014 21.0°29.5 37.5 26.0 88 10l 20.0 9.3<0.03
9 0.121 0.447 12000 5200 2.8 2.7 17360 17900 0.06 0.57 2.25 1.41 <0.5 0.58 4480 1443 25.0 29.0 24.0 41.0 18 106 21.2 9.6<0.03
7 Welsh Whittle 1 1 0.042 0.011 2700 4250 3.0 3.0 768 2300 0.05 0.31 0.31 3.10 <0.5 0.40 429 936 40.0 27.4 6.6 25.0 59 8.5 <0.03
8 Gibfield 1 1p 0.091 3000 2.6 4000 0.21 1.41 2.50 2418 29.5 47.0 48 8.5 .
2 0.088 3000 2.6 4000 . 0.06 1.30 0.30 1090 90.7 50.0 60 7.2 0.46
3 0.046 0.026 6500 4500 2.7 3.0 2920 4600 0.14 0.06 2.10 3.50 <0.5 0.26 3042 5460 44.0 92.8 44.0 21.0 60 62 10.8 7.1<0.03
4 0.097 3500 2.8 3500 0.04 2.00 0.26 3744 50.6 40.5 78 8.5 0.42
9 Denby 2 1 0.061 0.572 13500 8000 2.2 2.9 2224 14100 0.26 0.26 6.75 2.60 <0.5 0.22 4455 3822 27.0 75.9 21,0 26.6 70 85 16.5 7.3 0.23
2 0.260 0.528 10000 7500 2.0 2.9 16970 13400 0.15 0.35 7.10 2.78 < 0.5 0.56 3660 2184 27.0 65.4 29.5 27.5 75 60 18.0 7.6 0.20
3 0.091 0.490 11500 7500 2.1 2.9 16760 13900 0.15 0.10 3.75 0.82 0.5 0.48 4260 2145 29.C 46.4 26.0 27.0 80 72 15.2 7.4 0.25
4 0.120 0.208 2500 4000 3.0 3.0 180 7100 0.01 ©0.02 1.60 1.57 0.8 0.28 685 1365 33.0 37.9 9.0 13.0 8 90 12.3 6.6 0.27
5 0.430 0.445 9000 600 3.0 2.8 116 13500 0.07 1.90 5.10 0.60< 0.5 0.22 2065 1598 56.0 23.2 20.0 31.5 54 88 13.2 6.8 0.28
6 0.141 0.543 10000 650 2.5 2.8 13800 13100 ©0.13 2.10 3.91 2.24 <0.5 3.00 1570 1755 132 23.2 25.0 32.5 68 77 12.4 5.9<0.03
10 Cannock 1 1p 0.083 0.023 14200 1500 2.1 2.4 4560 5000 0.25 0.82 1.05 1.00 <0.5 0.31 3042 3642 44.0 32.0 44.5 3l.0 95 87 lo.3 7.4
11 Polesworth 1 1 0.043 0.042 4700 3000 2.5 2.9 1840 2100 0.10 0.06 2.60 4.00 < 0.5 0.38 1028 1209 14.0 130 13,5 11.0 9% 97 21.0 7.8
2p 0.042 0.041 4000 3000 2.5 2.9 2000 2100 0.08 0.07 2.38 4.18 0.5 0.26 1250 858 18,0 255 12,8 11.5 90 100 21.0 7.1
3 0.041 0.034 4500 3500 2.6 2.9 2000 1800 ©0.12 0.17 2.41 5.30< 0.5 0.26 1450 936 21.0 175 14.3 10.5 92 90 19.5 7.3 0.12
12 Kingsbury 1 1 0.042 0.014 6500 4500 2.9 3.0 5760 3800 0.13 0.10 1,90 4.36 1.08 0.76 2738 2379 88.0 173 57.0 59.0 37 92 11.6 8.2<0.03
2 0.071 0.144 4500 6500 2.9 3.0 3680 5300 0.05 0.03 5.10 4.55 3.2 0.40 2028 3080 149 156 36.5 67.5 43 12 14.8 10.8<0.03
3 0.073 0.039 4500 5200 2.9 3.0 3200 4500 0.68 0.06 4.40 5.20 4.0 0.55 1677 1950 170 173 34.5 62.0 80 89 20.0 8.3 o0.10
13 Birch Coppice 1 1p 0.431 0.241 7500 4250 2.2 2.6 15200 10000 0.82 1.42 1,50 0.70 <0.5 0.25 4875 2340 151 67.5 37.5 21.5 56 95 20.1 7.4
2 0.310 0.786 30000 1500 2.1 2.5 64000 46000 0.58 8.30 10.8 4.36 ¢ 0.5 0.50 5304 8580 168 223 35.5 72.0 40 87 18.5 7.8<0.03
3p 0.630 0.763 9000 9000 2.3 2.6 16880 20000 0.50 5.60 2.18 3.50 €0.5 2.00 3978 4680 225 80.2 114 45.5 60 92 20.0 7.1
14 Bridford 1 1 0.046 0.032 1000 1050 3.0 3.0 740 1020 0.10 0.15 ©0.14 0.30< 0.5 0.24 936 508 29.5 32.1 11.6 26.0 10
2p 0.007 0.008 1300 800 2.9 2.9 740 744 0.08 0.13 0.10 0.36 0.50 0.31 468 507 33.7 26.1L 4.6 25.0 70
3 0.004 0.007 1500 1000 2.9 3.0 928 844 0.085 0.13 0.05 0.51 2.80 0.26 429 3% 33.7 27.3 7.6 25.0 70
15 Industrial 1 1 0.037 0.005 2000 750 2.9 7.1 580 216 0.12 0.47 0.13 0.60 2.50 2.15 429 468 56.9 67.8 6.3 6.0 52
Effluent 2 0.037 0.033 1800 750 3.0 7.1 420 220 0.14 0.14 0.50 0.36 1.00 1.23 273 154 132.9 48.5 9.0 7.C 50
3 0.037 0.031 1900 800 3.0 7.1 380 215 0.23 0.21 0.85 0.32 2.25 1.5% 429 321 177.3 54.1 8.4 7.3 48
16 Dowgang 1 0.031 1100 2.9 412 0.08 0.35 0.22 405 25 5.7 88
2 0.120 1200 3.0 404 0.26 0.36 0.31 355 17.5 8.7 92
3 0.121 1150 3.0 384 0.24 0.32 0.30 252 52.% 7.5 94
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i Wae 0 Al Pb Co Ni
site nzme L e S Na K M Ca Za Cu Mn Fe 3
ro. 2822 B A B AT A B A B A B A B A B A B A B A B A e
1 wWalkmiil 1 1 169 130 14.5 15.5 551 390 556 389 0.96 0.85 0.023 0.07 45.2 34.2 193 225 149 119 0.0l0 0.2%1 1.85 1.31 2,78 4.52
2 785 621 5.6L 3.14 780 678 510 410 1l.10 .20 0.24 0.12 88.7 72.4 70.0 111 325 206 0.018 0.l10 2.48 2.31 3.32 4.1l
3p 45.3 6GZ.8 7.80 5.00 682 545 520 425 1.40 1.29 1.24 2.32 113 76.9 105 255 411 400 0.020 0.32 2.62 2.15 3.84 6.21
2 oarlands 1 1p 7.9 0.81 29.0 272 0.4 2.10 5.1 450 149 0.17 2.15 2.53
2 7.9 0.39 76.0 320 c.71 2.67 8.7 810 255 0.22 1.19 6.52
3 randan 2 1 11.2 0.57 0.42 68.3 77.0 €1.2 €0.1 1.14 0.27 0.69 0.65 6.6 6.3 110 §5.0 31.2 32.0 0.013 0©0.02 0.20 0.2! 0 1.50
Piihouse 2 12.0 0.74 0.57 68.4 BO5.1 67.8 57.2 1.10 0.95 0.63 0.€3 7.1 6.3 160  90.0 51.9 30.5 0.Cl2 0.0 0.003 0.68 O 1.21
3 13.0 1.84 0.31 65.7 82.0 72.0 55.6 1.07 0.95 0.57 0.63 6.9 6.2 85.0 §9.0 29.0 30.1 0.014 0.0 0.007 0.04 O 1.14
4p 119 76.5 7.80 5.00 152 18C 148 123 1.36 1.50 0.36 0.48 3.1 0.6 21.0 36.0 29.! 38.5 0.005 0.080 0.03 0.23 © 0.80
4  PRowley 2 1 455 77.52.55 0.3% 920 325 430 433 19.2 4.38 3.58 4.40 1€0 54.4 4800 2500 1370 6C8 0.33 0.37 4.05 1.5z 7.45 5.80
2 330 106 2.50 2.50 715 110 405 176 3.79 1.59 0.96 0.66 126 26.3 4200 230 320 87.5 0.095 0.13 0.84 O0.41 2 2.22
3 132 2.20 240 256 2.586 1.30 18.1 1400 294 0.25 0.85 3.43
4 358 12.2 324 535 428 361 4.79 3.92 0.08 0.45 65.0 84.8 420 3650 0.43 1.68 1.10 3 5.71
5 1510 220 17.1 8.£6 255 4950 5.82 L
6 1i6 40 2.74 0.74 55.0 454 0.83 1
7 $05 120 7.41 2.87 151 345 2.48 1
5 Decrplay 11 17.3 1.20 iC5 153 3C0 2.55 4.33 .24 3.19 £7.4 31.5 231 840 0.17 0.i6 1.00 2 4.20
2 25.2 .89 100 120 260 4.6%¢ 1.2 2.4 23.7 42.4 420 610 0.17 0.56 i.12 2 4.51
3 23.3 0.56 23.8 130 3s2 4.92 0.5 3.02 895.0 40.8 39 599 0.19 2.15 1.30 3 4.52
6 Chirpall Hall 3 1 159 2.8 720 3240 399 0.79 0.18 0.38 85.0 22.9 1310 275 0.15 2.08 0.72 3 2,23
2p 155 2.80 724 330 236 0.75 0.13 0.36 4l.4 21.7 353 260 0.71 1 3.31
3 40.9 0.14 81D 475 520 2.97 3.10 16.0 40.1 26.1 1680 4700 8.41 12.5
a VR 2.40 730 368 24 0.35 0.29 .51 41.9 22.7 371 313 2 3.10
5 319 4.1 766 573 237 1.23  0.14 ©.35 41.2 <0.2 370 155 1 3.32
6p 2.9 &.40 755 583 25 1,12 0.1 0.81 42.0 3L.5 357 415 1 3.9
7 231 S.20 717 575 24y 11 0.1i3 0.0 41.5 33.2 332 400 1 3.26
5p 51.7 15.5 870 525 377 0.77 C.l4 0.22 <40.6 28.9 135 0.1 55 1 3.00
9 ° 53.7 16.0 368 425 329 1.16 0.14 0.31 77.0 81.0 679 1250 13 i 5.50
7  Welsh Whittle 1 1 166 24.7 36.0 G20 138 0.58 0.08 0.12 0.35 11.5 12.5 25.0 as 0 2.01
8 Gibticld 1 1p 32.5 4.30 110 3.80 0.58 11.2 265 71, 6.50
2 87.6 4.10 133 3.75 0.87 11.4 270 74. 2.70
3 738 603 11.! 13.6 350 310 400 0.96 2.50 0.42 0.04 23.5 34.0 1020 535 106 73. 1.15 2.33
4 227 7.70 193 3.01 0.59 15.8 365 76.0 2,52
9 Denby 2 1 6% 5!8 13.2 19.9 144 930 444 6.70 5.40 0.11 0.24 192 100 4900 3250 179 14 4.28 7.54
2 305 2358 4.4 13.8 ©80 805 426 5.71 7.50 0.06 0.09 133 9G.1 2700 2600 154 201 2.91 §.05
3 585 335 1.65 21.7 1220 903 445 6.40 6.81 0.11 0.15 163 100 3600 2860 172 173 4.65 17.03
4 610 141 1.08 7.50 122 340 B8l.0 0.76 2.60 0.02 0.11 16.4 38.8 290 770 19.5 E2. 0.45 3.HD
5 530 233 33.0 6.00 925 565 415 5.50 6.12 0.05 0.69 128 §3.3 2900 1925 114 306 3.34 6.71
6 550 211 29.0 3.70 1125 640 435 §.90 5.80 0.08 0.63 132 79.1 2750 1725 124 292 3.50 6.28
10 Cannock 1 lp 11.4 23.6 4.40 5.20 205 278 3338 88.0 62.0 3.10 3.21 114 120 23000 10000 425 501 5.10 3.21
11 Polesworth 1 1 285 329 5.60 6.50 284 208 248 0.85 0.72 0.018 0.03 50.1 45.4 83.0 105 4.86 3.72 0.63 2.52
2p 373 330 5.60 7.23 206 185 320 0.83 0.71 0.019 0.026 51.0 45.2 5.0 110 4.76 3.7 0.556 2.01
3 23 318 5.12 6.32 210 190 325 0.86 ©0.64 0.017 O0.026 50.0 44.4 76.2 45.0 4.83 3.92 0.42 1.91
12 Kingsbury 1 1 69 GOS 10.3 1G.8 334 335 523 24,6 41.4 0.052 0.035 112 99.8 186  23.5 169 138 4.68 4.50 |
2  4i0 72¢c 3.40 3.00 268 328 303 18.0 22.9 0.4 0.28 67.2 100 112 465 111 175 2,48 5.93 W
3 395 623 3.50 9.10 2i6 323 250 20.5 37.9 0.13 0.041 62.2 103 96.0 120 100 L3 2.00 5.21
13 Birch Coppice 1 1lp 213 151 0.07 0.25 260 153 232 9.74 7.8 2.51 1.56 53.0 36.9 809 660 96.0 620 0.0l6 0.23 6.0 2.30 9.70 7.62
2 856 942 0.92 1.57 379 480 344 76.5 32.1 4.60 2,70 110 106 9450 8000 3130 2)00 0.019 0.91 20.0 11.30 50.4 27.0
3p 3550 1640 0.05 6.00 2340 1310 385 8.48 14.9 2.90 2.60 544 211 1702 2400 775 556 0.29 0.50 6.80 5.50 11.4 14.0
14 Bridford 11 §.4 20.4 8.40 7.70 28.6 31.5 GB.0 54.5 67.4 0.006 0.141 29,9 33.0 112 132 4.7 5.1 1.80 1.90 0.19 0.23 0.53 2.12
2p 8.0 8.28.00 1.60 28.3 6.60 67.0 193 117 2,37 1.88 44.8 21.5 18.5 7.5 10.4 6.7 0.95 i.29 G.29 0.13 0.86 0.8l
3 3.9 20.1 3.90 7.40 25.2 30.3 61.1 57.0 64.0 0.104 0.088 31.0 32.5 34.5 91.5 5.8 12.6 1,52 1.75 0.1% 0.28 0.53 1.02
15 Industrial 1 1 12.5 35.0 12.5 5.9 20.2 16.3 136.0 122 0.21 0.009 0.125 0.008 0.36 0.02 15.8 0.26 5.7 6.0 0.20 0.051 0.05 0.21 0.09 0.56
Effluent 2 21.5 29.3 21.0 5.7 37.5 14.7 122.0 123 0.33 0.013 0.067 0.009 12.7 0.02 42.4 0.33 26.8 10.3 0.045 0.27 0.27 0.23 0.53 0.53
3 16.1 25.1 16.4 5.6 34.3 15.1 147.6 122 0.076 0.0l12 0.078 0.008 0.34 0.02 11.3 0.31 2.32 5.3 0.22 0.042 0.04 0.23 0.05 O.54
16 Dowgang 1 4.30 1.78 23.1 6.60 0.35 0.040 3.91 3l.0 3.78 0.042 0.08 0.05
2 4.15 1.94 106 32.7 2.27 : 0.102 9.80 99.0 12.2 0.016 0.33 0.i8
3 4.00 1.74 107 20.6 2.08 0.092 9.10 88.0 11.1 0.053 0.28 0.18
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there were high acidity values, but not extremely low pH
values, the environment may be more restricting to the
species than indicated by the pH value.
4.13 Heavy metals

The results show that besides having a low pH, the
acid mine drainage waters from the coal mines contained
large concentrations of one or more heavy metals. At least
one of the metals studied was in at a concentration of more
than 1.1 mg l_1 on one or other sampling days. However,
instances were recorded for each element where its concentration
was relatively low. 2Zn was generally found t§ be the most'
abundant heavy metal, with a mean value of 16.0 nmg 1_l and a
maximum concentration of 193 mg l"-1 at site 14 réach 2. Large
concentrations of Cu, Co and Ni were also recorded in many
reaches with maximum values of 16.0, 20.0 and 50.4 mg 1—1
respectively. Water from site 13, reach 2 had the largest
overall heavy metal loading,.although individual elements
were recorded at higher levels in other reaches. This reach

also had the highest acidity value recorded, but not the

lowest pH value. The levels of Pb were generally low, compared

with the other heavy metals examined. The maximum value of
-1 . . -1 .
Pb was 1.90 mg 1 and the minimum 0.001 mg 1 ~, As veins of

lead are not usually associated with coal mining areas, it
was not surprising to find low values of this element in
the water.

4.14 Fe, Al, Mn

The concentrations of these elements were also very
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larxge compared with normal streams, as demonstrated by

their mean values (Fe 1111 mg 1-1, Al 258 mg 1-1; Mn 64

mg 1""). The occurrence of large concentrations of iron
was invariably associated with high Al and to a lesser
extent, high Mn concentrations and for this reason Fe has
been included in this section rather than the other heavy
metals (4.13).

4.15 Na, K, Ca, Mg

The waters ranged considerably in the degree of hardness,

but were generally considered to be soft. The lowest Mg and
Ca levels of 6.6 and 4.0 mg l-'1 were recorded for site 14 in
survey A. The concentrations of the cations measured were
not particularly noteworthy, except for the K level at site 13,
reach 3 which was 0.05 mg 1—1.

4.16 Optical density and Conductivity

The optical density values of some waters were unusually

high, but this was not surprising in waters where 1afge
.concentrations of Fe/and Al were recorded. The large iron
values often produced bright red water, as well as a red-orange
precipitate. This was most obvious at sites 3 and 13. The
large conductivity values were also expected in water containing
such large Eoncentrations of ions. Conductivity may be
considered indicative of the total ion status of acidic waters
and there was significant correlation between conductivity and
many of the ions which occurred in large amounts.

4.17 P04—P, NH4—N, N03-N

The concentrations of these nutrients were often at a
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sufficiéntly higﬁ level as to be considered indicative of
a moderately eutrophic environment. In the late summer
survey 56% of the reaches and 61% of those in the winter
survey had both PO4—P levels 0.1 mg l-1 and combined

inorganic N levels of 1.0 mg 1_1. However the results for

a few reaches were considerably lower than those values, for
example, site 9, reach 4; PO4-P 0.01 and 0.02 mg 1_1 and

site 4, reach 1 N 0.65 mg 1-1. The total concentration of

N present in the acidic environment was mainly contributed

by the NH4—N, as No3-N levels were generally less than 0.5 mg fd.

4.18 si, C1, SO4—S

The concentrations of Si and SO4-S were aiways high,
(mean values of 36.5 mg Si l.-1 and 2600 mg S 1_1) and in

some instances very high (maximum values: 114 mg Si l-1 and

1

8600 mg S 1 °0). The concentrations of Cl were not unusually

high, as indicated by a maximum value of 114 mg l—1 and a
minimum value of 14.0 mg 1_1.

It is unlikely that the diatom populations would have
been limited at any time by Si, although nothing is known
of the availability of the Si at such low pH values. It is
probable that any buffering action which exists at these
low pH values would involve éalts containing these anions.

4.19 Percentage oxygen saturation

The concentration of dissolved oxygen was generally low

for organically unpoiluted waters, particularly when the large

growth of algae which sometimes occurred, was taken into

account, A mean value of 70% and a minimum value of 10% were
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recorded in both surveys. The reason for the very low

value was thought to be due to continued oxidation of ferrous
to ferric ion after the water had issued from the ground.
This occurred at site 14, reach 1, where the oxygen

increased from 10% to 70% as the pH decreased from 3.0 to
2.9. 1It was assumed that sto4 was still being produced

above ground.

4.2 Physical parameters

4.21 Temperature
The temperature of these waters was consistent with
normal streams for the time of year sampled, except where
water was issuing from a burning tip. At these sites, quite
high values were recorded, even when the air temperature was
near freezing, for example at site 1, reach 1 the water
temperature at the source of the stream was 15°C. Although
these springs may be considered warmer than normal underground
springs, there were no examplesof thermal acid streams.
4.22 Current spéed
As already mentioned in 2.31, current speed was measured
only during the second survey. The results, expressed as
the maximum current speed per reach, ranged from values greater

-1

than 0O 0.46 ms with 0.03 being the lowest speed the

&=
.03 to

meter could measure. The current speed sometimes varied
considerably within the 10 m reach sampled and therefore, it
was considered most useful to. record the maximum value aﬁy
alga would have to withstand, in order to survive in a given

10 m reach. Where no result was given for a reach, this
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indicates that either the reach was a pool habitat, or
else lack of access prevented a reading from being taken.

4.3 Comparison of the physical and chemical data between

the two surveys

A comparison of the data collected for individual
reaches demonstrates how chemically variable the acidic
environment can be, even when two reaches in the same complex
are considered. As well as variability between different
reaches, there was frequently a marked difference between
values obtained at different times oé the year. A comparison
of the two surveys is given in Table 4.2 and shows that 10
parameters were greater in the summer than the winter surveys
and 13 parameters were greater in the winter. As the volumes
of water in the streams were lower in the late summer than
late winter, it was not surprising that some parameters were
higher in the late summer survey. However, the values
obtained for 13 parameters did fall the other way by a
.sufficiently large aéount as to indicate that straightforward
dilution was not affecting these parameters as would be
expected. The fact that levels of Na, Mg, Ca, Mn and hydrogen
ion concentration were lower in winter, could be attribpted to
ilution by‘higher flows, but all of the heavy metals, acidity
and Al were higher in winter than summer. It was thought thaﬁ
both dilution and é decrease in the amount of acid produced

accounts for the higher pH values in winter (see 8.23).




"1

-

Table 4:2 Comparisor of values

parameters collected

for physical and chemical

in late summer and winter

surveys.
no. greater in no. greater no. sanme
late summer (A) in winter than on both
than winter (B) late summer surveys
%0420 nm Y 26 0
conductivity (micro-mhos) 34 6
PH 8 24 11
acidity (as CaCOa) 18 25 0
Na 32 11 0
K 17 25 1
Mg 26 17 o
Ca 30 13 [¢)
Zn 19 24 o
Cu 11 31 1
Mn 30 13 0
Fe 19 24 o
Al 22 21 0
Pb 1 42 0
Co 22 21 0
Ni 8 35 o
PO, -P 14 29 0
NH,-N 24 19 0
N03-N 18
504-3 27 16 (o}
cl 18 25 (o}
Si 17 26 (o}
0y, % 9 29 1
Temp C 43 0 )




112

4.4 Photosynthetic organisms recorded at or below pH 3.0

4.41 Species composition

A total of 28 species of photosynthetic organisms were
found growing in watexr at or below pH 3.0 (Tables 4.3 and 4.4).
It was possible to give binomials to 21 of the species
recorded. Species represented only by individual cells, or
filaments which had almost certainly been washed in from
different habitats, were not included. Although several of
the species listed were recorded on one occasion only, they
were both obviously healthy and in sufficient numbexrs to
justify their inclusion as part of the stream flora. 1In
addition to the designated sampling reaches, the spot samples
(see 2.52) that were taken from other areas of the streams
failed to show any species not present in the reaches.

From Table 4.4 it can be seen that Euglena mutabilis (90%)

Pinnularia acoricela (71%) and Gloeochrysis turfosa (61%) were

considerably more widespread than the other species. Nitzschia

subcapitellata, Nitzschia ellipitica var. alexandrina, Eunotia

exigua, Chlamydomonas applanata var, acidophila and Hormidium

rivulare wexe also relatively common, occurring in over 20%
of all possible reaches.
In both surveys diatoms were represented by 11 species,

making them the largest single phylum represented. The

mosses, Drepanocladus fluitans and Dicranella sp. occurred both

in the protonemal and in the adult forms. Unlike most habitats

where mosses grow, the protonema occurred more frequently than

the adult, particulary for Dicranella sp.
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'able 4.3 Summary of photosynthetic organisms found in England at< pH 3.0

algae mcss flowerin lants
streams associated with mining 19 ) 2 1
pools only 4 0 1
steams from industrial effluent 1 0 Q

] total 24 2 2 =28
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The two angiosperms, Typha latifolia and Juncus effusus,

occurred in separate single reaches. However, dead Typha latifolia

was also found at site 6, reach 1.
4.42 Comparison of species composition between surveys
The overall floristic composition of the streams showed
little difference between the two surveys in contrast to the
chemistry (see Table 4.4) The number of occurrences did however

vary considerably in the case of a few species. Lepocinclis

ovum and Ulothrix zonata were the only species not recorded in

the late summer, while Nitzschia sp. type A, Nitzschia sp.

type BINavicula nivalis and Microthamnion strictissimum were

not recorded in the winter survey.

In addition, Gloeochrysis turfosa, Hormidium rivulare and

Chlamydomonas applanata were much more common in late summer,

in contrast to Nitzschia elliptica var. alexandrina which was

more widespread in winter. These species seemed to demonstrate
a more obvious seasonal trend than many of the other commonly
occurring species (see Chapter 7).
4.43 Comparison of habitat type

Of the species recorded, 5 were present only in streams,
'and 6 only in the pool habitat (Table 4.5) All other species
were present in bhoth habitats, although some species were
more common in one or the other (Table 4.7). For example, the

chlamydomonads and Lepocinclis ovum were more common in pools.

Further details of the preferences of the individual species
to habitat type are given in Chapter 7. The algal species

that were recorded only in pools were all diatoms, nrcne of
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which were commoﬁ, even though there were 12 major pool
habitats recorded in the surveys. Both species of flowering
plants were restricted to the pool habitat, although Juncus
effusus has since been found at around pH 3.0 in running
water in reach 10 and 11 of Brandon Pithouse Acid Stream.
4.44 Estimation of percentage cover

Where it was possible, an estimation was made of the
percentage of a 10 m reach, covered by an organism, or group
of organisms. The results are given in Table 4.6 for species
which were easily recognizable macroscopically. The identity of:
the alga covering the substratum was checked by microscopic
examination of samples taken from the area. Most reaches had
macroscopically obvious growth of plant material on one or
both of the sampling days.

As can be seen from Table 4.6 Euglena mutabilis was not

only the most widespread species (Table 4.4) but also often the
most abundant species when viewed macroscopically, sometimes
covering as much as 80% of the substratum. The results suggest
that this species was as abundant in late winter as it was
in late summer and it was estimated to cover at least 10%
substratum in 35% of the reaches in the late summer survey
and 47% of the late winter reaches. These values may be an
under estimation of the actual figure because the alga tended
to migrate into the silt in order to avoid high light intensity
(see 7.2).

. It was impossible to distinguish macroscopically between

the different diatom species, therefore, they were considered
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Table 4.6 The percentage cover by macroscopically recognizable organisms.

for each 10 m reach in survey A and B.

i

Euglena Diatom  Hormidium  Zygogonium Campylopus Gloeochrysis
S species rivulare ericetorum flexuosus turfosa
(protonema)
A B A B "A B A B A B A B
1 Walkmill 1 20 60
2 5 1 5 10
3 30 1 30 5 10 1
2 Oatlands 1 1
2 10 60
3 Brandon 1 40 20
Pithouse 2 1 1 10 5
3 5 5
4 30 15
4 Rowley 1 70 170 30
2 S 1 5
3 10 5
4 80 80
] 10
6 1 1
7 1 3
S Deerplay 1 1 50
2 1 5 5
3 20 1 1
6 Chisnall 1 2 70
Hall 2 10
3 80
4 30 50
K} 30
6 20
7 5 10 10
8 10 70
9 1 60
7 Welsh Whittle 1 20 70 k] -]
8 Gibfield 1 40 10 40
2 1
3 30 40 70 S0
4 1
9 Denby 1 50 1
2 70 80
3 40 20
4 3 1 1 40
B 70 20 5
6 80 45
10 Cannock 1 80 70 1
11 Polesworth 1 40 2 30 10
2 40 60
3 10 60
12 Kingsbury 1 1 20 10 60
2 1 60
3 10 10 5
13 Birch Coppice 1 1
2 10 80
3 1 1
14 Bridford 1 1 15
2 1 1 1
3
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as one organism for the purpose of percentage cover estimations.
As a group they were capable of covering up to 70% of the
substratum with a film of cells. The filamentous algae and
moss protonema at times covered large areas of the streams,

but it seemed that these organisms took a longer period to

become established and form large areas of cover. Gloeochrysis

turfosa was quite frequently macroscopically obvious, but rarely
covered large areas of a given 10 m reach.
4.45 Relative abundance

In addition to estimating percentage cover for the 10 m
reach, the relative abundance of the species within a 100 mm2
sampling area was also determined (see 2.53). Table 4.7 gives
the greatest relative abundance value recorded for the species
at each reach and is the highest value selected from a minimum
of five 100 mm2 samples per reach. This Table also demonstrates
the distribution by'reach of the individual species.

From Table 4.7 it was possible to estimate the abundance
of one species relative to another for all the individual
reaches and by doing so, to estimate the occurrence of the
species as a dominant or co-dominant organism in the acid
environment. Although these data are highly subjective, they
do confirm the macrosceopic observations and give some idea
as to whether an organism is resistant to a particular set
of conditions, or whether it merely tolerates the conditions.

Table 4.8 details the nuqber of times a particular score

on the 1-5 scale was given to each species and also the

number of times it occurred as the dominant species. For a
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