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ABSTRACT

The microbial ecology of the abandoned uranium mine at Rum Jungle,
Northern Territory, was investigated to determine the nature and extent of
microbial populations occurring in sulphidic waste areas. Several groups of
bacteria were identified and population sizes were estimated, using selective
media techniques. Various physicochemical parameters of each sample were
determined and correlated with the occurrence of bacteria. A medium giving a
high percentage recovery of Thiobacillus ferrooxidans colonies was developed.

Sulphidic waste areas were found to support a large and diverse microbial
flora, with T. ferrooxidans consistently occurring, although microorganisms
were isolated only from the far eastern end of the tailings dam area. In
White's dump, relatively low numbers of T. ferrocoxidans and high numbers of
acidophilic heterotrophs occurred with no seasonal variation, whereas
sulphur-oxidising bacteria were absent at the end of the dry season and
increased to high numbers during the wet. Desulfovibrio spp. were isolated
only from a zone, less than one metre high, at the very base of the dump
within which conditions otherwise were aerobic. The dump supported different
microbial populations 1in Jlocalised areas and, 1in two areas where T.

ferrooxidans was virtually absent, little pyritic oxidation appeared to be
occurring.

Intermediate dump was found to differ significantly from White's. T.
ferrooxidans was the major microbial species, numbers of which increased from
the end of the wet season to the early dry. Other bacterial types were scarce
and no anaerobic bacteria were isolated. Relatively crude temperature
measurements indicated that, in the top of the dump, pyritic oxidation may be
occurring more homogeneously and at higher rates than in White's dump.
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GLOSSARY

Acidophiles ~ organisms which 1ive at low pH

(a) Facultative acidophiles - organisms which tolerate high
concentrations of HY jons.

(b) Obligate acidophiles - organisms which require high
concentrations of H' ions {possibly because H* jons may he
required for the membrane stability of these organisms).

Brock [1979]

Aerobes

(a) Facultative aerobes -~ organisms which are able to use

alternative electron acceptors when oxygen is not available
and do not require oxygen for biosynthesis.

(b) Obligate aerobes - organisms which require oxygen for growth
(i.e. cannot use alternative electron acceptors) and
biosynthesis.

Brock and Brock [1973]; Brock [1979]

Anaerobes - organisms which are unable to use oxygen as the terminal electron
acceptor

(a) Aerotolerant anaerobes - organisms which do not use oxygen,
but are not harmed by it and thus are able to grow in the
presence or absence of oxygen.

(b) Obligate anaercbes - organisms which do not use oxygen and to
which oxygen is toxic.
Brock and Brock [1973]; Brock [1979]

Autotrophs - organisms which obtain all their cellular carbon by the fixation
of CO2 using the Calvin cycle, which is unique to them, for COZ
reduction.



ii

{a) Chemoautotrophs -~ organisms which obtain their cellular
carbon from C02 and obtain all their energy requirements by
the oxidation of inorganic substrates.

(b) Facultative autotrophs - organisms which use CO2 as the
carbon source and organic compounds as the energy source.
Brock [1979]

Bacteria - a group of diverse and ubiquitous procaryotic single-celled
organisms, generally about 1-10 microns and having a spherical, rod
or spiral shape.

Singleton and Sainsbury [1978]

Bacterial leaching - the solubilisation of metals from dumps of low-grade ore
(the 'waste' from the mining of richer ore) by percolation of acidic
water. Within such dumps, bacterial activity results in the
oxidation of mineral sulphides and solubilisation of metals.

Kelly et al. [1979]

- "the bacterial leaching of metal sulphides can be considered as a
biochemical oxidation process which is catalysed by microorganisms."
Berry and Murr [1978]

Ecology - "... organisms interact with each other and also with the physical
conditions which are present. Thus, organisms and the physical
-features of the habitat form ... an ecosystem.... In every natural
situation, the environment affects the organisms present and, to a
greater or lesser extent, the organisms affect the environment."

Clarke [1954]

- "that branch of biology entirely abandoned to terminology."
Clark [1968]

Heterotrophs - organisms which use organic compounds both for cellular carbon
and as an energy source.

- mixotrophs : organisms which use organic compounds as the
carbon source and inorganic compounds as the energy source.
Brock [1979]



Metabolism - "all of the reactions by which an organism converts nutrients
into cell material and energy."
Brock and Brock [1973]

Microaerophilic

(a) "refers to an environment in which the partial pressure of
oxygen 1is Tlower than that which occurs under normal
atmospheric conditions - but which is not quite an anaerobic
environment."

Singleton and Sainsbury [1978]

(b) organism - one which requires oxygen at pressures lower than
that found in air (i.e. lower than 0.2 atmospheres).
Brock [1979]

(c) microorganisms requiring high carbon dioxide concentration
rather than low oxygen tension have been ‘'misnamed’' as
microaerophiles.

Hawker and Linton [1971]

Pollution - the appearance of some environmental quality to which the exposed
community (or organisms) has an inadequate response.
Cairns and Lanza [1972]

Procaryotes - cellular microorganisms, consisting of the bacteria and blue-
green algae, which have a nuclear region not bounded by a membrane.
Brock and Brock [1973]

Thermophile - an organism which has an optimum growth temperature above 45°C,
Singleton and Sainsbury [1978]

Water activity (aw) - an expression for the amount of available water in a
given substrate, " a  is 1/100th of the relative humidity of air
which is in equilibrium with that substrate.... Most bacteria fail
to grow if the water activity of the medium is below about 0.92 ...
while the growth of some halophilic bacteria continues at an a, of
0.75."

Singleton and Sainsbury [1978]



iv

- relative humidity (RH) is given by the expression

RH = P/P, x 100, where P = vapour pressure of the solution and P, =
vapour pressure of pure water.
Hawker and Linton [1971]



1. INTRODUCTION

The release of acid and heavy metal pollutants into the surrounding
environment in drainages from mine workings, waste ore dumps, tailings areas
and coal heaps has been a worldwide problem for many years, but the essential
role of bacteria in the process has only been recognised in the past thirty
years [Kelly et al. 1979].

Microbial involvement in the Tleaching of sulphide ores was clearly
demonstrated in the 1950s [Bryner et al. 1954; Bryner and Jameson 1959].
Since then many mining companies, especially copper mining ones, have
incorporated in their operations leaching procedures which are becoming
increasingly important in the extraction of wminerals from low-grade ores
[Brierley 1978]. For example, 11.5 per cent of the total copper production in
the United States is realised from the leaching of low-grade copper waste ores
[Wadsworth 1975]. Various techniques used in commercial Teaching operations
are described by Zajic [1970]. However, the generation of sulphuric acid and
release of heavy metals from sulphidic mine sites still generally remains a
considerable pollution problem and ways of controlling these processes, both
during the life of the mine and after operations have ceased, are becoming
increasingly essential.

The offending material responsible for the release of acid and heavy
metals, which have such deleterious effects on the viability of flora and
fauna in the environs of these mines - for example, at the site of the
abandoned uranium mine at Rum Jungle, Northern Territory - is the sulphuric
material (especially iron pyrites) associated with the particular mineral
being mined. Iron pyrites is a ubiquitous mineral, often found in association
‘with other minerals of economic significance ({e.g. copper/lead/zinc/nickel
sulphides, coal, uranium).

Pyrite in underground sulphidic ore bodies is stable over long periods of
geological time [Brock 19787, although most sulphidic ore bodies have a 'cap’
consisting of a zone of oxidised minerals which have resulted from the
oxidation of the upper Tlayer of the ore body by percolation of oxygen-
containing surface waters [Kusnetsov et al. 1963]. When such ore bodies are
disturbed (e.g. by mining operations) the material {is fractured and the
excavation of the ore body and the piling up of 'waste' material into large
dumps allows vast surface areas of sulphidic material to be exposed to air and
water, and allows access of microorganisms to such surfaces.



Where it has access to air and water, pyrite reacts to form soluble iron
sulphate and sulphuric acid:

FeSy + 20, + Hp0 — Fe?¥ + 2503 + 2H* . (1)
Ferrous iron may then be oxidised to ferric iron:
1 + 1
Fe?* + K + 40, 5 Fo3t + oty . (2)
Ferric iron s an oxidising agent and may react with solid sulphides:

8Fe3t + M + aH,0 > MET 4 S0 + 8H' + BFe?T . (3)

where M is a divalent metal.

Reactions (1), (2) and (3) appear fairly simple, straightforward chemical
equations. However, the mechanisms of pyrite oxidation, especially in dump
situations, are extremely complex and not well understood biogeochemical
processes. It is known that the oxidation of pyrite is greatly accelerated in
the presence of microorganisms, particularly the bacterial species
Thiobacillus ferrooxidans. Winchell, as described by Smirnov [1955],
suspended powdered pyrite in air-saturated water for 10 months after which
less than 0.1 per cent of the pyrite was solubitised [Kusnetsov et al. 1963].
However, Atkins [1978] Teached pyrite in the presence of T. ferrooxidans, and
achieved 100 per cent solubilisation of pyrite at 2 per cent pulp density in
about 21 days. -

Living organisms are catalysts of chemical reactions, and microorganisms,
especially bacteria, are essential catalysts of many important geochemical
reactions (see, for example, Brock [1979] who has given a detailed description
of the role of bacteria in biogeochemical 'cycles', e.g. the carbon, sulphur
and nitrogen cycles in the transformation of metals). Biological catalysis is
rapid and effective and occurs at low temperatures. '"Low temperature
reactions are of great geochemical significance, because most of the earth is
at a Tow temperature (i.e. the surface crust) and many important reactions
would probably not occur at all (or at least, at very minimal rates) if it
were not for living organisms." [Brock 1980]. Microorganisms cannot change
thermodynamic relationships, but their action as catalysts increases the rates
of chemical reactions [Brock 1977]. For example, at acidic pH the rate of
oxidation of soluble ferrous to ferric iron by T. ferrooxidans has been shown




to be one million times faster than the chemical reaction rate [Singer and
Stumm 1970]. Also, different microorganisms (and their interactions with each
other) may utilise various degradative pathways for a particular substrate
whose chemical degradation, under a given set of conditions, 1is always the
same [Brock 1978].

Microorganisms are ubiquitous and one of their most fundamental
characteristics is their ability to adapt to changing environmental conditions
[Le Roux et al. 1978] and to flourish in environments which may be toxic to
organisms of greater cell complexity [Brock 1969]. It would be expected,
therefore, that in sulphidic, especially pyritic, ores exposed to air and
water, certain microbial populations, tolerant to high metal and acid
concentrations and able to grow without organic carbon, could rapidly become
established as the major biological component of the system. This has indeed
been found to be the case. One of the major groups of microorganisms isolated
by many workers from such environments throughout the world, consists of
several bacterial species belonging to the genus Thiobaciilus ( thio Greek for
sulphur and bacillus Latin for small rod). Of this group, the most widespread
and important microorganism in leaching processes and therefore the most
extensively studied, is T. ferrooxidans which was originally isolated and
classified by Colmer and Hinkle in 1947 (see Kusnetsov et al. [1963], pp.136-
138 on the occurrence of T. ferrooxidans in nature).

T. ferrooxidans obtains its carbon for cellular constituents by fixing
(dissolved) carbon dioxide [Schnaitman et al. 1969]. In the autotrophic

bacterial cell, CO, is ‘fixed' via the Calvin reductive pentose phosphate
cycle. This is illustrated by a simple block diagram in Figure 1. (For a

more detailed description of the reactions of the Calvin cycle, see Elsden
[1962] and Peck [1968]). Autotrophic Thiobacillus spp. use this pathway for
C02 fixation; the ATP (i.e. energy) required is generated directly from the
oxidation of inorganic growth substrates and the NADH (i.e. reducing power),
by the reduction of NAD by reverse electron transport, the energy required for
this coming from ATP [Silver 1978]. That reduced sulphur compounds and
ferrous iron are used by Thiobacillus spp. as growth substrates in this cycle
has been shown by Aleem [1977] and Aleem et al. [1963], as reported in Silver
[1978]. The energy required for CO, fixation and other metabolic processes is
obtained by T. ferrooxidans solely by the oxidation of the following inorganic
compounds: soluble ferrous iron; elemental sulphur; reduced sulphur compounds
(soluble); mineral sulphides containing iron (by the simultaneous oxidation of
the insoluble ferrous and sulphide components of the ore matrix [Duncan et




al. 1967]; and non-iron-containing mineral sulphides by oxidation of the
sulphur moiety [Torma 1971].

The oxidation of soluble ferrous to ferric iron by T. ferrooxidans occurs
as in reaction (2) but 1in two components, spatially separated in the cell
envelope: the reaction

- +
2e + 02 + 2H ——+7H20

probably occurs within the inner membrane, whereas the reaction

2+ _, 2Fe3+ + 2e”

2Fe
occurs at the outer membrane [Ingledew et al. 1977]. This means that the
ferric iron produced never enters the bacterial cell [Lundgren and Tano 1978].

The pairs of electrons (e”) from the ferrous ions are transported to a

terminal electron acceptor {oxygen) via the cellular cytochrome transport
chain as follows [Silver 1978]:

2F92+)(cytochrome ¢ (ox.))< cytochrome a (red.) )(1/202+H+
oFe3t¥ Ncytochrame ¢ (red.) /\ cytochrome a {ox.) H,0
|
energy

I

Fe2t_cytochrome ¢ oxidoreductase  ADP+Pi —- ATP

The action of the enzyme iron-cytochrome c-oxidoreductase [Yates and Nason
1966; Din et al. 1967] has been shown by Din and Suzuki [1967] to be of the
Ping Pong Bi Bi type; that is, each substrate molecule (in this case, Felt

jon} is bound and modified sequentially by the enzyme which is correspondingly
altered.

The free energy of the above reaction is about 15 kca1/2Fe2+ at pH 1.5
and about 12 kcal/2Fe?* at pH 3.3 [Lees et al. 1969]. The energy required for

the phosphorylation of one ADP to form one ATP is between 8 and 14 kcal
[Silver 1978]. The oxidation of 2Fe’* ions to 2Fe3* ions generates about 12

to 15 kcal, of which no more than 30 to 35 per cent is then available for ATP



formation [Tuovinen and Kelly 1974b]. T. ferrooxidans must, therefore,
oxidise large amounts of ferrous iron, not only to grow [Brock 19797 but also
to maintain the metabolic processes necessary for cell survival during periods
of non-growth, since C02 has been shown to be fixed by non-growing cultures of
T. ferrooxidans [Tuovinen and Kelly 1972].

Since the Fe2+ is thought to be complexed with an organic molecule (such

as a protein probably secreted from the bacterial cell) before electron
transfer to cytochrome ¢, the potential of the Fe2+/Fe3+ couple may be Towered
from +0.77 volts to around O [Blaylock and Nason 1963; Dugan and Lundgren
1965] and may even be negative [Tuovinen and Kelly 1972]. Oxidised compounds,
other than 02, may possibly react as terminal electron acceptors for the
oxidation of ferrous to ferric iron by T. ferrooxidans (whereas oxygen is the
only electron acceptor of the pure chemical ferrous to ferric iron oxidation).

According to Silver [1978] this mechanism could be wused by T.
ferrooxidans to oxidise any iron in the +2 valence state, such as the
insoluble Fe‘:+ in the pyrite matrix.

The ability among Thiobacillus spp. to oxidise ferrous to ferric iron is
unique to T. ferrooxidans. T. ferrooxidans, however, may also obtain energy
similarly to the other Thiobacillus spp. by the oxidation of reduced sulphur
compounds. Most research on oxidation mechanisms has been carried out with
these other spp. For comprehensive reviews of this area, see Roy and
Trudinger [1970], Tuovinen and Kelly [1972], Silver [1978] and Tuovinen [1977]
for studies specifically involving T. ferrooxidans, and Lundgren and Tano
[1978] for the oxidation of matrix Fe2t and S°° by TI. ferrooxidans at the
surfaces of insoluble metal sulphides.

The characteristics of Thiobacillus spp. are summarised in Table 1.

It has been well established that Thiobacillus spp., particularly T.
ferrooxidans, catalyse the solubilisation of metals and the generation of
sulphuric acid from sulphide ores, and their role in this process, while the
mechanisms are not yet clearly understood, has been well documented [Tuovinen
and Kelly 1972; Tuovinen and Kelly 1974b; Torma 1977; Brierley 1978; Kelly et
al. 1979].

While Thiobacillus spp. are the only microorganisms to have been used
for metal recovery on a commercial scale [Le Roux et al. 1978], many other




types of microorganisms have been isolated from acidic sulphide and sulphur
environments (for example, Groudev et al. [1978] and Kelly et al. [1979]).
Such microorganisms include:

. fungi;

. heterotrophic bacteria similar to common soil bacteria but extremely
tolerant to high metal and acid concentrations;

. anaerobic sulphate-reducing bacteria;
. thermophilic iron-oxidising bacteria [Brierley 1978];

. extreme thermophilic iron/sulphur oxidisers able to leach sulphide
minerals at 60°C and oxidise sulphur anaerocbically {(Sulfolobus spp.)
[Berry and Murr 1978].

Laboratory studies of such organisms have not been as extensive as those of
Thiobaciilus spp. and 1ittle is known of their role in the degradation of
mineral sulphides. Even less is known of the activities of such
microorganisms in the natural environment, although the 'classical' view that
T. ferrooxidans is the only important mineral-leaching microorganism [Kelly
1976; Torma 1977] is now being modified [Kelly et al. 1979].

Although laboratory studies of bacterial leaching are numerous, studies
of the microbial ecology of natural sulphidic areas, from which most of the
species and strains used in such 1laboratory work have been isolated, are
considerably fewer [see, for example, Beck 1967; Groudev et al. 1978; Murr and
BrierTey 1978]. There are several reasons for this; the underlying factor
being the great complexity of the microbial ecology of soils generally and of
sulphidic waste rock dumps in particular. Although such a dump may seem to be
an extreme environment, it can be considered as only 'moderately' extreme
since microorganisms show an abundance and variety of species, even though
more complex organisms are extremely few or absent [Brock 1979].

The rates of microbial activity in soils are much Tower and activity
occurs over much longer periods than under optimised laboratory conditions
and, because of this, microbial activity may be extremely difficult to measure
in situ [Brock 1971].



Microorganisms in soils behave as colloidal particles and, because of
their small size (about 1 um Tong and 0.5 um wide) and the generally negative
electric charge on the exterior of bacterial envelopes, tend to be adsorbed
onto mineral surfaces [Marshall 1976]. Also, nutrients collect in greater
concentrations at interfaces and, with water, are adsorbed onto particle
surfaces, and so attached bacterial cells may develop into microcolonies
[Nikitin 1973; Brock 1980]. These factors make direct observation of
individual cells difficult and direct microscopic identification of a
particular bacterial species almost impossible.

The amount and physical nature of the material of such environments
(waste rock dumps may contain millions of tonnes of material) make the cost of
thorough and systematic sampling of such areas prohibitive, so that sampling
is at best only patchy.

The activities of microbial populations in the field depend upon, and
also affect, the physicochemical parameters of their micro-environments (such
as temperature, pH, water availability, nature and concentration of soluble
gases, etc.). Therefore, in ecological studies these factors should also be
measured at sites sampled for microorganisms; furthermore many of these
measurements are difficult, especially in situ.

Because climatic factors are an important component of the field
situation and affect Tleaching processes, ecological studies should be
conducted over long periods (i.e. several years) to determine their influence
on microorganisms. Such long-term field studies, although highly desirable,
may not produce restlts as quickly as laboratory studies and considerable
foresight is needed by a funding organisation to undertake them.

Finally, the estimation of numbers of Thiobacillus spp., especially T.
ferrooxidans, is difficult and special media and techniques must be used for
their enumeration.

However, despite the difficulties listed above, information from such
studies fs of vital importance to the understanding of the mechanisms of
leaching of mineral sulphides in the field.

Bacterial leaching has become an increasingly important technique in the
extraction of metals from low-grade ores [Brierley 1978] and most of the
research into the bacterial species responsible and the mechanisms of the



biogeochemical reactions has been concerned with optimisation of the leaching
process rather than its inhibition. This has occurred because such commercial
operations may be extremely profitable [Lowson 1975; Brierley 1978; Kelly et
al. 1979] and therefore most research has been funded by mining companies and
government agencies with a view to maximising profits from the mining of )ow-
grade ores. Comparatively few investigations, however, into the inhibition of
leaching of sulphidic waste materials have been undertaken, even in areas
which have become extremely polluted by acid and heavy metal discharges from
such wastes. This 1is because research into pollution problems is generally
profit-consuming. Effective rehabilitation of mine sites, once mining
operations have ceased, can be a costly process and may require Tong-term
monitoring to ensure pollution problems do not recur. Legislation has become
necessary to ensure that mine owners participate in environmental protection
beyond cessation of operations. This is particularly important where
poliution from pyritic oxidation can continue Tong after mining operations
have ceased.

In 1973, the Australian Atomic Energy Commission, in conjunction with the
then Department of the Northern Territory, Australia, commenced an
investigation into the extent of the pollution arising from the abandoned
uranium mine site at Rum Jungle, Northern Territory. One of the main aims of
this program was to gain an understanding of the complex mechanisms of the
generation and dispersal of acid and heavy metal pollutants. The initial
results of this study are contained in the publication, Rum Jungle
Environmental Studies [Davy 1975]. In 1974, as part of this program, the AAEC
(by a research contract with the School of Biotechnology, University of New
South Wales) initiated an investigation into the microbial ecology of the mine
site, in particular the sulphidic waste rock dumps and flooded opencuts, to
determine the nature and extent of microbial activities contributing to the
pollution problem.

The first objective of this study was to determine the distribution and
size of populations of microbial species, known to be either directly involved
in Teaching mechanisms or associated with other leaching environments, within
the overburden dumps and flooded opencuts. It was also the aim to correlate
data on microbial population levels with as many physicochemical
characteristics of the sample location as possible, and with climatic factors.
This involved the standardisation of procedures such as sampling, analysis of
samples, isolation and enumeration of Thiobacillus spp. Also, it was
necessary to develop a reproducible and reliable method for the isolation of




colonies of T. ferrooxidans as an indication of viable cell numbers in the
sample. The growth of this organism as single colonies on plates containing
agar as the gelling agent was, at the commencement of study, more an ‘art'
than a routine technique [Tuovinen and Kelly 1973], and the method using
silica gel was not satisfactory for the determination of viable numbers of
this organism [Corrans 1970].

The second, and long-term, objective of the microbial study was

(a) to determine whether sulphur-oxidising processes resulting in acid

“and heavy metal release, were chemical or biological, or a

‘combination of these, and to devise specific methods for the control
~of these processes, and

(b) to model the behaviour of sulphidic overburden dumps and f1ooded
opencuts so that further such pollution problems might be avoided
“when proposed large-scale uranium mining and processing was begun at
a number of locations in the Northern Territory; (see, for example, -
‘the Ranger Uranium Environmental Inquiry [1977]).

It is essential that pollution control measures are included at the
beginning of future mining ventures where mineral sulphides, especially iron
pyrites, are ‘associated with the orebodies (for example, the new uranium
deposits in the Alligator Rivers region of the Northern Territory and coal
deposits in New South Wales and Queensland) to ensure that the pollution
problems of Rum Jungle do not occur elsewhere.

The results of the first objective of the study of the microbial ecology
of the Rum Jungle mine site between 1975 and 1979 are presented here for the
sulphidic waste areas, and results for the flooded opencuts are presented 1in
Goodman, Khalid and Ralph [1981].

The distance of Rum Junglé from Sydney (over 3000 km) Timited field
expeditions to one or two each year. The remoteness of the mine site from
adequate laboratory facilities unfortunately meant that most analyses were
performed some time after sample collection.
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2. THE RUM JUNGLE MINE SITE

A major uranium mining operation in the Northern Territory, Australia,
was commenced in 1953 at Rum Jungle, 64 km south of Darwin. The area is
highly mineralised and uranium, copper, lead, zinc, nickel and cobalt ores
occur [Roberts 1960]. The uranium deposits were mined by opencut operations
and processed on site for uranium oxide and copper. During the operation of
the mine, 1953 to 1971, the release of process effluents and, from 1966, the
leaching of sulphidic waste rock dumps and sulphidic stockpiles caused
considerable sulphuric acid and heavy metal pollution of the water systems of
the area. In 1971, commercial operations ceased and the mine was abanddnedi'
Teaving three overburden dumps, an experimental heap leach pile, an extensive
tailings dam area and three opencuts which are now flooded [Davy 1975], all of
which are contributing to continued acid and heavy metal pollution of the
surrounding areas.

The climate at Rum Jungle is tropical and monsoonal with two distinct
seasons: a dry season from April to October (with virtually no rain from May
to September) and a wet season from November to March {with about 89 per cent
of the annual rainfall occurring between December and March), during which the
mean annual rainfall is about 1.5 m with most of the rain falling heavily in
short thunderstorms [Daniel, Harries and Ritchie 1980bJ. However, rainfall
data from Darwin have shown quite large fluctuations in annual rainfall in
particular wet seasons.

A summary (taken from Davy [1975]) of the major areas responéibTe-for the
generation of pollutants, and consequently the areas most intensively
investigated in the microbial ecology study, is given below.

2.1 White's Overburden Dump

The dump, of 6.9 x 106 tonnes, was completed in 1958. It contains a
heterogeneous mixture of carbonaceous slates, graphitic schists, phosphate,
sulphate and sulphide minerals, with about 3 per cent total sulphur content.
It 1is assumed that the sulphur 1is in the form of mineral sulphides,
principally pyrite (FeSZ). Other mineral sulphides present include
chalcopyrite (CuFeSZ), chalcocite (CuoS), covellite (CuS) and galena (PbS).
The dump is 13 to 18 m high, with steep sides, and has a porosity of about 0.4
[Ritchie 1977]. By the middle of the wet season, well defined springs develop
near the base of the eastern wall and continue to flow into the early part ‘of
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the dry season. This dump is the largest single source of acid and heavy
metal pollution of the river flowing through the mine site (the east branch of
the Finniss River).

2.2 Intermediate Overburden Dump

This dump, of 1.1 x 106 tonnes, was completed in 1964. The Intermediate
orebody differed from White's in that it was mined only for copper. The
orebody consisted of sulphide minerals, mainly chalcopyrite and with some
chalcocite and bornite (CusFeS } in a graphitic schist, and was covered by an
extensive cap of copper oxides. The host rock was principally pyritic
graphitic shale. The overburden dump is approximately square and about 11 m
high, although the south-west area is about 5 m higher than the rest of the
dump. Pyrite is visible all over the dump. The walls of the dump are fairly
steep and represent 30 per cent of the total area and, because of their open
nature, probably absorb most of the rain falling on them during the wet
season. The dump is thought to have a porosity of about 0.4, similar to
White's dump. Small springs have been noted at the base of the heap, but flow
from these ceases shortly after storms. It is thought that water draining
through the dump eventually enters the East Finniss River system.

2.3 Copper Sulphide Heap

This heap was constructed in 1965 to recover copper, by bacterial
leaching, from the rejected mill grades of copper ore from the Intermediate
orebody. This subgrade ore contained about 0.7 to 2.0 per cent copper (as
copper sulphides) in a host rock of pyritic graphitic shale. The heap was
constructed on top of a 10 cm layer of bituminous concrete (a material known
to have high seepage rates). It is rectangular, 10 m high, with steep walls
and a flat top, of which the surface 2 m consists of material unavoidably
crushed and compacted by trucks during construction. Drainage from the heap
was collected in a series of ponds constructed at its base; (for a detailed
description of the operation of the leaching experiment, see Davy [1975],
pp.6.15-6.19).

2.4 Tailings Dump Area

During 1954-1961, about 6.4 X 105 tonnes of tailings material from the
processing of all the orebodies were discharged into a dispersal area north of

the treatment plant, and this area is now known as the 01d Tailings Dam.
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Runoff from this area is contaminated by acid and heavy metals.

3. MATERIALS AND METHODS

3.1 Field Work

3.1.1 Sampling procedures

During 1975 and early 1976, rock and soil samples were collected from
holes dug at, or near, the surface by means of a pick and shovel. Penetration
to a depth greater than 1 m was not practicable by this method.

During late 1976, 1977 and 1979, sampling trenches were cut in White's
and Intermediate overburden heaps with a backhoe, and a penetration of between
3 and 5 m at each site was achieved., Systematic sampling was then carried out
at various levels.

3.1.2 Collection of solid samples

The material was collected with either a trowel, spatula or spoon and
transferred directly into sealable, polyethylene bags (radiation-sterilised)
or screw-top polyethylene containers (250 mL capacity; pre-sterilised with 12
per cent w/w ethylene oxide in dichlorodifluoromethane - Sterigas 27, CIG,
Australia). After collection, the samples were stored at 4°C in the field
laboratory, then airfreighted to Sydney and stored at 4°C in the main
laboratory, pending examination. Al1 samples, solid and Tiquid, were stored
in this manner.

3.1.3 In situ measurements

During 1978 and 1979, the relative humidity in small holes, about 4 cm
diameter, 30 cm deep, which had been made by jabbing with a crowbar in the
sampling trenches of the overburden heaps, was measured using a portable Shaw
(England) Varsity Hygrometer model SVH with gas sensor, adapted to battery
operation. Temperature was measured in these small holes using a calibrated,
portable thermometer fitted with an extension resistance probe.
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3.1.4 Collection of water samples

(i) Samples for microbiological analysis were transferred directly into
pre-sterilised 150 mL or 250 mL screw-top polyethylene containers and stored
at 4°C.

(ii) Samples for chemical analysis were collected as in (i) above and
filtered, using a 100 mL syringe, through pre-sterilised pre-filters
(Sartorius glass fibre, No. SM13400) into sterile screw-top polyethylene
containers, at the field laboratory as soon as practicable after collection.
The samples were then stored at 4°C.

3.2 Laboratory Work

3.2.1 Preparation of solid samples

Solid samples were ground with a sterilised mortar and pestle, under
clean-air conditions, to a particle size of approximately 120 microns and re-
stored in sterile polyethylene containers at 4°C.

For solid samples collected in 1978 and 1979, small particle size
material only was used for analysis; cohesive rock material larger than

3.5 mm was excluded.

3.2.2 Moisture content of solid samples

Weighed aliquots containing 3 to 7 g of ground samples, were dried to
constant weight at 105 & 0.5°C in tared sintered glass crucibles (50 mL Pyrex
No.3). FEach determination was made in triplicate and the mean moisture loss
value for each sample was recorded.

3.2.3 Water-solubles content of solid sampies

Dried samples from 3.2.2, retained in sintered glass crucibles, were
washed with 200 to 300 mL distilled water under vacuum suction, until
filtrates were free of chloride and sulphate ions. Washed samples were dried
to constant weight at 105 + 0.5°C. Loss in weight was recorded as water
solubles, expressed as mg/kg dry weight (i.e. ng/g).
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The washings were evaporated to dryness and the residue re-dissolved in
50 mL 2N HC1. These solutions were analysed for Fe, Cu and Zn by atomic
absorption spectrometry, using a Varian instrument with modular updating to
the A.A.5 level of performance.

3.2.4 Solute content of water samples

Five mL aliquots of water samples, treated as in 3.1.4, were dried to
constant weight in small tared Pyrex beakers at 105 * 0.5°C. The weight of
the residues was recorded as water solubles, expressed as mg/L.

Further aliquots of the above samples were diluted to an appropriate
volume in 2N HC1 and analysed for Fe, Cu and Zn by atomic absorption

spectrometry.

3.2.5 pH of solid samples

Weighed aliquots (2 to 5 g) of ground, solid samples were agitated in a
test tube by a Vortex mixer (Touch-Plate Supermixer, Lab-Line Instruments),
with 9 mL of distilled water. The slurry was allowed to stand for 1 to 3
hours. The pH of the supernatant was measured using a Philips digital pH
meter (model PW 9408) fitted with a combined KCl-glass probe and calibrated
using standard buffers.

3.2.6 pH of water samples

The pH of 5 mL aliquots of water samples, treated as in 3.1.4, was
measured using a Philips pH meter as in 3.2.5.

3.2.7 Preparation of solid samples for microbiological examination

Accurately weighed amounts (2 to 5 g) of ground, solid samples were
transferred to sterile, capped test tubes and 9 mL of sterile distilled water
was added. The slurry was agitated for several minutes by a Vortex mixer and
allowed to settle for 2 to 3 hours (stored at 4°C). The supernatant was then
diluted in the salt solution appropriate to the particular group of
microorganisms; 0.1 mL of several diTutions was then added to the appropriate
plates and spread uniformly with a sterile glass rod.
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3.2.8 Preparation of water and sediment samples for microbiological
examination

Samples were shaken thoroughly and then allowed to settle for 1 to 3
hours at 4°C. Supernatant samples were then diluted in the salt solution
appropriate to the particular group of microorganisms and plated out as 1in
3.2.7. Several attempts were made in the field to transfer small aliquots of
water samples directly onto pre- sterilised membrane filters, store the filters
at 4°C and transfer them again to the appropriate media plates in Sydney.
However, this proved unsuccessful as the numbers of microorganisms were
generally too high to allow plating without dilution. The cost of membranes
for analysis of several dilutions of the number of types of microorganisms
required would have proved prohibitive.

3.2.9 Enumeration of microorganisms

At the beginning of the project A.M. Khalid spent considerable time
developing simple, reliable methods for the determination of the viable counts
of acidophilic Thiobacillus species, as no completely dependable methods had
been reported in the literature.

It was decided to use media which would select for several groups of
microorganisms, both known and thought to be important in the Tleaching of
mineral sulphides. Also, the numbers of heterotrophs were examined for
comparison and, initially, two media were used: nutrient agar and Czapek-Dox
agar. As there appeared to be little difference in the types or numbers of
m1croorgan1sms growing on these plates, Czapek-Dox agar was not used after
1977. (Czapek-Dox data are not presented here. )

In 1977, a medium for isolating acidophilic heterotrophs [Manning 1975]
was added, and in 1978 this medium was modified and used to select for
autotrophic sulphur-oxidising microorganisms at pH 4.8,

The counting method employed was the standard microbiological method of
plating out various dilutions of samples onto selection plates, either in
dup11cate or triplicate, incubating these at 30°C, counting the number of
colonies growing and then recording the mean value for the appropriate
dilution.
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(i) T. ferrooxidans

This species is one of the most important of the bacteria involved in
mineral sulphide degradation. These microorganisms were grown on silica gel
plates, since numerous attempts to make consistent and reliable counts of T.
ferrooxidans on several agar media were unsuccessful. The method of counting
these microorganisms and also the method of obtaining consistently high
quality silica gel plates, as developed by A.M. Khalid for this study, has
been reported by Goodman et al. [1980].

(i1)  Acidophilic sulphur-oxidising microorganisms
(representative type T. thiocoxidans)

These microorganisms were selected on 9K [Silverman and Lundgren 1959]
thiosulphate agar; the method of preparation follows:

Solution A: The basal 9K medium salts, without ferrous sulphate, of
Silverman and Lundgren [1959] were dissolved in 500 mL distilled water
and the pH adjusted to 3.5 with 10N HyS0y.

Solution B: 7.5 g of Kobe agar (White Bear brand) was suspended in
400 mL distilled water.

Solution C: 10 g of Na25203.5H20 (analytical reagent grade) was
dissolved in 100 mL distilled water.

Solutions A and B were sterilised by autoclaving at 15 psi for 15
minutes, and solution C, by filtering through a membrane filter (Sartorius,
SM-11106, 0.45 y). When solutions A and B were at about 45°C, A was added to
B asceptically and then solution C with vigorous mixing. The medium was
poured quickly into sterile plastic petri dishes (Medical Plastics brand).
The plates were dried at 30°C for several hours and stored at 4°C prior to
use. It 1is important that the mixture of solutions A and B is not too hot
when solution C is added; 1if it is, the thiosulphate will decompose producing
a white precipitate of elemental sulphur and the pH of the plates will be
above 5. The pH of these plates was between 3.5 and 4.0.

(i1) Intermediate pH sulphur-oxidising microorganisms
(representative type T. intermedius)

These microorganisms were selected on thiosulphate agar plates with a pH
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of 4.8 and incubated for 1 to 2 weeks at 30°C. The method of preparation of
the plates was as in (ii) above, except that the basal salts solution was that
of Manning for acidophilic heterotrophs [Manning 1975] without pH adjustment,
yeast extract or glucose. The mixture of solutions A and B was allowed to
cool to about 55°C before the thiosulphate solution was added.

(iv)  Non-acidophilic sulphur-oxidising microorganisms
(representative type T. thioparus)

These microorganisms were selected on thiosulphate agar plates with a pH
of 6.2 and incubated for 1 to 2 weeks at 30°C. The plates were prepared as in
(i1) above, except that the basal salts solution was that of Vishniac and
Santer [1957], with the modification that only 5 mL/L of trace element
solution was used. This trace element solution was sterilised by filtration
and added aseptically to solution A when it had cooled to about 50°C. This
method prevented the precipitation of heavy metal salts, which would have
occurred if the trace element solution had been added to solution A before
autoclaving. Solution B was then added, followed by thiosulphate solution.

(v) Acidophilic heterotrophs

These microorganisms were selected on glucose plates having a pH of 3.5.
The plates were prepared as in (ii) above, except that the basal salts
solution was that of Manning's acidophilic heterotroph medium, without yeast
extract or glucose [Manning 1975]. The pH of solution A was adjusted with 2N
H2304 to give a pH of 3.5 in the final plates. Solution C consisted of 10 g
of D-glucose (analytical reagent grade) instead of the thiosulphate. If
solutions A and B are mixed before autoclaving, the acidic component of A will
hydrolyse the agar of B and the resulting sterile solution will not gel when
cool. The glucose solution was sterilised by filtration to prevent possible
caramelisation during autoclaving.

(vi) Other autotrophic microorganisms

Desulfovibrio spp. and T. denitrificans were isolated on media described
by Pankhurst [1971]1 (modified Baar's medium) and Hutchinson et al. [1965]
respectively.
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Aliquots of samples were transferred directly (in the field) to 5 mL
McCartney bottles, containing the appropriate sterile medium, and subsequently
incubated at 30°C in the Taboratory in Sydney. The presence of these
microorganisms in the samples was recorded as either positive (+) or negative
(-). Plates containing 0.1 mL aliquots of sample dilutions, for counting and
jdentification purposes, were incubated anaerobically at 30°C for 1 to 2
weeks.

Algal colonies, identified as a species of Chlorella, were observed
growing on the media for acidophilic heterotrophs and intermediate pH, sulphur
oxidisers. After 2 weeks' growth at 30°C, the colonies were small {less than
1 mm in diameter), round and dark green.

4. RESULTS

A1l samples collected from the Rum Jungle mine area between 1975 and 1979
were analysed for pH; total soluble solid concentration; soluble copper, iron
and zinc concentrations; numbers of specified bacterial species and also
moisture content 1in the case of rock soil samples. These results are
contained in Appendices A, B, C and D, together with the locations of all
sampling points, and short descriptions of the areas. The data on sample
lTocations 1immediately precede the results of analysis on the samples.
Particular areas are grouped together chronologically.

The Togarithm (base 10) of all variables except pH, moisture content and
temperature, was taken to reduce the variability, to equalise variances
especially of bacterial numbers and to normalise the distributions [Niemala
and Tuovinen 1973; Weir 1978]. It should be noted that the mean (x) value of
data transformed to Togarithms is the geometric mean of the original data.

4.1 Initial Investigations During September 1975 and March 1976

Results of all samples analysed and sample locations are contained in
Appendices A and C.

The mean values {and standard deviation, s.d.) of the transformed data
for samples collected from White's and Intermediate dumps and the sulphide and
oxide heap leach piles are shown in Tables 2 and 3.
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4,2 Tailings Dam Area

Results of sample analysis and their locations are contained primarily in
Appendix B, with a few in Appendices A and C.

The mean values (and s.d.) of the transformed data for these samples are
shown in Tables 4 and 5. The distribution, with depth, of parameters of
samples taken during a dry season, September 1976, is illustrated in Figures
2-4.

4.3 White's Overburden Dump, Sampled September 1976 and March 1977

Details of the location of each sample together with field observations

are set out 1in Appendix C together with the physicochemical and
microbiological data for these samples.

Mean values (and s.d.) of the data, transformed to logarithms (base 10)
where necessary, are contained in Tables 6-10. Statistical comparison of the
means is also shown in Tables 6-9. Table 11 contains the means of the
variables for the three areas sampled in the top of the dump during the late
dry season in 1976 (September) and during the late wet season the following
year (March). Where the probability (P} indicated that the means of a
particular variable in a particular area were not significantly different,
i.e. P > 0.1, they were combined to give one new mean value for that area.
Note that the March sampling holes were deeper than the September ones and so
the two levels in the March holes were treated separately and compared
statistically (Table 9).

The distribution of several parameters with depth is illustrated in
Figures 5-10. Data from samples collected from White's Spring No.4 at various
seasons (only one sample was taken each time) are shown in Table 12.

The sites of wet and dry season trenches are shown in Map 1, along with
the sites of some of the AAEC probe holes used for temperature measurements.

4.4 Intermediate Overburden Dump, Sampled June 1978 and May 1979

Details of the location of each sample and relevant field observations
are set out in Appendix D, together with the physicochemical and
microbiological data for these samples.
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Mean values (and s.d.) of the data, transformed to logarithms where
necessary, are contained in Tables 13-16, Statistical comparison of the means
is also shown in these tables. Table 17 contains the means of the variables
for Intermediate dump; where the probability (P) indicated that the two means
of a particular variable (i.e. that of the June and May values) were not
significantly different, i.e. P > 0.1, these two means were combined to give
one new mean value for the June and May samples. Temperature and relative
humidity measurements are shown in Tables 18 and 19 for June 1978 and May 1979
respectively. The distribution of several parameters with depth is
illustrated in Figures 11-14. The site of each trench in shown in Map 2.

5. DISCUSSION

5.1 Initial Investigations During September 1975 and March 1976

The soil samples taken during this time were all from a depth of less
than 1 m at any Tocation, since sampling holes were dug by hand and
penetration to greater depths was not practicable. The results of these
initial investigations illustrate the extreme heterogeneity of the sulphidic
waste rock areas of the mine site (see Appendix A), both between and within
particular heaps.

However, several factors emerged from a qualitative comparison of the
means of parameters from the four heaps mainly responsible for the acid and
heavy metal pollution (Tables 2 and 3), i.e. White's, Intermediate, sulphide
and oxide heaps.

It seemed that the pH of soil samples from White's heap was higher,
during both the dry and the wet, than the pHs of soil samples from
Intermediate, sulphide and oxide heaps.

Also, concentration levels of total soluble solids, soluble copper and
iron were Tower in sojl samples from White's heap than in soil samples from
Intermediate, sulphide and oxide heaps. However, during the wet season, the
levels of these in springs flowing from White's heap were comparable to water
samples from Intermediate, sulphide and oxide heaps.

Numbers of T. ferrooxidans were generally found to be between 102 and 103
cells/g (D.W.) or /mL, in both the wet and dry seasons. These levels are
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comparable to those found by Beck [1967], who studied T. ferrooxidans numbers
in various leaching solutions from several mining sites. Since the amount of
energy available to T. ferrooxidans from the oxidation of inorganic
substrates, especially ferrous iron, is low [Lees et al. 1969], relatively low
numbers of bacteria must be able to oxidise quite large amounts of inorganic
substrates, both to grow [Brock 1979] and to maintain viability by fixation of
CO2 even when the cells are not growing [Tuovinen and Kelley 1972]. It
appeared that population levels of T. ferrooxidans did not change from the dry
to the wet seasons. T. ferrooxidans might be regarded as a 'steady state'
population which loses cells (e.g. by death, 'migration' or washing away) at
the same rate at which new cells are being generated. Bacteria in such a
steady state, although degrading Targe amounts of substrates, may not show
much change in population level over long periods and thus counting of their
numbers gives no indication of their growth rates, nor the rates of
degradation of their substrates [Brock 19711.

It was somewhat surprising to find populations of sulphur-oxidising
Thiobacillus spp. often at levels 10 to 100 times higher than those of T.
ferrooxidans. In White's heap, high pH, sulphur oxidisers were isolated,
along with T. ferrooxidans, from acidic areas containing large amounts of
soluble solids, during both the dry and wet seasons. However, population
levels of acidophilic S-oxidising bacteria were high during the wet for all
four heaps and negligible during the dry. Although several studies have shown
that these types of Thiobacillus spp. are able to oxidise the sulphide moiety
from mineral sulphides {Goroll 1976; Khalid and Ralph 1977; Khalid 1978],
their growth on these substrates is slow compared to growth on sulphur
compounds such as SO, H,S, Szog' and other polythionates [Khalid 1978]. For
populations of these types of bacteria to have been so high, their growth
substrates would probably have been reduced sulphur compounds, rather than
s0lid sulphides. This observation raised two questions:

(a) What is the nature of the growth substrates of these bacteria?
(b) What is the source of these substrates?

At this stage of the investigation, no answers to these questions could be
drawn from the data available. However, because of the occurrence and
abundance of these types of bacteria (and also heterotrophic populations, see
Appendices A and C), it was concluded that these four heaps were aerobic to a
depth of at Teast 1 m.
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The results of this initial study showed that White's heap contained
fairly large and diverse bacterial populations, and results from Davy [1975]
showed that White's heap was the largest single source of acid and heavy metal
pollution to the East Finniss River flowing through the mine site. It was,
therefore, decided to investigate several specific areas on White's heap and
to sample these intensively and as deeply as possible during the following dry
and wet seasons. The results of that sampling program are discussed in
Section 5.3.

5.2 Tailings Dam Area

It was assumed that material in this area would have been fairly
homogeneous and inactive, because of the way in which the tailings material
was processed and then deposited in the dam area {see Davy [1975] for full
details). Consequently, this area was not sampled intensively, except for one
hole (E), dug in September 1976 to the base of the fill and sampled about
evenyllo to 20 cm. However, from the results of the few samples that were
taken (Tables 4 and 5 and Figures 2-4; and Appendix B) it appeared that
physicochemical parameters and bacterial populations varied with Tocation,

depth and season.

Table 4 shows the results of surface samples taken between 1975 and 1979,
The material taken from the dry stream bed at the extreme west of the tailings
area was probably washed there by heavy rain during wet seasons. Its pH was
relatively high and it contained no soluble copper or iron, nor detectable T.
ferrooxidans populations, although low numbers of high pH sulphur oxidisers
were found. It 1is most probable that any soluble copper had already been
washed out of this material by heavy rain. Samples taken from the eastern end
of the tailings area showed a different composition. The pH appeared higher
during the wet than the dry seasons. The concentrations of soluble solids,
and soluble copper in particular, were higher during the dry than the wet
seasons. T. ferrooxidans populations were isolated in numbers comparable to
other sulphidic areas (see Tables 2 and 3), in conjunction with high pH
sulphur-oxidising bacteria. However, low pH sulphur-oxidising bacteria were
isolated only during the wet season, at a level 100 times higher than that of
the high pH sulphur-oxidising bacteria. The samples taken during May 1979
were from an area roughly in the centre of the tailings dam. Although the
physicochemical parameters of these samples showed somewhat similar values to
those of samples taken further east during March 1976, no bacterial species
were isolated from this area. At present it is not known whether this small
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area was in some way inhibitory to microbial populations, or if the tailings
dam area is generally devoid of bacterial species, except at the far eastern
end.

Table 5 shows the results of samples taken to a depth of 150 cm at the
end of a dry season, September 1976. The distribution of the parameters with
depth is shown in Figures 2-4. Except for a very dry surface sample, the
moisture content was high and uniform between 30 and 140 cm and decreased
slightly at 150 cm (Figure 2). The pH increased steadily from the surface to
a depth of 90 cm, then decreased slightly to 110 cm and then increased again
to 150 cm. The pH rose by almost one unit from the surface to 150 cm {(Figure
2). The concentration of total soluble solids steadily increased by about
four times from the surface to 70 to 90 cm depth, while the concentration of
soluble copper at 50 cm was double that at 90 cm. However, from 90 to 150 cm
the soluble solid concentration decreased by four times and the soluble copper
level also decreased (Figure 3). Although only four samples showed T.
ferrooxidans populations to a depth of 110 cm, high pH sulphur oxidisers were
isolated from seven samples to a depth of 150 cm and acidophilic heterotrophs
were found in every sample to a depth of 140 cm. Bacterial numbers did not
show any marked variation with depth (Figure 4)., Because of the physical
nature of the tailings material, i.e. poorly structured and finely divided
material with a high moisture content, atmospheric conditions below the first
few centimetres at the surface were most probably microaerophilic or even
anaerobic as the diffusion rate of oxygen into such ‘'waterlogged' soils is
known to be extremely low [Griffin 1972].

A study, under controlled environmental conditions, of the leaching of a
bulk sample of tailings material taken from the centre of the tailings dam
area in May 1979 is presented in Babij et al. [19811].

5.3 White's Overburden Dump, September 1976 to March 1977

In late 1976, a decision was made to sample intensively White's dump in
several areas at depth within the dump, since studies by the AAEC of the water
movement caused by rainfall, and temperature distributions were being
concentrated on White's dump [Daniel et al. 1980al. During the late dry
season in September 1976, a backhoe was used to dig a series of holes or
trenches into the top and the base of the eastern and southern walls of the
dump. In this way, penetration to a depth of about 4 m was possible and the
exposed vertical faces were systematically sampled at 30 cm intervals to a
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height of about 2.5 m from the bottom of each hole. (Sampling nearer the
surface was not possible because no ladder was available to reach the higher
Tevels of the holes and the material was too unstable to allow climbing.) The
holes cut into the top of the dump (D, E and G), were dug close to three of
the probe holes drilled by the AAEC team for temperature studies (their holes
a, ¢ and d respectively); the holes cut into the base of the eastern wall (A
and F) were close to the main wet-season spring outflows; hole C, at the bhase
of the southwest wall, was dug also at a point where drainage from the dump
occurred, and hole B, further south on this wall, was dug in an area which
appeared to have been a high area of the original surface contours; {the
location of holes D, E, G, A, F, C and B and AAEC probe holes is shown on Map
1).

At the end of the following wet season (March 1977), further holes were
mechanically excavated at the top of White's dump, this time to a depth of
about 5 m. These holes were cut as close as possible, and at 90°, to those
cut at the end of the preceding dry season, and Tabelled accordingly. Thus
holes D', E' and G' were cut next to holes D, E and G respectively. Samples
of the exposed vertical faces were taken at closer intervals than previously
(about 7.5 cm) and sampling right to the surface of the holes was achieved
using a ladder for support. Unfortunately, conditions at the base of the dump
at this time made it impossible to dig holes into the base of the walls of the
dump (the ground was far too wet to support the weight of the backhoe), and so
a comparison of the base of the dump between wet and dry seasons was not
achieved.

One further hole (J) was mechanically dug about one third of the way up
the eastern wall of the dump during June 1978. The material was very dry and
the rocks were loose and extremely unstable, and only three samples, about
0.5 m apart, were taken. Also, during May 1979, several surface mud samples
were collected from the base of the dump, along the flow path of one of the
main springs, Spring No.4 (these samples were labelled area $4).

The results indicated that a seasonal difference was occurring in White's
dump, to a depth of about 3.6 m into the top of the dump and at the three
areas sampled and that there were also non-seasonal differences between these
areas (Tables 6-8 and 11). Little variation was found between the depths 1.2
~to 3.6 m and 3.6 to 4.7 m in the three areas sampled on the top of the dump
during the wet season (Table 9). Also, it was found that there was some
variation in the soils between the top and base of the dump during the dry
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season (Tables 10 and 11), and that areas of the base of the dump were
variable during the dry (Table 10). The results shown in these tables are
discussed in detail below.

5.3.1 Moisture content

At the top of the dump, the moisture content of the soil in all three was
fairly low (< 10 per cent) in the dry season and increased with depth (Figure
5). During the wet season, the moisture content of the soil from each area
was about double that in the dry season and there was no marked variation with
depth (Figure 5). The mofisture content of the soil, during the dry season, at
the base of the dump at holes A, F and C was about as high as that of the sofil
on top of the dump during the wet season. Holes A, F and C were dug near
known drainage areas and were probably indicative of the water-holding
capacity of the dump as a whole. The low moisture content of the soil at hole
B, even at depth (see Figure 10), probably resulted from water draining away
from this area which was a high point of the original surface contour of the
land.

These results, which are in agreement with those of Daniel et al.
[1980a] who measured rainwater movement through White's dump using neutron and
gamma ray scattering techniques, show that the dump dries out in only the
surface 1 to 1.5 m during the dry season (see Figure 10 for moisture content
distribution with depth at holes A, F and C). The rest remains quite wet,
with water accumulating towards the base, and in some areas the base is still
saturated at the end of the dry season.

5,3,2 pH

The pH of the soil on the top of the dump was significantly lower during
the dry than during the wet. The higher pHs during the wet were most probably
caused by a continual washing out of hydrogen ions by rainfall. Also, areas D
and G were about 1 and 1.5 to 2.5 pH units, respectively, lower than area L
during the wet and dry seasons. ({This point will be referred to Tater in
Section 5.3.5.) The pH of soil at the base of the dump was found to be Tow at
drainage areas A and F and also at hole B. The high pH of soil at hole C
(x pH = 5.97) indicated that 1leaching processes were probably no longer
occurring to any extent in this area, as reflected in the nature of the
material observed - the bulk of material in the area of hole C was in the form
of a heavy red clay with numerous salt encrustations.



26

5.3.3 Total soluble solids, soluble copper and iron

In areas D and G, the concentration of total soluble solids in the soil
was not significantly different between the dry and wet seasons. However, in
area E, the concentration was significantly higher in the dry than in the wet.
The distribution with depth at the top of the dump is shown in Figure 6. The
concentrations of soluble solids in soil at the top and base of the dump
during the dry season were found to be fairly similar. However, the
concentrations of soluble solids in the water draining from the base of the
dump at Spring No.4 was about three to ten times higher than that in the soil
(compare Table 12 with Tables 10 and 11). Soluble copper and iron
concentrations in the soil were relatively low and variable in all areas
sampled, but the percentage of soil samples taken during the dry and
containing soluble copper was higher than that of soil samples taken in the
wet (81 per cent and 50 per cent respectively). Again, the concentration of
soluble copper in the water from Spring No.4 was consistently about ten times
higher than that in the soil of the dump (Table 12). Concentrations of
soluble iron in the dump soil were also low and it is thought that most of the
iron solubilised from pyrite oxidation was probably re-precipitated in the
soil, although water from Spring No.4 consistently contained soluble iron
(both ferrous and ferric iron).

5.3.4 Bacterial populations

Populations of J. ferrooxidans were found in the top of the dump at areas
D and G in the wet and dry seasons and virtually none at area E (only three
out of the 45 samples from the wet and dry seasons contained low numbers of
this organism). Numbers were fairly low (between 100 to 1000 bacteria/g
s0il); the distribution of this organism with depth at areas D and G is shown
in Figure 7. T. ferrooxidans was also isolated from the holes at the base of
the dump, in numbers similar to those found at the top. T. ferrooxidans, in
similar numbers, was isolated in all samples from the springs at the base of
the dump, particularly Spring No.4. The population levels of T. ferrooxidans
were similar to those found by Beck [1967], as previously mentioned.

A striking feature of the bacterial analysis was the abundance of
relatively large populations of high pH sulphur-oxidising Thiobacillus spp.
(10 to 1000 times higher than numbers of T. ferrooxidans) in the soil at the
top of the dump during the wet season, and the virtual absence (4 out of 18

samples positive) of this type of microorganism in the dry. The distribution
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of this organism with depth in the top of the dump is given in Figure 8, which
shows that there was no marked variation with depth, although at area D this
organism was not detected during the wet until a depth of about 2.5 m was
reached. It is thought that the build-up of high pH sulphur-oxidising
bacteria may have been ‘controlled' by the availability of one or more
nutrients (whose nature at present is unknown) generated during the dry
season. Elemental sulphur or reduced sulphur compounds, released by the
oxidation of mineral sulphides, may have been involved as growth substrates.
However, some species of Thiobaciilus probably isolated in this group, i.e.
high pH, sulphur oxidisers (the pH of the selective isolation medium was about
6), are known to be facultatively autotrophic (see Table 1). This means that
they can both use organic material for growth when inorganic substrates are
not available, and fix carbon dioxide. Thus organic compounds also may have
been utilised as growth substrates, giving this group of microorganisms the
greatest adaptability, with a wide ‘choice' of substrates, and therefore the
greatest likelihood of growth success. To know whether these microorganisms
increased rapidly at the beginning of the wet season and maintained viability
throughout it, or their population levels gradually increased throughout the
whole of the wet season, would help determine the nature and source of
substrates and thus their contribution to the degradation of mineral
sulphides.

High pH S-oxidising bacteria were also isolated from several samples from
the base of the dump during the dry season and from Spring No.4 water in May
only.

The lack of acidophilic S-oxidising bacteria, i.e. T. thiooxidans type,
was a somewhat surprising result, as this type of organism had previously been
isolated from surface samples of sulphidic waste rock heaps (Tables 2 and 3).
However, T. thiooxidans is a strict autotroph (i.e. i1t cannot use organic
carbon for growth} and other work in this program [Babij et al. 1981] has
shown that acidophilic S oxidisers rapidly lose viability under atmospheric
conditions of low oxygen tension, The combination of these factors {and
perhaps others) may have resulted in the T. thiooxidans type of bacteria being
unsuccessful competitors with the higher pH S-oxidising organisms. These can
use organic substrates for growth, (as discussed above) tolerate and also grow
under conditions of low oxygen tension (see Babij et al. [1981] and Table 1)
and, in the case of organisms such as T. denitrificans they do not need
ammonium ion as a nitrogen source. All these factors make the high pH
sulphur-oxidising bacteria, as a group, much more genetically versatile than
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the T. thiooxidans type, and therefore more successful at establishing
themselves as the principal group of S oxidisers when conditions become
favourable. Note that such genetic versatility is also possessed by T.
ferrooxidans, which can utilise a wide range of inorganic substrates for
growth. These include soluble and solid ferrous iron, a growth substrate
unique to this organism among the Thiobacilli. T. ferrooxidans grows under
conditions of low oxygen tension [Babij et al. 1981; Ralph et al. 1981;
Razzell and Trussel 1963; Mackintosh 1978] and fixes atmospheric nitrogen
[Mackintosh 1978].

The presence of organic carbon within the dump is indicated by the
isolation of fairly large populations of heterotrophic bacteria (i.e. those
bacteria which can use only organic carbon for growth). Numbers of
heterotrophic bacteria growing at about pH 7 were fairly high in most
Yocations, being more abundant in the wet than in the dry in the top of the
dump (data presented in Appendices A and C). Fungi were also often isolated
from these soil samples.

Heterotrophic bacteria able to grow well at pH 3.5, and thus Tlabelied
acidophilic heterotrophs, were fairly abundant throughout the dump, except in
area £ in the wet season and hole C in the dry. In both these cases the mean
soil pH was about 6 and it is most probable that this group of bacteria could
not tolerate such a high pH. Numbers and occurrence of these microorganisms
did not otherwise appear to have been influenced by wet or dry season
conditions. These bacteria were isolated from Spring No.4 during June, but
not during May. The variable distribution of acidophilic heterotrophs with
depth in the top of the dump is shown in Figure 9.

One of the most significant results of this investigation was the
isolation of anaerobic sulphate-reducing bacteria (most probably Desulfovibrio
spp.) only from holes A, F, B and € (i.e. all the holes at the base of the
dump) in an area some 10 to 70 cm from the bottom of the dump (Table 10).
These bacteria are heterotrophic and strict anaerobes (i.e. they can only grow
in the absence of oxygen), and they produce sulphides (usually HZS) from
sulphate and frequently occur in waterlogged soils [Brock 1973]. From this
microbiological evidence it can be concluded that conditions within the soil
in White's dump were either aerobic or microaerophilic and that oxygen was
completely absent only in a small zone at the very base of the dump. These
microbiological data are also in agreement with the results of Daniel et al.
[1980a] who have shown the base of the dump to be water saturated in some
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areas.

5.3.5 The top of White's dump

The results of this study indicated that the areas chosen for intensive
sampling, on the top of the dump, were highly heterogeneous in the wet and dry
seasons. While areas D and G were fairly similar, both differed significantly
from area E. These differences have been mentioned in the discussion of each
particular variable and will be summarised here. The most significant
difference was the virtual absence of populations of T. ferrooxidans in area
E. This was probably not caused by the higher pH at E, since the maximum pH
tolerated for growth by this organism is about 6 [Buchanan and Gibbons 1974]
and T. ferrooxidans grows well on reduced sulphur compounds at pH 6 [Tuovinen
and Kelly 1972]. Some other factor, therefore, was responsible for the
absence of T. ferrooxidans at area E.

This pH difference was another major variation in the soil from areas D,
G and E. During the dry season, the pH of soil at area E was about 1 and 1,5
pH units higher than that at areas D and G, respectively, and similarly during
the wet, that of area E was also higher by about the same amount than that of
areas D and G. The higher pH at area E during the wet season (i.e. 5.9) was
probably the reason why acidophilic heterotrophic bacteria were not isolated
at this time, but were found during the dry when the pH was Tower (about 4.6).

The other difference apparent from these results was that in the dry, the
mean concentration of soluble copper at area D was significantly higher than
that at area E (P = 0.005). While the concentration at areas G and E could
not be compared statistically (because the difference of the variances was too
great, as determined by the F test), the concentrations of soluble copper at
areas D and G were not significantly different (P = 0.1), thus indirectly
indicating that the concentration at area G was also higher than that at area
E. This indicated that, in the dry, copper was being solubilised at area E
more slowly than at areas D and G. All these differences indicated that
degradative processes (i.e. pyritic breakdown) were probably occurring more
slowly in area E than they were in areas D and G.

This was confirmed by the temperature distributions within the dump at
these areas [Daniel et al. 1980bJ]. Daniel et al. found that at area D (which
corresponded to AAEC probe hole a) the temperature within the dump rapidly
rose to about 50°C at a depth of 5 m and was about 56°C at a depth of 14 m.
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At area G (AAEC probe hole d) the temperature rose to about 37°C at 3 m and
gradually declined to about 34°C at 17 m depth. The corresponding heat
production was calculated and, assuming association of heat source with the
oxidation of pyrites, it was shown that significant pyritic oxidation was
occurring at these areas throughout the dump. Area E (AAEC probe hole c),
however, was found to be cooler, indicating less pyritic oxidation in this
area. {See also Harries and Ritchie [1981] for an account of the use of such
temperature profiles in estimating areas of pyritic oxidation and oxidation
rates in White's dump.) '

5.4 Intermediate Overburden Dump, June 1978 and May 1979

The results of the intensive sampling program on White's dump led to the
decision to pursue a similar intensive investigation of Intermediate dump
during the following dry and wet seasons. [t was decided to sample
Intermediate dump towards the middle of the next dry season {late June 1978)
and to follow this with a mid to late wet season sampling period early in
1979. The first of these expeditions was achieved at the time desired, but
the second was delayed until the first week in May, several weeks after the
end of the wet season. One of the main reasons for this delay was the
remoteness of Rum Jungle from the Tlaboratory in Sydney. Because of this,
field expeditions had to be carefully planned and organised and necessary
equipment had to be collected, tested and usually repaired well in advance.
In 1979, difficulties encountered in the organisation and preparation of
material and equipment necessary for the field trip delayed departure for
several weeks. The wet season in 1979 ended relatively late, about late April
to early May (Darwin was still receiving rain in May). The samples taken
during the first week of May, therefore, are thought to be indicative of late
- wet season. In 1978, the wet season ended in early April and samples taken in
mid-June probably represent the dump about two months into the dry season.

During these sampling periods, six holes were mechanically cut (as
described in Section 5.3) to depths of between 3 and 4.5 m. Holes X, Y, Z and
I* were dug during the third week of June 1978 and holes S, T and V were dug
during the first week of May 1979. These holes were all Tlocated in the
southwestern 'third' of the dump as shown in Map 2. {See Davy [1975] for a
full description of the dump.)

Holes X and S were dug straight down into the top of the highest part of
the dump, several metres apart, to depths of about 3 and 3.5 m respectively.
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Holes Y and T were cut about 3 m into the side of the top part of the dump
(directly below holes X and S respectively) using the road at this middle
level as the base for the holes, and were about 4 and 3.5 m deep respectively.
Note that most of Intermediate dump is about 11 m high, whereas the southern
'tip' is about 5 m higher again. Holes Z and V were cut about 3 m into the
side at the base of the dump, directly in line with holes X, Y and S, T
respectively. Hole V was extended 3.5 m from the top of the cut to about 0.5
to 1m from the base of the heap. The material was loose and porous,
consisting mainly of large boulders. The surfaces exposed by the cut were
very wet and free-flowing water seepage was collected near the base.

Several difficulties were encountered when cutting hole Z as it was the
first hole dug on this dump. The material consisted mainly of large rocks and
was very dry and loose. As the backhoe driver was digging the hole, he placed
the material out of the hole underneath him as a 'platform' to enable him to
penetrate deeper into the side of the dump. However, because of this building
up of rock and soil, he was unable to dig the base of the hole at this point
and was about 1.5 m from the base of the dump. Therefore, he moved about 3 m
southwest and began hole Z* at the Tevel at which hole Z ended and continued
hole Z* to the base of the dump. Hole Z* was considerably wetter than hole Z,
through which draughts of air could be felt by anyone standing next to the
walls exposed by the cut.

The results indicated 1ittle variation in the top of the southwestern
area (Table 13), a slight variation at the middle level (Table 14) and further
variation at the base of the dump (Table 16). However, it cannot be
determined, from the present data, whether the varjation at the base of the
dump was caused by climatic factors or the heterogeneity of the dump. This
heterogeneity at the base was highlighted by the variation found between holes
Z and Z* (Table 15), dug only several metres apart.

The only effect most probably caused by climatic factors was the
population levels of T. ferrooxidans. At all levels in the dump, T.
ferrooxidans numbers were consistently found to be 100 times higher in late
June than in early May. This may indicate increasing activity of this
organism during the dry season.

Another indication that microbial activity was increasing as the dry
season progressed was the result that, during May, only six samples out of 75
contained S oxidisers and acidophilic heterotrophs (i.e. about 8 per cent).
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However, during June, 24 samples out of 81 contained populations of these
types of microorganisms (i.e. about 30 per cent). Nevertheless, further
sampling throughout the dry season would be needed to verify this. Anaerobic
bacteria were not isolated from any of the trenches, even at the base of the
dump.

The distribution of several parameters with depth within the dump is
illustrated in Figures 11i-14. The moisture content of the soil samples was
uniform to about 3 m on the top of the dump, increased slightly (the surface
samples were very dry) to about 3.5 m at the middle level and was variable at
the base of the dump, although the general trend was 1increase with depth
{again the surface samples were very dry (Figure 11}, The moisture content in
the bottom 1.5 m at the base of the dump (holes V and Z*) was about double
that at the top (holes S and X, Figure 11).

The concentration of total soluble solids is shown in Figure 12, This
was found to be extremely high at the top of the dump and fairly uniform to a
depth of about 3 m, although in May the samples from the top 1.5 m contained
sTightly higher concentrations than samples from the next 1.5 m. The
concentrations of soluble solids at the middle level and at the base were
considerably lower than at the top of the dump. There was no marked variation
with depth at these levels, although May samples contained slightly higher
concentrations in the top 1.5 m of the holes than June samples (this is
reflected in the mean values, as shown in Table 17). The soluble copper and
iron concentrations tended to follow the same pattern (Table 17}).
Concentrations of copper and iron in the top of the dump were less variable,
and 10 to 100 times higher than those at the middle level and base.

The distribution of T. ferrooxidans with depth is shown in Figure 13.
Numbers are 10 to 100 times higher in June than in May, and fairly uniform to
depths of 3 and 3.5 m at the top and middle level, respectively. The middle-
level holes (Y, T) were the only ones which contained samples in which T.
ferrooxidans was not detected. Numbers of T. ferrooxidans at the base of the
dump were slightly variable with depth, but with no distinct pattern. The
highest numbers of this organism were isolated in the June samples taken from
the bottom 1.5 m at the base of the dump (hole Z*) (Table 17).

The temperature distribution within these holes is shown in Figure 14.
At the top of the dump, the temperature within the holes was considerably
higher than ambient and increased from about 41 to 47°C to a depth of about
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3.5 m. Although there was an ambient temperature difference of over 10°C
between May and June, temperature differences within the dump were much
smaller. At the middle level, there was little temperature difference between
May and June within the dump, compared to an ambient difference of about 9°C.
At this level, temperatures again increased from about 35 to 43°C to a depth
of about 4.0 m. However, the pattern at the base of the dump was completely
different. An ambient temperature difference of over 10°C between May and
June was reflected in the temperature difference within the dump between holes
V and Z, although temperatures in Z* were similar to those in V. It has
already been noted that hole Z was very dry and porous (i.e. with large holes
between boulders and large rocks) and draughts of air could be felt coming
from these voids, even though there was no wind at the base of the dump at the
area where the holes were cut. Air circulation within the dump at about 4 m
to the base would explain this observation and also the decrease in
temperature in May (hole V) from about 36 to 29°C with depth. (The higher
moisture content with depth at the base of the dump would tend to cool the
circulating air.) Note, however, that the absolute temperature measurements
reported here are very rough and give only an indication of temperature
patterns rather than absolute magnitudes. It s most probable that more
sophisticated temperature measurements (as conducted in White's dump by Daniel
et al. [1980b] and Harries and Ritchie, [1981]) would show even higher
temperatures than those reported here, within the dump.

Tables 18 and 19 show that the atmosphere within the dump in both May and
June had a high relative humidity, often 100 per cent (except for hole Z),
while the ambient atmosphere outside the dump had a low relative humidity (8
to 10 per cent in June, 15 to 24 per cent in May). The significance of
relative humidity in relation to bacteria in soils is discussed in Section
5.6.1.

5.5 Differences Between White's and Intermediate Overburden Dumps

5.5.1 Constructional differences

White's dump was completed in 1958, contains about 6.9 x 109 t of
material and is about 13 to 18 m high. The dump is roughly heart-shaped and
the eastern, southern and western portions of the top slope gently in towards
the centre, causing a main drainage channel (during the wet) which discharges
into the East Finniss River to the north. Rainwater penetrating the dump in
the wet season drains out through a series of well-defined springs (which flow
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even in June) along the base of the eastern wall, but most of it drains
directly into the groundwater, all of which finds its way into the East
Finniss River system.

Intermediate dump was completed in 1964 and contains about 1.1 x 108 t of
material. The dump is approximately square and constructed in three distinct
areas: an eastern zone, a southwest square and a northwest square. Most of
the dump is about 11 m high, with the southwest square being about a further
5 m higher. The drainage pattern is complex and it is thought that the walls
(which represent about 30 per cent of the total area of the dump's surface),
because of their open nature, absorb most of the rainwater falling on them.
Springs at the base of the dump flow only for very short periods immediately
after a storm. Most of the rain falling on the heap drains through it and
into the groundwater.

5.5.2 Moisture content

The pattern of moisture content of the soil was roughly similar for both
dumps. During the dry (June samples for Intermediate and September samples
for White's), the base of both heaps was wetter than the top, but there was an
indication that the surface few metres of the walls of Intermediate did not
dry out as rapidly as those of White's during June (compare Table 17 with hole
J in Table 10).

5.5.3 pH

The pH of soil from both dumps was fairly similar in most of the areas
sampled, although White's dump was more variable between seasons and also had
a greater pH range than Intermediate dump (mean pH 2.77 to 5.97 for White's
and mean pH 2.77 to 3.98 for Intermediate). Although the pH of the soil in
the base of Intermediate dump varied from May to June, this probably reflected
the heterogeneity of the dump rather than a seasonal difference, since the
mean pHs of the soil at the top and middle were not significantly different
between May and June. It is most probable that the pH of the soil of
Intermediate dump would show a similar trend between wet and dry seasons (i.e.
the pH of the soil rising during the wet season because of the continued
washing away of H* ions by rainwater), but further sampling at appropriate
times would be needed to verify this.
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Sampling in White's dump indicated at least two areas (area E and hole C)
in which leaching processes had either ceased or were considerably lower than
other areas and in these former areas the pH of the sojl was found to be
considerably higher (pH >4). However, all of the areas sampled in
Intermediate dump had a soil pH of <4 and all areas were thought to be
actively leaching.

5.5.4 Total soluble solids and solubie copper and iron

Whereas the concentration of total soluble solids was similar between the
top and base of White's dump, that of Intermediate dump was considerably
higher (almost 10 times) at the top than at the middle level or base. Also,
the concentration at the top of Intermediate dump was between 10 to 30 times
higher than that at the top of White's, and the concentration at the middle
level and base of Intermediate was also higher than that at the base of
White's. However, water seeping from the base of hole V in Intermediate dump
(sample No.436 in Appendix D) had a soluble solids concentration similar to
that in the water flowing from the base of White's (Spring No.4, Table 12) and
the surface mud from the flowpath of Spring No.4 at the base of White's (Table
10, area S4).

The soluble copper content of the soil at the top of Intermediate dump
was between 25 and 400 times greater than that at the top of White's. Also,
100 per cent of the samples from the top of Intermediate dump contained
soluble copper, whereas only about 50 per cent of wet season and 80 per cent
of dry season samples from the top of White's contained soluble copper. The
concentrations of soluble copper at the middle level and base of Intermediate
dump were variable and of a similar magnitude to those found at the base of
White's. Seepage water from the base of Intermediate (sample No.436)
contained a concentration of soluble copper similar to that in the water
drainage from the base of White's (Spring No.4, Table 12).

Soluble iron was not detected in many soil samples from White's dump, and
not detected in any taken during the dry season from the top at areas D and E
and at the base of hole C. At the top of White's, the concentration of
soluble iron, when detected, was generally less than 100 mg/kg {D.W.) whereas
soil sampled at the top of Intermediate dump always contained soluble iron,
the mean value of which was about 80 to 150 times greater than the mean value
of that of the soil from the top of White's. The concentration of soluble
iron in soil at the middle level and base of Intermediate dump was as variable
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and of the same order of magnitude as that of the soil at the base of White's.
The concentration of soluble iron in the water seeping from the base of
Intermediate dump during May 1979 (sample No. 436) was about the same as that
in the water of Spring No.4 flowing from the base of White's (Table 12, May
1979 sample).

It is significant that water drainage from the base of Intermediate dump
contained similar concentrations of soluble solids and soluble copper and iron
and also a similarly low pH to the water draining from the base of White's
east wall. Because runoff and water draining as springs from the base of
White's dump flows into the East Finniss River system, it is considered that
water drainage through the dump to the local groundwater also eventually
enters the East Finniss. The drainage pattern from Intermediate dump,
however, is Tess well-defined, but it is thought that water draining through
the dump also passes into the East Finniss River system.

5.5.5 Temperatures within the dumps

AAEC results [Daniel et al. 1980b; Harries and Ritchie 1981] showed
White's dump temperatures in excess of 35 and 40°C within the first 5 m only
at areas G and D respectively (AAEC probe holes d and a respectively),
although six areas were selected for measurement. This suggested that pyritic
oxidation was occurring within the dump at different rates in distinct areas.

Temperature measurements in Intermediate dump showed temperatures in
excess of 40°C within about the first 4 m at the top and middle Tevel (with
the top being slightly hotter). If high temperatures are assumed to be
indicative of comparatively rapid rates of pyritic oxidation, this result
would indicate that pyritic oxidation was occurring most rapidly in the top
southwest square of the dump. This is in agreement with the other results for
the top of the dump. A more sophisticated program of temperature measurements
(such as that conducted by the AAEC on White's dump) is needed to determine
whether pyritic oxidation is occurring uniformly or only in discrete areas,
and to compare the rates of pyritic oxidation in Intermediate and White's
dumps.

Because of the open nature of the side walls of Intermediate dump,
espectally near the base, it is possible that a 'chimney' effect is being
created by air which enters the dump from the sides, is heated within it and
then rises up through it. There was some indication that this may have been
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occurring, as temperatures within the dump near the base decreased below
ambient and draughts could be felt at the surfaces exposed by cutting the
holes.

5.5.6 Bacterial populations

The pattern of bacterial population types within the soil (and water)
samples from the two dumps was very different, which in jitself is sufficient
indication that Intermediate and White's dumps were behaving differently.

T. ferrooxidans was found in about 90 per cent of soil samples from
Intermediate dump, whereas this organism was isolated from only about 35 per
cent of soil samples from White's dump. Those areas of White's dump which did
contain most of the populations of T. ferrooxidans (i.e. areas D and G on the
top and holes A and F at the base of the east wall)}, contained population
levels similar to those of samples from Intermediate dump during May 1979.
Whereas areas D and G, on the top of White's dump, showed no significant
difference in population Tlevels of this organism between the wet and dry
seasons, all the areas sampled on Intermediate during June 1978 contained
populations of T. ferrooxidans at levels about 100 times higher than those
found from samples taken in May 1979. Samples would need to be taken late in
the dry season (about September) from Intermediate dump to show whether
population levels of T. ferrooxidans remain high during the dry, or if they
decline towards the end of the dry. Furthermore samples from White's dump
during the early dry season are needed to see if T. ferrooxidans populations
undergo a similar rapid increase during this time; there is some indication
that this may be the case, since three samples taken in June from the middle
of the east wall (hole J, Table 10) contained T. ferrooxidans in numbers about
100 times higher than samples taken in March or September.

Autotrophic sulphur-oxidising bacteria were isolated from only about 12
and 40 per cent of samples taken in May and June, respectively, from
Intermediate dump, whereas this group of bacteria was the most abundant and
contained the highest numbers of microorganisms in White's dump during the wet
season {about 85 per cent of samples contained this bacterial group). If the
appearance of such large populations of sulphur oxidisers in White's in the
wet season was caused by one or more nutrients (probab]y‘generated during the
dry) becoming available because of water transport in the wet, then it is most
probable that such nutrients were not as available in Intermediate dump
(especially in the top).
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Acidophilic heterotrophs were abundant and in high numbers in most of the
samples from White's dump, both during the wet and the dry (except for hole C
in the dry and area E in the wet); about 80 and 70 per cent of samples
respectively, contained these bacteria. Acidophilic heterotrophs were scarcer
in Intermediate dump, with only about 12 and 30 per cent of samples, taken in
May and June respectively, containing them.

Strict anaerobes (i.e. Desulfovibrio spp.) were isolated from each hole
cut into a zone about 10 to 70 cm from the base of White's dump, indicating
that the zone contained no oxygen at all. Such an anaerobic region was not
identified in Intermediate dump, as no anaerobic bacteria were isolated.

The microbiological results suggest that T. ferrooxidans was the
principal type of bacterial species in Intermediate dump, whereas in White's
dump the most numerous types of bacteria were sulphur oxidisers and
acidophilic heterotrophs, although Tower Tevels of T. ferrooxidans were
consistently présent. White's dump thus contained a greater diversity of
microorganisms than Intermediate and it is suggested that conditions within
White's were less extreme and more heterogeneous (i.e. a greater range of
micro-habitats and energy sources must have been available to support the
different bacterial groups) than those within Intermediate.

The factors responsible for all of the above differences between the
dumps are at present unknown, but the relatively small age difference between
White's dump (completed in 1958) and Intermediate dump (completed in 1964)
does not provide sufficient explanation of the observed differences.

5.6 Factors Affecting Bacterial Activity in Leaching Environments

b.6.1 MWater availability

Water is essential for bacterial activity and growth. The water activity
(aw) of a solution or substance is related to the water vapour pressure in the
air around it and is estimated by measuring the relative humidity when the
system is at equilibrium [Brock 1979]. Whereas relative humidity is expressed
as a percentage, a, is given as the fraction (i.e. a, x 100 = relative
humidity). The a, of pure water is 1 and decreases as salts are dissolved in
the water. For example, seawater (which contains approximately 3.5
NaC1/100 mL water) has an a, of 0.98 at 25°C [Brock 1979]. Most bacteria
exist between 0.995 to 0.990 a,, although halophilic bacteria can exist down
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to about 0.75 a [Hawker and Linton 1971]. In soil microbiology, the concept
of water available to bacteria is usually expressed as 'water potential', an

energy term defined as “the free energy between the system under study (e.g.
soil, food) and a pool of pure water at the same temperature" [Brock 1979].
The unit used to express water potential is usually the 'bar' which is equal
to 106 dyne/cm2 = (.986 atmospheres = 100 joules/kg ml = 75 cm mercury = 1022
cn water [Griffin 1972]. The lower the water potential (i.e. the less the
amount of water available to microorganisms) the Tower is the bar value of the
soil. Because water potentials of natural systems are always less than that
of pure water, bars have negative values. At 25°C, an a, of 0.995 corresponds
approximately to -7 bar, and in the range of 0.75 to 1.0 a, a decrease of 0.01

a,, corresponds approximately to a decrease of about 15 bar potential [Brock
1979].

The potential of water within soil consists of the matric potential (the
water within voids adsorbed onto soil and particle surfaces) and the osmotic
potential (water containing dissolved salts) which decreases as the
concentration of solutes in the water increases [Griffin 1972]. The water
vapour in air within voids in a dump, which is in a state of equilibrium with
its water-holding capacity, will be in equilibrium with the water in the
voids. The a, (or relative humidity} of the atmosphere in voids in such a
dump will be the same as the a, of the water adsorbed onto rock surfaces in
the voids [Brock 1979].

Water, or water vapour, is essential for the oxidation of pyrite. It has
been found that pyrite in an atmosphere of 100 per cent relative humidity has
a rate of oxidation the same as that of pyrite immersed in water, and that as
the relative humidity decreases, the rate of oxidation of non-immersed pyrite
also decreases [Glover 1973].

It is the water potential, or water activity (aw), of the soil that is
fmportant to microbial activity, since the activity of bacterial enzymes
depends on water, and the DNA molecule (i.e. the chromosome) 1is highly
hydrated until the water potential decreases to about -115 bar. The DNA
molecule loses water molecules with further reduction in water potential until

the helical structure is distorted (reversibly) at a water potential between
-400 and -800 bar [Griffin 1972].

The moisture content of the soil, although easily determined, has little
significance as a factor in estimating microbial activity. The relationship
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between the moisture content and water potential of soils varies and so water
potential must either be measured directly (such as by the methods outlined in
Griffin [1972]) or equated to the moisture content of a particular soil by
determining a calibration curve for that soil [Brock 1975].

Brock [1975] found that the lower Tlimit of water potential for iron
oxidation by T. ferrooxidans in soils was about -23 bar and that soils with
similar moisture contents varied with respect to their water potential. Clay
in pyritic soils greatly decreases the water potential (while maintaining the
moisture content) because it binds water very tightly and thus greatly
decreases the matric potential of water within soil voids. Kennedy and Stahl
[1974] determined the water potential, as a function of water content, in
leach dump material at the Chino mine site (Santa Rica, New Mexico) and their
results suggest that the dump material held water tightly and that fine
material held water more tightly than coarse material. Bhappu et al. [1969]
correlated numbers of T. ferrooxidans, within the same dump, with moisture
content of the soil and found that where bacterial numbers were low the
moisture content was less than 10 per cent. Brock [1975] suggested, from the
above results, that T. ferrooxidans was active in soil with a water potential
of about -15 bar, but was not active in soils where the water potential was
considerably lower.

In the present study, the water potential of the soil samples, which was
not determined, may possibly have been a Timiting factor in bacterial activity
in various sulphidic waste areas (for example, the tailings material sampled
in May 1979) and isolated sampling sites within the holes cut in the dump,
especially White's. It 1is probable that the -different groups of bacteria
isolated from Rum Jungle have different tolerances to water potential. This
may partly explain the variation of microbial species between dumps, between
different areas of White's dump and between wet and dry seasons.

Both White's and Intermediate dumps (with porosities of about 40 per
cent) are thought to be in a state of equilibrium with respect to their
water-holding capacities, so that rainwater drains through them during the wet
and start of the dry season (with only the base metre or so of White's being
saturated). This means that there is little or no change in total water
content of the dumps between seasons. Only the surface of White's dump to a
depth of about 2 m has a lower moisture content at the end of the dry season
than at the end of the wet (Figure 5; Daniel et al. [1980a]).
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However, the osmotic potential of water within the voids in the dumps
probably decreases as the dry season progresses and, by the end of it, may be
too low for the growth of certain types of microorganisms. The autotrophic
sulphur-oxidising bacteria may be much less tolerant to low water potential
than are T. ferrooxidans and acidophilic heterotrophs, which may explain the
almost total absence of the sulphur oxidisers in soil from White's dump at the
end of the dry season. Because of the monsoconal climate at Rum Jungle,
rainwater drains through the dumps each wet season, washing out solubilised
salts and replenishing water with a high a thus allowing those

w!
microorganisms which may require a high a_  for growth, such as sulphur
oxidisers, to flourish.

W

Relative humidity measurements in Intermediate dump at the end of the wet
season indicate that air within the dump contained water vapour at or near
saturation levels during May and, by June, air in some areas was below
saturation (Tables 18 and 19). The accuracy of the instrument used, however,
was about * 5 per cent which was not sufficient to correlate humidity
measurements sensibly with the presence, or absence, of certain bacterial
species. To determine whether bacteria can grow in a particular soil, one
must measure the water potential of that soil, as well as the lowest water
potential tolerance of the particular bacterial species of interest.

5.6.2 Metal tolerance

Among microorganisms there is a wide range of sensitivity to metal ions
and it is well known that the Thiobacilli have a high tolerance to soluble
metals, especially T. ferrcoxidans. Factors affecting the toxicity of metal
ijons to microorganisms are complex and not well understood. For example, it
has been found that the anion of metal salts affects toxicity to T.
ferrooxidans; sulphate salts are less toxic than chloride salts, which are
less toxic than nitrate salts [Tuovinen and Kelly 1972; Barbic 1977]. Also,
the combination of several metal ions may have a synergistic toxic effect,
reduce the toxicity of one particular ion, or have no interaction at all
[Sadler and Trudinger 1967]. The toxicity of a particular metal ion varies
between microbial species and even between strains of a particular species,
and is also affected by environmental conditions.

In a natural leaching environment, the concentration of soluble metals
increases over fairly Tlong periods, thus allowing a gradual selection of
bacteria increasingly tolerant to higher concentrations of metal ions. This
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was demonstrated in the laboratory by Tuovinen and Kelly [1974a] who adapted
J. ferrooxidans to increasing concentrations of wuranium by successive
subculture. Cultures tolerant to 5 mM UOS+ were developed, whereas this
concentration was immediately lethal to non-adapted cultures.

Pure strains of T. ferrooxidans and T. thiocoxidans were individually
tested in our laboratory for tolerance to various metal ions. The results are
contained in Table 20. The extreme toxicity of molybdenum (as the molybdate
ion) to T. ferrooxidans has been reported previously, and is thought to be due
to Tts competition with sulphate which 1is required by T. ferrooxidans
[Lazaroff 1963; Schnaitman et al. 1969; Steiner and Lazaroff 1974]. The high
toxicity of mercury to T. ferrooxidans was also reported by Barbic [1977]. It
is interesting to note that our results showed T. thiooxidans to be far less
tolerant to cobalt, copper, lead, manganese and nickel than T. ferrooxidans.
Tuovinen et al. [197la] found that T. ferrooxidans was less tolerant to
various metal ions, especially cobalt, when grown on thiosulphate or elemental
sulphur rather than on ferrous sulphate. These authors also found low
concentrations of silver and the anions of tellurium, selenium and arsenic
toxic to I. ferrooxidans. There is 1ittle information on the tolerance of
Thiobacillus spp., other than T. ferrooxidans, to individual metal dons,
although Brock [1969] noted that copper resistance may be a general property
of acidophiles and that resistance to heavy metals may be one of the selection
pressures for acidophilic bacteria in acid mine drainages.

It is possible that higher pH sulphur-oxidising bacteria (i.e. not T.
thiooxidans type)} may be less tolerant to metal ions than are T. ferrooxidans
and acidophilic heterotrophs. This may explain the absence of high pH,
sulphur oxidisers from the top and middle Tevel of Intermediate dump and
White's dump (except for hole C which contained low concentrations of soluble
copper and no iron or zinc) during the dry season when increasing solubilised
metal dons may have reached toxic levels. The continued washing out of
solubilised metals and other ions by rainwater in the wet season may have then
allowed the high pH, sulphur oxidisers to grow without inhibition.

5.6.3 pH

Thiobacillus spp. are able to grow over a wide range of pH, although T.
ferrooxidans and T. thiooxidans are termed acidophilic because an acidic pH is
optimum for their growth (Table 1). Identification of autotrophic sulphur-
oxidising bacteria, beyond the division into groups of low pH, intermediate pH
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and high pH, was not attempted because the taxonomy of the Thiobacilli is not
yet well defined nor completely understood [Parker and Prisk 1953; Hutchinson
et al. 1965, 1966, 1967; Khalid 1978]. 1In the environment of Rum Jungle mine
site it is probable that most, if not all, of the now recognised species of
Thiobacillus, occurred, as well as some novel species.

The determination of the pH of the soil in this study was done on the
assumption that the pH would not change with dilution (samples were diluted
about 1 in 10) because of the buffering capacity of the soil. However, it has
been shown. [Doemel and Brock 1971; Brock 1978] that, in the case of sulphuric
acid soils, this assumption may be misleading and that the pH of the actual
soil water is often lower than the pH of the supernatant of diluted soil. It
is possible, therefore, that the pHs we observed for acidic soils are slightly
higher than the pH of the soil water before dilution. Therefore, the pHs of
microbial habitats within the acidic soils may be slightly lower than those
reported here.

Sulphuric acid attacks mineral-containing rocks and solubilises the
minerals. The degradation of large boulders because of sulphuric acid attack
may be very rapid and large rocks and boulders at the base of the dumps (and
probably within} were found to be disintegrating and collapsing in a similar
manner to rocks in solfatara regions, as described by Brock [1978].

5.6.4 Temperature

Microorganisms are isothermal with their enviromments and it is probable
that the combination of acid and high temperature provides a more restrictive
environment than high temperature alone [Brock 1969]. Acidophilic Thiobacilli
have an upper 1limit for growth of about 50 to 55°C [Brock 1978]. Bacteria
which have an optimum-growth temperature of about 50°C, or above, are termed
thermophiles and several thermophilic Thiobacillus-]ike types of bacteria have
been isolated from acidic, sulphurous environments at temperatures above about
45°C [Brierley and Le Roux 1977; Brierley 1978; Brierley et al. 1978; Norris
et al. 1980], and these bacteria have been shown to leach mineral sulphides
and oxidise ferrous iron at acidic pH at temperatures in excess of 50°C
[Brierley 1980; Le Roux and Wakerley 1980; Norris et al. 1980].

Another autotrophic, low pH, thermophilic organism was isolated by Brock
and co-workers from hot sulphur springs (pH 1.55 to 3.5, 76 to 90°C) and named
Sulfolobus (for a full description of this organism see Brock [1978], Ch.6).
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As well as obtaining energy from the oxidation of ferrous iron, elemental
sulphur {aerobically and anaerobically) and other reduced sulphur compounds,
Sulfolobus has been found to Teach mineral sulphides at 60°C [Berry and Murr
19781.

In the present study, species of Sulfolobus could not have been isolated
because incubation at temperatures above 60°C is necessary for their growth
and our methods employed an incubation temperature of about 30°C. Similarly,
the ability of isolated strains of T. ferrooxidans to grow at temperatures
above about 37°C was not tested. However, it 1is most probable that
thermophilic strains of T. ferrooxidans may have occurred in the top and
middle level of Intermediate dump, since large populations of T. ferrooxidans
were isolated from soils with temperatures above 40°C.

The temperature within a dump is an important parameter in assessing the
oxidation rates of pyritic (and other sulphidic) material within the dump,
because areas with high rates of pyritic oxidation are generating heat, which
does not escape because of the Tow thermal conductivity of the soil, and thus
the temperature rises in such areas [Harries and Ritchie 1981]. The
generation of heat within a dump promotes air convection and, further, affects
the rates of chemical reactions and also bacterial activity (i.e. metabolic
function). Temperature measurements of White's dump [Daniel et al. 1980b]
have shown that, in the areas tested, temperatures do not exceed 60°C and that
there has been little change in temperature in each area tested over several
years. Murr and Brierley [1978], from the results of their work which used
large-scale leaching tanks (each holding about 200 t of waste rock), suggested
that as temperature within waste rock bodies reached various plateaus,
reaction 'regimes', which were vrelated to the activity of specific
microorganisms, developed and that these microorganisms, by controlling their
own rates of sulphide degradation, may be able to control temperatures at
these plateau levels.

5.6.5 Oxygen and carbon dioxide availability

Several workers have found that T. ferrooxidans can fix 002, oxidise
ferrous to ferric iron, metabolise elemental sulphur and oxidise sulphide
minerals under anaerobic or microaerophilic conditions, with increased CO2
[Pugh and Umbreit 1966; Baker and Wilshire 1970; Brock and Gustafson 1976;
Mackintosh 1978; Babij et al. 1981]. It is most probable, therefore, that Tow
oxygen tension would not stop T. ferrooxidans from Tleaching sulphides,
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although it may lower the rate of Teaching (which in the long-term situation
of sulphidic waste dumps may not be significant). However, COZ is essential
to these bacteria and increased 002 concentrations increase their activity in
sulphide degradation [Torma et al. 1972]. Although CO2 has a low solubility
in acidic solutions, carbonate gangue material within the dumps would provide
CO, in solution [Brierley 1978].

During this study, 02 and €0, levels within the dumps were not measured,
although such information would be useful in determining possible mechanisms
of pyrite oxidation.

5.6.6 Nutrients

As well as CO2 and energy substrates, T. ferrooxidans requires other
inorganic compounds for metabolic function. It is known that nitrogen,
phosphorus, sulphate and magnesium are essential for the growth of T.
ferrooxidans [Tuovinen_ et al. 1971bl. It has been shown that T. ferrooxidans
can fix nitrogen [Mackintosh 1978] and therefore a low supply of ammonium ion
in the dump would probably not affect this organism. Phosphorus, sulphate and
magnesium would be expected to be available in sulphidic leaching environments
and also any trace elements required by T. ferrooxidans.

Other species of Thiobacilli probably have similar nutrient requirements
to T. ferrooxidans, although they would require nitrogen in the form of the
ammonium ion. Several soil samples from White's dump were repeatedly sub-
cultured in nitrogen-free salts solutions, and several heterotrophic types of
bacteria (at Teast one from each sample} were found to be able to fix
atmospheric nitrogen (as determined by the specific reduction of acetylene to
ethylene [Mackintosh 1978]. In environments where ammonium would otherwise
not occur, such nitrogen-fixing bacteria, as well as T. ferrooxidans, may
provide a source of ammonium fon to those bacteria which cannot fix nitrogen.
As mentioned previously, the nature and source of the energy substrates of
autotrophié sulphur-oxidising bacteria are not known.

Heterotrophic bacteria, as well as requiring inorganic nutrients, require
organic carbon compounds. Since vegetation on the dumps is scarce, it may- be
expected that there would have been little organic matter within the dumps.
However, microorganisms are themselves organic material and, when growing,
secrete organic compounds (often in large amounts, as in the case of T.
ferrooxidans [Agate et al. 1969]) and when they die, their cells lyse and
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release a number of diverse organic compounds. Heterotrophic bacteria would,
therefore, have a relatively wide range of organic compounds (produced by
autotrophs and other heterotrophs) available for growth,

Note that nutrients accumulate at interfaces and are adsorbed onto
surfaces [Marshall 1976]. Therefore, in water adsorbed onto soil surfaces,
concentrations of nutrients will occur which are higher than those in the
Tiquid phase surrounding soil particles. Because of such adsorption effects,
microbial numbers and activity would be much higher in soil particle surfaces
than “in free water [Brock 1979]. Bacteria on soil surfaces may be either
reversibly or irreversibly attached [Marshall 1976]; in the former case,
agitation in a slurry, such as used in our methods, would probably be
sufficient to remove undamaged cells from particles and place them in
solution, whereas in the latter it would hot.

5.6.7 Difficulties of estimating microbial numbers

The groups of bacteria listed in the tables in Section 4 were isolated on
specific selection media which could support the colony growth only of the
types of bacteria desired. It was assumed that colonies were formed from
single bacterial cells. '

A medium completely free of organic carbon {which is known to inhibit
growth of T. ferrooxidans, [Tuttle and Dugan 1976]) was developed during the
first year of this project by A.M. Khalid by the 'trial and error'
modification of several existing, but not wholly satisfactory, techniques.
This proved to be extremely time-consuming, but resulted in an easily
reproducible, consistently high-quality medium (as reported in detail by
Goodman et al. [1980]), which gave reproducible counts of T. ferrooxidans and
a percentage recovery of over 70 per cent.

A1l attempts to use agar as the gelling agent for a T. ferrooxidans
medium (as reported by Tuovinen and Kelly [1973] and Manning [1975]) were
completely unsuccessful 1in our Taboratory, giving less than 0.1 per cent
recovery of T. ferrooxidans. However, one disadvantage of our silica gel
medium was that it took about two weeks' incubation (at 30°C) to count
colonies using -a binocular microscope. The method of incubating agar plates
in an atmosphere of ajr/Nz/CO2 (1:94:5 by volume) in an anaerobic jar at 30°C
for two or three days, as developed by Mackintosh [1978], produced the typical
rusty-brown colonies (due to the precipitation of ferric salts in the colony
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[Goodman et al. 19801]).

The numbers of microorganisms reported here accounted for free-swimming
bacteria and those not firmly attached to mineral particles. It has been
shown that T. ferrooxidans and -T. thiooxidans attach firmly (i.e.
jrreversibly) to mineral and sulphur particles and cannot be disTodged even by
extreme agitation [Brierley et al. 1973; Karavaiko and Pivarova 1977; Berry
and Murr 1978; Baldensperger et al. 1974]. In the case of T. ferrooxidans, Le
Roux et al. [1973] found that there were three to four times as many bacteria
attached to solid particles as there were free-swimming, and other work in our
laboratory [Babij et al. 1981] showed that the number of cells attached to
mineral particles was about five to six times higher than those in the
supernatant.

However, bacterial numbers do not indicate the activities of
microorganisms in situ. Low numbers of T. ferrooxidans may degrade large
amounts of pyritic material because the relative amount of energy acquired
from pyrite oxidation by bacterial cells is Tow compared to the amount of
energy required by these cells for C02 fixation, which must proceed even in
non-growing cells to maintain metabolic function and cell viability. Bacteria
in soil may grow rapidly when conditions become favourable (for example, when
a substrate becomes available) and then remain inactive for long periods if
conditions are not favourable for growth. Thus, high cell numbers found at a
particular time may not necessarily indicate high microbial activity at this
time, although an increase in numbers between two sampling periods does
indicate that at some time between the sampling periods there has been
extensive microbial activity. One method of determining the activity of
autotrophs in situ is to measure the uptake of radioactively labelled 002 into
organic cell material, as developed by Brock and co-workers [Smith et al.
1972; Belly and Brock 1974].

6. CONCLUSIONS

Areas containing sulphidic waste material at the Rum Jungle mine site
support a diverse and abundant microbial flora. Populations of T.
ferrooxidans, one of the most important microorganisms responsible for
catalysing the oxidation of many mineral sulphides, particularly pyrite, are
associated with all areas where sulphidic degradation is occurring, and are
the major bacterial component in Intermediate dump. In White's dump,
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acidophilic heterotrophic bacteria consistently occur, wusually in high
numbers, and autotrophic sulphur-oxidising bacteria flourish in the wet
season, '

Conditions in White's dump are heterogeneous and different areas support
different types of microorganisms. Pyritic oxidation probably occurs in
discrete areas rather than homogeneously through the dump., The dump is
aerobic except for an anaerobic zone less than 1 m high at the very base of
the dump. Because of the Tow levels of soluble iron found, it is thought that
any ferric iron, formed from the oxidation of ferrous iron by T.
ferrooxidans, precipitates within the dump (probably as complex jarosites),
and therefore pyritic oxidation by ferric iron may not be an important
mechanism in White's dump.

Conditions in Intermediate dump are more homogeneous than in White's and
it supports a more restricted range of microbial species than does White's.
Intermediate dump has no anaerobic zone supporting strict anaerobic bacteria,
even at the base, and it is possible that a chimney effect is occurring. The
top of the southwest square of the dump contains far higher concentrations of
total soluble solids, including copper and iron, than any area sampled in
White's. There is some indication that temperatures within the first 5 m
from the surface of this region are higher than temperatures in White's and it
is possible that pyritic oxidation is occurring more uniformiy and at higher
rates in Intermediate dump than in White's.

Conditions within Intermediate and White's dumps are different, as are
the leaching behaviours of the two dumps. The reasons for this are as yet
undetermined, but it is unlikely that the relatively small age difference
between the dumps (White's was completed in 1958 and Intermediate, in 1964) is
sufficient explanation.
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TABLE 1

GROWTH CHARACTERISTICS OF THIOBACILLI

terlal Species pH Temperature Inorganic OO2 o2 Growth On
(°c) Substrates FlIxation Requirement Organic CPDS
dophllic
n Ox1dlser
« forroox|dans* 245 28-35 Ferrous, Pos i tive Facul’raﬂvely(” Autotrophlic
(<1 .4=-60) 50 M5, RSC aeroblc
dophilic
phur Oxidlsers
« thlooxldans* 2.0-3.5 28=30 MS, RSC Positive Aeroblc Autotrophlc
(<0.5=6.0} 55
. acidophllustz) 3.0 25-30 S only Positive  Apparently Facultatively
(1.5-6.0) aeroblc autotrophlc
» ferroox|dans
{as above)
ermediate pH
ohur Oxldl sers
. Intermedius* ND 30 RSC Posltlve Aerobic Facultatively
(1.9-7.0) autotrophic
. noapolittanus® 6.2-7.0 28 RSC " Positive  Aerobic Autotrophlc
(3.0-8.5)
» percmetabol is* ND 30 RSC + organic ND Aerobic Mixotrophic
(2-6""608) CPD
' pH
hur Ox1dTsers
. thloparys* 6.6-742 28-30 RSC Posltive Aeroble Autotrophic
(405-1 0)
 den]trificans® 1.0 30 RSC PosTtive Facultatively Autotrophic
aeroblc
- novel [us* 7+8-9,0 30 RSC Positive Aeroblc Facultatively
(5.0~9,2)

autotrophlc

Values In brackets indicate growth range,
Lower vaiue is max!mum tolerated [Brock 1978],

metal sulphide; RSC = reduced sulphur compounds {including elemental sulphur});
elfemantal sulphur;

CPDS = compounds;

top value Is laboratory optimum;

ND = not determined;

From R.E. Buchanan and N.E, Glbbons [1974];
Experimental evidence In text PP+45,6 and Babi] et al, [1981];
Guay and Sl)ver [1975],

top value Is !aboratory optimum;



62

TABLE 2
COMPARISON OF DATA: INITIAL INVESTIGATION
SEPTEMBER 1975

White's Dump Intermediate Sulphide Oxide
Dump Heap Heap
soil, n=23 | water*, n=2 soil, n=4 soil, n=5 soil, n=3
X s.d. X g.4d. X. . s.d. x s.d. X s.d.
Moisture % 7.2 4.5 9.9 3.2 8.2 3.0 |1il.4 2.2
pH 3.98 1.2 2.85 0.4 2.55 0.4 2.34 0.7 2.67 0.3
Log soluble
solids (ppm) 3.5 0.5 4.4 0.5 4.4 0.7 4.3 0.04
Log soluble
0.5 0.7 1.5 0.5 1.8 . .
copper (ppm) 1.3 2.9 0.4 3.1 0.04
Log soluble
iron (ppm) 0.3 0.8 1.4 0.1 2.4 0.8 2.2 1.4 1.8 0.6
Log No.” 2.2 0.9 3.0 0.2 0.5 2.4 0.6 | 2.9 0.2
T.ferrcoxidans| (11) - (2) (3) (2)
Log no.
S Oxidisers NG (1} NG NG NG
pH 3.5
Log No. 2.8 0.7 NG 2.9 0.1 i 2.8 0.2 NG
s oxidisers (13) (2) Lo(2)
pH 6.2 i

NG
(q
*

Log no. bacteria = log organisms/g dry weight, or /mL;
= number of samples; X = mean; S.d. = standard deviation;

)

no growth detected (or at a Tow level in only 1 sample);
only q samples positive for bacterial species;
Sampled at Spring No.4, holes dug and allowed to fill with seepage.
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TABLE 3
COMPARISON OF DATA: INITIAL INVESTIGATION
MARCH 1976
\ Intermediate T .
White's Dump Dump ~ Sulphide Heap Qxide Heap
springs,
soil , n=12 _ n=5 water,n=5)s0il,n=13 water,n=5|soil ,n=6 |water,n=7
x s.d.| x s-d.} x  s.de| x  s.@.) x sde)lx sedd 3 osad.
Moisture % 1l.3 4.2 la.6 2.2 18.3 3.0
PH 4.38 1.0§3.14 0.36} 2.70 0.3 2.85 0.5(/2.60 0.3 3.42 0.3{2.74 0.4

Log scluble

solids (ppm) 2.9 1.0(4.3 0.1 4.1 0.6 4.1 0.313.7 0.6 2.2 0.4|3.6 0.9

Log soluble

copper (ppm) 0.6 0.8}1.8 0.3 2.1 0.5 2.2 1.4j{1.9 1.2 1.6 0.4/2.7 1.1

LOog soluble

iron (ppm) 0.3 0.411.7 0.5 2.1 1.0 2.2 1.112.0 1.3 0.3 0.5)]1.8 1.5
o

LOg no. . 1.8 0.3]1.9 l.1 2.4 0.4 2.3 0.3]3.0 0.4 2.2 0.212.7 0.5

I.ferrooxidans (10} (4) (5} {12) (5) (5) (5)

Log po. 3.3 1.2]2.8 1.8 4,2 lnl 3.0 0.7(3.7 1.4 NG 3.6 0.8

S oxidisers (9} (4} (5} (9) (2) (4)

oH 3.5

[0g no. 3.0 1.21.2 1.7 NG _ NG NG {2) NG

3 oxidisers {8) {(2)

H 6.2

x Log no. bacteria = log organisms/g dry wéight, or /mL;
number of samples; X = mean; s.d. = standard deviation;
no growth detected (or at a Tow level in only 1 sample);
only q samples positive for bacterial species.

=
il

NG
{q)
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TABLE 4

TAILINGS MATERIAL: SURFACE SAMPLES

Surface Samples

September 1975 March 1976 Septem?er 1976 May 1979
n=2 n=2 n=3
West East Depth:20~50cm | Depth:0-30cm | Depth:20-60cm
n=1 n=1 _ _ _
25cm 35cm X s.d. X s.d. X s.d.
Moisture % 7.2 11 26 7.0 18 18 15 9.0
PH 4.4 3.0 4.1 0.3 3.7 0.2 4.2 0.2
Log soluble 3.0 4.1 3.5 0.9 3.9 0.4 | 4.2 0.4
solids (ppm)
Log soluble ND 3.3 1.1 0.1 2.7 0.5 | 2.7 0.3
copper (ppm)
Log soluble ND 1.0 1.0 0.4 1.1 0.1 | mD
iron (ppm}
' &
Log mo. ND 1.6 2.6 0.1 3.0 ND
?.ferroox1dans :
Log no.
S oxidisers ND 5.2 0.1 ND ND
PH 3.5
LOg no.
S oxidisers 2.6 2.7 3.2 1.4 3.4 ND
PH 6.2
Log no.
acidophilic
3.6 0.6
heterotrophs ND
pH 3.5

« Log no. bacteria = Tog organisms/g dry weight, or /mL;

=
1}

ND

number of samples;
not detected.

X = mean;

s.d. = standard deviation;
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TABLE 5
TAILINGS MATERIAL : SEPTEMBER 1976
September 197¢
Depth Samples Surface Samples
n=8 n=2
Depth:50-150 cm Depth:0-30 cm
x s.d. X s.d.
—_
Moisture g 29 4.0 18 18
PH 4,2 0.1 3.7 0.2
Log soluble 4.2 9.1 3.9 0.4
solids (ppm)
Log soluble 3.1 o.1 2.7 0.5
¢opper (ppm)
Log soluble 1.5  o.3 1.1 0.1
iron (ppm)
o

Log no. 2.8 0.3 3.0
T.ferrooxidans
=rz=roroXxidans
Log no.
S oxidisers ND ND
PH 3.5
Log no.
5 oxidisers 2.5 0.4 3.4
PH 6.2
Log no.
Acldophilic 3.7 0.4 3.6 0.6
heterotrophs
PH 3.5

Log no. bacteria = Tog organisms/g dry weight, op /mL;
= number of samples; & = Mean; s.d, = standard deviation;
not detected.
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TABLE 6

DRY SEASONS - AREA D

COMPARISON OF WET AND

hHeterctrophs

'
1

%

|

Area D
Dry Wet
Hole D, n=9 Hole D', n=21 Probagility (P)
Dgpth:l.2—3.6 m Dgpth:l.2—3.6 n that x 1is same
X s.d. X s.d.
Moisture % 9.7 4.1 14.5 1.7 *
pH 3.58 0.3 3.83 0.3 p = 0.05
Log soluble 3.5 0.3 2.8 1.0 p = 0.1
solids (ppm)
Log soluble 1.6 0.4 0.4 0.6 P = 0.00L
copper (ppm)
Pog soluble ND 0.3
iron (ppm)
Log no. 2.2 0.2 2.4 0.9 *
: g.ferrooxidans (3/9) (33/19)
Log no. 3.9 0.8
g oxidisers t/9) (11/21)
pH 6.2
Log nho. 2.5 0.2 4.0 1.4 *
Acidophilic (%/9) (13/19)

|

o« Log no. bact

n = number of samples; X = mean;

P = probability that the means are the same,
Students' t tests

* = P could not be determined (diffe

eria = 109 organisms/g dry weight;
s.d. = standard deviation;
as determined by

large, as determined by the F test);
(p/q) = p out of q sampies positive;

N o=

not detected.

rence in variances, i.e. s.d.2 too
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TABLE 7
TOP OF WHITE's DUMP: COMPARISON OF WET AND
DRY SEASONS - AREA F

Dry Wet
Hole E, n=9g Hole E', n=18
Depth:1.2-3.¢ | Depth:1.2-~3,¢ m
X s.d. X s.d.

Probapility {p}
that x ig same

Moisture s 8.6 3.1 | 13.8 2.5 P = 0.001
pH 4.56 1.0 5.91 0.7 P = 0.001
Log soluble 3.8 0.2 3.2 0.5 P = 0.005
solids {ppm)

109 soluble 0.8 0.6 | o.5 0.7 P=o0.5

copper (ppm)

Log soluble

i ND 0.7 0.8

ixron (ppm)

Log no. i1 5

T.ferrooxidans f( /9} ( /18)

St 2ESf00Xidans |

gogxigisers é 3-5 0.7
i1 1

PH 6,2  (/9) (*%/18)

Log no. i 3.6 0.4

Acidophilic L (5/9) (1/18)

heterotrophs ;

i

o Log no. bacteria = log organisms/g dry weight;

= humber of samples; % = Mean; s.d. = standard deviation;

= probabi]ity that the means are the same, ag determined by

Students' ¢ test;

* = P could not he determined (difference in variances, i.e, s.d.2 too
large, as detemmined by the F test);

(P/q) = p out of q samples positive;

ND = pot detected.

o =
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TABLE 8

TOP OF WHITE'S DUMP: COMPARISON OF WET AND
DRY SEASONS - AREA G

Area G
Dry Wet s
Hole G, n = 9 Hole G', n = 18 Piibikfl%ty (P)
Depth: 1.2-3.6 m Depth: 1.2-3.6m at x 1s same
X s.d.’ X s.d.
Moisture (%) 6.2 2.0 14.7 3.2 P = 0.001
pH 3.0 0.4 3.42 0.4 P = 0.02
Loy soluble solids (ppm) 3.7 0.3 3.6 0.2 p=0.2
log soluble copper {(ppm) 1.3 0.2 0.8 0.8 *
Log soluble iron {ppm) ND 0.4 0.4
Log No. & 2.1 0.9 2.3 0.4 p=20.6
7, ferrooxidans (3/9) ®/18)
Log No. 5.5 0.7
g oxidisers
(%/9) (1*/18)
Log No. 3.5 0.5 3.6 1.7 p= 0.8
Acidophilic heterotrophs
cidophilt P 8/9) (16/16)
= Log no. bacteria = 1og organisms/g dry weight;
n = number of samples; % = mean; S.d. = standard deviation;
P = probability that the means are the same, as determined by the
Students' t test;
* = P could not be determined {difference in variances, i.e. s.d.2 too

large, as determined by the F test);
(p/q) = p out of g samples positive;

ND = not detected.
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TABLE 12
WHITE'S DUMP: SPRING NO.4

White's Spring No.4
September 1975 |March 1276 May 1979 June 1978
Mud seepage Water Water Water
Water
=1 n=1 n=1 n=1 =1

pH 3.1 2.6 2.9 3.4 3.4
Log soluble solids (ppw) 4.3 4.5 4.3
Log soluble copper (ppm) 1.1 1.9 2.0 2,2 2.0
Log soluble iron (pp™) 1.5 1.3 1.7 2.8 2.1
Log no. 3.1 2.8 2.1 2.9 1.8
T. ferrpoxidans
Log. 0OO. 4.9 ND 2.1 ND ND
g oxidisers pH3.5
Log no. 3.6 2,6
S oxidisers pH4.8
Log ho. ND ND ND 3.8 ND
g -oxidisers pHE.2
Log no. : ND 2.5
Acidophilic heterotrophs
pH3.5

« Log no. bacteria = 109 organisms/mbL;
n = number of samples;
ND = not detected.
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TABLE 13

TOP OF INTERMEDIATE DUMP: COMPARISON OF
EARLY MAY 1979 AND LATE JUNE 1978 TO A
MAXIMUM DEPTH OF 3.5 m

Moisture {%)
pH

Log soluble solids {ppm)
Log soluble copper {ppm)
Log soluble iron

{ppm)

Log no,
T. ferrooxidans

Log no.

S oxidisers pH4.8
Log no.

5 oxidisers pH6.4

Log no.
Acidophilic heterotrophs
PH3.5

Top
May 1979 . June 1978
Hole 5, x=8 Hole X, n=7 .o
Probability (p)
Depth 0-3.5 m Depth 0-3.5 m that % is same
x s.d. X s.d
12.8 1.2 13.4 1.3 P=0.2
3.33 0.4 3.26 0.3 P=20.,7
4.9 0.1 4.9 0.1 P=20.9
3.1 0.4 2.9 0.6 P=20.,5
2.6 0.5 2.6 0.3 P =
2.8 0.3 4.9 0.4 P =0.001
ND (1/7)
ND (1/7)
ND ND

o Log no. bacteria = log organTSms/

n = number of samples; X = mean;
(p/q) = p out of q samples positive;

ND = not detected.

g dry weight, or /mL;
S.d. = standard deviation
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TABLE 14
MIDDLE LEVEL OF INTERMEDIATE DUMP: COMPARISON OF
EARLY MAY 1979 AND LATE JUNE 1978 TO A MAXIMUM

DEPTH OF 4 m
Middle Level
May 1979 June 1978
Hole T, n=8 Hole ¥, n=9% .
Probability (P)
th: 0-3.5 D h: 0-4. =
bepth " ept 0 0 m that ¥ is same

x s.d. X s.d.
Moisture (%) 14.8 6.4 14.4 4.4 P = 0,98
pH 3.14 0.2 3.30 0.2 P=0.3
Log soluble solids {ppm) 4.0 0.3 3.7 0.3 P = 0.05
Log soluble copper (ppm) 1.7 0.1 1.3 0.5 P = 0.05
Log soluble iron {ppm) 1.4 0.7 (2/9)
Log no. 2.6 0.2 4.8 0.5 p = 0.001
7. ferrooxidans (6/9)
Log no. (178 2.8 0.4
5 oxidisers pH4.8 ‘ (“/9)
Log no. ND (1/9)
g oxidisers pH6.2
Log no. ND 2.6 0.5
Acidophilic heterotrophs (*/9)
pH3.5 i

o Log no. bacteria = log organisms/g dry weight, or /mL;

n = number of samples; X = mean; s.d. = standard deviation;
(p/q) = p out of g samples positive;

ND = not detected.
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TABLE 15
BASE OF INTERMEDIATE DUMP: COMPARISON OF
TWO HOLES DUG ABOUT 3 m APART IN JUNE 1978

Moisture (%)

pH

Log soluble solids
Log soluble copper
Iog soluble iron

oC
Log no.
T. ferrooxidans

Log no.
S oxidisers pH4.8

Log no.
S oxidisers pH6,2

Log no.

(ppm)
(ppm)

(ppm)

Acidophilic heterotrophs

Base: June Only

—_ * —_
Depth 03 m | bepen o Provapility (v)
x s.d. x s.d.
8.0 3.5 22.4 4,2 P = 0.001
2.77 0.2 4.0 0.4 P = 0.001
3.9 0.6 4.0 0.3 P=o0,6
1.0 0.8 2.3 0.9 P = 0,05
2.3 1.4 /)
4.6 0.4 5.1 0.1 P =0.05
2.8 0.7 3.5 1.1 P=290.3
(3/7)
ND 1.6 0.8
(2/4)
ND 2.8 0.6

[+

Log no. bacteria = Tog organisms/
n = number of samples;

X = mean;

(p/q) = p out of g samples positive;
ND = not detected.

g dry weight, or /ml;

S.d.

standard deviation;
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TABLE 16

BASE OF INTERMEDIATE DUMP: COMPARISON OF
EARLY MAY 1979 AND LATE JUNE 1978 TO A
MAXIMUM DEPTH OF 4.5 m

Moisture (%)

pH

Log soluble solids
Log soluble copper
lLog soluble iron

[+
Log no.
7. ferrooxidans

Log no.

s oxidisers pH4.8

Log no.
S oxidisers pH6.2

Log no.

Acidophilic heterotrophs

pH3.5"

Base
May 1979 June 1978
Probability (P)
Hole Vv, n=9 Hole %, n=7 Hole Z*, n=4 that x is same
Depth: 0-3.5 m Depth: 0-3.0 m Depth 3.0-4.5 m
Col. 1 Col. 2 Col. 3 Cols. Cols.
X s.d. e X l& 2 2 & 3
14.8 7.6 8.0 22.4 P=0.05 p=0.1
3.16 0.3 2,77 3.98 P=0.02 P=0.001
(ppm} 4.2 0.2 3.9 4.0 P=0.1 P=0.4
{ppm) (2/9) 1.0 2.3
(ppm) 1.9 0.5 2.3 (17 P=0.5
3.0 0.8 4.6 5.1 p=0.001| P=0.001
(2/9) 2.8 3.5
(/7
ND
2.9 0.9 ND 2.8 P=0.9
(3/9)

« Log no. bacteria =

n =

(p/q) =

ND =

number of samples; x = mean; s.d. =
p out of q samples positive;

not detected.

log organisms/g dry weight, or /mL;

standard deviation;




TABLE 17
INTERMEDIATE DUMP: COMPARISON OF
EARLY MAY 1979 AND LATE JUNE 1978

Moisture (%)

pH

Log soluble solids (ppm)
Log soluble copper (ppm)
(ppm)

Log soluble iron

Log noe.*
T. ferrooxidans

Top Middie Level Base
May June May June May June
0=-3.5m 0-3 m 0-3.5m 0-4 m (0-3.5m 0-3m 3-4.5 m
13.1 14.6 14.8 8.0 22.4
3.30 3.22 3.16 2,77 3.98
4.9 4.0 3.7 4.2 3.9
3.0 1.7 1.3 0.4 1.0 2,3
2.6 1.4 0.3 0.3
2.8 4.9 2.6 4.8 3.0 4.6 5.1

Log no. bacteria =

log organisms/g dry weight, or /mL.
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TABLE 18
INTERMEDIATE DUMP: LATE JUNE 1978
VERTICAL PROFILES OF TEMPERATURE AND
RELATIVE HUMIDITY WITHIN THE HOLES

oo |Phznee from o | M | m | PO
7 1.5 22 %
3.0 22 V 5-7
z* 3.5 31 27 76 10
4.0 31 27 90 10
Y 0.5 33.5 29 100 10
2.0 37 26.5 100 8
4.0 43 27.5 | 100 8
X 0 31.5 25 83 8
1.5 41.5 25 100 8
3.0 44 27 100 8
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TABLE 19
INTERMEDIATE DUMP: EARLY MAY 1979
VERTICAL PROFILES OF TEMPERATURE AND
RELATIVE HUMIDITY WITHIN THE HOLES

Distance fronJ Ambient Ambient
Hole Top of Hole °c % RH
m °c % RH
S 0.5 41 37 100 24
1.0 45 100
1.5 44 100
2.0 45 100
2.5 45 100
3?0 47.5 100
3.5 47 100
T 0.5 35 37.5 100 24
1.0 37.5 100
1.5 37.5 100
2.0 37.5 100
2.5 41 100
3.0. 40 100
3.5 43 100
A 0.5 36 40 100 15
1.0 34 100
1.5 34 100
2.0 32,5 100
2,5 32 100
3.0 31 100
3.5 29 100
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TABLE 20
METAL TOLERANCE OF THIOBACILLI
Maximum Concentration Tolerated (ug g_l)
Metal - x
7. ferrooxidans T. tHigoxidans
2. Lerroosudils oo REE =
BJR-K1! BJR-KO1
As 500 500
Bi 1 000 1 000B
Co 20 000 Y
Cu 40 000 3 000
Pb 5 000 1 000
Mn 40 000 4 000
Mo 5 5
g 4 6
Ni 40 000 5 000
Zn 30 000° 20 000

Isolated and characterised [Khalid 1978];

Turned black, possibly because of sulphide formation;
Cobalt toxic to BJR-KO1;

Medium became black, precipitation occurred;

At [Zn] = 40 00C npg g'1 growth occurred slowly;

T. ferrooxidans was grown on ferrous sulphate;

T. thicoxidans was grown on elemental sulphur;

Strain no. designations [Khalid 1978].
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b x €O, b x 1O
H- 6-0-POsH,
(o P
bx H-(i-OH - 12 x H-?-OH
Ribulose diphosphate carboxylase
H-C -OH wiose drpnosp Y H; C-0-POH,
Hy (-0-PQ,H, phospheglyceric acid
ribulose -diphosphate (3-PGA)
(RuDP)
12x ATP
Phosphoribulokinase
Hzojp-o-lc =0
\ 12x HO -IC-H
bx ATP Hy~C-0-PO4H,
1,3-diphosphoglyceric acid
12 x NADH
H- (IZ-OH
E= o]
H-C-0OH Complex reaction sequence H-C-0
bx ] leading to regeneration of RuP I +Pi
H-C-0H 12 HO-C-H
T 10xGAP w? I
H; C-0-POH, 24© HyC-0-POSH,
ribulose -5- phosphate glyceraldehyde -3- phosphate
(RuP) I x Hexose -P (GAP)

Biosynthetic reactions

The following description fs from SBrock [1979]. The enzyme ribulose
diphosphate carboxylase reacts one molecule of €0, with one molecule of
ribulose diphosphate (RuDP) to form twe molecules of 3-phosphoglyceric acid
(PGA), one of which contains the €0, molecule, the carbon atom being at the
same oxidation level as free C02. One molcule of Hy0 is also required during
this step. PGA is then reduced to the oxidation level of carbohydrate and
this step requires, for each PGA molecule, both one molecule of ATP and ane of
WADH to form one molecule of glyceral dehyde-3-phosphate. The regeneration of
the RuDP used in the first step, requires three molecules of ATP and five
molecules of glyceraldehyde phosphate to fomm three molecules of RubP. The
final step in the regeneration of RuDP, the phosphorylation of ribulose-5-
phosphate (Ru-5-P) by ATP, is catalysed by the enzyme phosphoribul okinase,
Both the enzymes ribulose diphesphate carboxylase and phosphoribul ckinase are
unique to autotrophic €0, fixation. One carboxylation reaction requires one
melecule each of €0, and RuBP and produces two molecules of PGA which are
converted to twe molecules of glyceraldehyde phosphate. Since five molecules
of glyceraldehyde phosphate are needed to comptete one 'turn' of the eycle
(i.e. to regenerate the RuDP), three carboxylations must take place for each
turn of the cycle. Three carboxylations yield six glyceraldehyde phosphate
molecules, of which five molecules are used (to regenerate the three malecules
of RuDP} and therefore there 1s a net gain of one glyceraldehyde molecule for
every three (0, molecules fixed. Therefore to convert three molecules of €O
to one of carbohydrate (i.e. glyceraldehyde phosphate molecule), nine ATP and
stx NADH are required. Thus, to produce cne hexose sugar molecule, two
glyceraldehyde molecutes are necessary, rafsing the requirement to 18 ATP and
12 NADH molecules to convert six (2(.’!2 motecules to one sugar molecule,

FIGURE 1. THE CALVIN CYCLE
[Schiegel 1975; Brock 1979]
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Intermediate Opencut Tailings Area

White's Opencut

Dyson's Dump

Intermediate Dump White's Dump

FIGURE 15. AERIAL VIEW OF RUM JUNGLE MINE SITE

FIGURE 16. AERIAL VIEW OF WHITE'S OVERBURDEN
DUMP IN WET SEASON
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SAMPLING HOLE G ON WHITE’S DUMP

FIGURE 17
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AL AND MICROBIOLOGICAL DATA

SULPHIDE AND OXIDE HEAPS 1975-1976
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SAMPLES COLLECTED SEPTEMBER 1975

Code: Coordinates

RJ of sample Description, Field Observations

no. location

11 037-460 Material from top of Sulphide Heap ~ 15 cm deep,

Pyrite and malachite abundant,

12 039-461 Mixed rock fines and sulphur -~ top of Sulphide Heap,

13 033~-469 Material from top of Sulphide Heap ~ 20 em deep,

14 045-465 Material from side of channel on top of Oxide Pile -

20 em in

15 045-467 Material from a similar location on side of another
channel on top of Oxide Heap.

16 047-465 Material from side of Oxide Heap, 4 metres up from base,
15 em  deep. Slightly damp, Temperature ip sampling
hole 40°C (ambient temp. 340°¢),

17 040-470 Material from side of Sulphide Heap, 6 metres up from
base, 15 com deep, Some pale yellow efflorescent
material, Slightly damp. Temperature in sampling hole,
380C. (ambient temp. 34°¢).

18 039-472 Similar sampling point to 17. Some pale yellow

efflorescent material. Temperature in sampling hole
399C (ambient temperature 349¢) .
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1975

(ocarion: SULPHIDE HERP; OXIDE HEAP

Sample no. 11 12 13 17 18 14 15 16

Distance

from
5 | o.
gurface (cm) . 5 20 | 15 ) 15 20 |0.5 15

Moist
O;iéﬁéﬁ) 11.3 3.3 8.3 9.3 8.6 10.4 9,9 113.9

Wauﬁ solubles 64 127 92 4.0 5.0 18 19 21
x10” pptn)

pH 2.5 1.6 1.8 3.2 2.6 2.7 2.9 2.4

conmte | o | 280 | 1280 4860 | n 50 g0 | 15 | 210

Metal
Content

gpm)

Cu 4160 620 300 640 530 1050 1060 | 1270

Zn
40 n n n n n n n

T. ferrooxidans

Ll L s

waod)  pa2.5 | 0.1 we | W | 0.7 | NG 0.4 0.8 1.2

Tow pH }
s ox?.dise_rs NG NG NG NG | NG NG NG NG

(x103) pi3.5

Intermediate pH
5 oxidisers

x10°)  pH4.8

High pH
s oxidisers

3 w | ne | we | 0.4 0.8 NG | NG | NG
x10°)  pH6.2 '

Acidophilic
Heterotrophs
x10%)  pH3.5

Nutrient
Agar

(xuﬁ) pH7 NG NG NG NG NG NG NG NG

Desulfovibrio

L

Emmeration of organisms as no. per ml or gram dry weight
n = negligible {less than 1L p pm ) NG = DNo Growth W = Water Sample
Blank space indicates sample was not tested.,
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SAMPLES COLLECTED MARCH 1976

Code: Coordinates

RJ of sampie Description, Field Observations

no. location

84 038~467 From fresh sampling hole on top of Sulphide Heap,
About 6 metres back from edge of heap, Temperature
28°C, Ambient temperature 240¢, At 5 cm  depth,

85 Same sampling hole, at 25 cm  depth,

86 Same sampling hole, at 40 em depth,

87 Same sampling hole, Seepage water which ¢ollected
rapidly when depth of 60 em reached, pH 2.3,
Temperature 289C. aAmbient temperature 249,

88 046-470 Second sampling hole on top of Sulphide Heap. At
5 cm depth. Wet shaly material.

89 Same sampling hole. At 30 cm depth. Shale underlain
by clayey ferruginous material at thig depth,
Dry.

90 Same sampling hole. at 60 cm depth, Clayey ferruginous
material, which continued down to at least 70 cnm depth.
Dry.

91 032-468 Third sample hole on top of Sulphide Heap. Dark
Serpentine-like material, with some vellow efflorescence,
At 5 cm depth.

92 Same sampling hole. At.25 em  depth,

93 Same sampling hole. At 50 cm depth. Black serpentine~like
material,

94 Same sample holea, At 80 cm depth. Clay admixed with
black, serpentine~1ike material,

95 045-465 Sample hole on middle levee of Oxide Heap., At 5 cm.

96 Same sample hole at 25-30 cm depth. Wet.

27 Seepage from sample hole, PH 3. Temperature 28.20C.
Ambient temperature 25.4C%,

28 Water sample from pond at south end of top of Oxide Heap,
PH 4.5, Water temperature 260¢,

29 Water sample from pond at north end of top of Oxide Heap.
PH 4.5, Temperature 26°¢,

100 034-462 Pond in middle of top of Sulphide Heap. Lumps of crude

elemental sulphur lying hearby. pH 2.9, Temperature 289,
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SAMPLES COLLECTED MARCH 1276

Code: Coordinates )
RJ of sample Description, Field Observations

no. location

103 049-462 Water sample from spring at base of Oxlde Heap.
pH 2.2. Temperature 30°cC.

104 048-462 Rock sample from 5 metres up Oxide Heap from spring.
30 cm depth. Temperature same as ambient, 25°C.

105 045-469 Rock sample from 5 metres up from base of Sulphide Heap.
30 cm depth. Temperature 28°C.

106 045-470 Water sample from spring at base of Sulphide Heap-.
Deep green colour. pH 2.3 Temperature 31%c.

107 043-470 Water sample from spring at base of Sulphide Heap.
Deep green colour. pH 2.4. Temperature 29%¢.

108 043-462 rRock sanmple from 5 metres up heap from spring. 30 cm
depth. Temperature Same as ambient.

109 041-469 Water sample from spring at base of Sulphide Heap.
pH 2.3. Temperature 30°C.

110 041-468 Rock sample from 5 metres up heap from spring. 30 cm
depth. Temperature same as ambient.

112 031-470 Water sample from spring at base of Sulphide Heap.
vellowlsh—-green colour. pH 2.3. Temperature 380C.
ambient temperature 250cC,

113 031-469 Rock sample from 5 metres up heap from spring. 30 cm
depth. Temperature 28.5%C,

114 028-457 Water sample from spring at base of Sulphide Heap.
Pale, yellowish—green colour. PH 2.4. Temperature
33°C.

116 029-458 Rock sample from 5 metres up heap from spring. 30 cm
depth. Temperature same as amblent.

117 030-456 Water sample from spring at base of Sulphide Heap.
pale, yellow colour. pH 2.3. Temperature 30°C.

118 031-456 rRock sample from 5 metres up heap from spring. 30 cm

depth. Temperature same as ambient.




103

PHYSICOCHEMICAT, AND MICROBIOLOGICAT, DATA MARCH 1974

LOCATTON: SULPHIDE HEAP

Sample no, 84 85 86 87 88 89 Q0 91 92 93
Distance
from 5 25
Surface (cm) 7 40 60 3 30 60 5 25 50
Moisture
Content (3) 15.2 | 15,1 15.6 W 16,7 16 17.5 15.3] 14.1 9.5
hater solubles | 22 17137121 6.7 ]| 11 8.4 21| 19
x10" ppm)
— ] ]
pH 2.7 2.5 2.5 2.4 2.8 2.6 3.4_ 2.5 2.9 3.7
Fe
Soluble 744 1005 1179 380 128 601 101, 448 920 126
Metal B My m e S S RN
Content
(ppm) Cu 580 634 721 165 38 n 866 360 | 1731 2383
“n n n n n n n n n n n

T. ferrooxidans
(x103) pH2.5 | 0.27 (| 0.138 0.35/ 1,1 0.14 [0.17 0.04 0.45 0.27 NG

. E—
- Low pH'
S oxidisers 0.99 3 0.51 54 12 0.08 NG 0.23 NG NG

x10%  pi3.s .
-—-—..________-_._._—._.____._._-_.___-_____—_____—_____
Intermediate P

5 oxidisers

®10%)  pa.g

High pH
5 oxidisers NG | 0.24 ]| ne NG NG NG NG NG NG NG
0% ppe.o

Acidophilic
Heterotrophs
(x103) PH3.5

Notrient

Aga.r3 0.19{ 0.72 NG 0.3 3.2 0.04 NG NG NG 0.14
(%107} PH7

Desulfovibrio
sEsllovibrio

— 1| | | | |

Enlmlerat‘ion of organisms as pno. Per ml or gram dry weight
n = neglng.b__le {less than 1 Ppm) NG =nNo Growth W= Water Sample
Bl Space indicateg sample was not testeqd,
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PHYSICOCHEMICAL AND MICROBICLOGICAL DATA MARCH 1276

Locarion:  SULPHIDE HEAP (CONT'D)

Sample no. 94 100 | 112 | 113 | 114 | 116 117 | 118
Distance
from
N 30 30 30
Moisture )
content (%) 11.3 W W 13 W 15.8 W 14.1
vater solubl
ater solWbles } 14 ) 0.6 5.0 | 23|17 0.0 20 | 9.7
(x10° ppm)
ph 57| 2.8 2.9} 2.5 2.8 2.7 1 2.3 | 2.6
Fe
soluble 77 26| n | €35 |1100 | B 1470 n
Metal
Content )
wpmd | & 3389 26| n |2473 | 750 | ® 920 n
in n n 5 1 7 n 6 n
7. ferrooxidans

w10y pue.s | 0.111 0.25 5.1 10.35 | 1.1 ] 0.21] 2 0.2

Low pH
o oxidisers

3 NG 0.53 NG 2.6 NG 3 NG 0.37
{x107) pH3.5

Intermediate pH
¢ oxidisers

x10%)  pHe.8

High_pl_i
& oxidisers NG NG . NG | WG 0.33] NG | NG NG

®x10%)  pHE.2

Acidophilic
Heterotrophs
(x103 ) pH3.5

Nutrient

pgar 0.22] we |o0.23|0.59] 0.2] 031 NG NG
(x10°)  pH?

Desulfovibrio

Veoll ey

Ehmleratj_.or} of organisms as no. per ml or gram dry weight
n = negligible (lessthanlppm) NG = No Growth W = Water Sample
Blank space indicates gample was not tested. '
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1976
LOCATION: OXIDE HEAP
Sample no. 95 96 97 98 99 103 104 | 105 106 | 107
Distance
fram
Surface (cm) 3 30 30 30| 30
Moisture 20,2123.2 | w W W W 16 18 W w
Content (%)
e sewies |y s) 2.9 3.4 0.2 | 0.3 | 6.8 1.1 ] 0.3 22 | 23
(x10" ppm)
pH 3.70 3.7) 3.1 3.3 3.1 ]| 2.6 3.4 3.0 2.4 2.4
. Fe
Soluble 2 n n 1 3 360 n 12 } 925 |i010
Metal
Content
ppm) | U 48 205 { 335 | 13 21 880 | 14 46 (3000 (2875
én n n n n n n n n n 20

T. ferrooxidans
=10 piz.s | wne | 0.9 0.25 NG | NG 0.55| 0.13] 0,09 0.4 |o.75

Low pH

S oxidisers NG 10.021 52 (2.3 |0.95] 1.7 | ne | we | ne | we

(x103) pH3.5

Intermediate pH
S oxidisers

(x10°)  pua.g

High pH
S oxidisers

G NG NG NG NG [0.02 NG NG
(x103) pH6.2 NG NG N

Acidophilic
Hetercotrophs
(x103) pH3.5

Nutrient

Agar, NG NG [ 0.1 | NG (0.7 [0.2 | 0.25] 0.07] ne | g
(x10°)  pH7

Desulfovibrio

Enumeration of organisms as Io. per ml or gram dry weight
n = negligible (less than 1 Ppm) NG=NoGrowth W= Water Sample
Blank space indicates sanple was not tested,
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1976
LOCATION: OXIDE HEAP (CONT'D)
Sample no. 108 109 110
Distance
fram
surface (om) 30 30
Moisture 15.1 w l117.2
Content (%)

Water solubles

(xlO3 ppm)
pH 3.012.3 3.7
Fe
soluble 7 | 2500 n
Metal
Content
(ppm) Cu 17 | 7450 50
n
17 16 n

T, ferrgoxidans
«10%)  pH2.5 |0.04 | 0.51)0.14

Low pH
S oxidisers
w10%) pms.s | NG | NG NG

Intermediate pH
S oxidisers

x10%)  pi4.8

High pH
S oxidisers NG 6.4 0.02
x10°)  pH6.2 '

Acidophilic
Heterotrophs
x10%)  pH3.5

Nutrient

hgar we | ne | we
(x107) pH?

Desulfovibrio

Erumeration of organisms as no. per ml or gram dry weight
n = negligible (less than l1ppm} NG = No Growth W = Water Sample
Blank space indicates sample was not tested.
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APPENDIX B
SAMPLING LOCATIONS, AND PHYSICOCHEMICAL AND MICROB

IOLOGICAL DATA
TAILINGS DAM 1976

Note: The coordinates listed refer to the coordinates given in

Map 3
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SAMPLES COLLECTED SEPTEMBER 1976

Code: Coordinates
RJ of sample Description, Field Observations
no. location
226 069-538 Hole H was dug manually in the tailings dam. The hole was
160 cm deep and very gluey, black deposit., Pick and shovel
used were coated with copper layer. Sample was taken at
basement of the hole.
227 Hole H: Sample was collected at 10 em from the basement.
228 Hole H: Sample was collected at 20 em from the basement.
230 Hole H: Sample collected at 40 cm from the basement,
231 Hole H: Sample collected at 50 cm from the basement.
232 Hole H: Sample collected at 60 cm from the basement.
233 Hole H: sSample collected at 80 cm from the basement,
234 Hole H: sSample collected at 100 cm from the basement.
235 Hole H: Sample collected at 120 em from the basement.
236 Hole H: Sample collected at 150 em from the basement surface,
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PHYSTCOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1976
LOCATION: TATLINGS DAM HOLE H
Sample no. 226 227 228 230 231 232 2_33 234 235 236
Distance

£ o | 160 | 150 | 140 | 120 110 | 100 | 80 |60 40 |10

S @ 5.8 | 30.6 |32.7 |29.9 |20.1 |20.9 | 30.4126.6]30.7 5.9
Water solubles
3 220 13 |15 {15 |27 (19 10 | 16 | 14 | 4.1
(x10ppm}
pH | 44042 |a.3 |a0 ja1 4.4 (4.3 ) 4.2 3.8 | 3.5
Fe
soluble 2e | 11 | s0 |25 |30 |45 |2 14 | 11 |} 15
Metal
Content
ppm) | & | o995 | 1050|1350 [1040 11540 1920 {1750 | 980 | 210 | 950
n
n n n n n n n n n n
T.ferrcoxidans
3
Gl0%)  PHZS | e NG | NG 1.5 lo.s | we | 0.32| we | 0.9 |NG
Low pH
S oxidisers
0%  pH3.5 | NG NG | NG NG NG | wG Ne | wme | WG | NG

Intermediate pH
5 oxidisers

«10°)  pH4.8

High pH
g oxidisers
«10%)  pue.2 | 0.15} 0.23 1.5 l0.25 |0.11 | NG 0.51] NG | 2.5 | NG

Acidophilic
Heterotrophs
(x103) pH3.5 NG il 11 9.3 2.5 12 1.3 1.6 11 1.5

Nutrient
Bgaxr
(x103) pH7 NG 4.5 3.5 6.5 0.75] 8.7 9.5 0.911 7.5 0.21

pesulfovibrio

NG NG NG NG NG NG NG NG NG NG

Emmeration of organisms as no. per ml or gram dry weight
n = negligible (less than 1 ppm } NG =No Growth W= Water Sample
Blank space indicates sample was not tested.
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APPENDIX C
SAMPLING LOCATIONS, AND PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA
WHITE'S OVERBURDEN HEAP 1975-1979

Note: The coordinates listed refer to the coordinates given in

Map 3
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SAMPLES COLLECTED SEPTEMBER 1975

Code: Coordinates
RJ of sample Description, Field Observations
no. location
25 095-368 Sample Ffrom top of White's Overburden Heap, 15 cm deep,
hear AAEC sampling hole Wp1. Dry,
26 Sample from wall of AAEC sampling hole wpl on White's
Overburden Heap, 150 cm below surface, 10-15 om in.
Some whitish efflorescent material adjacent. Danp .
27 063-384 Sample from top of White's Overburden Heap, 15 cm
deep, near AAEC sampling hole wWp3. Dry.
28 Sample from wall of AAEC sampling hole on White's Overburden
Heap, near bottom (c. 2 metres down), 10-15 cm in.
Some whitisgh efflorescence, Damp.
29 056-404 Sample from top of White's Overburden Heap, west of Tyre
vValley, 15 em deep. Slightly damp,
30 063-394 Sample from pink deposit on top of White's Overburden Heap,
south of Tyre Valley. Dry,
31 Sample from heap of weathered shale on top of White's
Overburden Heap, 20 cm in.
32 Hand sample of rocks from top of White'sg Overburden Heap.
33 098-388 Sample from wall of AAEC sampling hole Wp2 on White's
Overburden Heap, 150 cm below surface, 10-15 cnm in.
Damp. Some efflorescent material adjacent.
34 Sample from top of White's Overburden Heap, near AarcC
gampling hole WP2, 30 cm deep. Slightly damp.
35 076-404 Sample from side wall of south-east entrance to Tyre
Valley, 15 cm in., 3 metres up slope.
36 084-403 Sample from principal run-off valley on White's Overburden
Heap, 15 cm deep.
37 Hand samples of weathered ores in Principal runoff valley,
White's Overburden Heap.
38 093-402 Sample from eastern wall of principal runoff valley on
White's Overburden Heap. 3 metres up; 15 cm deep. Moist,
39 104-407 Sample from top of White's Overburden Heap above springs
On north-east side. From 35 cm depth,
40 104-404 From a small heap on top of White's Overburden Heap,

north-east corner. From 15 cm depth.
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SAMPLES COLLECTED SEPTEMBER 1975

Code: Coordinates
RJ of sample Description, Field Observations
no. location

41 105-415 From north~east wall of White's Overburden Heap. above
gpring No. 4. About 3% metres above offlorescence layer.
From 20 cm depth. slightly damp.

42 From above Spring No. 4, White's Overburden Heap. About
halfway up efflorescence layer {130 cm above spring).
From 20 cm depth. Moist.

43 108-412 From damp soil immediately under (5 cm in), gurface
coating of efflorescent salts on alde of White's Overburden
Heap south of springs.

44 107-412 gample from side of heap, about 4 metres above
efflorescence layer (above sample 43) .

45 104-380 Sample from moist soll about 5 cm under efflorescence
layer - towards south-east corner of White's Overburden
Heap.

46 103-380 sample from gide of White's Overburden Heap, from 3 metres
up slope in very 1loose material. From 25 cm  depth.
slightly moist.

47 055-385 Hand sample of highly degraded rock on southwest side of
Wwhite's Overburden Heap. Plain below denuded of vegetation.

43 From side of White's overburden Heap, about 5 metres up
and 20 cm in., Above an efflorescent patch. Damp.

Warm to touch.

49 090-355 From southern side of White's Overburden Heap, about 7
metres up, 20 cm in. Grass & bushes right up to foot of
heap at this point.

50 092~-355 From southern side of White's Overburden Heap, about 6
metres up & 20 om in. Damp.

14 054-479 water from White's Opencut. pH, 2.5; Cu, 10 ppm.;

Fe, 100 ppm.

15 Mud from edge of water, White's Opencut.

16 108-415 Mud sample from principal spring (No.4) on north eastern
face of White's oOverburden Heab. Creen algal growth.

17 same location; hole dug to about 30 cm depth and allowed

to Fill with seepade. pH, 2.7; Cu, 60 ppm.; Fe, 200 ppm.
Ni, 25 ppm.
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PHYSICOCHEMICAI, AND MICROBIOLOGICAL DATA

WHITE'S OVERBURDEN HEAP

SEPT, 1975

Sample no,

25 26 27 28 29 30 31

33

34

35

Distance
from
Surface (cm)

15 150 15 200 15 0.2 0.2

150

30

15

Moisture
Content (%)

2.6 l4.6 4.4 (10,7 2.6 7.2 5.0

8.4

13.0

Water solubles
x10° p.pm )

9.6 25 2.4 9,7 5.3 3.0 4.9

7.8

pH

4.1 2.6 3.3 2.5 5,2 6.8 3.0

2.7

Fe
Soluble
Metal

Content
{(ppm)

27 14 n 88 | n n

32

in

I. ferrcoxidans
x10%)  pmz.s

NG 8.2 NG NG 0.07] 0.05| 0.5

7.2

NG

Low pH
S oxidisers

(x103} PH3.5

NG NG NG NG NG NG NG

NG

NG

NG

Intermediate pH
S oxidiserg

(x103) pH4.8

High pH
8 oxidisers

=10%)  pe.2

NG

Acidophilic
Heterotrophs
(xlOa) PH3.5

Nutrient
Agar
(x10°)  pu7

0.04 0.08] 0.05 NG 0.6 0.7 NG

NG

NG

Desulfovibrio

Enumeration of organisms as no. per ml or gram dry weight
N = negligible {less than 1 PPm) NG=No Growth W= Water Sample
Blank space indicates sample was not tested,
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PHYSICOCHEMICAL AND MICROBIQLOGICAL DATA

WHITE'S OVERBURDEN HEAP (CONT'D)

SEPT 1975

Sample no.

36 38 39 40 41 42 43

44

45

46

Distance
from

surface (cm)

15 15 35 15 20 20 5

25

Moisture
Content (%)

3.6 13.1 4,5 2.3 2.9 16.6] 12.2

wWater solubles
(xlO3 ppm)

13

PH

3.6

Fe
Soluble
Metal

Content
(ppm)

21

Zn

69

T. ferrgoxidans
x10%)  pH2.5

0.07 0.04) NG NG NG NG 0.06

NG

NG

Low pH
g oxidisers

(x10°)  PH3.5

NG NG NG NG NG NG NG

NG

NG

NG

Intermediate pH
S oxidisers

(x10°)  pH4.B

High pH
S pxidisers

(x10°)  pH6.2

NG NG | NG 0.1 NG 3.7 NG

11

NG

NG

Acidophilic
Heterotrophs

(x10%)  PH3.5

Nutrient
Agar
(xlO3 ) pH7

NG NG NG 0.7 NG 1.4 NG

26

NG

Desulfovibrio

ool o

Fnvmeration of organisms as no. per ml or gram dry weight
n = negligible (less than lppm} MNe=1No Growth W = Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1975

LOCATION: WHITE'S OVERBURDEN HEAP (CONT'D) ; SPRINGS; OPENCUT

Sample no. 48 49 50 16 17 14 15

Distance
“from

Surface (cm) 20 20 20 30 - -

Moisture
Content (%)

Water solubles 1.9] 1.5 1.6
x10° p p m )

PH 3.7 4.2 4,2 3.1 2.6 2.1 2.2

Fe
Soluble n n n
Metal

Content

ppm) | n n n 13 75 43 51

29 18 50 25

Zn

P. ferrooxidans

3
{x107)  pH2.5 0.0 NG NG 1.2 | 0.7 0.4 |o.8

Low pH
5 oxidisers

G 8 G
(10 p.s NG| NG N 1' N NG 45

Intermediate pH
5 oxidisers

(x10%)  pH4.8

High pH

s ox;.disers 0.7 11 0.8 NG NG NG | 0.1
{x107) pH6. 2 ‘

Acidophilic
Heterotrophs
(x10%)  pu3.s

Nutrient
Agar

x10%)  paz 2.5] 8.9 1.2 29 | 1.5 1.6 28

Desulfovibrio

Enumeration of organisms as no. per ml or gram dry weight
n = negligible (less than lppm) NG=No Growth W = Water Sample
Blank space indicates sample was not tested,
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SAMPLES COLLECTED MARCH 1976

Code: Coordinates

RJ of sample Description, Field Observations

no. location

63 062~384 From fresh sampling hole on top of White's Overburden
Heap (neaxr AAEC wp3). At 5 cm depth, from pyritic
shale layer.

64 Same sampling hole, at 25 cm depth. Streaks of iron
and copper salts.

65 Same sampling hole, at 50 cm depth.

66 095-368 From fresh sampling hole on top of White's Overburden
Heap (near RAAEC WP1l). Near experimental re-vegetation
plots. At 5 cm. depth.

67 Same sampling hole, at 25 om depth.

68 Same sampling hole, at 50 cm depth.

69 098-387 Prom fresh sampling hole on top of White's Overburden
Heap (near RAEC WP2). At 5 cm depth.

70 Same sampling hole, at 25 cm depth.

71 Same sampling hole, at 50 cm depth.

72 108-415 From White's Overburden Heap, spring No. 4. PpH 2.7.
Temperature 36,2°C. Ambient temperature 28.2°C.

73 Composite algae sample, from runoff from principal
wWhite's Heap springs, pH of runoff 2.8,

74 From sample hole about 4 metres up heap from White's
Spring No. 4, at 30 cm depth. Temperature 30°C.
Ambient temperature 28°C.

75 108-413 From White's Heap, Spring No. 3. pH 2.7.

Temperature 37°C.

76 110-408 From White's Heap, Spring No. 1. PH 2.9
Temperature 37.5°C.

77 From sample hole about & metres up heap from White's
Spring No. 1, at 30 cm depth. BAbout a metre from a
well-established tree. pH 4.5. Pemperature 30°C.

78 107-369 From spring on White's Heap. pH 2.9

79 From sample hole about 8 metres up heap from spring, at
30 cm depth. Temperature 289C.

101 055-479 Water from White's Opencut. pH 2.3,
102 056-477 Mud from water margin at White's Opencut.
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PHYSICOCHEMICAL, AND MICROBIOLOGICAL DATA MARCH 1976
LOCATION: WHITE'S OVERBURDEN HEAP
Sample no. 63 64 65 66 67 68 69 70 71 72
Distance
from
Surface (cm) | ° 25 | 50 5 1 25 | s5g 5 | 25 | s9
ist
Conent (%) 13.1 112.4 | 7.1 14.8| 11.8] 8.8 9.9 5.9 7.0 | w
Water solubles 3.2 29 11 1.5 3.3 4,2 0.3 0.3 0.2 22
(xlo3 ppm)
pH 4.7 6.5 6.2 3.7 3.5 3.6 4.1 4.5 4.4 2.9
Fe
Soluble 16 3 n n n 2 5 n n 56
Metal
Content
®epm) Cu 93| 179 26 n n n n n n 90
Zn
n 5 n n n n n n n 29
T.ferrooxidans
(x103) pH2.5 | 0.04 | 0,1 0.12 10.06 0.294 0.1 NG 0.2 0.03 {0.14
Low le
5 OX;dlserS 1.6 29 3 ( 2.7 | 0.87| 14 NG [ 0.03|0.02 [0.13
(x107) pH3.5
Intermediate pH
S oxidisers
(x103) pH4.8
High pH
S oxldisers NG 1390 | 2.7 NG | 0.63] 0.05| 0.21 0.14] 0.58 | ng
(x107) pH6.2
Acidophilic
Heterotrophs
®10%)  pu.s
Nutrient
Agar3 12 11 3.6 {0.24 15 5.8 5.9 3.2 6.9 6.3
(%107} pH7
Desulfovibrio
Emmeration of organisms as noe. per ml or gram dry weight :
n = negligible {less than 1 PpPm) NG=NoGrowth W= Water Sample

Blank space indicates sample was not tested.



IOCATION: WHITE'S HEAP (CONT'D) ;

PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA
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MARCH 1976

WHITE'S OPENCUT

Sample no.

73

74 75

76 77 78 79 101

102

Distance
frem

Moisture
Content (%)

gurface {cm)

30

30 30

19.8| W

16.1 W

22.3

3

(x10° ppm)

Water solubles

15

0.7 23

24 0.01] 29 0.03

2.5

pH

3.7

2.9

2.9

3.1

Soluble
Metal

Fe

220

39 6 8 n 110

30

Content
ppm)

26

148 4 95 7 46

13

Zn

50 n 24 n 4

(x10°)

T, ferrooxidans
pH2.5

NG

0.03

0.65

NG 0.231 0.07 0.65

0.11

Low pH
g oxidisers

*x10°)

pH3.5

NG

3.4

17 NG 15 NG NG

Intermediate
g oxidisers

x10°)

pH4. 8

pH

High pH
S -oxidisers

(x10°)

pH6.2

NG

NG | NG

0.45 NG NG

NG

Acidophilic
Heterctrophs
(x103)

pH3.5

Nutrient
Agar
(x10°)

pH7

NG

0.54 0.2

0.97 1.3 NG

NG

Desulfovibrio

Enumeration of organisms as no. per ml or gram dry weight

n = negligible (less than 1 ppm )

NG = No Growth W = Water Sample

Blank space indicates sample was not tested.
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SAMPLES COLLECTED SEPTEMBER 1976

Code: Coordinates

RJ of sample Description, Field Observations

no, location

151 106-368 White's Overburden Heap, near Spring at SE ¢orner, Hole A
cut at the base of the heap. soij Sample taken at 10 em
from the basement of heap; moist.

152 Hole A: s3o0il sample taken at 40 cm from the basement;
moist,

153 Hole A: 3geil sample taken at 70 cm from the basement,
Some bluish mineral was noticed,

154 Hole A: Soil Sample taken at 100 cm from the basement.

155 Hole A; Soil sample taken at 130 em from the basement.

156 Hole A: Soil sample taken at 160 cm from the basement,

157 Hole A: goiz sample taken at 190 em from the basement,

158 Hole A: sgoil sample taken at 220 cm from the basement .

159 Hole A: 3oil sample taken at 250 em from the basement,

160 No sampile taken.

161 Bluish mineral specimen collected near base of Hole A,

162 Bluish mineral Specimen collected at 70 €m up from the
base of Hole A,

163 Bluish minera] Specimen collected at 150 cm up fronm the
base of Hole A,

164 075-364 Hole B was started on 14/9/77, but was left overnight,
and on 15/9/77 it was further Sampled: very loose and
friable. Sample collected at 10 cm from the basement,
Moist,

165 Sample collected at 40 cm from the basement

lee Sample collected at 70 cm from the basement

167 Sample Collected at 100 em from the basement

168 Hole B: Sample taken at 130 cm from the basement,

169 Hole B: Sample taken at 160 cm from the basement,

170 Hole B: Sample taken at 190 cm from the bagsement.

171 Hole B: Sample taken at 220 om from the basement.
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SAMPLES COLLECTED SEPTEMBER 1976

Code: Coordinates
RJ of sample Description, Field Observations

no. location

172 Hole B: gample taken at 250 cm from the basement.

173 Hole B: Sample taken at 280 cm from the basement.

174 Hole B: sample taken at 310 cm from the bhasement;
approx. 1.5 m from the suxrface.

175 071-368 Hole C: gaturated with dead vegetation and heavy salt
in soil. Very wet hole, red clay; sample taken at 10 cm
from the basement.

176 Hole C: sample taken at 40 cm from the basement.

177 Hole C: Sample taken at 70 cm from the hasement.

178 Hole C: Sample collected at 100 cm from the basement.

179 Hole C: Sample collected at 130 cm from the basement.

180 Hole C: Sample collected at 160 cm from the basement.

181 Hole C: Sample collected at 190 cm from the bhasement.

182 Hole c: Sample collected at 220 cm from the bagsement.

183 Hole C: Sample collected at 250 ¢m from the basement;
approximately 1 m below the surface.

184 097-367 Hole D: pag at the top of White's near
vegetation plot. gample taken at 10 cm from the basement,
wet. In this hole at about 2-2.5m depth,bright undeconposed
pyrite and chalcopyrite could be seen.

185 Hole D: Sample taken at 40 cm from the basement. Temperat-
ure was 40°¢, while ambient temperature was 350, Also
surface was encrusted with fine needle crystals.

186 Hole D: Sample taken at 70 cm from the basement.

187 Hole D: Sample taken at 100 cm from the basement.

188 Hole D: sample taken at 130 cm from the basement.

189 Hole D: Sample taken at 160 om from the basement.

190 Hole D: gample taken at 190 cm from the basement.

1921 Hole D: Sample taken at 220 cm from the basement.

192 Hole D: Sample taken at 250 cm from the basement.
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SAMPLES COLLECTED SEPTEMBER 1976

Code: Coordinates

RJ of sample Description, Field Observations

no. location

193 064-385 Hole E: Dug at the top of the White's gy corner. Near
hard ground. Sample collected at 10 cm from the basement.

194 Hole E: Sample collected at 40 cm from the basement,

185 Hole E: Sample collected at 70 ¢m from the basement.

196 Hole E: Sample taken at 100 cm from the basement,

197 Hole E: Sample taken at 130 cm from the basement .

198 Hole E: Sample taken at 160 cm from the basement.

199 Hole E: Sample taken at 190 em from the basement.

. 200 Hole E: Sample taken at 220 ¢m from the basement.

201 Hole E: Sample taken at 250 om from the basement.

202 108-418 Hole F was cut at the NE end of the White's base near
spring 4.
Sample was collected at 10 cm from the basement.,

203 Hole F: Sample was collected at 40 cm from the basement.

204 Hole F: Sample collected at 70 cm from the basement.

205 Hole F: Sample collected at 100 ¢m from the basement.

206 Hole F: Sample collected at 130 cm from the basement,

207 Hole F: Sample collected at 160 cm from the basement.

208 Hole F: Sample collected at 190 em from the basement.

209 Hole F: Sample collected at 220 cm from the basement.

210 Hole F: Sample collected at 250 cm from basemant.

211 104-415 Hole G was dug on the top of the White's heap just above
gpring No. 4. Sample was taken at 10 cm from the basement,

212 Hole G: Sample collected at 40 cm from the basement :
mineral grains,staple and bright.

213 Hole G: Sample collected at 70 cm from the basement,

214 Hole G: 'Sample collected at 100 cm from the basement.
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SAMPLES COLLECTED SEPTEMBER 1976

Code: Coordinates

RJ of sample Description, Field Observations

no. location

215 Hole G: Sample collected at 130 cm from the basement.

216 Hole G: Sample collected at 160 cm from the basement.

217 Hole G: Sample collected at 190 cm from the basement.

218 Hole G: Sample collected at 220 cm from the basement.

219 Hole G: Sample collected at 250 cm from the basement.

220 No sample.

221 Hole ¥: Surface growth sample.

222 Hole F: Surface growth sample.

223 Rock specimen from Hole F.

224 Mineral specimen from Hole G. Undecomposed mineral crystals
were noted.

225 Rock specimen from Hole G. Some material enlarged with

brown bulbous structures.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1976
LOCATION: _WHITE'S OVERBURDEN HEAP  HOLE A, HOLE R
Sample no. 151 152 | 153 | 154 | 155 | 156 | 157 | 158 | 159 164
Distance
fram e (cm) | 360 3301 300 | 270 [ 240 | 210 | 180 | 150 120 | 360
ot o) 15.6] 13.4 9.5 13.3] 13.9] 17.4] 7.5|11.8| 2.8 s.6
rerepsoladtes [ el 2. 5.4 4 4.6/ 3.6 2.3 2.7 8 |38
(x10" ppm)
pH 3.0 2.7 2.7 2.6 2.5 2.7 2.9 2.9] 2.9 |3.5
Fe | 175 35 15 n 10 5 10 3 3 16
Soluble
Metal
Content
epm) | @ n 40 35 20 15 | 125 n 10 2 n
Zn n 15 25 10 27 n 3 15 n n
T. ferrcoxidans
«10%  pu2.s | NG NG | N6 [ 1.2) 0.3 0.29[ 1.2 ] 0.3 | 1.9 | ne
Low pH.
s oxldisers NG NG [ NG | N6 | NG | NG | N¢ | we | ne NG
(x107) PH3.5
Intermediate pH
8 oxidisers
x10%)  pHd.8
High pH
© oxldisers NG Ne | N6 | NG | N6 | NG | NG | NG | N6 | ng
x10%)  pH6.2 '
Acidophilic
Heterotrophs NG NG 2.6 6.6 7.5 60 11 11 0.5 5.4
(x103) pH3.5
Nutrient
Agar NG | ™6 | 0.32) 2.3) o0.53 11 | 0.53 0.53 ng | nc
(x103) PH7
Desulfovibrio | g5gq 350 | 200 NG NG | NG NG NG NG 250

Enumeration of Org:
h = negligible (le
Blank space indica

anisms as no. per
ss than 1 ppm )
tes sample was not tested,

NG =

ml or gram dry weight
No Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT 1976
rocarion: WHITE'S HEAP HOLE B {Cont'd.)
Sample no. 165 | 166 | 167 [le8 |169 170 | 171 | 172 | 173 | 174
Distance
from :
| Sarface (om) 300 | 300 | 270 |240 [210 180 | 150 | 120 90 60
e ) a1 laa |20 |40 |27 | 7.4) 65 )86 |57 |40
Wategsolubles 4.9 | 5.2 5 5.9 |4.5 7 7 7.6 | 6.5 | 5.3
10" ppm)
pH 3.5 | 3.9 4.1 (4.3 |5.0 g.0] 3.5 3.7 |3.7 |40
Fe | 16 15 25 31 27 19 n 16 n n
Soluble .
Metal
Content
Cu n 115 | 90 110 |95 140 n n 27 18
(ppm)
n n n n n n n n n n n
T.ferrooxidans
w10 ph2.5 NG NG 0.75 | NG 0.65 | NG NG 0.11| NG NG
low pH
S oxidisers NG NG NG NG NG NG NG NG NG NG
x10°)  pH3.5
Intermediate pH
S oxidisers
x10%)  pH4.B
High.pH
Soxgdlsers NG 0.2 | NG 0.65 | NG NG NG 1.5 | NG NG
(x107} pH6.2
Acidophili
N trophs 2.5 | NG | NG 111 17 | a1 | eo |35 |11 5.3
(x10%)  pH3.5
Nutrient
hgar Nne | 12 | 6.5 |3.5 |NG 15 | 10 | 11 | 9.5 ] 19
{x107) pH7
Desulfoyibrio 110 NG NG NG NG NG NG NG NG NG

Fmumeration of organisms as no. per ml
n = negligible (less than lppm)
Blank space indicates sample was no

or gram dry weight

NG = No Growth W = Water Sample

t tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT 1976
LOCATION: WHITE'S HEAD HOLE ¢
Sample no. 175 176 177 178 179 180 181 182 183
Distance
from .
| Surface (cm) 360 330 300 270 240 210 180 150 120
Moisture
Content (%) 14.3]15.1 14.8 |14.4 15.2] 16.5 17.4 ] 16,5 l6.1

Water solubles

3 3.5 5.1 2.5 3.1 5.2 3.9 5.3 5.6 6.1
®x10" ppm )

pH 6.5 6.5 4.5 4.8 4.5 6.5 6.6 6.9 6.9

Fe
Soluble n n n n n n n I n

Metal

Content
Ppm)

Zn

_'I_‘.fe;:rooxidans
(0% pi2.s | oo NG NG |0.03 NG | NG NG 0.0 NG

Low pH
S oxidisers

«10%)  pm.s | ne NG NG NG NG | NG NG NG NG

Intermediate PH
S oxidisers

®10%)  pag.g

High pH

S oxidisers NG | NG 10.5711.7 (2.6 [3.6 | na 13 | 12
(107} pH6.2 '

Acidophilic
Heterotrophs

3 NG NG NG NG NG NG 0.01 NG NG
{x10~) PH3.5

Nutrient
Agar _
x10%)  puy NG | Ne NG 11.6 [0.76 | N6 | ne 0.31] 0.1

Desulfovibrio

[0 N [ w6 | ne | g | oy NG
— [ Y S L]

Enume.rat_ion of organisms ag NG, per ml or gram dry weight
N = negligible (lesg than ippm) NG = No Growth 1w = Water Sample
Blank space indicates sanple was not tested,
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1976
1
LOCATTON: WHITE'S HEAP HOLE D
Sample no. 184 185 | 186 | 187 | 188 | 189 100 | 191 | 192
Distance
from 120 150 | 180 | 210 | 240 | 270 | 300 330 | 360
surface  {cm)
Moisture -
congent (%) 5.7 6 5.7 | 4.5 [13.5 {13.9 | 10.3 13.5 | 13.8
Water solubles
3 1.8 | 2.8 1 1.1 | 8.3 | 4.7 3,7 2.8 7.7
(x10" ppm}
pH 2.0 | 3.9 | 3.7 3.7 ] 3.0 3.4 3.4| 3.3 3.8
Fe
Soluble n n n n n n n n n
Metal
Content
ppm) | ™ |48 55 51 75 171 | 25 12 47 16
n
n n I n n n n n n
T. ferrcoxidans
(x10%)  pH2.5
NG NG Ne |[0.25 | NG 0.11| WG 0.2 NG
Low pH
g oxidisers
w10d)  pH3.5 | NG | NG ne | N6 | NG NG | NG NG | we
Intermediate pH
S oxidisers
(x10°)  pH4.B
High pH
S oxidisers
x10%)  pH6.2 | NG NG NG NG NG NG | NG 1.2 NG
Acidophilic
Heterotrophs 26| 0.33 ] 0.45 |0.53 | we |0.14 | 0.23] wG
x10%)  pH3.5 NG 0. 0.33 . . . . N
Nutrient
hgar
sa0d)  pi7 NG NG NG NG NG NG | 3.3 NG | 1.2
pesulfovibrio
NG NG NG NG NG NG | NG NG NG

Erumeration of organisms as no. per
n = negligible (less than 1 p pm )}

ml or gram dry weight

le | NG = No Growth W = Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT, 1976
rocarioy: WHITE'S HEAP HOLE E
Sample ro. 193 1194 1195 | 196 | 197 | 198 | 199 | 200 | 201
Distance
from 360 | 330 | 300 270 [ 240 |2i0 180 | 150 | 120
Surface (cm)
Moist:
Content. (%) 9-4 15.5 [8.3 8.3 [ 9.8 |81 |75 (a8 |55
rates solubles | g ¢ 145 | g9 2.7 [ 4.9 1 2.3 |6.3 [6.7 | 12
(x10" ppm)
pH 4.5 | 6.5 |6.0 |4.3 3.7 1 3.7 | 3.8 { 4.0 | 4.5
Fe
Soluble n n n n n n n n n
Metal
Content
®pm) Cu n 18 15 n 10 11 n 13 15
Zn
n n n n n n n n n
T. ferrooxidans
3
Gl P25 | e [ ne | ne NG NG | 0.53| ¢ | ne | ne
Low pH
S oxidisers
®10%)  pm.s | NG NG NG NG NG NG [ NG | NG | NG
Intermediate pH
S5 oxidisers
x10°)  pma.s
High pH
S oxidisers
x10%) ez | no NG NG NG 0.53 | NG NG NG NG
Acidophilic i
Heterotrophs
(x10%) pH3.5 | NG 5.7 | NG 3.8 1.3 |2.3 11 NG NG
Nutrient
Agar
(x10%) oH7 NG NG NG 1.0 ]10.5410.33 ) ne NG 0,12
Desulfovibrio
NG NG NG NG NG NG NG NG NG

Enumeration of organisms as
n = negligible (less

than 1 p p

Blank space indicates sanple wa

m )
S not tested,

no. per ml or gram dry weight
NG = No Growth

W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA SEPT. 1976
OCATION: WHITE'S HEAP HOLE F
sarple no- 202 203 204 205 206 207 208 209 210
Distance
from
Surface (cm) 360 330 300 | 270 240 | 210 | 180 150 120
et (3) 19.215.6 |21.7 |16.9 | 9.8 |13.4 | 17.2} 8.9 5.3
Water solubles | 5 59| 12 | 5.9 1.2 0.6 | 0.2]0.0270.02
(x10° ppm)
pH 3.6 3.6 | 3.0 3.0 | 2.7 | 2.8 2.9 3.2 3.3
Fe
Soluble 16 75 16 178 n n 10 65 13
Metal
content 65 15 108 10 68
(e pm) Cu n n 25 51 1
n
n n n n n n n n n
T. ferrooxidans
3
(x10°)  PH2.5 ) yg | NG | NG 1.5 1.3 | ne | 1.1 ] 0.49 0.5
Low pH
S oxidisers
w1od)  pwss | NG NG | NG NG 0.32} NG NG NG NG
Intermediate pH
S oxidisers
(x10°)  pH4.B
High pH
& oxidisers
x10%) pHe.2 | NG NG | NG NG NG 0.52| mG | 0.32] NG
Acidophilic
Hoterotrophs 3.5 1.5 2.8 3.8 1.2 0.3
10%) pH3.5 NG NG | NG . . . . . .
Nutrient
il 7 0.2
«10%)  pH7 we | we |ne |o0.75]0.65(0.35 | 2.7 3.0 .21
pesulfovibrio
430 310 | NG NG NG NG NG NG NG

Enuneration of organisms as no. per mi

n = negligible (less than L ppm )
Blank space indicates sample was not tested.

or gram dry weight

NG = No Growth W = Water Sample
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PHYSICOCHEMICAI, AND MICROBIOLOGICAL DATA SEPT, 1976
LOCATION: WHITE'S HEAP HOLE G
Sample no. 211 f 212 | 213 | 214 [ 215 | 216 | 217 | 218 219
Distance
from 360 330 300 270 240 210 180 150 120
 _Surface (¢ ‘
Moisture 7.6 18.6 (7.5 1 9.2 (5.4 3.7 3.7 [5.1 |5.4

Content (%)

Water solubles

4,7 7.1 9.4 8.5 7.4 8.5 8.7 .3 8

(x10° ppm} ! 1
pH 2.8 2.8 3.0 2.4 2.6 3.4 3.0 3.5 3.5
Soluble Fe n n n n n 10 n 15 n
Metal
Content
epm) | & |30 36 21 16 24 11 18 19 |21
Zn

n n n n n n n n n

T.ferrcoxidans
3

(107 pH2.5 o NG | NG 0.73| 0.33| 0.64| 0.01| 0.02 | NG
Low pH
S oxidisers
(X103) pliz.5 [NG NG NG NG NG NG NG NG NG
Intermediate pH
S oxidisers
x10%)  pHa.g
High pH
S oxidisers
®10°)  pHe.2 | NG NG NG NG NG NG NG | 0.21] 0.73
Acidophilic
Heterotrophs 2 3 o 4
(X103) DH3. 5 NG 2.5 1. 1.3 0.7 .98|] 12 1 10
Nutrient
Agar
610 o | we | 0.03] 0.11 NG | 10 NG | 5.7 | ne | 1.3
Desul fovibrio

NG NG NG NG NG NG NG | NG NG

Enmnerat_ion of organisms as no, per ml or gram dry weight
n = negligible (less than 1 PPmM) NG = No Growth W = Water Sample
Blank space indicates sample was not tested.
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SAMPLES COLLECTED MARCH 1977

Code: Coordinates
RJ of sample Description, Field Observations
no. location

251-A 097-366 Hole D'
Soil sample collected from the base of Hole D',
moist, disintegrated soil - temperature ambient.

251 Soil sample collected from 50 cm above the basement
of Hole D' on the top of White's overburden heap, moist.

252 Soil sample collected from 57.5 cm above the basement,
disintegrated soil.

253 goil sample collected from 65 cm above the basement.

254 Soil sample collected from 72.5 cm above the basement,
reddish, moist, mud-like soil.

255 Reddish soil collected from 80.0 cm above the basement
of the hole, temperature ambient.

256 Reddish soil collected from 87.5 cm above the basement,
molist.

257 Reddish soil collected from 95.0 cm above the basement.

258 Reddish soil collected from 102.5 cm above the basement.

259 Soil sample collected from 110 cm above basement.

260 Reddish brown soil sample collected from 117.5 cm above
the basement.

261 Reddish soil sample collected from 125 cm above the
pasement of the Hole D',

262 Soil sample collected from 132.5 cm above the
basement of the hole.

263 Soil sample collected from 140 cm above the basement
of the hole.

264 Soil sample collected from 147.5 cm above the basement
of Hole D', moist, temperature ambient.

265 Soil sample collected from 155 om above the basement
of the Hole D', moist.

266 Reddish soil sample collected from 162.5 cm above the
pbasement of the Hole D'.

267 Soil sample collected from 170 cm above the basement.

268 Soil sample collected from 177.5 cm above the basement.
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SAMPLES COLLECTED MARCH 1977

Code: Coordinates
RJ of sample Description, Field Observations
no, location

269 Rock sample chipped from a boulder from 185 cm above the
basement,

270 Rock sample collected from 192.5 o above the basement.

271 S0il sample collected from 200 cm above the basement,
soil disintegrategd into fine barticles.

272 Soil sample collected from 207.5 ¢m above the basement
of the Hole D',

273 Soil sample collected from 215 cm above the basement of
the Hole D',

274 Soil sample collected from 222 5 cm above the basement of
the Hole D'.

275 S0il sample collected from 230 cam above the basement,

276 Soil sample collected from 237.5 cm above the basement,
brownish black in appearance,

277 Soil sample collected from 245 cm above the basement.

278 Soil sample collected from 275 cp above the basement,
finely divided soil particles,

279 S0il sample collected from 305 cm above the basement,

280 Soil sample collected from 335 cm above the basement .

281 Sample collected from 365 cm above the basement.

282 Sample collected from 395 cm above the basement,

283 Sample collected from 425 om above the basement,

284 Sample collected from 455 cm above the basement about
30 cm from the top of the heap.

285 063-384 Hole E'
Soil sample collected from the basement of the Hole E',
moist,

286 Soil sample collected from 7.5 cm above the basement of
Hole E',

287 Soil sample collected from 15 cm above the basement,




134

SAMPLES COLLECTED MARCH 1977

Code:

RJ
no.

Coordinates
of sample
location

Description, Field Observations

288

289

290

291

. 292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Soll sample collected from
Soil sample collected from
goil sample collected from

Soll sample collected from

22.5 cm above the basement.
30 cm above the basement.
37.5 cm above the basement.

45 cm above the basement.

Rock samples collected from 52.5 cm above the basement,

Rock samples collected from 60 cm above the basement.

Soll sample collected from
the Hole E'.

Soil sample collected from
Soil sample cqllected from
Soll sample collected from
Soil sample collected from

Soil sample collected from

67.5 cm above the basement of

75 cm above the basement.
82.5 cm above the basement,
90 cm above the basement.
97.5 cm above the bagement.

105 cm above the basement,

finely divided particles, moist.

Soil sample collected from
the hole.

Soll sample collected from
Soil sample collected from
Soil sample collected from
Soil sample collected from
goil sample collected from
Soil sample collected from

Soil sample collected from
afflorescent material.

Soil sample collected from
Soll sample collected from

Brownish-black soil sample
the basement.

112.5 cm above the basement of

120 em above the basement, moist.
127.5 cm above the bagement.

135 cm above the basement.

142.5 cm above the basement.

150 cm above the basement.

157.5 cm above the basement.

165 cm above the basement, yellow

172.5 cm above the basement.
180 cm above the basement.

collected from 187.5 cm above
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SAMPLES COLLECTED MaRrch 1977

Code: Coordinates

RJ of sample Description, Field Observations

no. location

311 Soil Sample collected from 195 on above the basement,

312 Soil sample collected fronm 202.5 cm above the basement.

313 Sample collected from 230 cm above the basement,
efflorescent material,

314 Sample collected from 260 cm above the basement,
efflorescent materiagl,

315 Sample collected from 290 em above the basement .

316 Sample collected from 320 cm above the basement, soil
band saturateq with water,
317 Soil Sample collected from 350 on above the basement,
318 S0il sample collected from 380 onm above the basement of
Hole g7, finely divideqd particles,
319 Sample collected from 410 cm above the basement, yellow
efflorescent material,

320 -Sample collected from 440 om above the basement,about
30 cm below the surface.

325 104-414 Hole Gt
Soil sampie taken from the basement of Hole G', moist
soil Particles,

326 Soil sample taken from 7.5 cm above the basement of
lole G,

327 So0il sampie taken frem 15 Cm above the basement of
Hole G,

328 So0il sample taken Ffrom 22,5 om above the basement of
Hole @1,

329 Soil sample taken from 30 cp above the basement of
Hole G',

330 Soil sample taken from 37.5 cm above the basement of
Hole @7,

331 Scoil sample taken from 45 cp above the basement of
Hole @r.

332 Soi1l sample taken.from 52.5 om above the basement, vellowish
efforegcent material,
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SAMPLES COLLECTED MARCH 1977

Code: Coordinates
RJ of sample Description, Field Observations
no. location
333 Soll sample taken from 60 cm above the basement, hlack shale.
334 Soil sample collected from 67.5 cm above the basement,
yellowish offlorescent material.
335 Soil sample collected from 75 cm above the basement;
yellowish—brown afflorescence.
336 Soil sample collected from g2,5 cm above the basement.
337 Soll sample collected from 90 cm above the pasement;
efflorescence.
338 Soil sample callected from 97.5 cm above the basement,
efflorescent material present.
339 goil samples collected from 105 cm above the basement,
finely divided particles.
340 Soll sample from 112.5 cm above the pasement.
341 g0il sample collected from 120 cm above the basement.
342 goil sample collected from 127.5 cm above the basement.
343 goil sample eollected from 135 cm above the pagement;
ef floxescent material present.
344 Soil sample collected from 142.5 cm above the basement;
efflorescent.
345 goil sample collectéd from 150 cm above t+he bhasement,
small particles of pyrite present.
346 Soil sample collected from 157.5 cm above the basement.
347 Soil sample collected from 165 cm above +he basement.
348 Soil sample collected from 172.5 cm above the basement.
349 Soil sample collected from 180 cm above the basement,
pyrite particles present.
350 goil sample collected from 187.5 cm above the basement,
black shales.
351 goil sample collected from 195 cm above the basement;
pyrite particles present.
352 Soil sample collected from 202.5 cm above the basement; yvel

afflorescent material present.

o
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SAMPLES COLLECTED Marcny 1977

Code:

RJ
no,

Coordinates
of sample
location

Description, Field Observations

353

354

355

356

357

358

359

360

S0il sample collected from 230 cm above
pyrite particles Present,

Soil particles collected from 260

wet.

501l sample

collected from 290

vellow efflorescence bPresent,

Soll sample

collected from 320

vellow efflorescent material.

S0il sample

Soil sample

black shale.

Soll sample

collected from 350

collected from 380

collected from 410

cim above

cm above

cm above

cm above

cm above

So0il sample collected from 440 cm above
approximately 30 cm below the surface.

the basement;

cm above the basement,

the basement,

the basement,

the basement.

the basement;

the basement,

the basement,
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
TOCATION: WHITE'S OVERBURDEN HEAP HOLE D!
Sample no. 251 252 253 254 255 256 257 258 259 260
Distance -
from . . . .
Elace (cm) 435 | 427.5] 420 A12.5| 405 (397 5] 390 382.51 375 367.5
Moisture ]
Content (%) 16 | 22 20 | 17 19 14 18 13 16 11
water solwles | 59| 3.5 | 2.4 1.8 | 2.2 1.8 | 3.1 (1.4 |30 [1.3
x10°ppm)
pH 3.6 3.5 3.1 | 3.2 3.2 1 3.2 3.7 [ 3.9 |3.9 |32
Fe
Soluble n n n n 10 n n n n n
Metal
Content
Epm) Cu 20 n n 15 25 n n n 31 n
Zn n n n 3 3 n n n 10 n
. ferrooxidans
o10d)  p2.5 | NG| NG e | e | ma [ me | NG |} 0.02 0.13]2.6
Low pH
S oxidisers
x10°)  pH3.5 NG NG NG NG NG NG NG NG NG NG
Intermediate pH
s oxidisers
(x10°)  pH4.8
High pil
8 oxidisers
3 25 29 38 1.0 27 239 2.5 699 (1000 0.35
(x107) pHG.2
Acidophilic
Heterotrophs 408 |587 [|1140 | 1338 | 956 467 50 0.47 | NG 0.35
x10%)  pH3.5
Nutrient
Agar )
(x103) pli7 1.5 8.0 502 273 9.6 0.7 1.0 16
Desulfovibrio
NG NG NG NG NG NG NG NG NG NG

E:nmnerat'}or_l of organisms as no. per ml or gram dry weight
n = negllgn.bl_e I(less than 1 ppm) NG = No Growth W = Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
]
Locarioy: HOLE D' (Cont'd)
Sample no. 261 | 262 | 263 | 264 | 265 | 266 267 | 268 269 | 270
Distance
from : -
Seeface (cm) 360 | 352.5] 345 [337.5] 330 322.4 315 [307.5| 300 292.5
Moisture 12| 15 15 | 14 15 | 16 11 |17 14 | 13
Content (%)
rerer soldles ) 6101 | 1.1 |2.3 | 2.4 2.2 n Jo.6 | 1.4 (1.1
(x10" ppm)
pH 3.9 (4.0 3.9 4.1 3.9 (4.0 4.0 [4.1 4.4 (4.0
Fe
Soluble n n n 10 n n n 18 n n
Metal
Content
(Ppm) Cu 10 n n 18 n n n 10 n n
Zn
7 n n n n 37 n 3 n n
T. ferrooxidang Fe 3t Fo3t
3
&1 pH2.5 | prec.f 0.17 | 1.1 |prec.| 0.04 0.04] 0.08 0.04 { 0.06 | 0.1
Low pH
5 OX;dlserS NG NG NG NG NG NG NG NG NG NG
{x107) pH3.5
Intermediate pH
S oxidisers
«10%)  pHa.g
High.pl_{
§ oxldisers 5.1 2.3 [ 16 | 32 | 1.8 | no NG | 4.1 [1.1 | 2.1
{x107) pHé6. 2
Acidophilic
Heterotrophs NG 1.0 |0.64 {0.22 | 0.71] wnG 0.27| wnNG NG | 0.62
(x10%)  pH3.5
Nutrient
Agar 0.771 0.33!10.96 | NG 0.55 1.1
®10%) o
Desulfovibrig NG NG NG NG NG NG NG NG NG NG

Enumeration of organisms as no.
n = negligible (less than 1 p P

m )

NG = No

Blank space indicates sample was not tested.

per ml or gram dry weight

Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
1ocaTION: HOLE D' (Cont'd)
Sample no. 271 272 273 274 275 276 277 278 279 280
Distance
fram 285 [277.5] 270 262.5 | 255 247,51 240 210 180 150
Surfage (cm)
Moisture )
Content (%) 17 13 15 18 14 15 15 14 13 16
water solvbles } 1 g fp.0 | 1.4 | 1.7 | 1.2 | =n 1.9 0.6 1.4 [2.5
(x10" ppm)
pH 3.8 14.0 3.9 3.5 3.8 3.7 3.6 3.4 3.6 3.2
Fe
Soluble n n 11 n n n 210 n 10 n
Metal
Content
ppm) Cu n 75 10 n n n n n 31 n
Zn
n n 15 n n n n n 5 n
T.ferrooxidans | Fe 3+ Fe 3t
3
x10%) P25 | precd 3.9 [0.14 | NG | 22 | precy 2.6 NG ne |ne
Low pH
S oxidisers
x10%) pu3.5 | NG NG NG NG NG 0.41 NG | NG NG | NG
Intermediate pH
S oxidisers
(x10°)  ph4.8
High pH
S oxidisers
w0} ez | NG | we | WG| 27 22 | 654 | NG | NG NG | NG
Acidophilic
Heterotrophs 1.8 | 0.74 1304 |280 | 823 | 413 | 105 | 43 | 14
(x10%)  pH3.5
Mutrient
Agar3 NG
(x107) pH7
Desulfovibrio
NG NG NG NG NG NG NG NG NG NG

FErumeration of organisms as no. per
n = negligible {less than 1 ppm )
Blank space indicates sample was not tested.

ml or gram dry weight

NG = No Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
1
LOCATTON: HOLE D' (Cont d)
Sample no. 281 282 283 284
Distance
from 120 90 &0 30
Surface (cm)
Moisture 15 1e 17 9.3
Content (%)

Water solubles

3 1.8 2.6 n n
X110 ppm)
pH 3.7 3.7 3.2 3.5
Fe
Soluble n 10 n n
Metal
Content
Ppm) Cu n 18 n n
Zn
n n n n

T. ferrooxidans

3
x107)  pH2.S | 5 4q NG NG 12

Low pH
5 oxidisers

(x103) PH3. 5 NG NG NG NG

Tntermediate pH
5 oxidisers

(x103) pH4.8

High pH
S oxidisers
0%  pme2 | N6 | N6 | w6 | ng

Acidophilic
Heterotrophs

3 361 11
{x107) pH3.5

Nutrient
Agar
x10%)  pu7

Desul fovibrio

NG NG NG NG

Enumeraticn of organisms as no. per ml or gram dry weight
N = negligible (less than 1 PPm) NG=No Growth W = Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
T
LOCATION: WHITE'S HEAP HOLE E
ple no- 285 286 287 288 289 290 291 292 293 294
Distance

from
Srurface (cm) 470 | 462.5| 455 [447.5 440 [432.5] 425 W17.5 410 402.5

Moisture
Content (%) 14 16 13 14 18 13 17 13 14 15

Water sclubles

3 4.8 3.3 4.4 2.2 2.2 | 2.5 | 0.3 y0.2 ]3.2 3.5
(10" ppm}
pH 5.7 5.4| 5.7 5.8 s8 | 5.7 6.0 |56 |60 6.0
Fe
Soluble 110 50 67 78 n n n n 15 n
Metal.
Content
wpmn) | & 10 20 165 | 10 10 n n n 29 |10
n
n n n n n n n n n n
I'.ferrooxidans
3
w0y 25 | o | ne | we | ne | 0.24] NG| WG NG NG | NG
Low pH
S oxidisers
w10  p3.s | NG NG NG NG NG | NG NG NG NG | NG

Intermediate pH
S oxidisers

(x103) pH4.8

High pH
S oxidisers
(xi0%)  pH6.2 NG NG | 2.1 19 20 205 | 27 67 145 | 154

Acidophilic
Heterotrophs

3 NG NG NG NG NG NG NG NG NG
(x107) pH3.5

Nutrient
Agar
x10°)  pil7 36 3.2 | 1.3 ) 5.8 12 7.3

Desulfovibrio

NG NG NG NG NG NG NG NG NG NG

Enumeration of organisms as no. per ml or gram dry weight
n = negligible (less than lppm) No=No Growth W = Water Sanple
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
1 r
LOCATION: HOLE E' (Cont'd)
Sample no. 295 296 297 298 299 300 301 302 303 304
Distance
g{g:“face (cm) 395 387.5| 380 |372.5(364.5 358 350 342.5] 335 |327.5
oo o) 14 | 12 17 {15 | 16 14 | 124 | 12 13 | 10
Wat solubles
e:; © 1.5 3.5 2.6 |5.5 8.2 3.9 2.5 1.7 0.6 1.6
(x10" ppm)
PH 5.9 5.9 6.5 |6.3 6.2 6.6 6.5 5.3 6.4 4.9
Fe
Soluble n n n 120 15 19 n n 85 17
Metal
Content
Ppm) Cu 45 n n 43 n 91 n n 17 n
Zn
5 n n n n n n n n n
T. ferrooridans
3
b1n e e | we NG | NG | NG |NG NG | ve NG | wo
Lowr pH -
S oxidisers
x10%)  pH3.5 | NG NG NG NG NG |NG NG 3.8 | NG NG
Intermediate pH
S oxidisers
x10°)  pHa.8
High pH
S oxidisers ‘
10 pe.2 [ 2.2 [s.0 | 12 |6.0 | 104 | 46 25 | 22 37 | 38
Acidophilic
Heterotrophs
(x10%)  pus.5 | 0-43 NG | NG NG | NG | NG | NG NG | NG
Nutrient
Agar
(x103) pH7 NG 1.9 5.8 1.5 6.1 9.9 23 1.0 4.4 0.43
Desulfovibrio
NG NG NG NG NG NG NG NG NG NG

Enumeration of organisms as no.

n = negligible {less than 1 p pm)
Blank space indicates sample was not tested.

per ml or gram dry weight

NG = No Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
rocarion: HOLE E' (Cont'd)
Sample no. 305 306 307 308 309 310 311 312 313 314
Distance
gﬁ-gface (cm) 320 | 312.5] 305 | 297.5] 290 282.5| 275 §267.5] 240 210
Moisture ‘
Content (%) 14 | 8.1 16 12 15 12 15 13 17 15
Water solubles
3 1.6 ] 2.6 9.9 |2.5 1.9 0.8 2.2 1.8 6.5 5.6
(x10" ppm)
pH 4.715.3 5.1 5.7 6.2 5.1 6.5 6.5 6.5 6.5
Fe
Soluble 17 n 96 20 n n 5 n 16 n
Metal
Content
ppm) Cu n n 78 19 n n 15 n 18 n
Zn
n n n n n n n n n n
T. ferrooxidans
w0’y pH2.5 | NG | NG NG | NG | N¢ | mG | NG | NG |NG |NG
Low pH
& oxidisers
x10%) pH3.5 | NG | NG N | né | ¢ | we | wG | NG | NG [NG
Intermediate pH
S oxidisers
(x10%)  pH4.8
High pH
S oxidisers
w0%) pue2 | 26 | 5.6 | 1) 73 449 | 12 [206 | 116 | 20 | 845
Acidophilic
Heterotrophs
(x103) pH3. 5 NG NG NG NG NG NG NG NG | NG NG
Nutrient
Agar
x10°)  pi7 0.82 NG NG 76 NG |3.5 2.1 | NG 2.0
Desulfovibrio
NG NG NG NG NG NG NG NG NG NG

Emmeration of organisms as no. per ml or gram dry weight
n = negligible (less than 1 ppm )

Blank space indicates sample was not tested.

NG = No Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
rocarroy: HOLE E' (Cont'q)
Sample no. 315 | 316 317 | 318 | 319 | 320
Distance
ggogfacem) 180 1150 | 120 | 90 | g0 | 3
gif_tuie(%) 15 18 15 14 | 9.8 12
erny
Wate;‘ solubles {5 5 | .3 0.9 | 3.3 1.6 {21
| _(x10" ppm)
pH 6.7 | 6.9 5.1 5.0 | 4.0 | 4.2
Soluble Fe n n 78 n n n
Metal
Content
ppm) | Cu n n 10 n n 10
in n n n n n n
T.ferrooxidans
«20%)  p2s | ng | we NG | N¢ | 0.02] ng
Low pH
S o disers NG | NG NG | NG NG | NG
x10")  pH3.5
Intermediate pH
5 oxidisers
x20%)  pa.g
High pH
S oxidisers
x10%  pe.2 | 15 1.0 23 | 228 61 |[s518
Acidophilic
Heterotrophs NG | NG NG | N6 | ne | me
{x10°)  pH3.5
Nutrient
Agar
(X103) pH7 3.6 NG 0.3 10.22 NG 31
Desulfovibrio
NG NG NG NG NG NG

Enumeration of organi
n = negligible (less
Blank space indicates

SMs as no. per
than 1 p pm )

ml or gram dry weight

NG = No

sample was not tested.

W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
1] ]
LOCATION: WHITE'S HEAP HOLE G
Sample no. 325 | 326 | 327 328 | 329 | 330 {331 332 | 333 334
Distance
gruagface@) 470 We2.5 | 455 {447.5| 440 432.5| 425 | 417.5| 410 402.5
Moisture .
Content (%) 19 18] 15 16 15 16 17 20 17 16
Water solubles 5.3 | 2.6 s 3 |a.a |o0.3]|1.2]13 86 7.8 | 13
(x10° ppm)
pH 3.6 3.7 | 3.8 3.6 3.5 | 3.2 | 3.4 3.4 | 3.6 4.0
Fe
Soluble n 10 15 38 n n n 110 n n
Metal
Content
(pom) Cu | 15 25 10 40 n 10 n 25 n 19
n
n n n n n n n n n n

T, ferrooxidans

Ll e =

3
x107)  PH2.5 | NG 1.5 | 2.5 |3.8 0.17| 0.35| 0.25| NG NG 0.13

. Low pH
s oxidisers

(x103) pH3.5 NG NG NG NG NG NG NG NG NG NG

Intermediate pH
5 oxidisers

(x10°)  pH4.8

High pH
s oxidisers
(x103) pH6.2 219 627 886 767 158 731 654 2500 NG 8.3

Acidophilic
Heterotrophs

3 21 238 354 414 0.68 1.2 NG 150
(%107} pH3.5

Mutrient -

Agar 8 o |o0.26]0.45| me| nG| NG
(x105)  BH7 NG | 4 N y :

Desul fovibrio

Lol s

NG NG NG NG NG NG NG NG NG NG

Emumeration of organisms as no. per ml or gram dry weight
n= negllgibl‘e {less than 1 ppm } NG =DNo Growth W = Water Sample
Blark space indicates sample was not tested.
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PHYSICOCHEMICAI, AND MICROBIOLOGICAL DATA MARCH 1977

wocarion; HOLE G' (Cont'd)

Sample no. 335 | 336 337 | 338 | 339 | 340 [ 341 | 342 343 | 344
Distance
ﬁ?kace(qm 395 1387.5 | 380 |372.5| 365 357.5] 350 | 342.5 335 327.5
Moist
Content. (5} 14 | 13 | 16 | 16 15 11 |11 16 | 16
Hater solubles | 14 7 3.9 10.9 | 7.1 3.9 2.0 3.7 | 7.0 |36
(x10” p pm)
pH 4.1 4.0 3.8 3.4 | 3.5 |3.7 |3.8 3.9 | 3.7 |3.a
Fe
Soluble n n n n n 15 n n 18
Metal
Content
ppm) | 95 | 110 95 10 n 20 n n 55
Zn ’
n n n n n I n n n

T. ferrooxidansg

3
6d0™y  pH2.5 [ pe g1 0.67 | 6.4 NG lo0.24 | ne NG NG 0.13

Iow pH
S oxidisers

G G G
(x103) oH3. 5 NG NG | NG N NG N NG NG N NG

Intermediate pH
5 oxidisers

x10°)  pma.g

High pH
5 oxidisers

(x103) pH6.2 | 2.2 ]1420 804 637 518 787 990 890 (1240 1080

Acidophilic
Heterotrophs

3 NG | 0.27 10.64 | 5.4 2.8 |0.25 4.5 18 267
(x10°}  pH3.S

Mutrient
Agar 2.9 | n¢ | we NG | wnG | ne NG G | ne
®10%) o7 : ! N
Desulfovibrio
NG NG NG NG NG NG NG NG NG NG
Enumeration of organisms as no.. ml or gram dry weight

n = negligible (less than 1 PPm) NG=DNoGrowth W= Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977

) )
LOCATION: HOLE &' (Cont'd)

Sample no. 345 346 347 348 349 350 351 352 353 354

Distance
e (am) 320 1312.5| 305 |297.5| 290 |282.5] 275 | 267.5{ 240 | 210

Moisture ‘
Content (%) 12 14 16 12 15 17 13 13 12 20

Water solubles

3 6.2 3.5 3.6 4.3 6.3 4.1 3.0 3.9 4,1 4.1
(x10" ppm)
pH 3.6 3.7 3.8 3.3 3.6 3.7 3.8 3.5 2.9 2.8
Fe
Soluble 17 n n n 17 19 n n n n
Metal
Content .
ppm) | & 191 | n 18 25 95 18 | 17 n n 17
Zn n n n n n n n n n 5

- T, ferrooxidans
x10%)  pH2.5

NG NG NG 0.74 |0.36 NG NG NG NG 0.12

Low pH
5 oxidisers

3 NG NG NG NG NG NG NG NG NG NG
{(x10°)  pH3.5 4

Intermediate pH
S oxidisers

x10°)  pH4.8

High pH
S oxidisers

x103) pHE. 2 739 952 995 1110 184 26 NG 58 31 49

Acidophilic
Heterotrophs NG 0.32 73 9.6 0.45 0.42]0.62 0.3 0.36 29
®x103)  pH3.5 '

Nutrient
Ajar

3 1.0 | 0.3 Ne |0.37 | 2.7 2.1} 4.1 NG NG NG
(x107) pH7

Desulfovibrio

NG NG NG NG NG NG NG NG NG NG

Emmnerat:‘!.on of organisms as no. per ml or gram dry weight
n = negligible (less than 1 p p m.} NG = No Growth W = Water Sanple
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA MARCH 1977
LOCATTON : HOLE G! (Cont’d)
Sample no. 355 | 356 | 357 { 358 | 359 | 360
Distance
fr
Sg‘;‘facﬂm) 180 150 [ 120 | 90 60 30
Moisture 20 20 10 15 11 11
Content (%)
rater solibles | p 5136 l0.7 |2.2 |is 2.4
(x10" ppm)
pH 2.51 3.0 2.9 3.5 3.5 3.1
Fe
Soluble n 16 n n n n
Metal
Content
Cu
ppm) n 29 n 10 11 5
Zn
n n n n n n
T.ferrcoxidang
«0)  pm2s [ 0.1 [ |ne [Ne (NG NG
Low pH
S oxidisers
x10% pus.s | NG [ NG NG (NG |NG NG
- Intemediate pH
S oxidisers
(x103) pHd.8
High pH
S oxidisers
x10%)  pee.2 | NG NG NG 0.69 | 976 | 175
Acidophilic
Heterotrophs 157 | 24 NG NG 424 | 265
x10%)  pH.s
Nutrient
Agar
(x103) pH7 NG NG 0. 46 NG NG
Desulfovibrio
NG NG NG NG NG NG

Enumeration of organisms as no. per

n = neqligible (less than 1 P pm)
Blank space indicates sample was not tested.

ml or gram dry weight

NG = No Growth W = Water Sanple




150

SAMPLES COLLECTED JUNE 1978

Code: Coordinates

RJ of sample Description, Field Observations

no. location

397 White's Overburden Heap: Hole J cut into side about 4 m from
base. Material very dry, crumbly, loose and collapsible.
Difficult to maintain balance when sampling. Soil sample
taken at top of hole.

398 Soil sample taken at 0.75 m from top.

399 Soil sample taken at 1.5 m from top.

466

White's Spring No.4 water sample, pH 3.4.
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PHYS ICOCHEMICAL AND MICROBIOLOGICAL DATA JUNE 1978
WHITE'S HEAPD '

LOCATION: HOLE J SPRING NO.4
Sample no. 397 398 399 466
Distance
from 0 75 150

- Surface (am)

Moisture

Content (2) 5.0 5.5 5.2 W

Water solubles

(x103pp.m ) n 1.6 3.4 18
pH 4.9 5.1 5.1 3.4

Soluble >

Metal

Content

©pm) Ca 308 66 369 95

in In n n 23

T. ferrooxidans

(x103) pH2.5 67 44 7.4 0.06

Low pH

S oxidisers NG NG NG NG

x10%) pH3.5

Intermediate py
5 oxidisers 2.8 0.86 0.3 0.41

(x103) pH4.8

High pH
S oxidisers 0.14 |0.43 |0.06 NG

x10%)  pme.2

Acidophilic
Heterotrophs NG NG NG 0.3

x10%)  pu3s

Nutrient

Agar NG NG NG NG
x10%)  py

Desulfovibrio NG

S S I

Enumeration of organisms as no, Per ml or gram dry weight
N = negligible (less than lppm) ng= No Growth W = watey Sanple
Blank space indicates sample was not tested,
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SAMPLES COLLECTED — MAY 1979

Code: Coordinates

RJ of sample Description, Field Observations

no. location

404 109-414 Base White's Heap Sloppy rud sample.

405 112-413 surface mud sample, dark brown, very wet.

406 107-414 Water sample at Spring No.4. Algae green and fresh.
407 118-417 So0il samplej white, crusty efflorescent material,

layer about 3 mm thick.




PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA
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MAY 1979

LOCATION: BASE WHITE'S HEAP AT SPRING NO.4
Sample no. 404 405 | 407 406
Distance
from
urface (cm)
Moisture
Content (%) 61,2 38.0 31.8 W
Water solubles 69 36 20 30
3
(x10" ppm)
pPH 3.0 3.2 3.8 3.4
Fe 492 46 185 700
Soluble
Metal
Content
Cu 103 26 120 170
Ppm)
Zn 43 9 loo 8
I.ferrooxidans 45 1
®10%)  pH2.5 NG 0.75
Low pH
5 oxidisers NG NG NG NG
(xlO3) PH3.5
Intermediate pH
S oxidisers 24 12 NG 3.7
(10%)  pu4.g
High pH
s gxigisers NG 1.2 NG 6.4
x10°)  pH6.2
Acidophilic
Heterotrophs 33 27 NG NG
=10 pu3.s
Nutrient
Agar NG NG NG 6.3
(x103) pH7
Desulfovibrio NG NG NG

Enumeration of organiasms as no.
n = negligible (less than 1 PP

kper ml or gram dry waeight
No Growth W = Water Sample

m )

NG =

Blank space indicates sample was not test
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APPENDIX D
SAMPLING LOCATIONS, AND PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA
INTERMEDIATE OVERBURDEN HEAP 1978-1979

Note: The coordinates listed refer to the coordinates given in
Map 3
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SAMPLES COLLECTED JUNE 1978

Code: Coordinates o

RJ of sample Description, Field Observations

no. location

370 007-417 Intermediate Overburden Heap : Hole Z cut at base of heap.
Material on surface, and along edges of cut hole very
loose. Sopil sample taken at top of hole,

371 Soil sample taken 0.5 m from top of hole.

372 Soil sample taken 1.0 m from top of hole.

373 Soil sample taken 1.5 m from top of hole. Rocks dark.

3 74 n " n 2 . O m n n mn n

375 Soil sample taken 2.5 m from top.

376 Soil sample taken 3.0 m from top. Hole g very open -
could feel draughts coming out of hole. Could not
dig into very base at thig Point because of large
rocks and ground not hard nor dry enough to support backhoe,

377 006-416 Hole Z* ghiftegq about 3 metres to the right of Hole 3 angd
dug from the last level at Hole 7 (i.e. 3 m from top of
hole} to base. soil sample taken 3 m from top.

378 Soil sample taken 3.5 m from top.

379 Soil sample taken 4.0 m from top.

380 Soil sample taken 4.5 p from top.

381 012-414 Hole Y cut at the middle level of Intermediate Heap,
into the side of the top layer, directly in ljine above
Hole 2. s8oil sample taken at top of hole.

382 Soil sample taken at 0.5 m from top of hole.

383 Seil sample taken at 1.0 m from top of hole,

384 Soil sample taken at 1.5 m from top of hole.

385 Soil sample taken at 2.0 m from top of hole.

386 Soil sample taken at 2.5 m from top of hole.

387 Soil sample taken at 3.0 m from top of hole.

388 So0il sample taken at 3.5 m from top of hole.

389 Soil sample taken at 4.0 m from top of hole, i.e. at base

of hole,.
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SAMPLES COLLECTED JUNE 1978

Code: | Coordinates ‘
RJ of sample pescription, Field Observations
no. location
390 0lo-412 Hole X cut down into the top of Intermediate Heap in
line with Holes Z and Y. About 4 m deep. Rocks exposed
along the sides of the hole appeared to be coated with a
pblue deposit. Soil sample taken at top of hole.
391 Soil sample taken at 0.5 m from top.
392 Soil sample taken at 1.0 m from top.
393 Soil sample taken at 1.5 m from top.
394 g0il sample taken at 2.0 m from top.
395 Soil sample taken at 2.5 m from top.
396 go0il sample taken at 3.0 m from top, i.e. at base of hole.
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PHYSICOCHEMICAL AND MICROBIOLOGICAI, DATA JUNE 1978
TOCATTCON: INTERMEDIATE HEAP HOLE Z

Sample no. 370 371 372 373 374 375 376
Distance
from 0 50 100 150 200 250 300
Surface (cm}
Molisture
content (3) 1.8 | 8.9 | 11 |12.7|7.4 |7.3 |e.8
Water sclubles

3 5.1 1.9 1.8 3.1 29 26 32
(x10" ppm)

pH 2.8 3.1 2.8 3.0 2.5 2.6 2.6

Fe |142 n 96 24 | 5728 |3212 | 3501
Soluble
Metal
Content
Epm) Cu 56 6 n n 135 21 12
n n n n 54 | 27 129

1. fﬂgﬁﬂiﬁa—“—s 37 144 12 11 | 42 74 46
(x107) pH2.5
Low pH NG NG NG NG NG NG NG
S oxidisers
(xlOB) pH3.5
Intermediate pH g NG NG 0.2 | 3.6 |0.32 | NG
S oxidisers
(x10°)  pi4.8
High pH NG NG NG NG NG NG NG
S oxidisers
x10%)  pH6.2
Acidophilic
Heterotrophs NG NG NG NG NG NG NG
(x10°) PH3.5
Nutrient
Agar NG NG NG NG 0.47 |0.13 0.08
(X103) pH7
Desulfovibrio NG

Enumeration of organisms as no. per ml or gram dry weight
n = negligible {less than l ppm } NG = No Growth W = Water Sample
Blank space indicates sample was not tested.
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PHYSICOCHEMICAL AND MICROBIOLOGICAIL DATA JUNE 1978
LOCATION: INTERMEDIATE HEAP HOLE Z*
Sarple no. 377 378 379 380
Distance
from 300 350 400 450
Surface {an)
Moisture
Content (%) 18.0 20.5 1 23.4 27.8
Water solubles
(x103 bpm) 5.4 5.4 14 25
pH 3.5 4.1 4.4 3.9
Fe 16 n n n
Soluble
Metal
Content
ppm) Cu 24 44 837 1248
Zn 60 64 122 177
T.ferrooxidans
(x103) pH2.5 94 126 136 177
Low pH
S oxidisers NG NG NG NG
(x10%)  pH3.5
Intermediate pH
8 oxidisers 0.19 0.68 27 18
(x103) pH4.8
High pH
5 oxidisers 0.01 NG NG NG
x10%)  pH6.2
Acidophilic
Heterotrophs 1.1 0.29 | 0.14 3.0
x10%)  pH3.5
Nutrient
Agar NG NG NG NG
(x103) pH?
Desulfovibrio NG

Emumeration of organisms as no. per ml or gram dry weight
n = negligible (less than 1 ppm )
Blank space indicates sample was not tested.

NG = No Growth W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOLOGICAL DATA JUNE 1278
LOCATION: INTERMEDIATE HEAP HOLE Y
Sample no. 381 382 |383 384 | 385 |386 387 388 | 389
Distance
from 0 50 | 100 150 | 200 |250 300 350 | 400
aurface {cm)
Moisture
Content (%) 5.0 16.2 |14.4 | 15.2115.5 |11.8 | 13.4 | 16.6) 21.2
Water solubles
10 ppm) [4.0 3.8 |2.2 4.0 |4.6 |[3.1 2.5 8.7 27
pH 3.6 3.3 |3.2 3.5 |3.3 |[3.2 3.4 3.1 | 3.1
Fe |n n n n n n n 20 28
Soluble
Metal
Content
Cu 15 7 14 31 16 8 11 20 | 333
fppm)
Zn  in n n n n n n n 21
T.ferrooxidans
3 20 NG NG NG 12 105 133 114 | 108
(x107) pH2.5
Lo H
5 oidisers NG NG [N NG |NG [N NG NG | N
®10%)  pH3.S
Intermediat H
g e P Ing NG  |NG NG {0.16 (1.0 [1.5 | NG |[o0.79
(x103} pH4.8
High ol NG NG |nc NG |nve  |ne 0.27 | n¢ |[ne
(x10%)  pH6.2
ﬁgiﬁﬁﬁ;ﬁs NG NG |NG Ne (N¢ {1.1 Jo.11 | o0.1611.1
x10%)  pm3.s
Nutrient NG NG NG NG NG NG NG 0.74 | NG
Agar
(xlO3) pH7
Desulfovibrio NG

Emmeration of organisms as no. per ml or gram dry weight
n = negligible (less than 1 ppm)

Blank space indicates sample was not tested.

NG = No Growth W = Water Sample
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PHYSICOCHEMICAI AND MICROBIOLOGICAL DATA JUNE 1978
LOCATION: INTERMEDIATE OVERBURDEN HEAP HOLE X
Sample no. 390 321 392 393 394 395 396
Distance
from 0 50 | 100 150 | 200 {250 300
curface (cm)
&) 12.1 | 14.0 |13.6 | 12.2 12.1 |14.5 | 15.3
Water solubles
3 60 83 78 79 79 77 102
(x10" ppm)
pH
2.9 2.8 3.2 3.4 3.5 3.5 3.5
Fe 1295 1318 | 701 480 436 174 328
Soluble
Metal
Content
(ppm) Cu 1712 1014 | 136 186 2993 | 2261 3063
Zn n n n n n n Il
T, ferrcoxidans
(xuﬂ) pH2.5 77 140 97 72 13 139 130
low pH
S oxidisers NG NG NG NG NG NG NG
(x103) pH3.5
Intermediate pH
5 oxidisers 0.03 NG NG NG NG NG NG
(x10°)  pH4.B
High pH
G i sors 0.11 | NG NG NG NG NG NG
®x10%)  pH6.2
Acidophilic
Heterotrophs NG NG NG NG NG NG NG
x10%)  pH3.5
Nutrient
Agar NG NG 3.5 NG NG NG NG
(x103) pH7
Desul fovibrio NG

Fnumeration of organisms as no. per ml or gram dry weight
NG = No Growth W = Water Sample

n = negligible (less than 1 p pm )
Blank space indicates sample was not tested.




163

SAMPLES COLLECTED MAY 1979

Code: Coordinates
RJ of sample Description, Field Observations
no. location
INTERMEDIATE OVERBURDEN HEAP:

015-412 HOLE S: Hole dug at top of Intermediate Heap, about
13 m to right of Hole X (1978). Pyrite exposed,
soil brown and moist. Exposed rocks have blue faces,
strong sulphur smell in hole.

412 Soil sample at surface; grey with yellow particles, damp.
413 Soil sample 0.5 m from surface; brown and yellow
particles, material loose.
414 Soil sample 1.0 m from surface; exposed pyrite, moist.
415 Soil sample 1.5 m from surface; exposed pyrite, moist.
416 Soil sample 2.0 m from surface; brown with red and yellow
particles, moist.
417 Soil sample 2.5 m from surface; dJdark brown material, moist.
418 Soil sample 3.0 m from surface; dark brown material, moist.
419 Soil sample 3.5 m from surface, at base of hole; dark
grey material with red particles, moist.

011-413 HOLE T: Hole dug at middle level of Intermediate Heap,
about 20 m  to right of Hole ¥ (1978). Material drier
than Hole 5 and has many large rocks. Base of hole is
about 0.7 m below surface of road.

420 Scil sample 3.5 m from surface of hole, at base; grey and
vellow material, very damp, 'clayey'.

421 Soil sémple 3.0 m from surface; dark grey, yellow and
brown material, moist.

422 Scoil sample 2.5 m from surface; dark grey, yellow and
brown material, moist.

423 Soil sample 2.0 m from surface; many large rocks with

ferric oxides.
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SAMPLES COLLECTED - MAY 1979

Code: | Coordinates

RJ of sample Description, Field Observations

no. location

424 Soil sample 1.5 m from surface; dark grey with scome
yellow particles, moist.

425 Scil sample 1.0 m from surface; brown, loose material, moist.

426 Soil sample 0.5 m from surface; brown loose material, fairly
dry.

427 S0il sample taken at surface of hole; grey, loose material,
very dry.

007-415 HOLE V: Hole dug at base of Intermediate Heap, in line with

Holes S and T. Material loose, mainly large rocks, very
porous with water seeping out making hole very wet.

428 Soil sample taken at surface of hole; wvery dry, large
stones and rocks.

429 Soil sample 0.5 m from surface; grey-brown, loose
material, fairly dry.

430 Soil sample 1.0 m from surface; grey loose material,
fairly dry.

431 Soil sample 1.5 m from surface; brown material, moist.

432 Soil sample 2.0 m from surface; dark brown material,
slightly moist,

433 Soil sample 2.5 m from surface; vyellow material, very moist,
'clayey'.

434 Soil sample 3.0 m from surface; brown material, moist.

435 Scil sample 3.5 m from surface, at base; grey material, moist

436 Water sample collected at base of hole from free-flowing

water seepage.




165

PHYSTCOCHEMICAI AND MICROBIOLOGICAL DATRAZ MAY 1979
LOCATION: INTERMEDIATE OVERBURDEN HEAP HOLE S
Sample no. 412 413 | 414 | 415 416 | 417 418 | 419
Distance
from 0 50 | 100 | 150 200 | 250 300 | 350
Surface  (cm)
Molsture
Content (%) 14.2110.2 | 13.0| 12.9 [13.5 | 12.8|13.4 |12.2
Water solubles
102 pp m ) 103 74 | 104 | 101 76 78 74 38
pH 2.6 | 3.4 3.0 3.6 3.8 3.4 3.5 3.5
Fe | 4343 | 171 |1532 | 285 123 | 264 172 | 211
Soluble
Metal
Content
wpm) | 300 | 684 (3153 [4057 2003 | s65 | 1902 |1470
Zn n n n n n n 63 n
T.ferrooxidans
®10%)  pH2.5 | 0.97 | 0.24 0.2]0.33 | 1.2 1.3{0.37 |o.78
Low pH
5 ‘OX;dlse’fS NG NG NG NG NG NG NG NG
(x10°)  pH3.5
Intemediate pH
5 OXS}dlserS NG NG NG NG NG NG NG NG
(x107)  pH4.8
High pH
S 'Ox;dlsers NG NG NG NG NG NG NG NG
{x10°)  pH6.2
Acidophilic
Hetegom’PhS NG NG NG NG NG | NG NG NG
x10°}  pH3.S5
Nutrient
Agar3 NG NG NG 0.1 | 0.15| 0.1 | 0.1 | ne
(x10™) pH7
Desul fovibrio NG

Enumeration of organisms as no. per ml or gram dry weight
n = negligible (less than 1 p p m )
Blank space indicates sample was not tested.

NG = No Growth

- W = Water Sample
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PHYSICOCHEMICAL AND MICROBIOQOLOGICAL DATA MAY 1979
IOCATION: INTERMEDIATE HEAP HOLE T
Sample no. a20 | 421 422 | 423 | 424 425 | 426 427
Distance
from 350 | 300 250 | 200 | 150 100 50 0
| Surface (cm)
Moist
content (8). 21.1 |19.5 | 21.3|15.5 j14.8 | 15.0 | 8.3 | 3.1
Water solubles
e N 70| 4.3 | 6.7 5.3 22 15 | 16 37
x10" ppm)
oH 3.0 2.8 2.9 3.1} 3.4 3.3 | 3.4 3.2
Fe 136 68 76 27 17 38 26 n
Soluble
Metal
Content
cu 78 41 59 36 43 70 48 65
ppm)
Zn n n 59 n n n n n
T, fexrrooxidans
i}y pi2.s | wng | 0.54|0.52| me | 0.22|0.23| NG | 0.5
I_opr.
S oxldisers ne | we | wme NG | NG | NG NG NG
®10°)  pH3.5
Intermediate pH
S O";dlsers NG | 0.22| mNeG e | NG | NG NG NG
(x10%)  pH4.8
High pH
5 °x§dlsers NG NG NG NG NG NG NG NG
(x107) pH6. 2
Acidophilic
Heterotrophs we | n¢ | N6 | me | w6 | N6 | mG | NG
(x10°)  pH3.5
Nutrient
Agar3 0.37 | 0.31| NG ne | 0.21| 1.2 NG | 0.78
x10°)  pH7
Desul fovibrio NG

Enumeration of crganisms as no. per ml or gram dry weight
n = negligible (less than 1 p pm )

NG = No Growth W = Water Sample
Blank space indicates sanple was not tested.
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PHYSTICOCHEMICAL AND MICROBIOLOGICAL DATA MAY 1979
LOCATION: INTERMEDIATE HEAP HOLE V
Sanple no. 428 429 430 431 432 433 434 435 436
Distance
from 0 50 | 100 | 150 200 | 250 300 | 350 | 350
Surface (cm)
Cortont (@) 0.8 | 9.5| 15.3| 19.4 | 11.1| 25.4| 16.5| 20.3| w
Water solubles 14 16 20 19 25 10 19 9.4 38
®x10° p pm )
pH 3.1 3.1 3.0 2.8 3.2 3.3 3.7 3.1 2.7
Fe 46 25 26 59 477 125 34 108 650
Soluble
Metal
Content
Cu n n n n nw n n 23 73
(ppm)
Zn n n n n n n n 11 11
T.ferrcoxidans
(x103) pIIZ.5 0.16 1.1 0.78]| 0.89 0.68] 2.6 0.4 35 2.6
Low pH
S oxidisers NG NG NG NG NG NG NG NG NG
®10%)  pH3.5
Intermediate pH
S oxidisers NG NG NG NG NG 22, NG 1.7 | NG
(x103) pH4.8
High pH
S ox disers NG NG | NG | NG NG | NG NG | NG | NG
(107} pH6. 2
Acidophilic
Heterotrophs NG NG NG NG NG 0.1 5.1 | nNH 1.3
x10%)  pH3.5
Nutrient
g 0.22| N6 | N¢ |NG NG | NG NG | NG | Ne
x10%)  puy
Desulfovibrio NG NG

Enumeration of organisms as no.

n = negligible (less than 1 p pm )
Blank space indicates sample was not tested.

per ml or gram dry weight

NG = No Growth W = Water Sample
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Dry Season, September 1976, sampling trench
Wet Season, March 1977, sampling trench
AAEC temperature probe holes

Springs

Jo %

MAP 1. WHITE'S OVERBURDEN DUMP SHOWING AAEC PROBE
HOLES AND SAMPLING TRENCHES
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® June 1978, sampling trench
o May 1979, sampling trench

MAP 2. INTERMEDIATE OVERBURDEN DUMP SHOWING
SAMPLING TRENCHES



