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ABSTRACT

An experimental investigation into the chemistry of the
iron sulphides in terms of the chemistry of iron and sulphur in aqueous
solution demonstrates that the six mineral iron sulphides, mackinawite,
emythite, griegite, pyrite, marcasite and pyilhotite, form through a
series of distinct reacticns in which factors such as pH, Eh and oxygen
activity only play indirect roles. A study of the chemical kinetics
of the sulphidation of goethite, which is shwan to be the major source
of reactive iron in the natural aqueous environment, demonstrates that
the sulphidation mechanism includes the formation of a transitory
intaniledlary, ferric sulphide, which causes a structural discontinuity
between the reaction product and reactant. Ferric sulphide is shown
for the first time tc be a discrete chemical ccnpouna.
The production of hydrogen sulphide through the
activities,of the sulfeate-reducing bacteria is the main source of
this compc-Ind in ancient and modern natural aqueous environments.
However although the production of iron sulphides through the reaction
of goethite with this biogenic hyarogen sulphide is essential to the
biochemistry and geochemistry of the hydrosphere, - n experimental
investigation demonstrates that there microorganisms have no effect
on the nature cf the iron sulphide produced-
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The low temperature experimental results are valid for
any environment where liquid water is present and where the nonequilibrium iron sulphides may be formed, and these results maybe
used to interpret certain aspects of the natural occurrence of iron
sulphides in mineral deposits. Furthermore, this chemical approach
to the formation of iron sulphides leads to a new interpretation of
the nature of ore-forming solutions and the mechanisms of ore-forming
processes.
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7.
INTRODUCTION

One of the peculiarities of the present day natural
aqueous environment is the preponderance of life. These biological
systems effect large scale transformation and distribution of a number
of elements, especially carbon, nitrogen, oxygen, phosphorus and sulphur.
Of all the organisms of the biosphere, microorganisms are geochemically
the most important since they effect a number of reactions which are
unknown among metazoan life-forms. One particular reaction which is
exclusive to microorganisms is V-- reduction of sulphate to sulphide
by certain bacteria. This reaction is of extreme importance in the
hydrosphere since it not only provides large amounts of a potent
reducing agent, hydrogen sulphide, for an environment where such agents
are scarce, but also produces the sulphide radicle for the formation
of synsedimentary iron sulphides. Thus in any study which is concerned
with the formation of iron sulphides, these bacteria must be considered.
The results of an investigation into the effects of microorganisms on
the formation, distribution and nature of iron sulphides in the natural
environment forms Part 2 of this Thesis.
Until the last decade only three iron sulphides were
known, pyrite, marcasite and pyrrhotite, although others were suspected.
Recently, three more h-- been discovered, griegite, smythite and
mackinawite, but very little is as yet known about'. their distribution
in the natural environment. Therefore at the present time, six compounds
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consisting exclusively of iron and sulphur are known with a variety of
compositions and an even greater variety of structures.
Throughout the past century and a half, a great deal of
work has been done on the iron-sulphur system. However, the majOr
purpose of this work, particularly at low temperatures, has not been
to examine the chemistry of the iron sulphides but only to synthesise
minerals. There is a distinct difference in these approaches even
though, as written, it looks like a subtlety of semantics. In a strictly
chemically-motivated approach, the question asked is always why should
one sulphide form under any particular set of conditions as against
any other. Experience with other chemical systems has shown that the
assumption that there must be a reason for this is valid, and that
chemically, reactions do not occur randomly. The reason for the
formation of any particular sulphide can only be understood in terms
of the chemistry of the iron and sulphur it contains. Such variables
as pH, Eh, pressure and temperature can only affect the iron sulphide
inasmuchas they affect the chemistry of the iron and sulphur radicles.
Experimental synthesis in itself has no necessarily direct relationship with the formation of these phases in the natural environment.
For example, the abundance of the mineral pyrite in the natural
environment indicates that it can be formed under a variety of
conditions. Therefore the synthesis of pyrite in a particular
experiment does not mean that pyrite will be formed in this way in the
natural environment. It is necessary to discover those factors that
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are essential to the formation of the iron sulphide and to distinguish
these from other inessential or spurious factors. And it is only
possible to do this in terms of the iron and sulphur species that
are the essential elements of an iron sulphide. Once this is
established it is possible to predict the conditions necessary for
the formation of the sulphide in any environment. Such a project has
never been attempted before, and therefore, before investigating the
effect of microorganisms on iron sulphides, it is necessary to
establish the chemistry of iron sulphides.
The chemistry and conditions of formation of the six
mineral iron sulphides, described in terms of the chemistry of iron
and sulphur in aqueous solutions, is the subject of Part 1 of this
thesis.
Part 2 then considers the effect of microorganisms on
the formation, distribution and nature of these iron sulphides, and
Part 3 demonstrates how the results of the chemical and microbiological
investigation may lead to a completely new interpretation of phenomena
related to the geological occurrence and formation of these minerals.
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LIST OF SYMBOLS

angstrom units.
ao , bo counit cell parameters.
atm
atmospheric pressure.
degrees Centigrade.
c, aq, g suffixes indicating the crystalline, aqueous or gaseous state
of a substance.
cm

centimetre.

834s

the variation in 34S concentration relative to the 34S/32S
ratio of the Canon Diablo meteoritic troilite.
electron

E

potential of an electrode or cell, in volts.

Eo

standard potential of an electrode or cell, in volts.

Eh

potential of an electrode or cell relative to the hydrogen
half—cell.

F

the Faraday.

6fF°
aro

difference in free energy of products and reactants at 25°C.
standard free energy of formation of a substance at 25°C

g

gram

614

width of half the signal height

HV

Vickers indentation microhardness in kg/mm2.
equilibrium constant.

kg

kilogram.

rw

equilibrium constant for the dissociatierr of water.

kcal.

kilocalorie,
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1

litre

mM

millimolar

M

molar

mg.

milligram

ml

millilitre

mV

millivolt

min.

minute

mmM

milliatcromolar

n

/limber of electrons taking part in a redox reaction.

nm

nanometer

Tu

normal

pH

log of reciprocal of hydrogen ion concentration

ppm

part per million

poi

pcund per square inch
product of the activities of the products divided by the
product of the activities of the reactants.

R

gas constant

sec.

second

T

temperature in degroes Kelvin

✓

volt

Z

atomic number

K

activity coefficient based on molar concentration.

/1.4'

micron = 10 mm.
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PART ONE

CHEMISTRY
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CHAPTER ONE

THE CHEMISTRY OF IRON IN AQUEOUS SOLUTION

The precipitation of an iron sulphide in the natural
environment involves a reaction between an iron species and a sulphur
species. The purpose of this chapter is to examine the form of iron
that might be expected to be present as a reactant in the Enlphidation
process. This can be done by theoretical thermodynamic methods, by
experiment or by observation of natural solutions and their sediments.
However, none of these methods alone is entirely adequate. The theory
of thermodynamics becomes less valid as the system being investigated
becomes more concentrated, and thermodynamic data for many of the
possible species are inaccurate or unknown. Experimental methods and
observations of natural waters suffer from difficulties in analysing
the species present. However many of the properties of iron in
aqueous solutions can be explained by considering the major species of
iron that are likely to be present using all three above methods.

A. Soluble iron
Iron may exist in solution in the divalent ferrous or
trivalent ferric state. Apart from organic and inorganic complexes,
which are discussed below, the major forms of soluble iron are Fe3+,
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Fe(OH)2+, Fe(OH)2, FeO, Fe2+, Fe(OH)+, and EFe02. These are usually
liganded with H2O molecules, but it is customary to omit these when
writing equations. It is possible that iron may occur in solution
in other forms, as indissociated dissolved molecular ferric hydroxide
for example. The amount of iron present in solution is dependent on
the solubility equilibria of the solid iron salts, especially the
hydroxides and oxyhydroxides, but ferrous carbonate, silicates and
phosphates may also be important under particular conditions.
There are a great number of published analyses of the
soluble iron content of natural waters. However the analytical methods
used in these investigations are subject to question since they do not
permit a quantitative differentiation between ferrous and ferric iron.
It has been shown, for example, that in the presence of suspended
ferric oxide dipyridyl disturbs the ferrous-ferric equilibrium and
gives spurious values for the ferrous iron. (1) Furthermore it is
difficult to distinguish analytically between dissolved and suspended
iron, and membrane filtration of ser-

may give rise to the

spontaneous formation of more suspended iron. (2)
The oxidation of ferrous iron to ferric iron maybe
written:
3+
2Fe2+ + w0 + 2H += 2F e3+
+ H20
aq - 2
It might be expected from the stoichiometry of this reaction that
ferrous iron would oxidise more readily in acid solution. Experimentally

17.

however the rate of this reaction decreases noticeably in acid solutions,
and a soluble ferrous salt may be kept for a short period as a laboratory
reagent with excess mineral acid. This pH dependence of the oxidation
rate of ferrous iron is also observed with manganous and stannous
solutions, and it is generally assumed that it arises from the slow
stepwise reduction of the oxygen molecule in acid solution. Experiments
show that at a pH of about 4 the ferro-•.:-ferric transformation in
sulphate solutions may take several hours to complete, but at a pH of
7 it is extremely rapid.
Iron may be brought into an environment of sulphidation
by erosion of the land surface and subsequent transport in streams or
directly by submarine evolution through volcanic exhalation. In the
case of erosion, acid leaching of ferrous salts may lead to the
formation of soluble ferrous iron, and, although in contact with the
atmosphere and dissolved oxygen, it may be stabilised in this form in
waters of low pH. As soon as it reaches neutral or alkaline solutions,
as in the majority of marine and limnological environments, the rate
of oxidation of ferrous iron increases and oxidation will occur.
Likewise, although iron may be transported in a soluble ferrous state
in acid -ao:lanic solutions, the contact of these solutions with neutral
or alkaline oxygen-besaa'ng waters will result in the immediate
oxidation of the ferrous iron.
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B. The oxides, hydroxides and oxyhydroxides of iron and their interrelationships
Since the work of Pourbaix (3), it has been the custom to
examine any system in the aqueous environment by the methods of dilute
solution thermodynamics and to represent these results in terms of an
Eh-pH diagram. Pourbaix (3) was dealing with the relatively simple
systems involved in extraction and corrosion metallurgy and there have
been fe-q attempts to examine the validity of these methods in the study
of the natural aqueous environment.
Adequate thermodynamic data for the iron-oxygen-water
system is available for the species : Fe2+, Fe(OH)-1- , Fe(OH)2c,
aq
a
3+ Fe(f OH
\2+
(
H)
)2
q, le OH)
Feaa
aq
2aq, Fe02aq, and HFe02aq. It is common practice
to regard Fe(OH) as thermodynamically identical to 0..Figure
Te203c*
30
1 shows an Eh-pH diagram for the iron-oxygen-water system for a total
soluble iron activity of 10-6. It is instructive to examine the
limitations and degree of usefulness of this type of diagram in
examining the chemistry of natural aqueous solutions.
Equilibrium
The law governing the thermodynamic treatment of the
system considered in these diagrams is the Law of Nass Action which
states that, at equilibrium, the rate of the forward reaction is equal
to the rate of the backward reaction, and that the equilibrium constant
is equal to the product of the activities of the reaction products
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divided by the product of the activities of the reactants. The Nernst
equation,
Eh = F° + (RT/nF)logQ
is developed on the assumption that equilibrium is reached. However
at the relatively low temperatures of the major part of the natural
aqueous environment, reactions, especially solid/solid and solid/ion
reactions, may not reach equilibrium due to kinetic effects. Michard (4)
pointed out that all redox reactions are very slow if one of the reactants
is in very low concentration. As an example he quotes the ferrous/ferric
couple, which is extremely slow at a ferric iron activity of less than
10 5, a figure many magnitudes greater than the dissolved ferric iron
activity in equilibrium with ferric oxyhydroxides. Michard (4) concludes
that such reactions will not reach equilibrium in the natural aqueous
environment. Furthermore a reaction will not reach equilibrium if it
is not reversible.
Concentration
The Debye-Huckel theory is based on the assumption that
strong electrolytes are completely dissociated into ions. Observed
deviations from ideal behaviour are then ascribed to electrical
interactions between the ions. This state is approached in extremely
dilute solutions, but as the concentration of electrolytes becomes
greater the electrolytes are by no means completely dissociated, and
the actual physical meaning of dissociation becomes confused. An
expanded Debye-Huckel equation for the activity coefficient of an ion
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takes into account the finite sizes of the ions. Figure 2 shows the
activity coefficient for ferrous ions in sodium chloride solutions,
calculated according to the first term of this equation. It can be
seen from this that the activity coefficient decreases very rapidly
after 2 sodium chloride concentration is reached. Arithmetically
this sudden decrease means that any small errors in an analysis of the
electrolyte solution are magnified in the estimation of the activity
coefficient. At 3°4 sodium chloride concentration, the approximate
concentration of seawater, the activity coefficient of ferrous iron is
0.2. It is therefore debatable if the Debye-Huckel theory is either
practically or theoretically applicable in extremely complex and
relatively concentrated solutions such as seawater.
Thermodynamic data
An Eh-pH diagram is only valid for those species
considered in its preparation. One of the problems when examining
more complex systems is the lack of thermodynamic data that are
available for some of the species that are known to be present. The
species considered in Figure 1 have been described above. Such
.o
undissociated dissolved molecular ferric
probable species as Fe(O
H)3aq'
hydroxide, have been disregarded in calculations because of a lack of
thermodynamic data. However solid ferric hydroxide is included even
though there is no evidence that such a species exists. Experiments
in this laboratory show that the primary precipitate from hydrolysis
of a ferric iron solution is always a ferric oxyhydroxide. This makes
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o
a considerable difference in interpreting this diagram, since AFFe(OH)
3c
-166.0kcal. (5) whereas 4F°Fe00H
-117.0kca1. (6), which means that
the field of soluble ferrous iron is very much reduced. (see Figure 1).
Furthermore the intermediate ferroso-ferric oxyhydroxides are not
considered in the above treatment.
However even with these enormous limitations the Eh-pH
diagram serves some useful purpose. For example, in the case of the
iron-oxygen-water system (Figure 1), it does demonstrate that ferric
iron is not soluble in most natural solutions, and that the form of
iron present in the major part of the natural environment, in the
absence of other important anionic species, is controlled by the
solubility of a solid ferric phase. Experimentally this phase is
shown to be a ferric oxyhydroxide, and this is concordant with the
theoretical conclusions if the data for goethite is substituted for
the hypothetical ferric hydroxide.
It is important from the point of view of an examination
of the formation of sulphides to establish exactly which members of
the ferric oxyhydroxide series are likely to be present in the natural
aqueous environment. This system has been studied in some detail by
Bernal, Dasgupta and Mackay (7) and Feitknecht and Keller (8). The
forms present in this system are shown in Table 1.
A free adaptation of the findings of Bernal, Dasgupta
and Mackay (7) which are pertinent to this investigation, together with
certain modifications discovered in this laboratory, is shown in Figure

3.
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TABLE 1
STRUCTURES AND COMPOSITIONS OF THE OXIDES,
OXYHYDROXIDES AND HYDROXIDES OF IRON

COMPOSITION

NAME

STRUCTURE

SPACE GROUP (7)

rA-Fe203

Hematite

Hexagonal

R3c

Fe304

Magnetite

Isometric

Fn3d (Inverse
Spinel)

)S-Fe203

Maghemite

Isometric

P2,3,P4,32,P4 2,2
(Spiel)

Fe0

Wastite

Isometric;
Tetragonal

ck-Te0OH

Goethite

Orthorhombic

,fi-Fe0011

Akageneite

Tetragonal

I4/m

?.-Fe00H

Lepidocrocite

Orthorhombic

CmCm

6-Fe0OH

No name

Hexagonal

-

Fe(OH)2

No name

Hexagonal

11m1

Fe(OH)3

existence doubtful

Variable

"Green runt 1"

Hexagonal

Variable

"Green rust 2"

Hexagonal

Fm3m
-

-
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a) "Green Rust 1"
Feitknecht and Keller (8) investigated the basic salts
of ferrous hydroxide and demonstrated that further oxidation of these
salts resulted in the formation of a dark green-blue material called
"Green Rust 1". The composition of this material varied between
,, 9 at
Fe;:
46Pe
g+
.9(00H
:
1 55(00H01)
,,C1; at 20% oxidation and
FF.95
4+ 4

57! oxidation. The basic chloride may be hydrolysed to the unstable
double hydroxide 4Fe(OH)2.Fe0OH, which may also be produced from a
sulphate solution. The material may be indexed on a hexagonal unit
cell, the dimensions of which vary according to the nature and origin
of the complex.

b) "Green Rust 2"
"Green Rust 2" was first reported by Bernal, Dasgupta
and Mackay (7). It was found to be intermediate to the formation of
lepidocrocite from "Green Rust 1" in sulphate solutions. It has a
hexagonal unit cell with ao = 3.17.E and co = 10.9R. This has been
confirmed through work in this laboratory, where it was also discovered
that "Green Rust 2" had the form of extremely thin hexagonal flakes and
could contain up to 73% ferric iron. X-ray powder diffraction analysis
showed 29 reflections which were equivalent to all possible calculated
reflections for an hexagonal space group with no extinction conditions.
The complete data for "Green Rust 2" are shown in Appendix 1. "Green
Rust 2" was found to be extremely stable compared to "Green Rust 1",
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and was not completely oxidised, even in contact with air, after a
period of one week.

c) Ferric oxyhydroxides
The orthorhombic ferric oxyhydroxides goethite
d..-Fe0OH and lepidocrocite, X-Fe0OH, are well known. However akageneite,
--11e0OH, which is tetragonal, has only been known since 1962 (9). Since
it may be synthesised by boiling a ferric solution containing chloride,
Mackay (9) felt that it might be present in certain natural
environments. A further form, S-Fe0OH, has only been identified as
a synthetic compound, and is hexagonal and highly magnetic. It is
formed when ferrous hydroxide is oxidised very rapidly by hydrogen
peroxide or ammonium persulphate. It is doubtful if such conditions
would occur in any natural environment.

d) Iron oxides
The end product of all transformations in this system
is one or more of the iron oxides, magnetite, Fe304, maghemite, cubic
f-Fe203, and hematite, hexagonal d-Fe203. All these oxides maybe
produced at 25°C. Although Bernal, Dasgupta and Mackay (7) considered
that heat was necessary for the lepidocrocite-) maghemite transformation,
I have succeeded in producing maghemite from "Green Rust 2", via
lepidocrocite, by air-oxidation and dessication at 25°C.
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The results of these studies have important implications
for the natural environment. At low temperatures the type of iron
oxyhydroxide or oxide formed indicates to a large extent the manner
of it origin. Thus if ferrous iron is precipitated as a hydroxide and
is oxidised and aged the intermediate phases produced include the
"Green Rusts", lepidocrocite and maghemite. At these temperatures,
phases such as lepidocrocite and maghemite are kinetically stable and
may be found as minerals. Burkin and Edwards (10) showed that the
oxidation of pyrite also involved a topotactic reaction forming
maghemite. However if ferrous iron is oxidised in solution the
resulting precipitate will include goethite and hematite as the major
pirlses. Akagoneite may be formed under special conditions. Although
the dehydration of 8-7e00H may lead directly to the formation of
goet7-'.te c hematite, and although6-Fe00H is formed from ferrous
hydroxide, the conditions of its formation are so divorced from any
that are known in the natural environment that, from a geological
point of view, this connection between the a- and c)
1.-. series may be
ignored. Thus there are two distinct series of transformations of iron
oxides and oxyhydroxides and the series which is followed depends
solely on whether the initial ferrous iron was oxidised in solution
or in a solid state.
In the discussion on soluble ferrous iron (Chap.l A)
it was shown that acid leaching of iron salts involves the formation of
soluble ferrous iron, Oxidation of this ferrous iron would lead to the
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formation of goethite and hematite. Likewise oxidation of dissolved
ferrous iron produced through submarine volcanic exhalations will lead
to the formation of these two minerals. However if the dissolved
ferrous iron meets an anoxic sulphide-free environment and is
precipitated as ferrous hydroxide, subsequent oxidation will lead to
the formation of lepidocrocite and maghemite. The oxidation of ferrous
salts such as pyrite through any solid state reaction will also lead
to the formation of this pair of minerals.
Thus in the normal erosion cycle, in the absence of
substantial concentrations of other anions, the major source of iron
that is available for sulphidation will be goethite, together with
minor amounts of lepidocrocite, and probable admixed traces of hematite
and maghemite.

C. Carbonates and silicates of iron
In particular environments in natural waters other
anions may become of substantial importance in controlling the chemistry
of iron. Because of the slow speed of many solid state transformations
at low temperatures and pressures, the importance of solid species
containing these anions may be out of all proportion to their real
abundance. For example, if, during an erosion cycle, siderite is
formed, it may be transported into an environment where it is
thermodynamically unstable but could still influence the chemistry of
sulphides through kinetic factors.
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Of the possible anionic radicles that affect iron in
the natural environment, apart from sulphide, carbonate is by far the
most important. The solubility of siderite is about 200 times smaller
than the solubility of calcite, and therefore water containing calcite
in saturation equilibrium contains 200 times less ferrous iron than
calcium in solution. The effect of carbonate on the iron chemistry
cannot of course be considered in isolation, but must be rommined as
it occurs in relation to the iron-oxygen-water system. The thermodynamic relationships in the iron-oxygen-carbon dioxide-water system
have been calculated by Garrels (5), who showed that if the activity
of total dissolved carbonate is less than 10-3, then siderite will form
-6
if the activity of the total soluble iron is less than 10 . These
figures are subject to the same limitations as the iron-oxygen-water
system especially since Carrels considers ferric hydroxide instead of
goethite. However even if these figures are regarded as orders of
magnitudes rather than absolutes they do indicate that a high dissolved
carbonate activity is necessary for the formation of siderite in
competition with a ferric oxyhydroxide, and that siderite will not
normally form in waters in which the sole source of carbon dioxide is
the atmosphere. It is worthwhile noting here that the common
assumption that ferrous iron is soluble as the bicarbonate is misleading
and incorrect, and that in the pH region of 8-11 several basic
carbonates of iron occur with very low solubilities.
The major sedimentary iron silicates are chamosite,
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glauconite and greenalite, although thuringite, minnesotaite and
stipnomelane may occur during diagenesis. There are no thermodynamic
data available for any of these minerals and Garrels (5) attempted a
rough approximation by considering data for the iron metasilicate,
FeSiO3. Data for the metasilicate were superimposed on data for the
iron-oxygen-carbon dioxide-water system and it was found that the solutions
need to be saturated with amorphous silica, with enough silica to
satisfy all the iron present before the metasilicate can form. It will
then precipitate under alkaline/reducing conditions.
Thus both ferrous carbonate and silicate may be formed
in the natural aqueous environment, but both will only form in unusual
environmnts. From the point of view of their importance as precursors
to sulphides it must be noted that although their stability fields tend
to be limited to reducing environments, they will only form where the
sulphide concentration is so low as to be virtually undetectable.
Therefore they can only act as precursors to sulphides where they are
transported, already formed, into an environment of sulphidation.

D. Other iron species and complexing
Stum and Lee (11) have studied in detail the process
of elation and other complexing phenomena as they affect the chemistry
of iron. Both ferric and ferrous hydroxo complexes have a pronounced
tendency to polymerise. The process consists of the formation of
dieters, which are hydrolyled to form additional hydroxides, which can
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ultimately form bridges and finally metastable oolloidal iron. hydroxo
polymers. Ultimately, insoluble precipitates are formed. Coagulation
and the formation of precipitates are more rapid in solutions of
electrolytes than in pure water. Inorganic complexes may be formed
by ligand exchange reactions. Of particular importance in this context
are the ferric phosphate complexes, Fe(HPO4)
-1- and Pe(HPO4)2, although
sulphato and chloro complexes may also be formed. Subsequent coagulation
of these complexes may result in the removal of the radicles from
solution. Use has been made of this process in the treatment of waste
waters for phosphate control. Insoluble inorganic iron phosphates such
as vivianite, are not formed until the total activity of soluble
phosphate is greater than 10 4.
Precipitates of ferric oxyhydroxide may contain
substantial amounts of mineral anions and it is complexing rather than
adsorption that is the main cause for their concentration. This
mechanism has been proposed for the removal of arsenic from lake waters.
(12)
Many organic bases form very strong iron complexes with
both ferrous and ferric iron and may possibly increase the solubility
of aqueous iron. However Duursma and Sevenhuysen (13) point out that
chelate-organic complexes have never been demonstrated to exist in
seawater. Work by Hem (14) shows that iron-tannin complexes only
become important at prohibitory tannin concentrations, such as those
that might be found on a forest floor in autumn. Waksman and Iyer (15,16)
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synthesised a lignoprotein complex which was similar to naturally
occurring soil humus. They also produced an iron complex of this
lignoprotein. Harvey (17) used this iron lignoprotein as a source of
iron for iHatoms, even though when added to seawater only 5% of the
material remained in solution. It seems that although some of this
complex contained bonded iron, most of the iron was only loosely
attached. (1) It is however possible that ferric oxyhydroxide sole are
stabilised and protected by organic compounds in waters rich in organic
matter.
Several microorganisms are instrumental in the
deposition of iron, apart from the sulphate-reducing bacteria. The
organic matter associated with the iron may be metabolised and the iron
orYhydroxide is left, or the iron may actually be involved in the
metabolism of the organism to an extent that exceeds normal amounts.
The best known genera are of the latter type and include Leptothrix
and Spirophyllum„ which derive energy from the oxidation of ferrous
salts such as siderite, and the stalked Gallionella which precipitates
iron in the stalks. They are normally found in swamps, pools and mineral
springs although Siderocapsa and Metallogenium have recently been found
abundantly in lakes (18).
Small amounts of iron are present in all organisms and
may be transported and deposited through the food chain. Such biological
materials as the metalloporphyrin proteins and the ferroheme proteins
are particularly involved in the transportation of iron. It is doubtful
whether iron in this form is available for sulphidation.

34E. Detrital iron-bearing minerals
Large concentrations of iron are deposited in the natural
aqueous environment as an essential constituent of such minerals as
pyroxene, amphiboles and micas. During transportation these minerals
may be transformed into iron-bearing clays. It is probable that these
mechanically and chemically resistant iron-bearing minerals do not
effectively contribute much reactive iron to the aulphidation
environments. The low temperatures and pressures and the relatively
low concentrations of sulphides species in the natural aqueous
environment prohibit rapid transformations of the resistates and
hydrolsates.

F. Evidence from the natural aqueous environment
As mentioned above, analytical techniques for the
determination of iron in natural waters are very uncertain and, of
the enormous amount of analytical data that exists, very little is
suitable for any rigorous interpretation. Hutchison (1), realising
these difficulties, came to the conclusion that iron is mainly present
as suspended ferric oxyhydroxide and Harvey (19) reached a similar
conclusion for seawater. Both authors indicated that a certain amount
of this suspended ferric oxyhydroxide is adsorbed on organic debris.
Since cationic ferric hydroxo complexes prevail in acid/neutral
solutions, positively charged ferric oxyhydroxide colloids are readily
adsorbed on the essentially negatively-charged surfaces of organic
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particles. These positively-charged particles are also adsorbed on the
surface of clays (20). Iron oxyhydroxides are also found on the
surfaces of living diatoms and plankton (17), as a minor element in
the biochemistry of all organisms and concentrated by a variety of
iron bacteria. In no case has this iron oxyhydroxide been crystallographically identified, but there is little doubt from experimental
evidence that this material is mainly goethite.
Hutchinson (1) also concludes that there are no
significant amounts of dissolved ionic iron in lumina Wm waters and
that ferrous iron occurs only in soil or sediment particles. However
in very acid volcanic lakes a much greater part of the iron is in true
solution.
The goethite that is supplied to the zone of suiphidation
in the sediment is not reduced and then sulphidised, as is often assumed.
Although the reducing zone in a sediment contains many organic reducing
agents, nearly all modern sediments also contain high concentrations
of sulphide in the same zone. In Part 2 it is shown that this has
been the case for the major part of biologically-active geological time.
Thus the form of iron that reacts with sulphide species
to form iron sulphides in the natural aqueous environment is mainly
crystalline goethite.
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SUMMARY
It can be demonstrated that the major source of iron
available for sulphidation in the natural aqueous environment is in
the form of an iron oxyhydroxide. It can be shown experimentally that
this iron oxyhydroxide is goethite, although minor amounts of other
oxyhydroxides and oxides may be present. Under unusual conditions
iron carbonate or silicate may form, or iron may remain in solution.
Various biochemical factors may assist in the deposition of ferric
oxyhydroxide. Because of the concomitant distribution of reduced
sediments, organic reducing agents and ionic sulphide species, the
goethite is sulphidised directly.
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CHAPTEH 2

THE CHEMISTRY OF SULPHUR IN AQUEOUS SOLUTION

The chemistry of sulphur is very complex. This has
led to an unfortuanate tendency amongst many students of sulphide
mineralogy of examining only tsulphide ions' in their quest for the
mechanisms and conditions of formation of iron sulphides. It is obvious,
for example, that since neither hydroxide nor hydrogen ions are involved
in the composition of any known iron sulphide, the appwrent effect of
pH variation on the type of iron sulphide produced must be indirect.
In other words the pH change must affect the nature of the iron and/or
sulphur species involved in the reaction. Chapter 1 was concerned
with the chemistry of aqueous iron leading to an elucidation of the
various iron phases that could be involved in the sulphidation reaction.
Chapter 2 is therefore concerned with a similar treatment of the problem
of the chemistry of sulphur in aqueous solution.

A. Theoretical examination of the sulphur-oxygen-water system
The Pourbaix treatment of the sulphur-oxygen-water system
suffers from similar limitations to those encountered in the ironoxygen-water system (Chap.1). However the examination of this system
maybe more rigorous because more accurate thermodynamic data are known
for the sulphur species concerned. However even though the species
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involved are all, except sulphur itself, dissolved ions at 25°C and 1
atmosphere pressure, the reactions to be considered are not necessarily
kinetically rapid and do not always lead to an attaining of equilibrium.

a) Sulphur
Sulphur occurs in a variety of forms which probably owe
their existence to the readiness with which the sulphur atom will form
covalent bonds with other sulphur atoms, in an attempt to complete the
3p Quantum group which contains 4 electrons in the ground state of
sulphur. At low temperatures the stable crystalline form is rhombic
sulphur, which consists of S8 rings. Rhombic sulphur transforms to
monoclinic sulphur with the same molecular structure, at 95.6°C.
There is a third unstable modification which contains S6 rings.
Monoclinic sulphur melts congruently at 119°C, and the liquid consists
of S8 rings which at 159°C are partially converted into high polymer
chains in dynamic equilibrium with the S8 rings. Sudden quenching
of this liquid will give metastable plastic sulphur which contains
these long chain moleoules. There are also a number of amorphous and
colloidal forms of sulphur whose characteristics depend on the degree
of dispersion. The commercial product 'flowers of sulphur', which is
formed by a sublimation process, was found to be rhombic sulphur by
x-ray powder diffraction analysis during this investigation.
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b) Reduced forms of sulphur
The most reduced forms of sulphur are the divalent
negative sulphide species. In aqueous solutions these are hydrogen
sulphide, H2S, bisulphide ion, HS, and the sulphide ion, S2-. Hydrogen
sulphide is a gas which is extremely soluble in water to the extent of
290 volumes per 100 volumes of water at 2000 and 1 atmosphere pressure.
The resulting concentration is about 0.1M. In solution it behaves
like a weak dibasic acid. The first ionisation constant,
H S = H+ + HS
2
is 1 x 10 7, and the second,
ES- = H+ + S21
is 1 x 10 4. The soluble sulphides are therefore very hydrolysed,
0.1N Na2S containing 0.085N OH.
Aqueous hydrogen sulphide is dominant in solution below
pH = 7, bisulphide between pH = 7 and pH = 14, and sulphide above pH = 14.

c) Oxidised forms of sulphur
The most oxidised sulphur species contain hexavalent
and the
positive sulphur, and consist of the sulphate ion, SO
4 '
bisulphate ion, HSO4. These, together with sulphur, hydrogen sulphide,
bisulphide ion and sulphide ion make up all the stable sulphur species.
An Eh-pH diagram showing the relationships between these species is
shown in Figure 4. Of particular note in Figure 4 is the confinement
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Equilibrium diagram for the sulphur-oxygen-water system.
Activities of sulphur-containing ions = 10-1, 25°C; 1 atm.
pressure. (Data obtained from (5) and (22)).
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of the field of elemental sulphur to acid solutions and the extremely
large stability field of the sulphate ion.

d) Intermediate sulphur oxyanions
It is found that when sulphur is heated in water the
S8 rings open and disproportionation reactions occur to form sulphide
and sulphur oxyanions. The sulphide then reacts with further sulphur
to form polynulphides by cleaving the S-S bonds. Hydroxide ions are
also able to cleave S-S bonds, although if bisulphide and hydroxide
are present, then bisulphide will be the attacking agent. When sulphur
disproportionates in aqueous bases to sulphide and a sulphur oxyanion,
the oxyanions formed depend on the base used and the temperature of
the reaction. e.g.
7.16:S8 + 4NaOH1000C
--I-) Na2S203 + 2NaHS + H2O
H2
1 N SO + 3NaHS + H2O
8S8 + 5NaOH 250-350 C./
a2 4

8

8 + 2Ca(OH)2 79-10-) CaS03 + Ca(ES)2 + H2O
2

Therefore intermediate to the formation of sulphate is the thiosulphate,
S203 . The high nucleophility of the hydroxide ion is well known but
not well understood. Possibly it reacts:
RS-SR + OH'

(RS-011) + RS-

3(RS-OH)

RSSR + RSO H
3
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Thiosulphate is metastable and solutions of thiosulphate
may be kept for a consid=sdnetime before decomposing. This decomposition
is catalysed by heat giving sulphate, or by acids to give sulphate and
sulphur. Thiosulphate forms complexes with many noble metals including,
especially, Ag; Au3+ ou+, Hg2+, Pb
In determining the oxidation state of sulphur, no
distinction is made between two sulphur atoms in the same compound,
even though there may be an extreme difference in their reactivities.
Thiosulphate has been prepared by the reaction between labelled sulphur
and unlabelled sulphite. If the thiosulphate is then taken through a
series of reactions, say oxidation to tetrathionate followed by hydrolysis
in acid solution, the products will be labelled sulphur and unlabelled
sulphate and sulphite. Thus the sulphur atoms which are not bonded
to oxygen do not exchange with those that are. Thus S-S bonds break
more readily than S-0 bonds (21).
A large number of complex thionate ions are known of
the type SnO6 , where n = 2 to 5. Among the most important of these
is the tetrathionate ion, S406, which is formed by the oxidation of
thiosulphate with ferric iron.
Figure 5 shows an Eh-pH diagram of the metastable
species in the sulphur-oxygen-water system prepared by excluding sulphate
ion. Polythionites are not considered in this diagram because of the
lack of good thermodynamic data concerning them. However this diagram
does include all the kinetically long-lived intermediate species of
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this system, and effectively accounts for many phenomena already known
experimentally. For example, it seems unlikely that sulphate is
reduced to sulphide without proceeding through a number of steps which
include sulphite and thiosulphate. Labelled sulphur work with the
sulphate-reducing bacteria demonstrates that, at least when
biochemically catalysed, this reduction includes the formation of
sulphite as a major kinetic step. This is important when measuring
the electrode potential of any sulphide-bearing solution, since the
couple being measured as the bisulphide/sulphate couple may in fact
be a mixture of one or more of the bisuiphide/thiosuiphate, ittiosulphate/
sulphite and sulphite/sulphate couples. In such a case the electrode
potential obtained may be a function of kinetic rather than thermodynamic factors, since the system being measured is not in internal
equilibrium.
The most interesting features of Figure

5

are the area

of metastability of thiosulphate and the expanded area of sulphur.
The stability zone of thiosulphate is coincident with the conditions
encountered in the natural environment. At the contact between the
sulphur, thiosulphate, hydrogen sulphide and bisulphide stability
fields, a small field of a polysulphide ion, Sg, occurs.

e) Polysulphides
As mentioned above, soluble sulphides react with sulphur
to form soluble polysulphide ions, S2-, where n=2 to 5 (22). Feher and
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Winkhaus (23) prepared H2Sn up to n=8. Feher and Laue (24) studied
the molar refractivities and densities of these compounds and demonstrated
that they possessed straight chain structures, e.g. H-S-S-S-S-H. These
polysulphides are highly coloured and solutions of sodium polysulphides
prepared in this laboratory were bright orange-red in colour.
Polysulphides are hydrolysed in solution to a far smaller
extent than the ordinary sulphides. For example, ammonium polysulphides
are stable at low temperatures, in contrast to ammonium sulphide.
Figure

6

shows the interrelationships of the polysulphide

ions on an Eh-pH diagram, prepared by excluding all oxygen-containin
species. Of note are the pH independence of polysulphide transformations
and the experimentally-confirmed observation that polysulphides are
decomposed by acids. Since this decomposition involves the formation
of both elemental sulphur and hydrogen sulphide, e.g.
Na2S2 + 2HC1 = 2NaC1 + H2S + S°
polysulphides can act as both oxidising and reducing agents.
Polysulphides can be synthesised by the reaction between
liquid ammonia and sulphur. Also the addition of amines to sulphur
may result in the formation of polysulphides, the amine being oxidised
to the thioamine. i.e.
H
R-CH -N-CH -R + 8
2
2

(25)
(RCH2-NH2-CH R)+HS2

46.

-100

-200

So

-300 -HiS

Eh
-400••

—5001-

s2-

HS-

3

-600-

s2

700
6

i0

12

14

16

pH

Figure 6. Equilibrium diagram for the metastable sulphuroxygen-water system, excluding all oxygen-containing
ions. Activities of sulphur-containing ions = 10-1;
25°C; 1 atm. pressure. (Data obtained from (5) and (22))

47.

According to Cloke (26) copper and silver are soluble as complex ions
2with polysulphides, in such forms as Cu(S4)2, Cu(S4)S3 and Ag(HS)S .

'

4

B. Factors affecting the form of sulphur in the natural environment
a) The effect of carbon dioxide on the sulphur-oxygen-water system
The major source of dissolved sulphide species in
sediments is the sulphide produced by sulphate-reducing bacteria details
of which are discussed in Part 2. However the fact that these bacteria,
on metabolising nutrients such as lactate, produce equal molar
quantities of carbon dioxide as sulphide is often overlooked. From a
direct mineralogical point of view this carbon dioxide production is
probably not of great importance, since it was shown in Chapter 1 that
siderite will not form in the presence of even small concentrations
of sulphide species. However this production of carbon dioxide may
have some indirect importance by modifying or reacting with the
bacteriologically produced sulphide species.
The reaction between carbon dioxide and hydrogen
sulphide is well known in certain microorganisms, especially the
sulphide-oxidising photosynthetic autotrophs. The overall reaction
performed by organisms of this type is
H2Saq + CO2aq

CHOOHaq + Sc

However this reaction has its equilibrium on the left-hand side because
of the very large 8F° of aqueous carbon dioxide (-92.31kcal), and the
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small negative or positive values of AF° of dissolved sulphide species.
As the carbon number of the organic product increases, the number of
carbon dioxide molecules required also increases, and since AF° for
aqueous carbon diolcide is large and negative, increasing complexity of
product results in the react:Ion equilibrium moving further to the left
hand side of the equation. Carbon bisulphide cannot form during this
reaction because of its large positive LF° (+15.20kcal).
The sulphide oxidising microorganisms are able to carry
out this type of reaction by the addition to the system of heat energy
accrued during photosynthesis. 6 to 9 quanta per molecule of product
are required, depending on the wavelength of the light used. Equilibrium
in such a system is rapidly reached, being catalysed enzymatically.
The theoretical conclusion that no reaction occurs
abiologically was confirmed experimentally; an extensive literature
search revealed no previous experimental examination of this system.
Carbon dioxide gas was blown through an agitated sealed vessel
containing molar sodium sulphide and oxygen-free nitrogen. Using a
chart recorder variations in Eh of the system were recorded over a
period of two days. All the carbon dioxide gas dissolved in the final
solution was reclaimed by gravimetric analysis using strontium chloride.
However, the experiment was accompanied by a change in
pH from +14 to 10 and a rise in Eh from -570mV to -550mV. These
changes were caused by the adsorption of carbon dioxide into the
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solution forming carbonate and bicarbonate ions, and the subsequent
change in pH causing a change in Eh. The effect of carbon dioxide was
therefore to alter the pH and thereby effect a transformation of the
couples producing the Eh. Since the activity ratios of the dissolved
sulphur species are nct unity it is impossible to predict precisely
which redox couples were operative. However it is known definitely
that a change from sulphide ion at pH = 14 to bisulphide ion at pH =10
does occur.
Because of the delicate interrelationships of the various
sulphur species, especially in those areas coincident with
environments where most of these bacteriological reactions occur
(Figs.

5 and 6, pH . 7-9, Eh = 0- -400mV), small variations in pH,

such as that caused by the production of carbon dioxide, may cause
major changes in the nature of the sulphur species present in the
solution.

b) Factors affecting the formation of metastable sulphur species
The difficulties involved in developing analytical
methods to investigate trace amounts of dissolved metastable sulphur
species in natural solutions mean that there is an almost complete
lack of direct data on the presenee or absence of these species in
the natural environment. One of the very few attempts has been made
by Volkov and Ostroumov (27). These authors examined the distribution
of thiosulphate in the interstitial waters of the Black Sea sediments,
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and the sulphite and thiosulphate concentration of the Black Sea itself.
They found up to lOmel thiosulphate in the interstitial waters and
found it to be particularly concentrated in the continental slope
sediments. In the seawater itself up to 2.85mg/1 sulphite and
thiosulphate was detected. They found that the concentration of
thiosulphate was directly proportional to the concentration of sulphide
species. How far their analytical methods could distinguish between
thiosulphate and the polythionates is unknown, but these analyses do
prove that sulphur species of intermediate oxidation state can exist
in natural solutions.
They may be present either because they are slow to
decompose under the conditions prevalent in this environment, or
through a process of continuous regeneration. Although under
laboratory conditions thiosulphate, sulphite or even polysulphides may
remain for some weeks before decomposing, it seems more probable that
the existence of such species in the natural environment is caused by
some process of continuous regeneration. In other words reactions must
be proceeding in which these compounds are products.
It is known that the sulphur of metal sulphides (e.g.
pyrite, pyrrhotite, chalcopyrite) is not converted in a single step
to sulphate, but follows through a series of reactions in which the
first product is thiosulphate, this being further oxidised to thionates,
which in turn are oxidised to sulphate (28). The factors affecting the
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rate of this oxidation are temperature (thiosulphate is preserved at
lower temperatures), oxygen fugacity, concentrations of reactants in
solution, agitation and size of pnrticles. Cupric ions catalyse the
thiosulphate breakdown.
Listova (29) demonstrated that the oxidation of galena
resulted in the increased solubility of lead over that which should
occur through equilibrium with the solid products, through the
formation of lead thiosulphate complexes such as (Pb(S203)
2)
2 and
(Pb(S203)
3)
4 . It has also been proposed that thiosulphate complexes
may be implicated in the solution transport of such metals as gold and
lead (30).
Therefore it seems probable that oxidation of sulphides
is the mechanism by which thiosulphate and other intermediate oxyanions
of sulphur are produced in the natural environment.
Apart fron a reference in a paper by Baas Becking (31)
to thiosulphate in a black mud, and a note on the sulphur oxyacids
in mineral springs by Clarke (32), the only other attempt to
investigate the distribution of these compounds - in sulphur-rich
lakes - was unsuccessful (33).
Although there is little evidence for the presence of
polysulphides in natural solutions, there can be little doubt that
they are formed. Elementary sulphur is an ordinary minor constituent
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of organic reduced sediments (33), and is often associated with
bisulphide ions. In the laboratory such an association results in the
formation of polysulphides. The possibility that certain organic
compounds may catalyse this reaction adds further to the circumstantial
evidence for their widespread presence. Cloke (26) proposed that
polysulphide complexes of metals such as copper and silver would
facilitat solution transport of these metals. The delicate nature of
these complexes would mean that reaction with silicate rocks or
limestones (pH change), black shale (Eh change), or ferruginous rocks
(oxidation by ferric iron) would result in the precipitation of these
metal compounds, and would explain the common association of these
elements in ore deposits associated with these rocks.
Finally it is possible that certain sulphur bacteria
may be involved in the formation of dissolved metastable sulphur species.

SUMMARY

The sulphur-oxygen-water system is extremely complex
and although few members of this system are thermodynamically stable,
metastable forms such as thiosulphate and polysulphides are probably
commonly present in natural solutions, through a process of continuous
regeneration. The formation of these species may be biochemically
catalysed. Their importance in the chemistry of the iron sulphides
is probably far greater than their abundance at any one time in any
particular environment.
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The sulphur-oxygen-water systath ie extremely sensitive
to small pH 'change, especially under those conditions where sUlphide
formation is prevalent, and any electrochemical examination of the
sulphur in such an environment cannot be treated-rigorouslyi
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CHARIER. 3

THE CHEMISTRY OF ME IRON SULPHIDES

The iron sulphides are the most abundant of the sulphide
minerals and occur in large bodies or veins of hydrothermal origin,
as primary and secondary minerals in igneous and metamorphic rocks and
as an important accessory of many ancient and modern sediments. Apart
from their obvious economic significance they are of importance
geologically as environmental indicators and as centres of high chemical
activity.
The last attempt to produce a coherent study of the
chemistry of iron sulphides was made by Allen, Crenshaw and Johnson in
1912 (34). X-ray analysis and advances in the methods of chemical
investigation of natural materials have lead to the discovery of a
number of new iron sulphide minerals, apart from pyrite, pyrrhotite
and marcasite, within the last decade. These new minerals include
griegite, smythite and mackinawite, all of which are probably very
wielespread in the natural environment and all of which are stable at
low temperatures.
This chapter is concerned with applying the knowledge
accrued during the investigation of the chemistry of iron and sulphur
to the iron-sulphur system in order to produce a modern cohesive
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interpretation of the chemistry of iron sulphides at low temperatures
and pressures.

A. The iron sulphide minerals
a) Pyrite
Pyrite is the most common iron sulphide mineral and it
occurs as low temperature precipitates in sediments and, from a higher
temperature origin, in metamorphic and igneous rocks and hydrothermal
veins. Pyrite is cubic and non-stoichiometric. Its general formula is
FeS2 but it may show either p-type or n-type non-stoichiometry, although
it has been suggested that the purity of many analysed samples is
doubtful and that pure pyrite has an iron:sulphur ratio of 1:2 (35).
Minor element analyses have been reported for pyrite
but errors often arise through the inclusion of other base metal
sulphides in the analysed specimens. However it is probable that small
amounts of copper, lead, zinc and arsenic may be present in pyrite in
solid solution. Gold, manganese, silver, titanium, vanadium and
thallium have been detected in pyrite in minor amounts.
The iron in the pyrite structure can be replaced by
nickel or cobalt, and specimens with a substantial amount of nickel
or cobalt are called bravoite. There is no continuous solid solution
between pyrite and vaesite (NiS2) or pyrite and cattierite (CoS2).
Selenium and tellurium may both substitute for sulphur in pyrite.
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b) Marcasite
Marcasite is the orthorhombic dimorph of pyrite. Like
pyrite, marcasite has a formula approaching FeS2 and may contain a
variety of trace elements. In particular, thallium is concentrated
in marcasite rather than pyrite. (36). Unlike pyrite marcasite does
not occur as a primary mineral in magmatic rocks, but is found in
sediments and hydrothermal veins, usually under low temperature
conditions.

c) Pyrrhotite
Pyrrhotite is an iron-deficient ferrous sulphide. It
possesses a defect structure from which ferromagnetic properties and
deviations from a. simple hexagonal unit cell arise. Stoichiometric
ferrous sulphide is non-magnetic, mainly occurring in meteorites, and
is known as troilite. Grf‘invold and Haraldsen (37) made a detailed
study of synthetic pyrrhotite over a range of compositions and
temperatures. At room temperature three phases are possible:

Fe0.935
-Fe
0.900 (intermediate hexagonal pyrrhotite)'Fe1.00 (hexagonal
pyrrhotite or troilite), Fe0.875 (monoclinic pyrrhotite). Hexagonal
pyrrhotite is transformed to intermediate pyrrhotite at 138°C. At
high temperatures another hexagonal phase is formed, which may be
retained at low temperatures if cooled rapidly, and which may give
the intermediatepyrrhotite structure with a composition outside the
Fe0.93)
=Fe
0.900 intermediate pyrrhotite range. Details of the
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compositions and structures of these pyrrhotites together with four
others with more complex cells are shown in Table 2.

TABLE 2
STRUCTURE AND COMPOSITION OF SYNTHETIC AND NATURAL PYRRHOTITES

SYMMETRY

COMPOSITION

Fe0.875S

MonoclinicPseudohexagonal
Hexagonal [Pb/mcm]

0.935S "intermediate"
pyrrhotite

FeS

Monoclinic [02/c]

Fe0.875S

Hexagonal [C6/mmc]

"monoclinic" pyrrhotite

Fe0.900-Fe

Hexagonal [C62c]

Hexagonal [P6322]

NOTES

troilite

(37)
(37)
(39)
(39)

0.975-Fe1.0005

(38)

Fe

FeS

REF.

synthetic

(40)

Arnold (41) considered the compositions and structures
of 82 natural pyrrhotites on a world-wide basis. He found that 73%
were two-phase mixtures of intermediate and monoclinic pyrrhotites,
13% were pure intermediate pyrrhotite (Fe = 8.1 - 47.5%) and 9% were
monoclinic pyrrhotite (Fe = 46.5%); 5% were mixtures of hexagonal and
intermediate pyrrhotites.
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From density measurements it is apparent that the nonstoichiometry of pyrrhotite results from the presence of iron
vacancies rather than from a replacement of some iron by sulphur. The
extent and ordering of these vacancies result in the formation of the
variety of superstructures exhibited by these phases.
Relatively high concentrations of nickel and cobalt
have been reported in pyrrhotites, but the common presence of
pentlandite in pyrrhotites often mnke these analyses unreliable.
Manganese, copper, and zinc may also substitute for iron in pyrrhotite
in small amounts. Anomalous values are probably caused by the presence
of other base metal sulphides in the analysed specimens.
Although it has been suggested that at temperatures
less than 360°C, Fe7S8 is the maximum limit of non-stoichiometry for
pyrrhotite (37), several analyses have shown a greater deviation from
stoichiometry (e.g.41).
Fleischer (42) has summarised the data on trace element
contents of pyrite, marcasite and pyrrhotite.

d) Smythite
The mineral smythite, first reported by Erd, Evans and
Richter (43) from Indiana, U.S.A., has the formula Fe3S4. Smythite is
rhombohedral and ferromagnetic and has a similarity to pyrrhotite in
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that the unit cells of the two minerals have similar ao values, and co
of pyrrhotite is six times that of smy-thite. The smythite was found
in a quartz geode and was associated with calcite, dolomite, barytes and
quartz, Fluid inclusion studies on the closely associated caldite
indicate that the smythite was formed at a temperature of 25-400C,
Smythite has also been reported as occurring in the carbonate gangue
of Kimmerian sedimentary iron ores of the Kerch Peninsular U.S.S.R. (44).
The optical similarities of smythite and pyrrhotites
have lead to mistaken identifications in the past and it is possible
that smythite has been often overlooked. A comparison of the smythite
and pyrrhotite optics is given in Table

3.

e) Griegite
Griegite, Fe3S4, is apparently a cubic dimorph of smythite.
It was first described from a Tertiary lacustrine sequence in the U.S.A.
by Skinner, Erd and Grimaldi (45). It is a thiospinel of iron and is
highly ferromagnetic. It has been reported as occurring in the Kimmerian
sedimentary iron ores of the U.S.S,R. where it is associated with ferric
oxyhydroxide (46).
It is probably identical with the highly magnetic iron
sulphide synthesised by many investigators in the past (e.g.

47, 48).

It has recently been found in modern muds, occurring as
cell fillings of vascular plants and as concretions (49).

TABLE 3
REFLECTED LIGHT CHARACTERISTICS OF THE IRON SULPHIDES AND RELATED MINERALS

CHARACTERISTIC PYRITE
COMPOSITION

FeS
2

MARCASITE PYRRHOTITE SMYTHITE MAGNETITE GRIEGITE MACKINAWITE VALLERIITE
FeS
2

Fe S
1-x
Fe3S4
(x*0-0.125)
.

STRUCTURE

ISOMETRIC ORTHORHOMBIC

HEXAGONAL orRHOMBOMONOCLINIC HEDRAL

REFLECTIVITY
Air( 589nm. )

Rn 53-56? Hp 47%
Rg 49%

RP 37%
Rg AS

Rp 26.0
Rg 34.5

235-365
at 180g

UNKNOWN

k
VICKERS
HICROHARDUESS

1190760-1560
1840 at at 100g
1002.

Pe304
.

ISOMETRIC ISOMETRIC TETRAGONAL

4

PINKISH
CREAM

-

IMUOTROPY

-

=AIR

DISTINCT

DISTINCT

Rp 22.7%
Rg 45.01

RP = 10
Rg = 19%

490-660
at 100g

263-299

50 at 15g.

389-441
.

DARK GREY PALE CREAM PINK to
GREY
•

DISTINCT

-

-

STRONG

STRONG

PINK to
GREY
..

-..

STRONG
.

.

.STRONG

HEXAGONAL

Rn 17-18% Rn 38.543.6%

k

PLEOCHROISM
in air

CuFeS2 + 401 Me,
A1203 H2O (52).

FeS
1-x
,

t

COLOUR in air YELLOWISHYELLOWISH,. PINKISH
in white light WHITE
OBEENISH CREAM
WHITE
1

F
e3S4

STRONG

STRONG
-

-

1 STRONG

61.
Its fine-grain size and its oxide-like character in
reflected light microscopy (see Table 3) have probably meant that it
has been overlooked in many localities.

f) Mackinawite
Milton and Milton (50) described the occurrence of a
sulphide mineral. apparently valleriite, from the Mackinaw mine,
Washington, U.S.A. Subsequent electron probe microanalyses of this
phase showed it to be copper-deficient, and its composition to approach
FeS (51). This new phase was described as mackinawite in 1964 (52).
It is a tetragonal sulphur-deficient ferrous sulphide, FeS, but
difficulties arise in attempting to propose its exact range of composition
because of its ability to take up large amounts of nickel and cobalt
into its lattice. It has been described from the Outukumpu mine in
Finland (53) with a formula of (Fe0.91Ni0.13Co0.07)S. However
mackinawite has been shown to be identical with many pure ferrous
sulphide phases that have been synthesised in the laboratory. Kansite,
so-called 'cubic Fe9S81 , was first described from a sulphide corrosion
product of steel pipes from a sour crude oil well in Kansas (54), but is
now accepted as being identical to mackinawite. The tetragonal iron
sulphide synthesised by Berner (55) has also been shown to be
Tmckinawite.
The generally similar optical properties of mackinawite
and valleriite (see Table 3) have led to a reappraisal of the actual
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distribution of valleriite in deposits. Takeno (56) states that
whereas mackinawite is now apparently extremely common, valleriite
is rare in comparison and has only been publicly authenticated from
three localities (Loolekoop, South Urica; Kaveltorp, Sweden; Muskox
intrusion, Canada).
Mackinawite has also been identified as one of the
major constituents of the black iron sulphides of recent muds (57).

g) Discredited mineral species
Much confusion exists in the literature through the
use of names which describe mineral associations rather than discrete
compounds. For example, 'melnikovite', although used by various
Russian authors as a synonym for griegite, is generally described
as a black hydrated ferrous sulphide occurring particularly in
sediments. However its main constituent has been shown to be
mackinawite (57) and there is no chemical or crystallographic evidence
for the existence of melnikovite as a discrete mineral species. An
attempted synthesis of melnikovite by Lepp (48) resulted in the
formation of a mixture of griegite and mackinawite. The sipilar term
ihydrotroilitel, first coined by Doelter (58), is also invalid as a
description of a mineral species.
This black iron sulphide commonly found in recent
sedirents or prepared experimentally, is also referred to as
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!amorphous iron sulphide!. Apart from the fact that most of the
material to which this name has been applied has been shown to be
crystalline (57), analogy with other metal sulphide systems indicates
that it is highly improbable that any amorphous iron sulphide exists.
!Kansitel and !tetragonal FeS' are both identical with
mackinawite.

h) Synthetic phases
Until the present study, all the well-proven phases
in the iron-sulphur system had been found in the natural environment.
However during this investigation a monoclinic ferric sulphide has
been established as a distinct compound (see below).
During this study the addition of a concentrated
solution of sodium polysulphide to a solution of 0.1K ferrous sulphate
resulted in the formation of a highly magnetic stable black compound
when performed at a pH above 14. This material is thought to be a
sodium ferrous polysulphide and was distinguished as a distinct phase
by x-ray analysis. The x-ray data for this material are similar to
that given by Erd, Evans and Richter (43) for a compound they
synthesised at a similar pH. Both sets of x-ray data are given in
Appendix 2 for comparison.
Finally, there are. pogaibly a large number of more
complex iron sulphides, but only ferric ammonium sulphide has been well
established (59).
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B. Ferric Sulphide : preparation and properties
Since the first decade of the nineteenth century various
investigators have claimed to have synthesised a sulphide of ferric
iron. However the question whether the product obtained during these
syntheses was a ferric sulphide or mixtures of other iron sulphides,
oxyhydroxides and sulphur has been the subject of much discussion.
The early work on this subject has been summarised
by Mellor (60), In 1924, Jellinek and Gordon (61) claimed not only
to have synthesised ferric sulphide but also to have determined its
solubility product. This figure, even though it is included in many
modern reference books (e.g. 62), was calculated by electrometric
methods which must give rise to the gravest doubts about its validity.
Pearson and Robinson (63) and Griffith and Morcom (64) synthesised
a phase they called ferric sulphide from the reaction between a ferric
oxyhydroxide and hydrogen sulphide. Taran (65) claimed that ferric
sulphide existed in two modifications, c.- and

g- ferric sulphide, but

neither he nor any of his predecessors produced or attempted to
produce any x-ray or electron spectra analyses in support of their
contentions. The difficulties and complexities of the iron-sulphur
system make it impossible to positively identify any ptse in that
system without recourse to such physical methods, particularly when
dealing with precipitates where ferric iron may be associated with
one or more of the ferrous sulphides, ferric oxyhydroxides or sulphur.
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Using x-ray and Mossbauer analyses, Boemm and Flaic (59)
demonstrated that a ferric ammonium sulphide could be synthesised by
the addition of bisulphide to an ammoniacal solution of ferric tartrate.
This ferric sulphide lost ammonia when heated above 13000 and decomposed
to ferrous sulphide at 150°C. Between these two temperatures it was
claimed that a simple ferric sulphide was formed.
Independently of this, experiments were proceeding in
this laboratory on the chemistry of the iron sulphides. During these
experiments a monoclinic ferric sulphide was synthesised and
investigated and was shown to be completely different from the
material synthesised by Boemm and Flaic.

a) Experimental methods
The first indications that a ferric sulphide might
exist cane during electrochemical titrations between solutions of
sodium sulphide and ferric chloride. Using a platinum electrode in
conjunction with calomel-KC1 reference electrode and an agar-KC1
bridge, the Eh of the titration of molar sodium sulphide against
0.1M ferric chloride was observed. All reagents were of analytical
grade.
Sodium sulphide was added very slowly and the mixture
was continuously stirred, stirring being arrested during measruement
to reduce spurious electromagnetic effects. The calomel-KC1 reference
electrode system was calibrated against Zobell's solution (66).
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b) Results
The results are shown graphically in Figure

7.

The

first product in all titrations where sulphide was added to a ferric
solution was poorly crystalline goethite. A small increase in
hydroxide ion concentration over the relatively acid pH of the ferric
chloride solution is enough to start the olation and complexing
phenomena that bring about the rapid precipitation of goethite in
solutions of electrolytes. This precipitate was identified by means
of x-ray powder diffraction analysis.
During the titration, a drop in Eh was observed (+700
to +200mV) at an iron:sulphur ratio of approximately 2:3. This
titration was repeated several times and the iron:sulphur ratio of
this Eh drop was found to vary up to 2:3.4, being dependent on the
rate of addition of sodium sulphide. Continued addition of sodium
sulphide resulted in a further Eh drop (-200 to -400mV) at an iron:
sulphur ratio of approximately 1:5. Further addition of sodium sulphide
did not produce any large changes in Eh.
The experiment was repeated using a pH electrode. At
an iron:sulphur ratio of 2:3 a pH rise was observed from pH = 2 to

4.

However at an iron:sulphur ratio of 1:5 the pH titration disclosed
an even larger change from pH =

7 to

11.4. Further addition of

sodium sulphide did not change the pH. This was due in part to the
lack of sensitivity of the glass electrode at these pH values.
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The pH titration was repeated but after an iron:sulphur
ratio of 2:3 was reached, sodium hydroxide was substituted for sodium
sulphide. An identical form for the titration curve was produced,
including the large discordancy at pH = 7. Therefore this discordancy
was independent of sulphide concentration and only dependent on pH.
A third titration was performed using a silver-silver
sulphide electrode in conjunction with a calomel-KC1 reference electrode
and an agar-KC1 bridge. No change in E was observed until the iron
sulphur ratio reached 2:3, which implies that the added sulphide ions
were being removed from solution. At an iron:sulphur ratio of 2:3
an inflexion was observed in the titration curve. By graphical
methods it was shown that the logarithm of the added sulphide
concentration was directly proportional to the electrode potential
for this region of the curve (see Figure 8). According to the Nernst
equation
- (RT/nF)logQ.
At 25°0, 2.303RT/F = 0.0591, and the change in E is proportional to
the change in sulphide activity. The concentration changes from
about 0.1M to about 0.2M during the addition of sodium sulphide, and
over this range the change in activity coefficients will be saga'.
Thus E is proportional to the sulphide concenLration so that
E = E° - 0.059/n log(S2-)
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The reaction for the Ag/Ag2S/S2 half cell is
Agg + 2e = 2Ag + S2-

(67)

so that n . 2. Since E is constant a graph of E against sulphide
concentration will have a slope of 0.0591/n, i.e. 0.0295 were n =2.
This compares very favourably with the experimentally determined
value of 0.03 (Figure 8).
Thus the silver-silver sulphide electrode was recording
only the addition of sulphide from the point in the titration where
the iron-sulphur ratio was 2:3, and therefore this point: must coincide
with the end-point of a precipitation reaction.
This region of the curve over which one gets agreement
with the Nernst equation ended at a variable point with a sharp
discordancy, indicating a sudden release of sulphide ions into the
solution. The variation in this discordancy is controlled by kinetic
factors, since it was found that the rate of addition of sodium
sulphide and the time taken before measurement could vary both the
size and position of the drop in E. This sudden drop was reflected
in the Eh and pH curves as a slight inflexion. A further drop in E
was observed at pH =

7.

c) Discussion
Figure 9 shows the path of the Eh/pH titrations plotted
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on a Pourbaix diagram for the iron-oxygen-sulphur-water system at a
total activity of dissolved iron of 10 1M and of dissolved sulphur
of 10 1M. These conditions approximate to those encountered in the
experiment. The precipitation at an iron:sulphur ratio of 2:3 falls
well within the stability field of ferric species, at a far higher
Eh than any known sulphide, oxide or oxyhydroxide oX ferrous iron.
This dark greenish-grey precipitate is ferric sulphide.
The electrochemical titrations revealed the limited
stability area of ferric sulphide in sulphide solutions. The
variable sharp drop in E (+250 to +30mV) which coincided with the
inflexions in the Eh and pH curves, indicates a sudden release of
sulphide ions into solution. X-ray evidence (described below) shows
that the material prior to this discordancy is a mixture of ferric
sulphide and rhombic sulphur, whereas the material left in the
precipitate after this point is a very fine-grained mackinawite. No
sulphur was discovered admixed with the mackinawite, and therefore
the release of sulphide ions into solution is caused by the reaction
between sulphur and sodium sulphide with the possible formation of
polysulphide ions and coinciding with the decomposition of the ferric
sulphide.
At pH=7, the dominant dissolved sulphide species changes
from hydrogen sulphide to bisulphide ion, resulting in a change in
redox couple and causing a change in Eh, pH and E.

73d) The stability of ferric sulphide
Attempts were made to remove the sulphur from the
ferric sulphide precipitate. Ferric sulphide was heated in an
evacuated sealed tube in such a way as to set up a thermal gradient
along the length of the tube from 100°C to 25°C. After a period of
20 days the sulphur was deposited at the cool end c the tube.
Analyses of the material left showed it to be fine-grained mackinawite.
The ferric sulphide-sulphur precipitate was dried by
alcohol-ether filtration and by evacuating in a vacuum dessicator.
Since the pressure reached by the pump was lower than the vapour
pressure of sulphur at 25°C, the sulphur was removed and the ferric
sulphide decomposed to a very fine grained ferrous sulphide, which
was tentatively identified as mackinawite.
Thus ferric sulphide requires a certain activity of
sulphur to retain any degree of stability. When this sulphur activity
is reduced, by physical or chemical means, ferric sulphide decomposes
further, according to Le Chatelierls principle, producing more sulphur
and ferrous sulphide:
(Fe2S3)

2FeS + S°

Continuous removal of the sulphur will result in the complete
decomposition of the ferric sulphide, the product being mackinawite.
This is in agreement with a property of the material synthesised by
Pearson and Robinson (63) who commented on the protective nature of
sulphur in the preservation of ferric sulphide.
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Ferric sulphide can therefore only exist in the presence
of sulphur and its stability will be limited to those conditions under
which sulphur can exist. Theoretically this would mean that ferric
sulphide could not exist in solutions of neutral and alkaline pH,
but in practice sulphur may be found existing metastably under a
variety of conditions.
The material synthesised by Griffith and Morcom (64)
also decomposed in the presence of excess sulphide and more slowly
in sulphide-free alkaline solution, with the formation of 'precipitated
ferrous sulphide'. However although these authors claimed that ferric
sulphide oxidised to lepidocrocite and sulphur in aqueous suspension
and to goethite when dry, the ferric sulphide synthesised in this
laboratory gave goethite under both conditions.

e) Electron spin resonance spectra of ferric sulphide
Dr. J. F. Gibson investigated the E.S.R. spectrum of
ferric sulphide and compared it with that given by ferrous sulphides
and a mixture of goethite and sulphur. The ferrous sulphides, pyrite
and synthetic hexagonal pyrrhotite, were highly absorbent of microwaves independent of field. However, in contrast, the spectrum of
ferric sulphide was a single broad line (AH1 = c.800gauss) easily
observed at room temperature and with a g value of 2.16. This
spectrum is typical of a highly covalent ferric compound. The
spectrum from the goethite-sulphur mixture was also a single broad
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line but with a noticeably lower g value of 2.11.
These data are in agreement with the theoretical
calculation based on the assumption that the iron-sulphur and ironoxygen bonds in these compounds were of the ionic-covalent resonance
type. Applying the Pauling equation

I=1_
where I is the ionic fraction of a single bond between two atoms
a and b with electronegativities xa and xb, to a ferric-sulphur bond,
I = 0. This value is noticeably different from that for a ferricoxygen bond where I =
This data is compatible with the evidence from the
electrochemical titrations that the compound synthesised during this
experimentation is a ferric sulphide with an iron:sulphur ratio of
2:3.

f) X-ray analysis of ferric sulphide
The x-ray powder diffraction analysis of ferric
sulphide was carried out bgr sealing a mixture of a suspension of
ferric sulphide and sulphur into a 0.3mm bore Lindemann glass capillary
and examining this sample in Co-Kek. radiation. This method of analysis
had to be employed because of the rapid oxidation of ferric sulphide
on exposure to air, and also because of the difficulties involved in
preserving ferric sulphide during any rigorous drying.
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The difficulties in interpretation of the results were
enhanced by the fact that some fifty reflections were recorded from
the admired rhombic sulphur. It was therefore difficult to isolate
fertic sulphide reflections at high angles.
However by firstly taking reflections at low angles
which were distinctive from any possible sulphur reflections, it was
possible to isolate sixteen reflections for ferric sulphide itself.
It was discovered that these were not comparable with any known
compound, but that they could be indexed on a monoclinic unit cell with
8.9138, bo = 8.8658, co

ao

7.267R and A = 112.54°
. There were

no extinction conditions for this set of reflections. The calculations
were performed by Mr. M. T. Frost with the assistance of a computer
programme that indexed valid reflections, calculated 2e and d values.
By recycling these values through a correction procedure based on a
least squared method, the cell size was calculated which fitted most
closely to the observed data. The results are shown in Table 4.

TABLE 4
X-RAY DATA FOR FERRIC SULPHIDE (CoKd.radiation with
Fe filter)
hkl
101
110
011
101
210
030
102
103

dR(calc) d2(abs) I(obs)
6.58
6.03
5.35
4444
3.73
2.96
2.76
1.976

6.59
6.06
5.39
4.44
3.73
2.96
2.76
1.978

4
5
1
9
10
1
.2
1
1
2

hkl dR(calc)
113
042
123
322
223
104
440
511

1.929
1.849
1.805
1.677
1.595
1.533
1.508
1.454

d1(obs) I(obs)
1.919
1.846
1.804
1.673
1.601
1.534
1.508
1.454

1
2
1
1
1
1
2

1
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Attempts to discover the density of ferric sulphide
failed because of the admixture of an unknown quantity of sulphur,
which, if removed for analysis, caused the ferric sulphide to
decompose further. Thus the formula per unit cell could not be
calculated.

g) Conclusions
Ferric sulphide has been isolated and positively
identified as a distinct phase. Its composition is Fex Sy where x
and y are unknown but where x:y = 2:3. It requires a certain gmtivity
of sulphur to exist, and as this sulphur is removed it decomposes
to a ferrous sulphide, which in certain instances has been
identified as mackinawite.
The ferric sulphide synthesised in these experiments
is a crystalline phase. It is monoclinic with ao = 8.9138,
bo

8.8658, co = 7.2678 and ,8 = 112.54°.
Circumstantial evidence indicates that this compound

is identical with the much discussed 'ferric sulphide' of earlier
authors, especially Pearson and Robinson (63) and Griffith and Morcom
(64).

78.
C. Mechanism of the sulphidation of goethite
The reaction between sulphur species and ferric oxyhydroxides, especially goethite, has been shown to be the major source
of iron sulphides in natural environments. Experiments were performed
to examine the kinetics and mechanism of the sulphidation of goethite
at 25°C and 1 atmosphere pressure.
The reaction between goethite and dissolved sulphur
species is a heterogemious. reaction. The factors affecting the reaction
rate are therefore the concentration of soluble reactants, the area
and nature of the solid surface, and the rate of agitation or the rate
of transport of soluble reactants to the solid surface and the rate
of removal of soluble products from the surface. Since the reaction
may be partially or wholly transport-controlled by the rate of transport
of soluble reactants and products to and from the solid surface, the
conditions of agitation must be kept constant throughout the
experiments, or the stirring rate must be so large that any increase
has no effect on the reaction rate. During these experiments the
stirring rate was kept high and constant.

a) Etnerimental method
In a heterogeneous reaction the activity of the solid is
a function of its surface area. In these experiments the synthetic
goethite was a uniform product. It was prepared by the addition of
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sodium hydroxide to ferric chloride at pH = 9, and subsequently
heating the product at 10000 for 72 hours. The goethite suspension
was then diluted and stirred rapidly as identical aliquots were
dispensed by pipetting. Part of the goethite was subjected to x-ray
analysis which showed it to be well-crystalline and to contain no
contaminants.
The rate of reaction was measured throughout using a
Pye-Universal pH meter with a chart recorder attachment. A combined
pH/reference electrode (glass and 01-chlomel) incapolythene case
was inserted into a 6" x 1" pyrex test-tube. The system was made
air tight by fashioning the upper part of the polythene case into a
cone which would fit tightly into the test-tube neck. The eImartrois
and case then displaced such a volume that a minimal quantity of air
was trapped in the test-tube.
The sulphide solution was prepared by diluting 100g/1
analytical grade sodium sulphide solutions and poising the pH with
hydrochloric acid. It was found that the gentle addition of acid
combined with vigorous stirring ifeliminated the risk of evolution and
loss of gaseous hydrogen sulphide.

b) Results
i) the order of reaction with respect to hydroxide concentration
Figure 10 is a graph of the concentrations of hydroxide
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ions against time for various initial hydroxide ion concentrations.
The hydroxide ion concentration was calculated from pH measurements
assuming Elf = 1014 and activity coefficients of unity. Figure 10 is
the logarithm of the rate of production of hydroxide ions plotted
against the concentration of hydroxide ions.
If the rate is proportional to (OH-)
a then a, the
order of reactinn with respect to hydroxide concentration, is equal
to the slope of the graph of the logarithm of the hydroxide
concentration plotted against the logarithm of the rate, provided
that all other factors involved in the rate equation are constant.
Figure 11 shwos that initially the order of reaction
with respect to hydroxide is 1, but, through an intermediate stage
of indeterminate order, the order changes to approximately 2 as the
reaction progresses.
Figure 10 shows that the curves recording the change
in hydroxide concentration with time for various pH values are
parallel. That is, the rate of production of hydroxide ions is
constant at any given hydroxide ion concentration.
The change in order of reaction with respect to
hydroxide concentration does not occur at any given pH value. Therefore this change is not caused by any surface effect of the goethite
itself. Calculations show that the change in order occurs after a

82.

o-9
A

MON•••••

ki•••••••••

(MOLES OH

-

MINUTE 1)

lieftwor

B
./X. x

•••/ ,,,

C

/ , /

/

/

/

/)Y / //
".•/•/,
// /

••• /
/
/
X/../ /
/
/ .
// //

„/

10

/ /

10

10

/ /
/
/
/1/ //

/ /
e/

/

I

i

j

11 I

I

I

-7

8

10

HYDROXIDE ACTIVITY
Figure 11. Logarithmic plot showing the variation of rate with
hydroxide activity. A = final stage (approaches 2nd
order); B . intermediate stage (indeterminate order);
C = first stage (first order); X . starting point of
reaction.

83.
certain amount of hydroxide ions have been produced. Within the
accuracy of the experiment this value is about 1.25 x 10 7moles of OH-.
ii) Order of reaction with respect to the concentration of
dissolved sulphide species and the surface area of goethite
Let the rate expression be of the form:
di/at = K (OH)a(S)13 (A)°
where S is the concentration of dissolved sulphide species and A is
the surface area of the goethite.
Then Dx/Dt (finite increments) can be considered to be
equal to dx/dt if the fraction reacting is less than 0.1. Thus by
recording the reaction rate at each of two different initial
concentrations of one component, the other components being kept
constant, it is possible to determine the initial order of reaction
with respect to that component.
Let the two rates and initial concentrations of dissolved
sulphide species be (dx/dt)1, (dx/dt)2, (S)1 and (S)2
then

(dx/dt)1 K ( (OH)a(A)c) (S)133.

and

a(A)c) (S)2
(#/dt)2 = K ( (OH-)

Dividing and taking logarithms
b = log(dx/dt)1 - log(dx/dt)2
log(S)1 - log(S)2

Therefore the slope of the graph of the logarithm of the initial
concentration of dissolved sulphide species against the logarithm of
the initial rate is equal to the order of the reaction with respect
to dissolved sulphide species. Similarly the reaction order with
respect to the surface area of goethite may be calculated.
Figure 12 shows the logarithmic plot of the reaction
rate against the initial concentration of dissolved sulphide species
and shows that the order is 1. Figure 12 shows a similar plot for
the surface area ficcgoethite, for which the order is also 1.

d) Discussion
If the rate equation is assumed to be of the form
Rate = K(On-)a (s)b(A)c
where K is the rate constant then a = b = c = 1 and
Rate = (OH) (S) (A)
The surface area of the maximum concentration of goethite used in
2
these experiments was calcualted to be approximately 150,000cm by
electron microscopy. In this method of measurement it is assumed that
all the goethite particles are spheres and that there is no infinite
series of sizes down to zero magnitudes. This figure is therefore
correct only to a magnitude. Using this figure the initial reaction
rate constant for the suiphidation of goethite is approximately
2 x 107moles.cm2.min-1.

INI T IAL RATE(MOLESOH MIN I)

SURFACE AREA

10
°10

SULPHIDE CONC.
Figure 12. Logarithmic plots showing the variation of initial rate with
initial sulphide concentration and surface arc:a of the artificial
goethite. Lines plotted have slopes of approx'..ma-:,&iy 1.

86.
Since hydroxide ions are produced during the reaction,
and yet the order of reaction with respect to hydroxide is +1,
hydroxide ions cannot act directly as reactants. Since as shown
above changes in the surface properties of the goethite are not
involved, the hydroxide ions must operate by affecting the sulphide
equilibria. The experiments could only be performed within
relatively narrow pH limits, since at acid pH the reaction products
would dissolve and the presence of large plAntities of sulphur might
produce experimental difficulties, and at alkaline pH the accuracy of
pH measurement with a glass electrode would rapidly decrease and
complex sodium iron sulphides might be produced. Within these
experimental limitations of pH = 6.5 and pH = 9, the major sulphide
equilibrium is
H S.HS- + H
2

K = 10 7

H20.0H- + H+

K . 10

Since

14

bisuiphide increase arithmetically as hydroxide increases over
this range of pH values. If the rate of reaction with respect to
bisulphide is far greater than the rate with respect to hydrogen
sulphide, the rate of reaction with respect to hydroxide will be
positive and hydroxide ions may be produced during the reaction.
Bisulphide ions react faster than molecular hydrogen
sulphide because the ion would be more readily attracted to anionic
sites on the goethite surface, and the steric factor would be far
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higher for a simple binary such as bisulphide.
This conclusion is in agreement with the evidence from=
hydrogen sulphide-adsorption experiments, which show that the hydrogen
sulphide-adsorption activity and capacity of goethite are functions
of pH, the maximum being in alkaline solutions (68).
The complete change of order after a given quantity
of hydroxide ions have been produced must reflect a change of
mechanism. X-ray analysis of the final product of the reaction
shows it to be very fine-grained mackinawite. The reaction which
starts with a well-crystallised compound and ends with such a
material must include a complete disintegration of the goethite
structure as one of its steps.
It has been proposed that the ferric ions of the
goethite may dissolve and then be reduced and reprecipitated as
ferrous sulphide. However such a mechanism is untenable through the
extremely low solubility of goethite in aqueous solutions.
Likewise the proposal that the goethite is initially
reduced to a ferrous hydroxide does not take into account the fact
that sulphide is known to react with the ferric iron directly, as in
the formation of ferric sulphide, and that no other reducing agents
are present in the experimental system.
Thus the experimental evidence can only be interpreted
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as demonstrating that the sulphide takes part in a solid state reaction
with the goethite.
The initial product of such a reaction must be a ferric
sulphide formed through a solid state sulphur—oxygen exchange reaction.
The hydroxide ions are produced through the expulsion of hydroxide
from the goethite on replacement with sulphur and through the reaction
of the oxygen in the goethite with hydrogen ions from the bisulphide.
No sulphur is found in the final precipitate of ferrous
sulphide because it dissolves in solutions of bisulphide with
formation of polysulphide ions. This removal of sulphur will also
result in the complete decomposition of the ferric sulphide to ferrous
sulphide.
The fact that the reaction mechanism changes after a
certain amount of hydroxide ions have been produced means that at
a certain point during the reaction some other process begins to
increase the rate of production of hydroxide ions and thus the rate
of reaction. In this system it would seem most probable that this
process is concerned with the surface of the goethite. Since the
goethite crystals would have reached a similar point in all
experiments after a given amount of the reaction had occurred. At
this point,instead of the reaction becoming steadily slower as the
penetration depth for the bisulphide ions increases before they can
react with fresh goethite, the rate suddenly increases. In other
words the goethite must have become more accessible to sulphidation.
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Therefore the change in rate must be caused by the
relatively sudden exposure of the goethite surface to the reacting
solution. Such an exposure must result from the disintegration of the
first-formed sulphide skin on the goethite crystals when the degree
of penetration of sulphidation reached a certain thickness.
Since the reaction is at this point between goethite,
sulphide and the products of the initial reaction, a change in order
is produced. Because of the increasing complexities of the reaction
after this initial period, it is impossible to understand the
mechanism by which the later parts of the reaction proceeds.

e) Conclusion
The sulphidation of goethite is a solid state reaction
proceeding through a simple exchange mechanism which results in the
formation of a ferric sulphide transition complex. The production of
this compound and its subsequent transformation to a ferrous sulphide
results in a structural discontinuity. During the reaction elemental
sulphur is produced but re-reacts with the bisulphide in the solution
to form soluble polysulphides.
The reactions involved in the sulphidation of goethite
may be srmqvised:
i) 2Fe0OH 3HS- ---i-re2S3 + 40H
ii) Fe S
23

2FeS S°
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iii) S° + HS

HS2

iv) Mechanical disintegration of initial surface film.
v) Reaction between goethite and bisulphide and the
products of i), ii) and iii).
From this reaction it may be suggested that the initial
ferric salt in a sulphidation reaction has little or no effect on the
structure of the final product.

D. Chemistry and conditions of formation of the iron sulphides
Although there is a large volume of literature on the
subject of the chemistry of the iron sulphides, surprisingly little
work has been carried out under low temperature - pressure conditions.
The main reason for this is that geological chemistry is most advanced
when considering systems at high temperatures and pressures where
well-crystallized and relatively homogeneous phases are developed and
conditions of stable equilibrium may be assumed to have been reached.
In systems, such as the iron-sulphur system, this method of
investigation is valid down to perhaps 300°C, since the kinetics are
such that it is difficult to be sure that equilibrium is reached
experimentally below this temperature. Although methods are now
being evolved, using salt-flux techniques, that may allow the
lowering of this minimum equilibrium temperature to the region of
120°C, a major part of the conditions of formation of the iron
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sulphides in the natural environment, and almost all the conditions
encountered in the natural aqueous environment, remain unconsidered.
Since the discovery of a variety of low temperature
iron sulphide minerals, there have been two major attempts to examine
the chemistry of the iron sulphides at low temperatures and pressures.
However neither actually investigated the chemistry of sulphides at
25°C and 1 atmosphere pressure. Korolev and Kozorenko (69) added a
sulphide to a ferrous salt at room temperature and then heated the
reaction mixture to 150°C. Although they assumed that they were
investigating the low temperature iron sulphide system it is obvious
that the reactions they were observing were the reactions between the
products of the reactions at low temperature and the remnant solution
at 150°C. Although Berner (57) performed many of his experiments
at low temperature, he observes that much of his work, after the
fashion of Korolev and Kozorenko (69), was concerned with the
production of well-crystallized phases.
Apart from the fact that much of the previous experimental
work is not necessarily valid for 25°C, no investigator has considered
the iron sulphide from a strict chemical viewpoint at these low
temperatures and pressures. No-one has investigated this system in
terms of the chemistry of its essential constituents iron and sulphur.
This section deals with the application of the principles
evolved in the earlier chapters to an experimental investigation of
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the iron-sulphur system at low temperatures and pressures with
particular reference to aqueous environments.

a) Experimental methods
The reactions were performed in screw-topped sample
bottles. The reactants used were : ferrous sulphate, ferric chloride,
synthetic goethite (prepared by the addition of sodium hydroxide to
ferric chloride), ferrous carbonate, sodium sulphide solution, sodium
polysulphide solution (prepared by the reaction between sulphur and
sodium sulphide, with subsequent filtration), and sodium thiosulphate.
All reagents were of analytical grade except ferrous carbonate and
the laboratory-prepared reagents. No contaminants were detected in
the ferrous carbonate or synthetic goethite during x-ray analysis.
The sulphur solutions were poised at the required pH
by the addition of hydrochloric acid or sodium hydroxide. The
solution was then added to a solution or suspension of the iron salt
and the bottle was sealed under nitrogen. The use of nitrogen
together with the extremely small gas space in the sealed bottles
eliminated the risk of air oxidation. The pH and Eh were measured
after the reaction, when no further observable change in these factors
was detected. Agitation which had been continuous from the addition
of the sulphur solution, was arrested during measurement.
The products were identified by x-ray powder diffraction
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analysis. Replicate experiments and analyses were performed on each
of the recorded results. The products were not dried or removed
from solution for x-ray analysis. A suspension of the product was
taken up in a 0.3mm bore Lindemann glass capillary which was heatsealed. The samples were examined in a Phillip's 114.6mm diameter
camera with Co-Ka. radiation. The data thus obtained were compared
where possible with standards, or with published results.
The choice of concentration of reagents was apparently
of some importance since Korolev and Kozorenko (69) claimed that under
the conditions of their experiments the nature of the iron sulphide
produced depended on the iron-sulphur ratio of the reactants. An
attempt was made to repeat these experiments. It was found that in
no case did the nature of the final product depend on the ratio of
iron to sulphur in the initial reactants, provided that of course the
sulphur 12.as present in equal or greater concentration with the iron.
From a theoretical point of view there is no reason why the initial
iron:sulphur ratio should affect the final product. It was however
discovered thnt the admission of air into the reaction vessel was
coincident with the formation of marcasite and pyrite, and this may
explain the spurious results obtained by these workers.
Thus, in general, an iron:sulphur ratio was chosen such
that sulphur was in excess of iron usually in the proportion of two
moles of sulphur to one of iron. In the initial 65cc of solution this
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was 0.925M iron and 1.850M sulphur. However as controls, different
iron:sulphur ratios were employed but in no case was there any
difference in the final product.

b) Results
The recorded pH and Eh values are difficult to interpret
since they could only be recorded at the conclusion of the reaction,
and therefore they record metastable equilibria set up at the time
of measurement. In fact the measured pH does probably closely reflect
the pH of formation of the product since the large concentration of
reactants used did not allow any severe changes in pH. However the
measured Eh must be the Eh of the remnant solution above the precipitate
and thus does not reflect the conditions of formation of the product.
The Eh records two features of the reaction:
i) conditions under which the product might retain some
semblance of metastability, since the product did not redissolve
under these conditions.
ii) variations in the redox couple being measured and
variations in the concentrations of the redox reactants in solution.
This latter is particularly concerned with the removal of more or
less dissolved sulphide from solution depending on the iron:sulphur
ratio of the precipitate.
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The Eh and pH results of this experimentation were
plotted on a diagram with Eh and pH as ordinate and abscissa. Figure
13 shows the forms of the graphs obtained and demonstrates the
interesting result that when, in a series of experiments with the
same reactants but different pH values, different products are obtained,
there are regions of Eh instability between the Eh/pH values of one
phase and its successor. In these regions it is impossible to keep
the Eh at any intermediate value since it always moves towards the
lower value. This feature is useful in estimating the number of
phases present in one series of reactions and their individual ranges
of conditions of formation.
The conditions of formation and composition of the
iron sulphides are considered below for each mineral iron sulphide.
i) The composition and conditions of formation of mackinawite
Synthetic mackinawite was first identified by Berner
(55) who synthesised it by ageing the products of the reaction between
iron phases and concentrated aqueous sulphide solutions. Eliminating
those experiments in which the reaction mixture was subsequently
heated or where air was deliberately admitted into the reaction vessel,
Berner synthesised mackinawite through the reaction between goethite
and hydrogen sulphide gas at pH = 6.5 and through the reaction between
steel or iron wire and hydrogen sulphide gas at pH = 4. It is
unfortunately impossible to interpret those reactions in which air
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was allowed to take part because of a lack of knowledge c: its precise
effect on the reaction mixture. Also a lack of information about the
constitution of the reaction mixture after the initial precipitation
reduces the usefulness of the heating experiments. The value of pH =

4

for the iron-hydrogen sulphide gas experiments probably does not
reflect the pH of the formation of mackinawite, but rather, since
hydrogen sulphide gas was bubbled to saturation it is the pH of a
solution saturated with this gas.
The results of experimentation in this laboratory are
shown in Figure 13. Mackinawite was formed in the reactions between
ferrous sulphate (or ferrous hydroxide) and sodium sulphide at pH = 6.5
to pH = 11.7, and goethite and sodium sulphide at pH = 7.2 to pH = 11.4.
The presence or absence of a solid precipitate of ferrous hydroxide
in the ferrous sulphate experiments had no effect on the nature of the
product.
The results of x-ray analysis of this synthetic
mackinavite are shown in Appendix

3.

The mackinawite produced in

these experiments has similar properties to the 'amorphous' or
'precipitated' ferrous sulphide of other investigators. The method
of x-ray analysis, described above, reduced the possibility that this
material would be too finely divided for identification.
Since mackinawite may be synthesised through the
reaction between iron metal and sulphide solution or ferrous sulphate
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and sodium sulphide it must be a simple ferrous sulphide. The results
of previous analyses have been summarised (70) and show that
mackinawite is a sulphur-deficient compound with a formula varying
S. However mackinawite synthesised
between Fe1.04S and Fe
1.07
biologically (see Part 2) in this laboratory contained excess sulphur
when analy-ed partially dry. If this compound, which contained no
other iron sulphide species, is warmed at temperatures as low as
70oC in an evacuated sealed tube, griegite is rapidly formed. X-ray
analysis showed that the product was pure griegite. Furthermore,
biologically-prepared mackinawite was partially converted to griegite
after standing nine months in a sulphide solution.
Thus mackinawite ray react with sulphide to form
griegite. The reacting sulphide may be in solution or, as in the case
of the partially-dried analysed samples, adsorbed on the mackinawite
surface. If synthetic mackinawite is rigorously washed and then
heated to 150°C, pyrrhotite andot-iron are formed. That is, the
17hich reacted with the mackinawite to form griegite is so
loosely bonded th-,t it may be removed by rigorous washing. The kinetics
of the reaction between mackinawite and sulphide to form griegite are
such that a small rise in t'mperature has a large effect on the
reaction rate. This conclusion is compatible with many of the features
observed by Berner (57) in the ageing of mackinawite precipitates.
Reference to Figure 13 shows that although during the
reaction between ferrous sulphate and sodium sulphide, mackinawite is
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formed between pH = 6.5 and pH = 11.7, the product of the reaction
between pH =

3.4 and

pH =

5.3

is griegite, with small amounts of

admixed mackinawite. Griegite is ferromagnetic and yet no ferromagnetism could be detected in the initial precipitate of this reaction.
This could be caused by the extremely fine-grain size of an initial
griegite precipitate or it could be that this initial precipitate is
in fact mackinawite, which rapidly reacts with the sulphide in solution
to form griegite. At acid pH values molecular hydrogen sulphide is
dominant in solutions of sulphide, whereas at pH values greater than

7, bisulphide

ion is dominant. However it is difficult to explain

chemically why the straightforward reaction between hydrogen sulphide
and ferrous iron should give a different product to the reaction
between bisulphide and ferrous iron, since both reactions would
involve simple exchange mechanisms with hydrogen and iron. Also the
activity of hydrogen ions cannot directly affect the• nature of the iron
sulphide product. However the formation of griegite may be explained
if it is assumed that the initial precipitate is mackinawite. Then
the pH and the change in sulphide species may both operate indirectly
in increasing the rate of the reaction between mackinawite and sulphide
to form griegite. If mackinawite is assumed to have hydroxide ions
adsorbed on its surface giving the surface a negative charge, then
bisulphide ions would tend to be repelled before they could react.
Such an assumption is in line with the effect of the iron excess in
the mackinawite structure, giving the crystal an overall excess positive
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charge, which would facilitate the adsorption of the negative hydroxide
ions onto its surface. Preliminary results of Mossbauer analyses
of a synthetic freeze-dried mackinawite-like phase by Hallberg
(pers.comm.) does in fact demonstrate the presence of hydroxide ions.
A change in pH to more acid values would then result in the change of
charge from negative to positive at the isoelectric point. This
together with the change from dominant biaulphide ion to hydrogen
sulphide would result in the formation of griegite in a short period
at more acid pH values through the reaction between mackinawite and
sulphide. The fact that mackinawite is preserved at a pH greater
than 6.5 is more evidence that the change in sulphide species, which
occurs at pH = 7, cannot be wholly responsible for the formation of
griegite at lower pH values, and that a change in the surface nature
of the mackinawite occurs in weakly acid solutions.
Berner (57) finds that mackinawite is unstable with
respect to pyrrhotite at 40-45°C, but Clark (68) and Takeno (56)
claim that its instability is composition dependent and that pure
mackinawite decomposes at about 130°C.
In conclusion, the available evidence indicates that
mackinawite, sulphur-deficient ferrous sulphide, is a non-equilibrium
phase in the iron-sulphur system, being unstable at low-temperatures
with respect to pyrrhotite. It also reacts with adsorbed or dissolved
sulphide to form griegite, the rate of reaction being temperature and
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pH dependent. It is the primary product of all reactions between a
ferrio salt, a ferroso -ferric oxyhydroxide or dissolved ferrous iron
and a dissolved sulphide species.

ii) The composition and conditions of formation of griegite
Although griegite has probably been synthesised a
number of times in the past, the first identification of a synthetic
reaction product as pure griegite was made by Uda (71), by heating the
product of the reaction between ferrous ammonium sulphate and sodium
sulphide at 190°C and quenching. Griegite also appeared admixed with
other phases in the experiments of Berner (57) and Korolev and
Kozorenko (69).
In experiments in this laboratory griegite was the
major product of reactions between ferrous sulphate and sodium
sulphide between pH =

3.4 and

pH =

5.3. (Figure

13). These experiments

confirm one conclusion reached by Berner (57) to the effect that
griegite is not produced during the reaction between a ferric salt
and a dissolved sulphide species. The reason for this probably lies
in the fact that at the lower pH values of griegite formation large
amounts of sulphur are formed when a ferric salt is employed as a
reactant, resulting in the formation of marcasite and pyrite. However
Berner's proposition that air is necessary for the formation of
griegite is completely refuted by this experimentation. Even with
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no precautions against it, the amount of dissolved oxygen that could
possible be present in solution could not be more than 2.11 x 10 4M,
which would have little or no effect on the molar concentrations of
the iron and sulphide reactants used.
Griegite was formed through the heating of primary
mackinawite precipitates with excess sulphide at all pH values and
also when dried. Griegite was the major product of the experiments
performed in an attempt to repeat the experiments of Korolev and
Kozorenko (69). It was found that griegite was formed on heating the
initial product of the reaction between ferrous sulphate and sodium
sulphide at 150°C in sealed bottles, provided that air was rigorously
excluded, at pH values of 4 to

9, and

at initial iron-sulphur ratios of

1:1 to 1:2. Although the final product of these reactions was visibly
magnetic, ferromagnetism could not be detected in the primary
precipitates prepared above pH =

c.6.

By comparison with identical

experiments performed at lower temperatures, it can be demonstrated
that the non-magnetic precipitate was mackinawite. If air was
admitted to the reaction vessels pyrite and marcasite were formed.
The composition of griegite has been given as Fe S (45).
34
Since structurally griegite is a thiospinel of iron and since it has
similar magnetic properties to magnetite, it has often been referred
to as a ferroso-ferric sulphide, FeS.Fe2S3.(e.g. 57). However
experiments in this laboratory and those of Uda (71) demonstrate that
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griegite may be formed through the reaction between a ferrous salt
and a simple dissolved sulphide, or from the heating or ageing of a
ferrous sulphide precipitate (i.e. mackinawite) with sulphide. Under
these conditions the large amount of ferric iron needed to satisfy
S_ cannot be formed. Thus griegite is not a
the equation FeS.Fe2)
ferroso-ferric sulphide. This is confirmed by reference to those
other thiospinels with which griegite is isostructural: linnaeite
(Co3S4), polydymite (Ni3S4), siegenite (Co,Ni)3S4, violarite (FeNi2S4),
carrollite (CuCo2S4) and daubreelite (FeCr2S4). Although it could
possibly be argued that the cobalt in these compounds may be
trivalent, although this is extremely unlikely through the well-known
instability of cobaltic ions, there is no known trivalent species
for nickel, and thus the isostructural polydymite cannot be a mixed
valence sulphides It seems almost certain therefore that none of the
thiospinels are mixed valence sulphides, including the iron spinel
griegite.
Griegite could possibly be interpreted as a ferrous
sulphide-polysulphide, 2FeS.FeS2, but during these syntheses of
griegite an adequate concentration of polysulphide ions could not be
formed. Furthermore the reaction bet'reen mackinawite and polysulphide
ions has been performed and shown to produce pyrite and mackinawite.
Thus griegite must be an electronically-active, iron
2deficient ferrous sulphide, Fe3S4 . The iron deficiency could be
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caused by sulphur replacing some of the iron or through the presence
of iron vacancies. By analogy with its dimorph smythite, it seems
more probable that the iron deficiency in griegite is caused by iron
vacancies. Bertaut (39) showed that the apparent differences in the
structure of pyrrhotites are caused by the formation of superlattices
on the ordering of iron vacancies. Such a superlattice has been
detected in smythite, but griegite has not yet been subjected to such
a rigorous analysis. This interpretation of the composition and
structure of griegite also explains the high degree of ferromagnetism
it possesses.
The thermal stability of griegite is not known
accurately but present knowledge indicates that it is stable with
respect to pyrrhotite and pyrite to over 200°C (45). However if the
formation of griegite is dependent on the prior presence of mickinawite
then griegite must be a non-equilibrium phase in the iron-sulphur
system.

iii) The composition and conditions of formation of smythite.
The only reported synthesis of smythite is that of
Rickard (72) during this investigation. Experiments by this and
other investigators under a variety of conditions between dissolved
ferrous iron, ferrous hydroxide, ferroso-ferric hydroxides, ferric
oxyhydroxides and gaseous hydrogen sulphide or dissolved aqueous
sulphide species all failed to produce smythite. Furthermore experiments
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during this investigation using other forms of sulphur, including
elemental sulphur, thiosulphate or polysulphide also did not produce
smythite. Therefore it is concluded that smythite is only produced
on the sulphidation of siderite.
Further results of this experimentation are shown in
Figure 13. The graph of Eh/PH values approximates to a straight line,
and indicates a high degree of homogeneity in the product. This is
apparently in conflict with the experimental analyses which demonstrate
that mackinawite is admixed with smythite at the lower pH values and
some remnant siderite is left at higher pH values. As the reaction
pH is decreased, the reaction becomes more violent due to the evolution
of carbon dioxide gas. In fact at pH values of less than 6.5 it was
impossible to perform the experiment because of the violence of the
evolution of this gas. The reaction rate becomes visibly slower as
the pH increases until at pH values around 10 the reaction does not
reach completion and remnant siderite is present. Therefore the
formation of mackinawite is controlled by the violence of the reaction,
especially since there are no major changes in dissolved sulphide
species between pH =

7 and

pH = 10. It seems that at lower pH values

the siderite is more soluble, and the iron that dissolves reacts with
sulphide to form mackinawite. The violent evolution of gas may
catalyse the reaction by exposing a greater reaction surface for
sulphidation or dissolution by agitating the siderite suspension.
X-ray results for synthetic

hj'•e are shown in Appendix

3 .
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The composition of ampibite has been given as Fe3S4.
(43). Rickard (72) showed from chemical evidence that this was not
a ferroso-ferric sulphide nor a ferrous sulphide-polysulphide, but
was an electronically-active iron-deficient ferrous sulphide, dimorphic
with griegite. A structuralanalysis (43) has shown smythite to be
rhombohedral but to consist of slabs with a pyrrhotite-like structure
stacked so that a pyrrhotite = a smythite but c smythite
o
o
o
6c pyrrhotite. Furthermore there is evidence of a rhombohedral
o
superlattice resulting from an ordering of iron vacancies. This is
in agreement with the chemical evidence for the smythite composition.
The thermal stability of smythite is not accurately
known but the compound appears stable in excess of 200°C. Pyrite and
pyrrhotite have been reported as products (44).
Smythite is a non-equilibrium phase in the iron-sulphur system.

iv) Structural controls on the formation of smythite and
RrieRite
During detailed experiments on the synthesis of
equilibrium iron sulphides at various compositions and temperatues,
Gridnvold and Rnraldsen (37) came to the conclusion that the maximum
degree of iron-deficiency possible in pyrrhotites at temperatures less
than 360°C is Fe7S8. Generally this conclusion is compatible with
the analyses of natural pyrrhotites.

107.

Griegite and smythite are therefore of particular
interest in this context, since the degree of iron-deficiency in these
compounds is double that proposed for pyrrhotites by Gr/nvold and
Faraldsen (37).
In smythite however there is evidence for the ordering
of these iron vacancies and Bertaut (39) has proposed that the
vacancies caused by metal deficiencies in all such compounds must be
ordered. It has been demonstrated that the formation of rhombohedral
smythite is dependent on the presence of rhombohedral siderite. The
high iron-deficiency of smythite is only explicable if the iron
vacancies are ordered in such a way that the compound can retain
stability even though it lacks neutrality. Since the reaction between
iron and sulphur can only form compounds as iron-deficient as Pe S
7 8'
the role of siderite seems to be that it assists in the high degree
of ordering of these vacant sites.
A similar control must therefore exist in the formation
of griegite. It has been demonstrated that the experimental data on
the synthesis of griegite can only be explained if griegite is never
fumed direct7y from solution but always through a reaction involving
mackinawite. Thus it seems that the action of mackinawite may be to
control the high ordering of vacant sites in griegite in the same way
as siderite does for smythite.
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v) The composition and conditions of formation of pyrite
and marcasite
Pyrite and marcasite have been synthesised in aqueous
solution very many times. The most often quoted experiments were
carried out in 1912 by Allen, Crenshaw and Johnson (34) which have
been repeated in later years by Lundqvist (71). No major advances
have been made in our understanding of the conditions of formation of
these compounds since this date, apart from the fact that it has been
realised that both may be formed as well-crystallised compounds at
25°C and 1 atmosphere pressure.
Pyrite and mnrcasite are dimorphs, both having the
formula FeS2. The structure of these compounds is shown in Figure 14.
Of particular note are the so-called idumbelltarrangement of the
paired sulphur atoms. This is in agreement with the theoretical data
which show that FeS2 cannot be a simple sulphide but must be a ferrous
polysulphide.
The chemistry of pyrite and marcasite formation has
been studied in the past by rather irrational techniques. In no
case has anyone examined rigorously the chemistry of their formation.
Apart from high temperature syntheses from metallic iron and sulphur,
every recorded synthesis has required the presence of ferric iron or
oxygen, neither of which are involved in the pyrite or nnrcasite
formula.
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Figure 14. The structures of pyrite and marcasite.
(Modified from Strunz, H., Tennyson, Ch., 1965. N.Jb.
Miner. Mh. 8:247-248).
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Because of these methods unfortunate "rules of thumb"
have been evolved by geologists in an attempt to explain or predict
the conditions of pyrite and marcasite formation. The most infamous
of these is that mnrcasite is formed at acid pH values, when hydrogen
ions can have no direct effect on the chemistry of an iron sulphide.
This situation has arisen mainly through the widespread abundance of
pyrite and marcasite, the fact that they are easily recognisable and
the unfortunate situation that arises from their chemistry in that any
mistake in experimental technique, for example the faulty sealing of
reaction vessels, tends to result in their formation.
Experiments in this laboratory showed that at
temperatures below 150°
C in aqueous solution, pyrite and marcasite
will not form during the reaction between a ferrous salt and a
dissolved sulphide species. However it was found that the addition
of a polysulphide solution to a solution of ferrous sulphate or to
ferrous hydroxide gave pyrite and marcasite under all conditions where
the polysulphide solution did not decompose to sulphur instantaneously.
The results are shown in Figure 13. Pyrite was synthesised between
pH =

4.4 and

pH =

9.5.

At pH values below

4.4.

the polysulphide

solution instantly decomposed. At pH values greater than 9.5, a
sodium ferrous polysulphide was produced. Minor quantities of
marcasite were admixed with the pyrtie at pH =

4.4.

to pH = 6.8. It

is important to note that the reactions were very rapid.

A sample of freshly-precipitated mackinawite was
prepared through the addition of sodium sulphide to ferrous sulphate.
It was identified by x-ray analysis. The addition of polysulphide
to this mackinawite resulted in the formation of pyrite with minor
amounts of marcasite. The addition of polysulphides to siderite gave
marcasite with minor amounts of pyrite. Pyrite with minor marcasite
was also produced during the reaction between sodium sulphide and
goethite between pH =

4 and pH = 7.2.

It has been suggested that because of the differing
reactivities of the sulphur atoms in thiosulphate, thiosulphate
may be instrumental in the formation of pyrite (27). However
experiments in this laboratory showed no reaction between dissolved
ferrous iron or ferrous hydroxide and thiosulphate, and no reaction
betwee freshly-precipitated mackinawite and thiosulphate.
The reaction between goethite and polysulphide or
thiosulphate results in their decomposition with the formation of
sulphur.
The experiments demonstrate conclusively that dissolved
polysulphide ions are necessary for the formation of pyrite. However
the results also show that the formation of marcasite is not as
simple, since marcasite was formed under a variety of conditions even
though it was more prevalent at low pH values.
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The effect of pH on the reactants in the ferrous
sulphate-sodium polysulphide reaction is exclusively concerned with
the nature of the sulphide species, and possibly with the surface
nature of any transition compound involved. Since major quantities
of hydrogen sulphide and bisulphide were not present in the reaction
their equilibria are not important in controlling the formation of
these sulphides. Reference to Figure 6 shows that a decrease in pH
of a polysuiphide solution results in the formation of elemental
sulphur. And thus it must be that the presence of elemental sulphur
must be a critical factor in the formation of marcasite. However the
addition of elemental sulphur to a ferrous sulphate solution does not
result in any reaction, and therefore this cannot be the mechanism of
the formation of marcasite.
A mackinawite precipitate was dried and inserted into
a sealed evacuated tube with an equal weight of rhombic sulphur. The
products of heating this mixture at 150°C for 48 hours were major
marcasite with very minor troilite and pyrite. The experiment was
repeated at a temperature of 100°C for 24 hours. The products were
minor marcasite with a trace of troilite, and no pyrite. Although it
is certain that this reaction may be performed at low temperatures
the presence of unreacted sulphur causes confusion in identification.
Therefore mnrcasite maybe formed from the reaction
between mackinawite (or griegite, see under i) above) and sulphur at
low temperatures.
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Pyrite becomes less abundant as the temperature of the
reaction decreases. This is in agreement with the results of earlier
workers in this field (34) and probably results from the fact that
marcasite is unstable with respect to pyrite at all temperatures but
the reaction rate is temperature dependent.
There is no reaction at these temperatures between
pyrite and mackinawite.
The apparent relationship that exists between the
presence of elemental sulphur and the formation of marcasite is in
agreement with all the present experimental work and explains much
of the previous experimental work. The formation of marcasite will
tend to be favoured at lower pH values because elemental sulphur is
more likely to be a reactant species under these conditions (see
Figure 6). However elemental sulphur may exist metastably under a
variety of conditions since its rate of dissolution in low
concentrations of solvents is slow, Thus marcasite may be formed at
a variety of pH conditions.
Pyrite may also be found at low pH values since although
polysulphides decompose under these conditions their rate of reaction
with ferrous salts is far greater than the rate for elemental sulphur.
Figure 5 shows that polysulphides appear on a pH-Eh diagram even in
the presence of sulphur oxyanions under conditions comparable with
those encountered in anoxic marine environments. The reaction
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between goethite and sodium sulphide gave pyrite and marcasite at
acid to neutral pH values. This is in accordance with the evidence
from the study of the mechanism of the sulphidation of goethite that
the products are mackinawite and polysulphide anions. It has also
been shown that the reaction between mackinawite and polysulphides
gives pyrite. Even though the reason for the limited pH conditions
of formation of marcasite during such a reaction may be the limited
conditions of formation of elemental sulphur, such an explanation
cannot be proposed for the similar phenomenon observed for pyrite. In
fact the mackinawite produced at higher pH values during this
experiment was shown by x-ray methods to contain no elemental sulphur,
and the production of a deeply coloured solution above the precipitate
indicates that polysulphide anions were produced. The reason for this
lack of reaction between polysulphides and mackinawite under high pH
conditions is probably that the mackinawite surface, being negativelycharged at these pH values, tends to repel the polysulphide anions.
At lower pH values the surface becomes positively charged and attracts
anions, and therefore the reaction, although it proceeds at all pH
values is far slower at elevated values.
In conclusion, the ferrous polysulphide dimorphs,
pyrite and marcasite, are formed through different mechanisms. Pyrite
is the product of the reaction between dissolved ferrous iron or a
ferrous salt and polysulphide anions, and marcasite is the product of
the reaction between a ferrous sulphide and elemental sulphur. This
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latter reaction is probably assisted by the fact that these ferrous
sulphides are often electronically-active. The variations in the
mechanisms of formation caused the differences in the conditions under
which they are formed.

vi) The composition and conditions of formation of pyrrhotite
The pyrrhotite group, together with pyrita, form the
stable equilibrium phases of the iron-sulphur system. A summary of the
compositions and structures of the pyrrhotites has been given above
(Chapter

3 C).

A temperature composition diagram for the high

temperature phase in the iron-sulphur system is shown in Figure 15.
As pointed out above it is at present impossible to
consider the low temperature interrelationships on this diagram
through a high degree of uncertainty about reaching equilibrium.
However Clark (68) has succeeded in synthesising troilite and monoclinic
pyrrhotite through the reaction between iron and sulphur at
temperatures as low as 45°C. Smythite, griegite, mackinawite and
marcasite were not formed in these experiments.
Pyrrhotite may be synthesised from aqueous solutions
but they generally require high temperatures (73) or very long
periods of time. Mackinawite is unstable with respect to pyrrhotite
at relatively low temperatures.
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No attempt was made to synthesise deliberately
pyrrhotite during this experimentation, since pyrrhotite being the
equilibrium phase at low temperatures would only be produced when
equilibrium is reached. The time taken to reach equilibrium in these
aqueous experiments prevented any attempts at the synthesis of
pyrrhotite. In one experiment on the sulphidation of "Green Rust 2"
pyrrhotite was detected in the product after ageing for 12 months at
30°C.

E. Summary of Chapter 3
During an intensive investigation of the chemistry of
the iron-sulphur system at low temperatures and with special
reference to aqueous solutions, all six known mineral sulphides of
iron were synthesised. The previous investigations into iron and
sulphur chemistry allowed a detailed investigation into the composition
and the conditions and mechanisms of formation of these six mineral
iron sulphides.

a) Mackinawite
Mackinawite is the primary product of all reactions
involving dissolved ferrous iron and sulphide and is produced during
the sulphidation of all iron phases where no topotactic processes are
involved. It is instrumental in the formation of griegite and may be
involved in the formation of marcasite and pyrite. It is a simple
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tetragonal sulphur-deficient iron sulphide.

b) Griegite and Smythite
Griegite and smythite are dimorphs of an electronically
active iron-deficient ferrous sulphide, Fe3S4. They are formed during
the reaction between a sulphide species and a ferrous salt which
controls the structural arrangement of the iron vacancies; mackinawite
in the case of griegite, and siderite in the case of smythite. Both
reactions are kinetically dependent on pH and temperature.

c) Pyrite and marcasite
Pyrite and marcasite are dimorphs of a non-stoichiometric ferrous polysulphide, FeS2' Pyrite is formed through the
reaction between a ferrous salt or dissolved ferrous iron and
polysulphide anions. Marcasite is formed through the reaction between
elemental sulphur and a ferrous sulphide.

d) Pyrrhotite
The pyrrhotites are polymorphs of iron-deficient
ferrous sulphide, FeS to Fe7S8 and together with pyrite are the
equilibrium phases in the iron-sulphur system.
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Apart from the mineral phases synthesised, a newly
authenticated ferric sulphide was shown to form at low temperatures
from the reaction between goethite and sodium sulphide. It was shown
to be monoclinic and to require a certain activity of sulphur. The
mechanism of the sulphidation of goethite was examined kinetically,
and it was shown that there is a structural discontinuity between the
initial ferric salt and the final ferrous sulphide during the
sulphidation reaction.

1200

PART TWO

MICROBIOLOGY

121.

CHAPTER 4

THE SULPHUR CYCLT IN SEDIMENTS

In most natural waters the sulphate anion is the
second or third most abundant anion, being exceeded only by chloride
in marine waters and by bicarbonate in fresh waters. This great
abundance of sulphur in the hydrosphere m"kes the sulphur cycle one
of the most important of the five great natural cycles : nitrogen,
phosphorul, carbon, oxygen and sulphur. In certain chemical respects
the sulphur cycle resembles the nitrogen cycle inasmuchas a number of
different oxidation states commonly occur naturally. In other
respects the sulphur cycle is more comparable with the phosphorus
cycle, which is essentially restricted to the liquid and solid states,
since like phosphorus, all the gaseous components are highly soluble
in water. In contrast to this the nitrogen, oxygen and carbon cycles
all have important gaseous components, and in these cases the
atmosphere becomes an important factor when considering the geochemical
aril biological influences of these elements.
A simplified geochemical sulphur cycle is shown in
Figure 16. In this diagram the general process of metamorphism of
sedimentary rocks includes both magmatism and vulcanism, as well as
hydrothermal processes, and the relatively low content of sulphur in

ATMOSPHERE
3.6 x106

50'31

4,1

SEA
15
1.3 x 10

FRESH WATER

rivers

3x109

`cr
'

0/>, ,,, . .,
,,,-s% • '
N. -

S
itt

r

EVAPORI TES
5 x1015

OXIDISED
11111111111MISSAINNINVOI

REDUCED

SEDIMENTS
2.7 x 1015

N
metamorphism

' ti

AND IGNEOUS
ROCKS
7 x 1015

N
'N
Figure 16. The geochemical sulphur cycle. Dashed line separates
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sulphur in metric tons. (Modified from (75)).
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igneous rocks indicates that most of the sulphur took part in the
volcanic part of this process.
Although geochemical calculations (74) indicate that
sulphur is one of the excess volatile elements that may have been
added to the crust, such a model would require that this process
takes place over a geologically long period of time, Thus when
considering the sulphur cycle over short periods of time, such as
Cambrian to Recent, it has been concluded that juvenile sulphur
cannot be an important factor in the sulphur economy and that
volcanic sulphur has thus been mainly derived from the metamorphism
of earlier sediments (75). In other words the geochemical sulphur
cycle maybe regarded as a closed cycle when being examined over
geologically limited periods of time. It is difficult to estimate
the relative importance of juvenile sulphur at any period of the
earthts history, but prevalent opinion seems to suggest that it
increases in importance as the period being considered becomes older.
The major processes in the geochemical sulphur cycle
are the fixation of dissolved sulphate in evaporites by crystallisation and in sediments by sea-floor reduction. The weathering of
sediments and evaporites with concomitant oxidation, and the
metamorphism of sediments and evaporites with the subsequent release
of sulphur through volcanism or weathering. Sedimentary sulphur
plays a key role in these processes.
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Sulphur may be mobilised as a dissolved ion in solution
(mainly sulphate), as a gas through vulcanism (mainly sulphur dioxide),
and through the biological food chain (mainly as reduced sulphur
complexed in organic materials). The closed cycle assumption implies
that if any one of these processes is reduced in magnitude one or
more of the other processes will be increased to maintain a geochemical
balance.

A. The Biogeochemical Sulphur Cycle in Sediments
The geochemistry of any element that occurs in the
biosphere must be affected to a certain extent by biological processes.
The adaptability of the sulphur atom to a variety of oxidation states,
and its widespread abundance in the hydrosphere, has meant that it
plays an extremely important part in biological processes, and
therefore, conversely, biological processes play an exceptional part
in the distribution and chemistry of sulphur in the natural
environment.
In general the role of organisms is to perform
ructions in such a way that they reach equilibrium. Such reactions,
like the reduction of sulphate or the oxidation of sulphide, can be
carried out abiologically, but an organism brings two essential factors
to bear : the addition of energy to the reaction in an available form
for the reaction mechanism (e.g. by photosynthesis), and an enormous
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enzyme system which catalyses the reaction, increasing the reaction
rates and thereby increasing the possibility of reaching equilibrium.
For example, the reduction of sulphate to sulphide is a process which
C and
cannot be performed normally in the natural environment at 25°
1 atmosphere pressure without the participation of an organism, as in
the reaction:
2- + 513
2g
SO4aq

H S + 40H2g
aq

Since aFf°+19kcal in this reaction, the equilibrium is far to the
left-hand side, and, the reaction would tend to proceed from right to
left. The action of the organism is thus to transfer the energy
derived through nutrition to the reduction reaction while at the same
time assisting the efficiency of the energy transference and reduction
mechanism through enzyme catalysis.
Figure 17 shows the degree of involvement of biological
processes in the sulphur cycle in sediments.
Plants build up the sulphur-containing compounds of
their proteins by sulphate assimilation from the soil. Animals
derive their protein sulphur from plant protein, the excess sulphut
being excreted mainly as sulphate in the urine, which may then be
once more assimilated by the plants, thus forming a minor loop on
the major sulphur circle, in which hydrogen sulphide is not
represented.
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After the death of the animal and plant cells, protein
decomposition proceeds and this may be catalysed by a large number of
microorganisms, including mrticularly those of the genus Proteus,
which may break down proteins to a variety of substances including
amines, mercaptans and hydrogen sulphide. Many bacteria are also
involved in the decomposition of the sulphur-bearing amino-acids
(e.g. cysteine) with the subsequent production of hydrogen sulphide.
This property is widespread and is a feature of such well known
genera as Aerobacter and Bacillus. The other sulphur-bearing organic
compounds of higher organisms such as taurine, thiosulphate and
thiocyanate play a far smaller role in the sulphur cycle than protein
sulphur. It is often overlooked by microbiologists that the production
of hydrogen sulphide from protein decomposition may also take place
abiologically. However the quantitative importance of this abiological
process is unknown. There are also a number of microorganisms which
liberate hydrogen sulphide during their metabolisms, but these do
so incidentally. In these cases the hydrogen sulphide does not fulfil
any energetic requirements nor does it contribute to the cell building
blocks. Certain species of yeasts, Aerobacter and Bacillus have been
implicated in this process, but, as far as the sulphur cycle is
concerned it is of minor importance.
The hydrogen sulphide produced during these processes
is ultimately oxidised either directly, or, after fixation as a base
metal sulphide in a sedimPnt, indirectly.
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The oxidation of sulphide to sulphur or sulphate is
performed by a variety of organisms. It is also a common inorganic
reaction, and the actual importance of either process in the natural
environment is not quantitatively understood. The best known
assimilatory sulphide oxidising microorganisms are the purple and
green sulphur bacteriz'. These are anaerobic and photosynthetic and,
deriving their energy from the sun, can use carbon dioxide for the
sole carbon source for all cell material. Since the organic carbon of
the cell material has a lower oxidation number than the carbon dioxide
carbon, the hydrogen sulphide acts as a reducing agent, The reaction
may stop at the formation of sulphur or proceed all the way to
sulphate. Sulphide and other reduced sulphur compounds can be used
as a source of sulphur for assimilation by many microbes. Incidental
hydrogen sulphide oxidation is found in many different microorganisms
with strongly divergent metabolic patterns, e.g. yeasts and moulds,
Sphaerotilus, Pseudomonas, Micrococcus. The cells do not benefit
by this process through any energetic or assimilatory purposes. It
has been suggested that incidental hydrogen sulphide oxidation is far
more abundant than is generally supposed (76).

a) Dissimilatory processes in the sulphur cycle
The microorganic processes considered above are
assimilatory or incidental, where the organisms concerned use the
sulphur in the construction of building blocks for cell material or
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for unknown purposes which do not seem to be essential for their
metabolism. However, by far the most important processes in the
sulphur cycle are the dissimilatory processes, where the metabolism
of the sulphur species acts as an energy source or a hydrogen acceptor.

i) Oxidising bacteria
A great variety of organisms are able to perform the

dissimilatory oxidation of sulphur species, and these are classified
together as the colourless sulphur bacteria, although they include
genera which are really colourless blue-green algae.

They are

divided into three families:
1. Thiobacteriaceae - including Thiobacterium, Thiospira
and Thiobacillus.
2. Beggiatoaceae - including Beggiatoa and Thiothrix.
3. Achromatiaceae - including Achromatium.
The mostih7ort-nt organisms of this group, as well as
being among the most remarkable organisms known, belong to the true
bacterial genus Thiobacillus. These are all obligate anaerobes,
except for T.denitrificans which can use nitrogen as well as oxygen
as a hydrogen acceptor. The species T.thiooxidans is the best known
species. It is an obligate autotroph that synthesises its entire
cell requirements from carbon dioxide, and derives its energy for
this process through the oxidation•of hydrogen sulphide to sulphur or
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sulphate. It differs from the economically important T.ferrooxidans
in that the latter can oxidise mineral sulphides as well. T.ferrooxidans
includes strains which can oxidise both sulphur and iron (77). Both
these species have an optimum pH between 2 and 4 and can exist at even
lower pH values. T.thioparus, which oxidises sulphur to sulphate,
operates at a higher pH.
The quantitative importance of these organisms in the
oxidation of mineral sulphides is demonstrated in Figure 18, which
shows that the rate of oxidation of pyrite by T.ferrooxidans is
approximately 15 times greater than the rate of the inorganic
reaction. The importance therefore of the sulphur oxidising organisms
is that they effectively catalyse a naturally proceeding inorganic
reaction to an extent that the original abiological reaction becomes
quantitatively unimportant relative to the biological reaction.

ii) Sulphate-reducing bacteria
Sulphate serves as the hydrogen acceptor of the
sulphate-reducing bacteria, organic substances serving as the hydrogen
donor. These bacteria provide the important short-cut across Figure
17 from sulphate to hydrogen sulphide. These bacteria are all
obligate anaerobes and excrete along with hydrogen sulphide, the
oxidation products of the hydrogen donor which is used, usually
acetate, carbon dioxide and water. During this process cell material
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is synthesised, but fax less than the organic matter that is used in
the reduction process and which is thereby decomposed.
The importance of the dissimilatory sulphate-reducing
bacteria can be estimated by comparing the relative utilisation of
organic material in the production of hydrogen sulphide by these
bacteria with the assimilatory genera. Approximately 34g of hydrogen
sulphide are produced from 98g of sulphuric acid at the expense of
180g lactate. If the complete oxidation of, for example, glucose
is assumed, then some 60g of this sugar would be enough to give 34g
of hydrogen sulphide. Fish protein contains about 20 dry weight of
sulphur, and therefore assimilatory bacteria would require some 1.6kg
of dry fish protein to produce the same amount of hydrogen sulphide.
Thus the dissimilatory sulphate-reducers are quantitatively by far
the most important producers of hydrogen sulphide in the sulphur
cycle.
The most conclusive evidence as to the importance of
the sulphate-reducing bacteria in sediments comes from the studies
on the sediments of the inshore waters of Japan by a number of
Japanese workers. In particular, the microbial flora of the sediments
of Karogara Bay contain some 37.0 sulphate-reducers, making up by
far the largest proportion of microorganisms (78). Furthermore,
studies in Hiroshima Bay demonstrated four important quantitative
conclusions :
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a) there are very few sulphate-reducing bacteria in seawater.
b) there are a large number in sediments.
c) the weight of sulphide per gram of mud was directly
proportional to the number of sulphate-reducers.
d) the number of sulphate-reducers was directly proportional
to the weight of organic matter per gram of mud (79).
These sulphate-reducing bacteria are considered in
detail in Chapter 5, since they are obviously closely concerned with
the formation of metal sulphides in sediments. It is necessary to
note at this point, however, that the major species is Desulfovibrio
desulfuricans which are obligate anaerobes existing from about pH = 5
to pH ... 9.5, and that various strains, related genera and species are
able to withstand a variety of physical and chemical conditions.
The microbiological reduction of sulphate closes the
last link in the biogeochemical sulphur cycle of sediments shown in
Figure 17. Although abiological processes may be involved in many of
the steps, microorganisms act as catalysts to these processes.
Furthermore certain reactions in this sulphur cycle, such as the
reduction of sulphate to sulphide, cannot normally be performed in
the natural aqueous environment in the absence of microorganisms.
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B. The Sulfuretum
Reference to Figure 17 shows that the direct reduction
of sulphate to sulphide forms a closed loop within the overall format
of the sulphur cycle. Contained within this loop are the most
important sedimentary processes of the sulphur cycle, that is, the
oxidation of sulphide to sulphate and the reduction of sulphate to
sulphide together with the formation of mineral sulphides. This part
of the sulphur cycle is called the Sulfuretum (31). The processes
operating in the sulfuretum, although partly abiological, are mainly
concerned with the activities of a variety of microorganisms. Five
major groups dominate the sulfuretum: the sulphide-oxidising bacteria,
the thioaulphate -oxidising bacteria, the sulphur-oxidising bacteria,
the hyposulphate -metabolising microorganisms, and the sulphatereducing bacteria. Of these only the sulphate-reducers are all
obligate anaerobes.
Since the sulphate-reducing bacteria are heterotrophs,
the development and continuance of the sulfuretum is essentially
a function of the availability of organic matter. The ocean is mixed
fairly rapidly relative to the mean residence time for sulphate ion
and thus there is a practically unlimited supply of sulphate sulphur.
However in lakes and other fresh water environments, the concentration
of sulphate may become an important limiting factor (80).
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A two-dimensional representation of the sulfuretum
environAcnt in terms of pH and Eh is shown in Figure 19. The diagram
is based on a series of natural measurements (81). The upper pH
limit of the sulfuretum is about pH =

9.9 and

the lower about pH = 4.0.

The Eh varies between +150mv and -400mv. Although these figures seem
to contradict the pH tolerances given for sulphate-reducing bacteria,
the practical difficulties involved in making measurements without
disturbing the very complex equilibria of such an environment (see
Chapter 2), mean that these figures are ver7 approximate and cannot
be regarded as absolute.
Sulfureta need not be large in size, since the organisms
involved are minute (c.lia) and a cubic centimetre of seawater may
contain more than 107 of them. Furthermore since the reproductive
cycle of these microorganisms is extremely short, a sulfuretum may
only be established for exceptionally short periods of time. During
this period, measured in hours and minutes rather than days, enough
hydrogen sulphide may be produced and fixed as a metal sulphide in
the sediment to leave a permanent record. From a geological point
of view this would amount to the instantaneous generation of the
metal sulphide. Therefore the discovery of dispersed metal sulphide
grains in a sediment (loos not necessarily mean that the sediment was
a sapropel or even that microorganic activity was widespread, since
the sulftreta which produced the sulphide grain could have been both
chronologically and spatially infinitesimal. In fact the presence of
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such sedimentary mineral sulphide grains reflects the conditions of
preservation of the sediment rather than the conditions of formation.
Black sedimentary iron sulphides have been observed in this
investigation from both modern sandy sediments and from modern muds.
However, it is those sulphides in the muds which are more likely to
be preserved geologically because the relative impermeability of
muddy sediments makes them less susceptible to subsequent penetration
by oxygenated grounlwaters. Thus the presence of mineral sulphides
in a sediment reflects the diagemtic and postlithification history,
(' the sediment rather than necessarily acting as indicators of the
sedimentation environment.
The formation of base metal sulphides through the
reaction between bacteriologically produced hydrogen sulphide and a
base metal salt, is an integral part of the sulfuretum. As
demonstrated in Chapter 1, iron is especially involved in the
Fixation of sulphide in the natural aqueous environment since it is
extremely abundant relative to the other base metals and because of
the low solubilities of its sulphide salts. However it will be
demonstrated in Chapters 5 and 6 that this reaction is purely
coincidental as far as the microorganisms are concerned. Even so,
this reaction is essential for retaining the balance of the geochemical
cycles of the hydrosphere and atmosphere, and necessary for the further
existence of oxygen-based life. Hydrogen sulphide gas is extremely
toxic to the higher animals. It is poisonous to humans in
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Figure 19. Position of sulfuretum in the natural aqueous
environment in terms of Eh and pH. (Modified
from (81)).
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concentrations as low as 20ppm, which compares with the toxicity of
hydrogen cyanide (lOppm) and is far greater than the toxicity of
carbon monoxide (100ppm). Thus the escape of hydrogen sulphide from
the sulfuretum leads to catastrophic geochemical and biological
results. Recent mass mortalities of fish have resulted from such
escapes (82). The inhabitants of Swakopmund, a small coastal town in
South West Africa, suffered greatly from the effects of the release
of hydrogen sulphide gas from a large stretch of mud (200 miles long
by 25 miles wide) on a sea bed of gypsum off Walvis Bay. Every few
years until 1951, the mud evolved great clouds of hydrogen sulphide
which penetrated as far as 40 miles inland. The effects included the
formation in the town of an atmosphere "like a London fog, metal-work
turning black, public clocks being blotted out by deposits, thousands•
of fish being strewn on the beach, and sharks coming into the surf
gasping on the evening tide"; the last eruption in 1951 lasted several
months (83).
This situation arises from the extraordinary hydrogen
sulphide tolerance of the sulphate-reducing bacteria. Experiments
in this laboratory with D.desulfuricans, cultured in anaerobic jars,
demonstrated that this organism could withstand a saturated solution of
hydrogen sulphide, with 5psi excess hydrogen sulphide gas pressure
above the solution. Since the organism was cultured with excess
lactate, removal of the hydrogen sulphide resulted in further growth
of the organism, thus demonstrating that under experimental conditions
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D.desulfuricans can tolerate somewhat more than 3.5g/1 hydrogen
sulphide. This is far more than any other known organism, including
other sulphur bacteria. Thus the removal of some or all of this
hydrogen sulphide produced bacteriologically in the natural environment,
by fixation as a relatively insoluble iron sulphide, is essential for
the continuation of the sulfuretum as well as for the preservation of
metazoan life in the biosphere.

C. The distribution of sulfureta in the natural aqueous environment
These factors are necessary for the existence of a
sulfuretum in any environment:
i) Supply of sulphate
In all the environments studied by Baas Becking and
his co-workers only one was shown not to contain any sulphate. This
was the high moor bog-water of Tasmania (84). EXtremely low sulphate
concentrations have been recorded for certain lakes, down to less
than 0.5mel, but at these concentrations the rate of mixing becomes
an important factor. As indicated above, the supply of sulphate in
most marine environments may be regarded as almost limitless, but in
certain extreme stagnant environments it might possibly become an
important factor.
ii)Nutrient supply
Since one of the major reactions in the sulfuretum, the
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reduction of sulphate, is performed exclusively by heterotrophs, a
nutrient supply is necessary. This is provided by organic materials.
There are no reported instances where organic matter of some sort is
not present in sediments. The requirements for minor nutrients is so
low that they never become critical in the natural aqueous environment.
iii) Anaerobic environment
'Anaerobic' is a biological term and refers to an
environment which may support anaerobic organisms. Such a term is
not synonymous with the geochemical terms 'anoxic' (meaning the
absence of free oxygen) and 'reducing' (meaning an environment giving
an electrode potential relative to the hydrogen electrode of less
than zero millivolts). Figure 19 shows that the maximum Eh recorded
for sulfureta was +150mV, well within the zone of oxygenated waters
(81). An anaerobic environment may be set up under such conditions,
assuming that the Eh measurement is valid and does reflect in this
case the oxygen content of the waters, if the oxygen uptake of the
associated aerobic organisms is equal or greater than the supply of
oxygen to the system. This is a classical form of symbiosis in an
ecosystem. Thus apart from the limited time and size range of
sulfureta, they are not necessarily indicative of either reducing or
anoxic conditions, and the use of sedimentary iron sulphides as
environmental indicators is even more curtailed.
These three conditions are satisfied almost
ubiquitously in the sediments of the natural aqueous environment.
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Sulfureta have been reported from almost all marine sediments, lake
sediments, soils, peat-bogs and swamps. They are not limited in any
way by the nature of the sediment, and sands are as likely to support
them as muds. Sulphate reduction is responsible for the colour of
the Black Sea. At depths greater than a few hundred metres practically
all life is inhibited apart from anaerobic bacteria. Zones free of
hydrogen sulphide are occupied by T.thioparus, the sulphide-oxidising
bacterium. Chromatium has been isolated from the calcareous muds
of the Bahamas (85). Red clouds of these organisms were observed
rising from the sea bottom associated with sulphate-reducers.
Genovese (88) recorded an outbreak of "red water", due to
Thiorhodaoeae, in Lake Faro, Messina. Similar occurences of "red
water" occur in many parts of the world, such as the Holstein coasts
and off Sicily, which are possibly attributed to the activities of
sulphur bacteria (83). The continuous precipitation of sulphur in
Cyrenacian lakes is caused by sulphate-reducing bacteria in
association with coloured sulphur bacteria (83).

3.5 x 107 sulphate-

reducing bacteria per millilitre have been recorded in marine
sediments off Santa Barbara, California (86).
A quantitative estimate of the reduction of sulphate
and therefore the distribtuion of sulfureta has been made by examining
the atmospheric sulphur budget for Japan (87). These estimates show
that of the total sulphur evolved into the atmosphere each year
6
(8.7 x 10 tons) over 75% comes from the microbiological production
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of hydrogen sulphide from the polluted coastal belts of Japan. This
biogenic sulphur (6.5 x 106 tons/year) compares with 0.1 x 106 tons/
year from volcanic sources, 0.3 x 106 tons/year from the sea, and
6
1.8 x 10 tons/year from the combustion of fuel.

D. The sulphur isotope cycle
A typical isotope exchange reaction may be written:
aA1 + bB2

aA2 + bB1

where A and B are molecules which have one element as a common
constituent and subscripts 1 and 2 indicate that the molecule
contains only the light or heavy isotope respectively. Urey (89)
showed that the equilibrium constant K is equal to the ratios of the
partition coefficients Q such that
)b
X = (Qr
'2/QA—1)a/(QB2/QB1
and showed that although the calculation for a single partition function
is extremely complex, the partition function ratios for isotope
exchange reactions is easily obtainable from a knowledge of
vibrational frequencies alone.
32 33
The element sulphur has four main isotopes, 5, s,
34S and 3 S. Of these the 32S and 35s are by far the most abundant.
In the reduction of sulphate to sulphide in any system in which both
isotopes are present, an isotope exchange reaction may be written:
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H234s + 32so = H 32S + 34so22
4
4
For this reaction at 25°C, K = 1.074. That is, the
rate of reaction for the lighter isotope will be greater than the rate
for the heavier isotope and at equilibrium, the product of the reaction
32
will contain an enrichment of S over 34S of 74 per mil. Generally
it has been shown that the lighter isotope reacts faster in all
isotope exchange reactions. However inorganic reactions often do
not approach equilibrium and thus the differttiation of isotopes is
small. On the other hand biological reactions are enzyme-catalysed
and therefore often reach equilibrium with the resultant large differentiation of the isotopes.
Figure 16 shows the result of this differentiation
process in the geochemical sulphur cycle. The relative enrichments
of sulphur isotopes are compared with an international standard which
is the 32s/34s ratio of troilite in the Callon Diablo meteorite,
being defined as 22.220. Isotope enrichments are given as per mil
variations from the standard. Sea and fresh water are relatively
enriched in 34S, 634S for seawater being approximately +20%o and
6345 for freshwater approximately +10°Ao. The crystallisation of
evaporites from seawater has been shown to effect no measurable
isotope differentiation, and thus evaporites reflect the isotope
ratios of the water from which they were crystallised (75). However
since the sulphate-reduction process involves a large enrichment of
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the lighter isotopes in the hydrogen sulphide thereby produced, the
sulphides fixed in sediments will also show a large enrichment in
the lighter isotope. The mean 04S of sediments is -12°/oo (75).
Subsequent metamorphism of sediments and evaporites results in the
sulphur being passed through a series of isotope exchange reactions so
that the net result is an enrichment in the lighter isotope.
Oxidation of metamorphic rocks and sediments also involves an isotope
exchange reaction, partially biologically controlled, that results in
a further preferential concentration of the lighter isotope in
solution. Thus an overall isotope balance is set up, the lighter
isotope being removed from solution as further lighter isotopes are
added through weathering.
The meteoritic sulphur isotope ratio is assumed to
reflect the isotope ratios of juvenile sulphur in the earth. Numerous
measurements on sulphides of apparent orthomagmatic origin give
ratios in close agreement with this figure. Furthermore, the spread
of isotope ratios for a magmatic hydrothermal deposit or even o whole
mining district is rarely greater than ± 5°/oo and often much less.
It has been suggested that the reason for this small spread of isotope
values is that the magmatic hydrothermal solutions become more
concentrated in the cupola zone during progressive crystallisation of
their host or parent magma, the solutions become well-raped,
resulting in homogenization of isotopes (75).
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Unfortunately this apparent panacea as a criterion for
all genetic enigmas suffers from a number of gross assumptions and a
widespread lack of knowledge of possible differentiation and
homogenization mechanisms. Firstly it must be remembered that it
is an assumption that the isotope ratio of the Canon Diablo meteorite
is similar to the ratio of juvenile sulphur from the earth, and,
although certain deposits do show quite close concordance with this
value, this may be coincidence since an even greater number of
deposit of apparent magmatic affiliations give small spreads of
isotope ratios with absolute values differing widely from the
meteoritic standard. If it is then assumed that it is the spread of
isotope values that is significant, it is possible that the long-term
circulation of underground waters and certain types of metamorphism,
as well as strict magmatic processes, could give rise to homogenization
of isotopes. Then again, the differentiation of isotopes, thl.ough
sea-floor reduction of seawater sulphates, cannot be treated in
absolute values since to a great extent these values reflect the
isotope ratios of the pre-existing seawater sulphates, the value of
which has probably varied widely throughout geological time (75).
In this case the spread of isotopes maybe large since the limited
number of isotope exchange r-acticri9 involved in such a process would
give a limited homogenization of the isotope ratios in the ensuing
sulphides. Such a spread is indistinguishable from the spread
given by any process in which sulphur reactions are limited, or
probably more importantly, from contamination of sulphur from one
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source with sulphur from another. Therefore sulphur isotopes cannot be
used as genetic indicators at the present day.
The sulfuretum itself, with the sulphate-hydrogen
sulphide loop within the major geochemical sulphur cycle, is
essentially biologically controlled, and thus major isotope exchange
reactions result in large scale isotope differentiations in this
system. The sulfuretum loop may be described in terms of the sulphur
isotope differentiations as shown in Figure 20. All the processes
involved result in an enrichment of the lighter isotope, except the
chemosynthetic and photosynthetic oxidation of sulphur to polythionates which give enrichments in the heavier isotope. No
differentiation was recorded for the chemosynthetic and photosynthetic
oxidation of sulphur to sulphate, the photosynthetic oxidation of
polythionates to sulphate, or the reduction of sulphur to hydrogen
sulphide (90). The greatest differentiation was found in the sulphate
reduction by D.desulfuricans where up to 62°bo enrichments in the
lighter isotope were recorded for this essentially unidirectional
reaction (91).

SUMMARY

The geochemical sulphur cycle is almost a closed
system since the contribution from juvenile sulphur is small over
later limited time periods. Within the major cycle there are minor
cycles, such as the sulphate-hydrogen sulphide-sulphate cycle of
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Figure 20. The biological sulphur isotope cycle. The isotope being
preferentially concentrated is given by 32 and 34. No differentiation is shown by 0. (Modified from (90)).
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sediments, which is known as the sulfuretum. The reduction of sulphate
to sulphide cannot be performed in the normal low temperature natural
aqueous environment in the absence of biological agencies. Energy
balance calculations demonstrate that dissimilatory sulphate-reduction
by heterotrophic anaerobes is mainly responsible for the formation of
sulphide in the sulfuretum. A variety of microorganisms catalyse
other sulphur reactions.
The reaction between hydrogen sulphide and base metal
salts to fix sulphide in sediments is necessary to preserve the
geochemical balance of the hydrosphere and for the continuance of
metazoan life, although this reaction is purely coincidental as far
as the sulphate-reducers are concerned.
Sulfureta may be small in time and in space and need
not be either anoxic or reducing. The use of sedimentary sulphides
as environmental indicators for sedimentation is therefore fallacious,
since their presence reflects the diagenetic and postlithification
history of the sediment rather than the sedimentation environment.
Conditions necessary for the existence of sulfureta are
almost universally satisfied in the sediments of the hydrosphere,
and their presence is characteristic of nearly all marine and
freshwater sediments, soils, peat-bogs and swamps.
The biological reductinn of sulphate leads to an
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enrichment in the lightest sulphur isotope,

32S, in biogenic H S and
2

therefore to a preferential fixation in any ensuing sulphide in sediments.
Even though at first sight this may be thought to give a means of
differentiating between sulphur of biogenic or magmatic origin,
insufficient knowledge is at present available of possible isotope
homogenization or other differentiation processes.
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CHAPTER

5

MICROBIOLOGICAL SULPHATE REDUCTION

The reduction of sulphate to hydrogen sulphide is the
mechanism by which hydrogen sulphide may be introduced into the
natural aqueous environment in non-volcanic areas giving rise to the
subsequent formation of base metal sulphides. It was demonstrated in
Chapter 4 that the major operators of this reaction are the
dissimilatory sulphate-reducing bacteria.

A. Classification of the Dissimilatory Sulphate-reducing Bacteria
The classification of these bacteria has recently been
reorganised by Campbell and Postgate (92, 93). They are sub-divided
into a) the sporulating group and b) the non-sporulating group.

a) The sporulating sulphate-reducing bacteria
These have been placed in the genus Desulfotomaculum.

They are gram negative, straight or curved rods which show swollen
forms when thermophilic. They are motile with peritrichous flagellae
and the terminal or subterminal sporulating mechanism may result in
a slight swelling of the cells. They are all obligate anaerobes
which reduce sulphate to sulphide. They are found in fresh water,
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soils, geothermal regions, spoiled foods, insect intestines and the
rumen contents of ruminants. Three species have been isolated of
which the type species is Desulfotomaculum nigrificans.
i) Desulfotomaculum nigrificans (identical with Vibrio
thermodesulfuricans (94), Sporovibrio desulfuricans (95) and Clostridium
nigrificans (96). They are anaerobic thermophiles with an optimum
temperature of 55°C, but can grow at 70°C. They are found in soils,
thermal springs and spoiled foods ('sulphur stinker').
ii) Desulfotomaculum ruminus (identical with Coleman's
organism (97). They are anaerobic mesophiles, so far only isolated
from the rumen contents of sheep.
iii) Desulfotomaculum orientis (identical with Desulfovibrio
orientis (98)). These are obligate mesophilic anaerobes isolated
from a Singapore soil. Unlike the other species in this genus, this
organism can grow in the absence of sulphate when pyruvate is present.
Much of the earlier work on the interconvertibility of
sporulating and non-sporulating types can be interpreted if it is
assumed that the initial cultures were pure with respect to sulphatereducers but impure with respect to Desulfovibrio and Desulfotomaculum
species.
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b) The non-sporulating sulphate-reducing bacteria
The non-sporulating sulphate-reducing bacteria are
classified in the genus Desulfovibrio. These are gram negative
vibrios whose morphology may be influenced by environmental condittons.
They are mesophilic, and occasionally halophilic, obligate anaerobes
with a polar flagella. They are found in sea- and fresh-water and
sediments and soils. The type species is Desulfovibrio desulfuricans.
i) Desulfovibrio desulfuricans (identical with Spirillum (99),
Microspira (100), Vibrio (101) and Sporovibrio (95)). They are
Obligate anaerobes growing in culture between 28-40°C but with a
lower natural tolerance. They may be halotolerant and can sometimes
grow on choline and pyruvate in the absence of sulphate. Two
varieties are known : var.aestuarii, a halotolerant strain which is
probably not a legitimate variety, and var.azotovorans, which is
capable of the fixation of gaseous nitrogen.
ii) Desulfovibrio salexigans (identical with Microspira
aestuarii (102)). This is a halophilic species that will not grow
in the absence of sulphate.
iii) Desulfovibrio vulgaris. Similar to D.salexigans in many
ways except that Pt is organism is not halophilic. A variety is known
(var.oxamicus) which can metabolise oxamate or oxalate.
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iv) Desulfovibrio

giana. This

is a very large organism (up

to 'pp, by 1.5p) which commonly occurs as curved rods with polar
loptotrichous flagellae. It is halotolerant and similar to D.vulgaris.
It has been isolated from a marine tidal lake.
v) Desulfovibrio africanus. These are extremely halotolerant
slender loptotrichous vibrios that have been isolated from Walvis
Bay, S.W. Africa.
The organisms D.rubentschikii (101) and Desulphoristella
hydrocarbonoblastica (103) are of doubtful status.
An electronmicrograph of a typical Desulfovibrio cell
is shown in Figure 21. This is the monotrichous D.vulgaris strain
Hildenborough.
Thus the sulphate-reducing bacteria have a wide range
of physicochemical tolerances. Species may be found that will withstand
pH = 5 to 9.5, Eh = +80 to -400mV, 0 to 70°C, 0 to +12'4; sodium chloride.
Generally speaking the most abundant species is Desulfovibrio desulfur leans, but other species dominate special environments. Zobell (104)
isolated a strain from a deep-sea environment which was able to
reduce sulphate at 1000 atmosphere pressure and 104°C.
These enormous tolerances of the sulphate-reducing
bacteria are reflected in the ubiquity of their presence in the
anaerobic parts of almost all natural aqueous environments.
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Figure 21. Electronmicrograph of Desulfovibrio vulgaris
[Hildenborough]
(Reproduced by courtesy of the National Physical Laboratory)
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B. The mechanism of the bacterial reduction of sulphate
Baars (101) realised that the reduction of sulphate
must proceed through a number of steps. The exact nature of these
steps was not elucidated until sulphur isotopes were used in kinetic
studies.
Harrison and Thode (105) reported an isotope fractionation of +220/oo 32S, with strictly chemical sulphate reduction,
where the rate controlling step was the initial S-0 bond breakage
occurring in the formation of sulphite from sulphate. Since bacterial
sulphate-reduction, when a slow rate of reduction was maintained,
indicated a similar fractionation, the same rate-controlling step was
postulated for the microbiological process. However with rapid
sulphate reduction at low sulphate concentrations, the reaction in
which the S-0 bond was cleaved did not cause isotope fractionation.
It was therefore suggested that the rate-controlling step at low
sulphate concentrations, whatever the metabolic activity, was the
rate of uptake of the sulphate by the cells. It is however the
author's opinion that it would be more realistic to regard the ratecontrolling step as the rate of transport of the sulphate to the
cell which is compatible with similar reactions at low concentrations.
This process of sulphate reduction at low sulphur concentrations,
which is essentially controlled by rate of transport, will result in
no isotope fractionation. The results indicate that there are two
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rate-controlling steps in the bacterial reduction of sulphate which
are competitive and which are compatible with the following hypothesis
for the mechanism of sulphate-reduction:
(Step 1)

S0

q

2--enzyme complex
1 SO4
+ enzyme rs-

1

J.-

rapid
H2S s

S-0 hond (Step 2)
breakage

‘ S02 -enzyme complex
3

Either Step 1 or 2 may be rate-controlling. If the
former is rate-controlling then a small isotope fractionation occurs;
if the latter step is rate-controlling, this will lead to a large
fractionation. The zero isotopic effects in plant metabolism can be
explained if Step 1 is always the rate-controlling factor.
The reduction of sulphate to sulphite by cell extracts
of Desulfovibrio has been shown to require at least two enzymes,
sulphate, cell extract, ATP and an electron donor (106). The first
enzyme involved is ATP-sulfurylase, with pyrophosphate (PPi) and
adenosine -51 -phosphosulphate (APS) as products:
ATP + SO2-

4

ATP
sulfurylase

) APS + PPi

The pyrophosphate is then hydrolysed to phosphate. The third enzyme
active in the reduction of sulphate to sulphite is APS -reductase:
APS + 2e

APS
reductase

) AMP + SO
3

This last reaction is where the S-0 bond cleavage occurs. The sulphite-

157.

enzyme complex is then rapidly reduced to cysteine which reacts with
the hydrogen from the hydrogen donor to form hydrogen sulphide:
CH -S-H
CH.NH2

+ 2H+

COOH

CH
3
CH.NH, + H2S
1
COOH

Sulphate reducers contain a cytochrome, cytochrome c3, which is
involved in electron transfer during these operations (93). Although
freshwater strains may withstand relatively high sulphate
concentrations as compared with chloride, it seems unlikely that this
initial sulphate-sulphite step takes place outside the cell boundary.
Even though hydrogen sulphide is highly disruptive to most enzyme
systems, it is hard to envisage many such processes occurring
extracellularly, and the existence of a pool of sulphate within the
cell has been proposed (90).
The mechanism of the bacterial reduction of sulphate
therefore proceeds through a series of enzyme reactions. The result
is the evolution of hydrcgelg sulphide.-"From the point of view of the
involvement of microorganisms in the production of iron sulphides,
it is important to note that iron is not involved in these reactions
except in a limited way in cytochrome 03. As indicated in Chapter 4,
the production of base metal sulphides in the natural aqueous
environment is purely coincidental with the activities of these
m:_croorganisms which are evolving H2S.
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C. The distribution of microbiological sulphate-reduction in the past
The distribution of microbiological sulphate reduction
at the present time has been described above. From a geological
point of view it is important to enquire into its possible importance
in the past, before any conclusicn can be drawn as to its geological
importance.
The first stable ecosystem capable of biological
evolution must have involved cyclical transformations of the biological
elements, carbon, mitrogen, phosphorus, oxygen and sulphur, from
inorganic to organic states, and, conversely, from organic to inorganic
states. The requisites for this first ecosystem are:
i) The presence of microorganisms
Microorganisms conduct a number of elemental
transformations which are unfamiliar amongst higher organisms.
Examples include hydrogen and methane evolution, nitrogen fixation,
sulphur, iron and manganese oxidation, sulphate, nitrate and carbonate
reduction.
ii) Anaerobiosis
Terrestial deficiencies of the noble gases, as compared
with their cosmic abundances, indicate that whatever the composition
of the primordial atmosphere of the earth, it has in large part long
since escaped the earthts gravity field (107). On this and other
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grounds it is generally agreed that the components of the original
atmosphere came ultimately from within the earth itself, mainly by
magmatic cooling and volcanism (108). Free oxygen however is not
directly available from such sources. Furthermore, in the absence of
photosynthesis, oxygen is not formed secondn-rily, except as trivial
and readily scavenged quantities from the photolytic dissociation of
water. It is generally accepted therefore that the terrestial
atmosphere was originally anoxic. Only at a later date, after the
appearance of a photosynthetic oxygen source could the atmosphere
begin to evolve towards its present state, and the metazoan form of
life could only arise after the free oxygen level has risen to the
extent that excess oxygen was available for respiration. Thus, since
the first atmosphere was anoxic, the first microorganisms were
anaerobic.
iii) Photosynthesis and chemosynthesis
The ultimate source of energy in the first stable
ecosystem must have been the sun. The conversion of sunlight into
energy available for biological reactions requires photosynthesis.
But it is important to note that this photosynthesis must have been
performed by anaerobes. Furthermore in the absence of large amounts
of organic nutrients, autotrophism must have been widespread, and
chemosynthesis is required to effect the large scale transformations
of inorganic energy sources.
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The only known system that would fit all these
requirements is the sulfuretum. Even today photosynthetic anaerobes
are known in this environment. These are the coloured sulphur bacteria,
the principle genera of which are Chromatium and Chlorobium. They
oxidise sulphide to sulphur, and genera like Beggiatoa oxidise sulphide
further to sulphate. In the conditions of the present day natural
environment, these organisms would seem to be evolutionary renegades
from a time when anoxic, sunlit environments were widespread. Apart
from these unusual organisms, other primitive characters are found in
the sulfuretum including nitrogen fixation, hydrogenase, feredoxins,
phosphatoclastic pyruvate metabolism, reductive carboxylic acid
cycle, APS-reductase and a variety of chemotrophic assimilations.
The more complex Desulfovibrio contains a cytochrome, possibly a
precursor of the photosyntheric cytochromes or a remnant from an
ancestor it shared with the photosynthetic bacteria. Furthermore
Desulfovibrio can perform chemosynthetic assimilations of acetate
and carbon dioxide.
Apart from arguments based on biochemical grounds, there
is further indirect chemical and mineralogical evidence that sulphatereduction is a very ancient process. Isotope ratios possibly
indicative of biogenic sulphide have been found in rocks 2 x 109
years old (109). A detailed study of the isotope ratios of sediments
and evaporites has demonstrated that microbiological sulphate-reduction
was as important in the Early Palaeozic as it is today (75).
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Furthermore the universal presence of pyrite in shales of all ages
is indicative that some process of seafloor sulphide production has
been operating for a large part of the geological time-scale.

SUMIYAR
rY

The dissimilatory sulphate-reducing microorganisms are
divided into two genera : Desulfovibrio and Desulfotomaculun. Species
of these bacteria are capable of reducing sulphate under a wide range
of physico-chemical conditions, which is compatible with the present
day widespread distribution of sulfureta in the natural aqueous
environment. The mechanism of sulphate reduction as performed by
these organisms proceeds through a series of enzyme-catalysed reactions
with the ultimate evolution of hydrogen sulphide. The formation of
base metal sulphides through the activities of these organisms is
purely coincidental to the organisms themselves.
Biochemical, chemical and mineralogical evidence
together provide considerable confidence in- the validity of the
hypothesis that microbiological sulphate-reduction is a process that
has been active for a very large part of the geological time scale,
and it is possible that the sulfuretum, or something very similar,
provided the first stable ecosystem.
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CHAPTER 6

THE MICROBIOLOGICAL FORMATION OF IRON SULPHIDES

An experimental investigation of the microbiological
formation of iron sulphides was carried out to examine the possibility
that iron sulphides produCed bacteriologically have any different
characters, either crystalloohemical or textural, from those sulphides
produced abiologically.

A. Experimental Investigation
a) Organism
The organism used in these experiments was Deeulfovibrio
desulfuricans strain Canet

41 (a.c.I.B.6393).

This strain was

originally isolated from Etang de Canet, Perpignan Pyr4h4es Oriental,
France (110). It has a typical vibrio form but is inclined to
pellicular growth. This pellicular growth is the cause of many
experimental difficulties, especially with regard to counting and
inoculation. Durgin an early part of this experimentation, counts
were performed on growth in iron-free media. A method was developed
whereby the optical density of the solution above the pellicle was
measured. This was found to be proportional to the weight of dried
pellicle, and could therefore be used as an approximation for the
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growth measurement of the bacteria. However the close admixture of
pellicle with iron sulphide in iron-rich media and the possibility
of small amounts of suspended iron sulphide confusing the optical
density measurements, made this method impractical in the major part
of the experimentation. Furthermore it was found that the dilution
method and the anaerobic plating method were very unreliable. Counting
was therefore not employed and

was determined qualitatively

according to the amount of hydrogen sulphide produced. Since it was
impossible to obtain a homogeneous suspension of bacteria for
inoculation from stock cultures, a large amount of inoculum was
used :- lml inoculum per 25m1 medium.
Pellicular growth among aerobes is supposed to be
caused by an attempt of the organism to obtain more oxygen by growing
--idantly at the oxygen-medium interface. Although a similar
mere 81,
mechanism has been proposed for anaerobes, with the hydrogen fugacity
as the critical factor, this experimentation, which used an
atmosphere of oxygen-free nitrogen in all cases, demonstrated that
this mechanism is not applicable to this organism. It may be that the
pollicular growth is caused by scme charactetistic of the medium, but
it is even more probable that it is caused by some unspecified surface
prorerty of the culture vessel and liquid-gas interface.
The main reason for the choice of Caret 41 as the
experimental organism was its extraordinary tolerance to salt. This
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strain grows at salt concentrations of 0 - 12c , and during this
experimentation it was shown to be able to withstand sudden changes
in salt concentration of 0 -

3q.

The optimum pH of this organism depends on the nature
of its environment. Although under ideal conditions it is about
pH = 7.2, these bacteria become more resistant to extremes of
conditions at pH = 8 and above, than in more acid media.
Canet 41 gan grow at temperatures from about 0 - 65°C,
but its optimum temperature of cultivation in artificial media is
30°C.

b) Media
The growth characteristics of sulphate-reducing
bacteria are dependent on the conditions of cultivation, and although
Canet 41 is far more tolerant of excessive conditions than other
strains, it too is affected by variations in the medium. In the original
experimental plan it was decided that, to simplify the interpretation
of the results, as strict chemical controls as were practicable
should be employed. To this end a chemically-defined medium had to
be developed to support growth of Canet 41. The medium used as a
base was that of Macpherson and Miller (111) (see Table 5), which was
preferred to the only other chemically-defined medium developed for
sulphate-reducing bacteria, because of the latterls requirement of
the addition of mired amino-acids and adenosine triphosphate (112).
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It was anticipated that the presence of a high electrolyte concentration might affect the nature of any precipitate formed
in the medium, and therefore the base medium was modified by the
addition of 2.5A0.43M) sodium chloride. Following previous practice
(92) sodium sulphate was replaced by an equal molar concentration of
ammonium sulphate, a weaker base, since with the conversion of 50mM
sodium sulphate to sodium sulphide during sulphate-reduction, a shift
of pH to the alkaline side would be inevitable. The presence of
ammonium sulphate and sodium chloride made it ur=cessary to add ammonium
chloride.
A metal solution containing trace amounts of boron,
cobalt, copper, manganese, molybdenum and zinc was not included
since there is much conflicting evidence as to the necessity of
these elements for bacterial growth (113, 114, 115, 116). It is
probable that trace element requirements are interdependent through
the ability of one element to substitute for another, and may differ
for individual strains.
It has been established that D.desulftricans has a
minimal iron requirement for optimum growth (117). For example the
obligate halophile Ez Agheila Z requires a minimum of 10miuM Fe/ml.
The iron content of the final medium without the addition of discrete
iron salts was analysed spectrophotometrically by the 2-2' dipyridp1
method (118). The medium was found to contain an average of 400MIAM
Fe/ml. The impurity specifications of the analytical grade reagents
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employed showed that up to 800m M Fe/M1 could be expected.
Finally sodium sulphide, which is used as a reducing
agent in the base medium, was regarded as undesirable since it would
react to give iron sulphides in its own right. It was replaced by
thioglycollic acid. This was preferred to cysteine, which can act as
a nutrient to such common bacteria is Escherichia coli, and other
reducing agents, since it is more thermotolerant and can be autoclaved.
The final medium (Medium 0100, Table 5) gave reasonable
growth on repeated subculture with and without sodium chloride.
TABLE 5
CHEMICALLY DEFINED MEDIA

Macpherson and Miller
(111)

0200

0100

Lactic acid

100

KH2P0
4
NH4C1

, 2.5

Na SO
2 4
CaC12

50

MgSO 7H 0
4 2
+ metal soln.
+ Na2S

10

0.5
0.25

cone.
1 mM.

cone.
mM.

conc.
mM.
Lactic acid

100

Lactic acid

240

KH PO
2 4
(NH )SO
42 4
CaCl2

2.5

KH PO
2 4
(NH )SO
42 4
CaC12

2.5

50
0.5

MgSO 711 0
4 2
NaC1

0.25
430

+ thioglycollic acid
1

MgSO 711 0
4 2
NaC1
+ thioglycolli
acid

50
0.5
0.25
430
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For the iron-rich media, the amount of iron required
was calculated from the premise that about 200mg FeS (theoretical)
was required per 25m1 solution.

13.95g ferrous sulphate and 16.108

Mohr's salt were found to give the necessary 182mM iron concentration,
at the same time allowing the formation of FeS2. The iron:sulphur
ratio was approximately 1:2. In Medium 2100 synthetic goethite was
used in place of the ferrous salts, to the same iron concentration.
The method of production of this synthetic goethite has already been
described in Chapter

3.

These initial experiments showed rather poor growth
since the lactate concentration was kept low, because it had been
suggested that increased lactate concentration decreased the growth
rate (111). This was finally overcome in the 1200 and 2200 series of
experiments by increasing the lactate concentration, whilst at the same
time maintaining the growth rate at almost its previous level by
growing the stock cultures in the high-lactate iron-free Medium 0200
with lg yeast extract added per litre. It was calculated that only
0.004% yeast extract would be carried over in the inoculum to the
experimental cultures. This is a negligible concentration from a
chemical point of view.
Shake and plate cultures in glucose-peptone-yeast
extract-sulphate (GPYS) Medium were used for contamination checks, as
recommended by Postgate (116). In fact, Canet 41 does not grow well
on this medium, but a complete absence of growth had to be regarded
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as an indication of a lack of contaminants. Throughout this
experimentation contaminants were discovered rarely and generally
limited to gungi.

c) Methods
The bacteria were cultivated in batch cultures
containing 25m1 medium. Medium 1100 and 1200 were prepared by adding
the ferrous salts to Media 0100 and 0200. The pH of the media at
this stage was about 3, preventing iron precipitation. The media were
autoclaved at 15psi and 121°C for 15 minutes. The pH was poised at
6.0+0.3,7.2+0.2 or 8.1+0.1 and three replicas were made at each pH.
The Eh was poised with thioglycollic acid to -200mV. The poising of
the pH at these values resulted in the precipitation of a mixture of
the "green rusts". The initial precipitate was "green rust 1" but
this changed rapidly to "green rust 2". The lag period in these
experiments was between two and five days and thus the experimentation
was essentially concerned with the sulphidation of "green rust 2".
Experiments with Aspergillus niger and metal complexing agents have
shown that the use of these agents in large concentrations, such as
those necessary to keep all the iron in solution in these experiments,
is toxic to the bacteria, and results in the dissolution of the
bacterial cell walls (119). Therefore ferrous iron could not be kept
in solution in these experiments.
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The poised media were inoculated with lml of inoculum
from a young stock culture (4 to 5 days old) grown in Medium 0100 or
0200. The rimless pyrex test-tubes, containing 25m1 medium were placed
in anaerobic jars under an atmosphere of oxygen-free nitrogen.
Essentially the same methods were employed in the
preparation and inoculation of the goethite-containing Medium 2200,
except that a precipitate was present before autoclaving, when the
pH was about

6.
The bacteria were cultures for periods ranging between

2 weeks and 12 months, and three replicas were taken for each time
interval. The products were examined by x-ray powder analysis,
polished section microscopy and chemical analysis.

d) Results
Control experiments were performed, under identical
conditions to the inoculated experiments but without bacteria, to
check that hydrogen sulphide could not be generated abiologically in
the medium. In no case was there any reaction between the medium and
the precipitate, and therefore all the sulphidation reactions observed
were the result of the microbiological production of hydrogen sulphide.
Furthermore, although carbon dioxide is a theoretical end-product of
bacterial sulphate-reduction on a lactate medium, and although this
gas was identified in the gaseous products, no carbonate salts were
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identified in the products of the reaction. This is in agreement with
the observations on this subject in Chapters 1 and 2.
Before the introduction of Lindemann glass capillaries,
the products were identified by x-ray analysis on fibre mounts, but
the partial spontaneous oxidation of the sulphide to goethite made
identification of the iron sulphides difficult. However these
experiments together with the later experiments with the Lindemann
glass capillaries, showed that the primary product of the bacterial
sulphidation of a ferrous salt ("green rust 2" in this case) was
mackinawite. In other words the sulphate-reducing bacteria do not
produce any other dissolved sulphur species in detectable quantities,
other than sulphide species. This formation of mackinawite is
entirely in agreement with the results of the experiments in Chapter

3.

Bacterial growth in these experiments was usually poor
at a low pH but abundant at higher pH values, and sulphide production
was therefore not observed at the pH values at which, according to
the previous chemical experiments, the mackinawite-griegite transformation can occur rapidly. However griegite was detected in
experiments at higher pH values (8.1+0.1) after

6

months, and it was

the major product of these experiments after 9 months. The
bacteriologically-synthesised mackinawite gave an iron:sulphur ratio
of 1:1.1 and since there was no detectable difference between this
and the natural sulphur-deficient mackinawite, it must be assumed that
the excess sulphur was contained in the organic material associated
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with the sample. There is no evidence to support any proposal that
this biologically-produced compound is different in any respect from
abiologically produced mackinawite. Furthermore, heating of this
compound with sulphide gave griegite, and this compound reacted with
polysulphide and sulphur to give pyrite and marcasite, in exactly the
same manner as synthetic mackinawite.
Mackinawite was also produced as a primary product of
the bacteriological sulphidation of goethite. In these experiments
growth was observed at lower pH values, and the product after ageing
for three months was marcasite admixed with mackinawite, at pH =
6.0+0.3; pyrite was common at the two higher pH values. This could
be predicted from the chemical experiments reported in Chapter 3. The
only difference in these experiments was the site of formation of the
pyrite. It was found to occur on the sides of the tube and floating
as a film on the medium surface. The reasonz for this are unknown but
it might possibly be due to some surface tension or flotation
phenomena caused by the presence of large concentrations of organic
matter.
Texturally the biological and abiological iron sulphide
precipitates were indistinguishable, except for the location of the
pyrite in the goethite experiments. In all cases the products were
extremely fine-grained and defied optical examination. No framboidal
forms were found in any of the precipitates (see Chapter 7) and it
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must therefore be assumed that the production of ftamboids is not
genetically associated with the presence of microorganisms of organic
matter.
The results of this experimentation demonstrate that
there is no detectable difference between the nature of biologicallyproduced iron sulphides and abiologically-produced iron sulphides. It
is possible however that in the natural aqueous environment microorganisms may introduce certain factors which have not been allowed for
experimentally. Firstly they are closely associated spatially with the
iron salt to be suiphidised and may therefore act in localising the
iron sulphides. The most well-known effect of this type is the
precipitation of iron sulphides on the cells themselves under adverse
physicochemical conditions. Secondly the extremely complex chemical
environment that these organisms bring in close association with the
iron sulphides may have some unexpected catalytic results. In
particular it is known that the solubility of pyrite is increased in
solutions of amino acids, and this could lead to en increase in the
crystallisation rate of the pyrite (120).
However the microorganism acts essentially as a
generator of hydrogen sulphide gas, the subsequent coincidental fate
of which may lie in the formation of various iron sulphide compounds.
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SUMMARY

The production of iron sulphides through the reaction
between an iron salt and bacteriologically-produced hydrogen sulphide
has been shown experimentally to involve no anomalous cystallochemical
phenomena. Under the same conditions as in abiological experiments,
mackinawite, griegite, pyrite and marcasite are produced. The bacteria
do not produce any sulphur species other than sulphide ions. The
textures observed in iron sulphides in sediments must be produced by
inorganic processes since there is no evidence that the bacteria
themselves are responsible for any unusual textures. The bacteria
act es generators of hydrogen sulphide gas which may subsequently be
involved in the chemical inorganic formation of iron sulphides
unconnected spatially with any bacterial group or colony.
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PART THREE

GEOLOGY
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CHAPTiat

!Eh GEOLOGICAL SIGNIFICANCE OF EXPERIMENTAL RESULTS

The purpose of this chapter is to examine the validity
of extrapolating experimental results into the natural environment.
It is necessary in experimentation to use relatively limited conditions
of synthesis, usually with high concentrations of reactants under the
simplest possible physicochemical conditions, to enable an
interpretation of the results to be made. Furthermore the common close
association of other base metal sulphides with iron sulphides in the
natural environment necessitates that the results which are valid for
iron sulphides are not in conflict with observations on these related
minerals. Thus it is initially necessary to discuss the validity of
these results ouside the rather narrow limitations of the experimental
conditions.

A. Extent of the validity of the experimentation
The experiments on the chemistry of the iron sulphides
in this laboratory have been performed at low temperatures and
pressures, and were particularly aimed at elucidating iron sulphide
chemistry at 25°C and 1 atmosphere pressure. Water was present as a
solvent in all experimental reactions. The range of Eh and pH conditions
was limited by the upper and lower breakdown limits of water, The
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concentrations of reactants was high because of the need to obtain
sufficient quantities of product for analysis. Finally the time of
the experiments was necessarily short relative to natural processes.

a) The effect of different temperatures and pressures
The two major effectsof temperature and pressure
variations are the effect on the chemistry of water, and the kinetic
effect.

i) Effect on the chemistry of water
At 374°C and 218 atmospheres pressure water reaches its
critical point, above which it is a supercritical fluid. Under these
conditions the lower temperature gas,/liquid properties of supercritical
fluids are continuous. Generally the density at specific volume of the
fluid varies continuously, and most other properties of supercritical
fluids are, or can be, directly related to this property. The ability
of a supercritical fluid to carry non-ionizable materials in solution,
for example, is directly related to its density. Under subcritical
conditions the solubility is generally proportional to temperature,
but, under supercritical conditions, pressure becomes an equally
important factor. Figure 22 shows the critical point of water in
relation to depth and average geothermal gradient in the earth's crust.
The critical point of water is soon reached in depth, and many
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phenomena of the formation of high-temperature ore deposits must be
related to the presence and properties of supercritical water.
Unfortunately thereis a considerable lack of knowledge of the properties
of supercritical water in complex environments and thus the possible
effect of its presence cannot be treated rigorously.
Bjerrum (121) produced data for the effect of temperature
on the pH of an unbuffered solution of water. The results are shown
graphically in Figure 23. A neutral solution at 25°C has a pH = 7.0,
but at 250°C the pH of this solution is 5.6, and a 1N solution of
hydroxide has a pH of 11.2. The effect of temperature on more complex
solutions is unknown at present, but a solution with equal activities
of carbon dioxide and bicarbonate ion will be a weak acid at 25oC but
when heated to 125°C without any loss of carbon dioxide it becomes
weakly alkaline (148).
The effect of pressure on subcritical liquids is less
marked. Figure 24 shows the effect of pressure on the activity product
of water, from data given by Owen and Brinkley (122). Since pressure
increases the activity of undissociated water the pH will decrease as
the pressure rises, but only within magnitudes of a few tenths of a
pH unit.
No really systematic treatment of the thermodynamics of
electrolytes at high temperatures and pressures is yet available.
However it may be proposed that dissociation of molecules such as
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Figure 24. i'ffeet of pressure on the ionic product ratio
ci' watclr.
Data obtained from (122)).
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hydrogen sulphide is decreased in the same manner as water, increased
pressure producing an increase in the activity of the undissociated
molecules and increased temperature increasing the ionic activity
ratios. The critical point for hydrogen sulphide is far lower than
that for water (100oC and 89atm), and that of carbon dioxide is even
lower (51°C and 78atm).

ii) Kinetic effects
Generally an increase in temperature of 10 - 20°C from
25°C doubles the reaction rate. Pressure does not usually affect the
kinetics under about a thousand atmospheres. Although many homogeneous
reactions in fluids occur almost instantaneously, it was shown in
Part 1 that this is not a valid generalisation. In the sulphur-oxygen water system the intermediate sulphur oxyanions and polysulphides play
an important role in the chemistry of sulphur at low temperatures.
However these metastable compounds are decomposed rapidly to their
stable counterparts at temperatures above 100°C. Since temperature
increase tends to effect an increase in reaction rate, metastable
compounds, in the solid or fluid states, are less likely to be present
at elevated temperatures. In particular the iron sulphides mackinawite,
smythite, griegite and marcasite are not stable at temperatures greater
than about 200°C.
Heterogeneous reactions may be transport-controlled or
chemically-controlled or both. In a transport-controlled reaction the
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rate of change of the velocity constant per unit area equals the rate
of change of the diffusion coefficient with temperature, and the
critical increment of energy (equivalent to the activation energy of
homogeneous reactions) will be about 4kcal per mole. In chemicallycontrolled reactions the rate change with temperature depends on the
real activation energy of the adsorbed layer, which determines the rate
at which the adsorbed molecules or ions react, the heat of adsorption
of the reactants, and the heat of adsorption of the products.
A large heat of adsorpiton of reactants will tend to
slow the reaction as the temperature rises since the quantity of reactants
at the surface will tend to decrease. A large heat of adsorption
of soluble products will tend to increase the reaction rate by
exposing more surface to the reactants. The critical increment of
energy for chemically-controlled heterogeneous reactions is usually
considerably larger than that for transport-controlled reactions. In
the intermediate situation where both types of control are present
the critical increment of energy will be determined by the extent to
which each process controls the rate.

b) The effect of concentration
In the experimentation reported in Chapter 6,
relatively high concentrations of reactants were used throughout. The
absolute effect of concentration is kinetic. That is, if all
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concentrations of all reactants are decreased equally the rate of
reaction will decrease. In certain instances a decrease in concentration
may result in the reaction rate becoming transport-controlled, with the
subsequently different effect of temperature as discussed above.
Redox reactions between dissolved ions, in particular, may not reach
equilibrium if one or more of the reactants is of extremely low
concentration (see Part 1).
The relative concentrations of reactants may be
important in determining the products of the reaction if one reactant
concentration does not satisfy the stoichiometric requirements of the
product, since some of the other reactant will be left unreacted.
However as shown experimentally in Chapter 3 the crystallochemistry
of any reactant cannot be changed exclusively by a change in
concentration.

c) Interpolation of results into other base metal sulphide systems
There is a great temptation to examine the chemistry of
the closely related transition metals, chromium, manganese,iron, cobalt
and nickel as a homogeneous group. However the chemistry of the
transition metals is extremely complex and this section examines the
validity of this process.
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These five elements form a distinct group in the
periodic table, since there is a jump in electronic configuration from
3d3 for vanadium (Z=23) to 3d5 for chromium (Z=24), and a further jump
from 3d8 for nickel (Z=28) to 3d10 for copper (Z=29). The electronic
configuration of the five transition metals from atomic number 24 to
28 are shown in Table 6. If the bonding of this group were restricted
to the sorbitals it would be reasonable to predict a steady gradation
in their properties along a series Cr2+, 2+, Fe2+, Co2+ , Ni2+ . This
simple pattern is however considerably modified by the covalent
contribution of the 3d orbitals and electrons. The covalent bonding
depends very markedly on the size of the transition metal orbitals,
and there is a general contraction of the d orbitals with atomic number
and charge.
TABLE 6
ELECTRON CONFIGURATIONS OF THE CLOSELY-RELATED TRANSITION
ELDFETS CHROMIUM, ZANGANESE, IRON, COBALT AND NICKEL

_._
Z

ELECTRON ORBITALS
2s 2p 3s 3p 3d

4s

2
2

6
6

2

2
2

6
6

2

2

6

ELEMENT
is

24
25

Cr
Mn

26

Fe

27

Co
Ni

28

2
2
2

2
2
2

6
6

5
5

1
2

2

6
6

6
7

2
2

2

6

8

2
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The +1 valence state is unknown in the transition metals
except in copper. This is caused by the instability of the resulting
electron configuration. The +2 valence state is the commonest and
most stable in all five elements, but the removal of an additional
electron becomes more difficult with increasing atomic number. Thus
ferric iron is a good oxidising agent, cobaltic compounds are very
powerful oxidising agents and nickelic compounds are not known.
Iron holds a peculiar position in this group of five
closely related elements. In much of its solution chemistry it is
similar to chromium and manganese, forming ferrates at high pH which
are comparable to chromates and permanganates. In these three compounds
all the ttransitiont electrons may be removed, and there is a strong
tendency to form complex ions in solution. However since the
ionisation potentials of this group tend to increase towards nickel
(except for chromium with its 4s1 electron) iron is far more chalcophilic than chromium and manganese and forms a number of highly
insoluble sulphides which are more comparable with cobalt and nickel.
Thus in terms of sulphide chemistry iron is only possibly comparable
with cobalt and nickel.
Cobalt and nickel sulphides show marked structural and
compositional similarities to the iron sulphides. In Chapter 3 it was
pointed out that the cobalt and nickel isometric sulphides linnaeite
(Co3S4) and polydymite (Ni3S4) were isostructural with griegite (Fe3S4).
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A systematic change in unit cell size is observed for this group,
according to the order cobalt (smallest), nickel, and iron (largest).
This is reflected to a similar extent in the c of the pyrrhotite
o
group (see Table 7); in the pyrite group however, FeS2 has the smallest
cell size, and NiS2 the largest (see also Table 7). This change is
not strictly compatible with the order of crystal ionic radii of the
three elements and the anomalous a value of pyrite implies that it is
o
probably related to the metal-sulphur bond length. On the assumption
that this is the case it could be predicted that polydymite and linnaeite
are formed in a similar manner to griegite, and that all these are
simple metal sulphides with considerable metal deficiences. If this
were so then polydymite and linnaeite would have to be formed through
the reaction between sulphide and a pre-existing metal sulphide
isostructural with mackinawite. Since no such nickel and cobalt
sulphides have yet been found it is impossible to test the validity
of the hypothesis.
TABLE 7
VARIATIONS IN THE UNIT CELL SIZES OF THE ISOSTRUCTURAL COBALT, NICKEL
AND IRON SULPHIDES
ISOMETRIC : R S

PHASE

34
FORMULA n 2
o

LINNAEITE Co S
34

S4 9.419.48
Fe S
9.823 4 9.88

POLYDYMITENi

GRIEGITE

9.409.45

3

_

ISOMETRIC : RS2
HEXAGONAL : RS
PHASE
FORMULA a 2 PHASE FOR-a 2 h R
o
MULA 0 0
CATT1EHITE CoS
5.52-JAIDCoS 3.385.15
2

5.65

VAESITE
PYRITE

NiS

2

FeS
2

URITE

5.60-SYNTH- MIS
ETIC
5.41-PYRRHO- FeS
1 5.42 TITS
L

5.75

3.435.31
3.41.69
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The reaction between cobalt or nickel and polysulphide
to form cattierite CoS or vaesite NiS in the same manner as pyrite
2
2
is simpler to envisage, and the absence of cobalt or nickel sulphides
isostructural with smythite may be explained by the relative rarity of
the corresponding carbonates.
However the author would predict that nickel and cobalt
sulphides isostructural with tetragonal mackinawite (RS) and hexagonal
smythite (R3S4) will be found, and their apparent absence at the
present time is due to a relative lack of knowledge of nickel and
cobalt sulphide chemistry. In the meantime though it is impractical
to attempt to draw any specific conclusions as to the chemistry and
conditions of formation of the nickel and cobalt sulphides.
Predictions may be made but these must be tested by experimental work.

B. The distribution, chemistry and forms of iron sulphides in modern
sediments
In Chapter 3 a general discussion was given of the more
important aspects of the distribution, chemistry and forms of iron
sulphides in the natural environment under a consideration of each
individual iron sulphide. In this section a more detailed description
is given of specific aspects of the known data on the iron sulphides
of modern sediments. Very little is known about the present-day
distribution of any iron sulphides except pyrite and marcasite.
Mackinawite and griegite are thought to be the primnry constituents
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of the "melnikovite", "hydrotroilite" or "amorphous iron sulphide" of
sediments, but they both occur in submicroscopic, easily oxidisable,
particles which makes rigorous examination difficult. (49, 57).
Pyrrhotite and smythite have not been found in recent sediments.

a) Pyrite
Since more is known about the distribution of pyrite in
recent sediments than any other sulphide mineral, a major part of this
discussion is concerned with this mineral.
i) The origin of pyrite in recent sediments
In Chapter 3 it was demonstrated that pyrite is formed
through the reaction between a ferrous salt or dissolved ferrous iron
and polysulphide anions. The origin of the pyrite in sediments is
therefore concerned with the nature of the iron source and the nature
of the sulphur source. The iron minerals that are abundant in
sediments include a variety of forms, but as shown in Chapter 1, the
most widespread is the ferric oxyhydroxide, goethite. In order to
provide a general mechanism for the formation of pyrite, an iron source
must be chosen that is as widespread as the pyrite itself. In this
context, although minerals such as glauconite, vivianite and carbonate
could possibly be regarded as iron sources, their distribution is not
as widespread as either goethite or pyrite. Furthermore the preliminary
experimentation in Chapter 1 also showed that dissolved ferrous iron
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was not abundant in sediments.
In Part 2 it was shown that the sulphide radicle of the
iron sulphides in sediments was produced through the activities of the
dissimilatory sulphate-reducing bacteria, and that these bacteria did
not produce detectable quantities of other sulphur anions such as
polysulphides. The origin of these polysulphides cannot be through the
direct oxidation of sulphide by oxygen, since the first-formed sulphur
compound of this process is thiosulphate, a sulphur oxyanion, which
was shown in the earlier experiments not to react with iron salts to
give sulphides. The oxidation of sulphide to polysulphide must
therefore be caused by an alternative oxidising agent. In the natural
environment, the most abundant of these agents is elemental sulphur
which has already been shown to perform this oxidation (Chapter 3).
Since the major source of ferric iron in the natural aqueous
environment is goethite, and since it has been shown that the
suiphidation of goethite involves the formation of polysulphides, it is
therefore concluded that sulphidation of goethite is the major mechanism
for the production of pyrite in the natural aqueous environment.
The nature of this process has been described in Chapter
3. The sulphidation of goethite initially results in the formation of
extremely finely-crystalline mackinawite through a ferric sulphide
transition compound. Sulphur produced in this reaction reacts with
dissolved sulphide to form polysulphide anions. The subsequent re-
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reaction between these polysulphide anions and mackinawite has been
demonstrated to result in the formation of pyrite.
However this mechanism cannot be the exclusive mechanism
for the formation of pyrite in the modern natural environment, since,
in view of the widespread occurrence of this mineral it is almost
certain that other processes, even though of relatively minor
importance, also occur. Assuming that the iron source is a ferrous
salt like glauconite, the major problem is the formation of the
polysulphide anions. These may be formed through the preliminary
oxidation of the ferrous salt by dissolved oxygen, resulting in the
formation of a ferric oxyhydroxide (goethite) with therefore a similar
mechanism operating to that described above; or by the reaction between
bacterially produced sulphur and sulphide to form polysulphide which
can then react with any ferrous salt to produce pyrite.
However the close proximity of a sulphide source, a
polysulphide source and an iron source in the bacteriological
sulphidation of goethite must make this process the most common
mechanism for the formation of pyrite in modern sediments.
ii) The textures of yyrite in modern sediments
Apart from single pyrite crystals up to 100,u in size,
pyrite is widespread in the form of spherular aggregates of microcrysts known as framboids. An excellent review of the reported
occurrence of framboids, both ancient and modern, is given by Love

191.

and Amstutz (123). In addition, framboids have been found in a Finnish
peat bog (124) and during this investigation they were studied from
a soil horizon above a tungsten vein in Portugal. It should be noted
here that framboids are common in many dnrk shales and related ancient
rocks as well as in certain hydrothermal veins. In this investigation
framboids were observed from the Tynagh deposit (Eire), the Vasskis
(Norway), the Rio Tinto deposits of Spain, as well as from a variety
of specimens from the English Carboniferous, the French Tertiary and
Newfoundland Mesozoic volcanics.
A typical framboid is shown in Figure 25. This is a
25iu diameter sub-spherical aggregate of microcrysts of pyrite of less
than 1 in size. It shows a variety of crystal forms, all sections
through a cube, which demonstrate that these cubic microcrysts are not
in crystalline continuity. The spaces between the individual microcrysts are sometimes filled with organic matter. Framboids commonly
have an organised microarchitecture based on cubic or hexagonal closepacking of the microcrysts. A detailed analysis of the structures and
shapes of framboids has been given before (123) and since this
investigation did not reveal any new features, it is not the purpose
of this section to detail the possible apparent arrangements that have
been reported.
However the experiments performed in this laboratory
demonstrated several features that may have bearing on the origin of
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Figure 25. Photomicrograph of pyrite framboid from a soil
horizon over a Portuguese tungsten vein. Oil;
plane polarised light.
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framboids. No examples of definite framboidal pyrite were observed
during any of the intensive optical examination of the products of
this experimentation. The pyrite that was formed was extremely finegrained crystalline material similar to the ?pyrite dust? often found in
sediments. Although this material, when agglomerated, could produce a
texture similar to the framboidal form, no such agglomeration was
observed during this experimentation. Therefore the factors that
control the mechanism of framboid formation were absent from these
experiments. Compared with the natural environment two factors were
absent:
i)an inert mineral substrate - e.g. clays
It is difficult to envisage any mechanism whereby clays
could assist in the formation of framboids. The absence of clays in
close proximity to the framboids found in modern lamellibranchs (125)
and modern newt carcases and fossil wood from Tynagh, indicate that
the presence of an inert mineral substrate is not necessary for the
formation of framboids.
ii) slow rate of formation
Framboids form relatively rapidly from a geological
point of view. In modern lake sediments as many as

4.5 x 105 framboids

per grqm dry weight of sediment have been recorded (126). However
since the concentrations of reactants in the natural environment is
low relative to the concentrations in the experimental synthesis of
pyrite, the reaction rate will be much less. Indeed if the
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concentrations are very low, it would not be surprising to find that
the reaction is transport controlled in the natural environment. The
subsequent slow growth of the pyrite may give sufficient time for
the microcrysts to aggregate as framboids.
There are three major hypotheses for the origin of this
framboidal texture:
i) A hypothesis based on pseudomorphism
The suggestion that framboids arise through the
pseudomorphism of a prior material with a framboidal texture has been
proposed many times in the past (e.g. 127). However no other material
has ever been shown to possess this framboidal arrangement, and it is
unlikely that such a necessarily widespread material which could occur
in all the environments in which framboids have been found, could defy
detection.
ii) A hypothesis based on amorphous iron sulphide
Crystallisation or diffusion-controlled accretion in
a physically-continuous amorphous iron sulphide could explain the
framboid texture. As demonstrated in Chapter 3, it is unlikely that
such an amorphous iron sulphide exists and no evidence was found
during this experimentation for any such proposal. The type of
amorphous substance required for this hypothesis is a strictly
structureless material and must not be confused with "x-ray amorphous'
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or 'colloidal' substances which may contain discrete crystallites.
iii) A hypothesis based on a colloidal iron sulphide
This hypothesis requires the pre-existence of an
assemblage of discrete crystallites of colloidal dimensions. Surface
tension could then effect the spherulisation of this material, but
the hypothesis does not explain the ordering of these.microcrysts.
This hypothesis does however appear to be the most likely since the
sulphidation of goethite has been shown to result in mackinawite
crystallites of a similar size to colloids which then re-react to give
pyrite. As indicated above the rate of this reaction may be the
controlling factor in the organisation of the pyrite. Purthernmre it
must be accentuated that since this texutre is limited to pyrite
exclusively, the framboidal formation must be a property of the pyrite
itself or of the manner of its formation. Since framboids are unknown
amongst the closely related cobalt and nickel sulphides which have
very similar properties to pyrite, the framboidal texture must relate
to the mechanism of formation of pyrite and this mechanism must be
peculiar to pyrite. The sulphidation of goethite and the subsequent
mackinawite-polysulphide exchange reaction has no known analogue among
these closely-related base metal sulphides.

b) Marcasite
Marcasite is far less common than pyrite in the modern
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natural environment. Many of the recorded instances of marcasite
formation have been subsequently shown by x-ray methods to be pyrite
(128). However the detailed study of the Gulf of Paria (129) has
demonstrated the existence of marcasite in the more acid sediments of
the gulf, whereas pyrite is more abundant in the neutral to alkaline
conditions. This would be predicted from the experimental results
(Chapter 3) which demonstrated that marcasite was formed through the
reaction between sulphur and a pre-existing ferrous sulphide, since
sulphur is more likely to be found under acid conditions (Chapter 2).
Texturally the marcasite generally occurs as simple prismatic crystals
(129) and no framboidal forms have been found.

C. Distribution, chemistry and forms of iron sulphides in ancient rocks
It would be impractical to attempt to record all known
data on the occurrence of the iron sulphides in ancient rocks from the
vast literature that exists on this subject. Within the context of
this thesis the exercise would be pointless, since the experimental
work has been particularly concerned with a chemical interpretation of
this subject. With this in mind, and having already reported certain
of the major aspects of the occurrence of the iron sulphides in ancient
rocks in Chapter 3, this section will attempt to elucidate certain
aspects of the occurrence of those iron sulphides which have been
previously described through observation in such a manner that
unambiguous chemical interpretation is possible.
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a) Smythite and griegite
A typical example of the general deficiencies of
observations, which although adequate geologically, defy a rigorous
chemical examination, arises from the reported occurrences of smythite
and griegite in the Kerch peninsular (44, 46). Here, although it is
reported that the griegite is associated with the goethite and the
smythite with the carbonate of the sedimentary iron deposits, it is
impossible to draw any conclusions as to the precise compatibility of
these observations with experimental results. All- that can be said is
that these observations are not in conflict with the experimental
observations. In this section therefore no attempt is made to try and
confirm geologically the experimental results but rather to suggest
the possible origin of the natural iron sulphides in terms of the
experimental conclusions. For example in the griegite and smythite
of the Kerch peninsular it would seem that the griegite is formed
through the sulphidation of goethite and the smythite through the
sulphidation of siderite.

b) Ma ckinawit e
At first sight the form of mackinawite in ancient rocks
would seem to contradict all evidence from the experimentation and
observations from the present day natural environment as to its manner
of formation. In fact, "recent" and "ancient" mackinawite might be
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mistaken for different minerals if the identification were made on
optical and chemical analyses instead of x-ray analyses.
All "ancient" mckinawite analysed so far contains
substantial amounts of nickel and/or cobalt. Mackinawite from the
Vlackfontein mine Bushveld (South Africa) has been analysed and found
to contain 20'1, nickel, and mackinawite from the Outukumpu deposit in
Finland found to contain up to 8% cobalt (A.P. Millman - pers.comm.).
The concentration of these elements seems to vary greatly and to
depend on their availability in the deposit (70). Mackinawite is
usually either closely associated with moderate to low temperature
assemblages or exhibits apparent replacement relationships with high
temperature ore minerals. It commonly occurs associated with
arsenopyrite, chalcopyrite, pyrrhotite, pyrite and pentlandite, and
is not uncommon in epigenetic deposits of high-temperature origin.
However heatin experiments on the mackinawite-chalcopyrite-cubanitemagnetite-troilite-pyrrhotite assemblages of the YlOgrvi deposit,
Finland, by Clark (130) indicate that mackinawite transforms to
pyrrhctite at temperatures as low as 135°C. In a detailed microscopic
study of this deposit Clark showed clearly that mackinawite was formed
after the mutual exsolution of troilite and intermediate pyrrhotite,
and that the formation of mackinawite was not an integral stage in this
exsolution, since it was not always found with it. Clark also
demonstrated from textural relationships that mackinawite did not
exsolve from the original pyrrhotite solid solution. The mackinawite
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commonly occurs as elongate lamellar bodies with unusual serrate margins.
These observations are explicable in terms of the
chemical investigation reported in Chapter 3. Nackinawite is not an
equilibrium phase and therefore it will not be formed through any
equilibration process, such as exsolution. It is only formed through
the reaction between a ferrous salt and aqueous sulphide ion where
topotaxy is not involved. In the case of the YlOgrvi deposit the
original iron salt cannot have been siderite (or smythite would form)
or a ferric salt (since pyrite and/or marcasite would form). There
also is no evidence that the reaction between a ferrous sulphide and
sulphide can produce mackinawite. Although such minerals as chlorite
could possibly be intermediate to the formation of mackinawite, it is
difficult to envisage a mechanism of partial chloritisation of preexisting iron sulphides that would produce tit tor.essary spatial
distribution of mackinawite. The only logical explanation is V6c,+
elemental iron was formed as an intermediary between the hightemperature pyrrhotite-iron solid-solution and the low-temperature
mackinawite. It is possible that as the pyrrhotite-iron solid-solution
cooled, elemental iron was partitioned and reacted with introduced
aqueous sulphide to form mackinawite. The synthetic reaction between
metallic iron and sulphide for the formation of pure mackinawite has
been reported (57), and this reaction would give the peculiar
exsolution/replacement texture that the mackinawite shows in this
deposit. Furthermore changes in conditions after the exsolution of
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this iron could give either mackinawite (reaction with aqueous sulphide),
troilite (reaction with sulphur) or magnetite (oxidation). Such an
explanation is also compatible with the association between lamellar
mackinawite and chalcopyrite in the Vlakfontein deposit and could
explain other mackinawite relationships.

b) Pyrrhotite-marcasite-pyrite 'transformation'
The alteration of pyrrhotite to marcasite and pyrite
is a common phenomenon in many sulphide deposits, and was observed
during this investigation in pyrrhotite nodules from graptolite shales
near Oslo, Norway. The alteration often occurs as spherical or
subspherical areas bordering cracks in the pyrrhotite, and is known
as "bird's eye" texture. Rhoden (131) calculated that the change from
pyrrhotite to pyrite and marcasite should be accompanied by a volume
decrease of 33-35cf, if iron is lost. This agreed with the experimentally
determined value of 32-38 volume loss, and thus Rhoden concluded that
the transformation of pyrrhotite to pyrite and marcasite was caused by
a process involving a removal of iron. The widely made assumption that
this process is an inversion process with iron being exsolved is not
compatible with the presence of mr,.rcasite nor of the oxidation processes
involved. Since marcasite is a non-equilibrium phase it cannot be
produced by an equilibration process such as inversion and the marcasitepyrite transformation is not reversible. The change from pyrrhotite,
a ferrous sulphide, to marcasite and pyrite also involves an oxidation.
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Thus the pyrrhotite-marcasite-pyrite transformation involves one or
more chemical reactions.
The alteration phenomena are exclusively observed along
cracks and (0001) basal cleavage planes in the pyrrhotite, and therefore
the mechanism may include a solution reaction. Since iron is removed
and a solution probably involved, the reaction is probably a leaching
process. Furthermore the oxidation of the pyrrhotite means that this
is an oxidising leaching reaction.
Also the nature of the "bird's eyes" are so similar to
the textures observed during diffusion processes that diffusion must
also be involved.
The data from observations together with the experimental
conclusions indicate that the mechanism of the decomposition of
pyrrhotite follows this path:Oxidising acid solutions enter the pyrrhotite through
cracks and cleavages and partially leach the pyrrhotite with the
formation of soluble iron and sulphur. The sulphur then reacts to
oxidise the pyrrhotite with the formation of marcasite. As more
pyrrhotite is leached, more sulphur is formed and the oxidation
penetrates the pyrrhotite crystal by diffusion of the sulphur. The end
result is the formation of a narcasite alteration zone in the
pyrrhotite, with a concomitant volume decrease which is directly
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related to the size of the alteration zone, through the leaching and
removal of iron and the formation of the reacting sulphur. The amount
of marcasite formed will be temperature dependent, since at
temperatures between 50-100°C a mixture of mainly marcasite with some
pyrite will be formed, and above these temperatures, more pyrite will
be formed (see Chapter 3). The leached iron will precipitate in the
cracks as oxyhydroxide or carbonate, depending on the nature of the
leaching solutions. Furthermore the reaction will tend to be selective
since the greater the iron-vacancies of the pyrrhotite the more
susceptible it will be to the diffusion process.
Diffusion reactions of this type often result in some
degree of topotaxy. In this particular reaction marcasite has been
reported to occur along planes perpendicular to the (0001) pyrrhotite
cleavage, and occasionally parallel to this cleavage (132).

SUMMARY

The results of experimentation at low pressures and
temperatures performed in this laboratory are applicable to a wide
range of conditions and are only limited by the critical point of
water and the kinetic changes that occur with variations in temperature,
1-)ressure and concentration. The extrapolation of experimental results
on the iron sulphides into other base metal sulphide systems can only
be done with respect to the cobalt and nickel sulphides, and then the
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possible conclusions are limited by a lack of knowledge of the chemistry
of these sulphide systems.
The experimental results explain several features of the
iron sulphides of ancient and modern deposits, including the formation
of pyrite in sediments, the pyrrhotite-marcasite -pyrite transformation
and the origin of mackinawite in sulphide deposits. However the
natural occurrences of iron sulphides cannot be used to confirm the
experimental results since there is a general lack of the kind of data
necessary for such confirmation.
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CHAPTER 8

MECHANISMS INVOLVED IN TIM FORMATION OF IRON SULPHIDE DEPOSITS

The contention that geology is an art rather than a
science is an aphorism that the author strenuously repudiates. It
stems particularly from the subjective qualitative approach to the
investigation of mineral deposits leading to a quasi-philosophical or
pseudo-religious approach to mineral deposit theory. In the past,
writers have confirmed this view by reporting the historical development
of the theory of the origin of mineral deposits in terms of socio religious events rather than relating the evolution of thought to
scientific or technological advances (e.g.133). In many respects,
the history of the development of mineral deposit theories over the
past century has been more analagous to the history of sixteenthcentury chemistry than to any contemporaneous modern science.
In this chapter an attempt is made to investigate the
possible modes of origin of iron sulphide deposits in an objective
manner by concentrating on the chemical rather than the mechanical
problems involved. By its very nature, such a discussion is bound do
be general and to include data accrued. from deposits where iron
sulphides occur as a subsidiary mineral.
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A. The four elements of the mechanism of the formation of mineral
deposits
Four factors are necessarily to be considered in any
hypothesis for the origin of a mineral deposit : the source of ore
constituents, the mechanism of transport of constituents to the site
of deposition, the mechanism of deposition and the mechanism of local
concentration.

a) The source of ore constituents
The ultimate source of the constituents in a mineral
deposit is igneous or metamorphic rocks, sediments or magmas, in which
the ore constituents are normally widely dispersed. Two widely held
assumptions about sources are not necessarily valid:
Firstly, that all the ore constituents come from the
same source. There are now many examples where the ore constituents
do not derive from the same source. Using isotope geochronology and
fractionation studies, Jensen (134) concluded that the uranium and
sulphur of the Colorado sandstone-type uranium deposits came from
different sources : the uranium was juvenile (100 x 106 years later
than the enclosing rocks) and the sulphur was biogenic. Zies (135)
showed that the volcanic fumaroles of the Valley of Ten Thousand
Smokes, Alaska, contained iron, molybdenum, lead, copper, zinc, tin,
nickel and cobalt. The fumaroles were estimated to provide 1,250,000
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tons of HC1 and 200,000 tons of IT annually, and this was sufficient
to leach all these metals from the country rocks on the passage of the
solutions to the surface. White (136) showed by isotope methods that
usually less than 574 of the fluid emitted at the surface by thermal
springs and funaroles of volcanic affiliation, is of juvenile origin,
the juvenile solution being diluted by local meteoritic waters in its
passage to the surface.
The second assumption that is not necessarily valid is
that a particular spatial affiliation between an ore and a country rock
implies a genetic relationship between them.
It is widely accepted that the relationship between a
lead-zinc deposit and its limestone host does not mean that both arose
from the same source. However ores associated with volcanic and igneous
rocks are often assumed to have a common origin with the host rock.
This is obviously an invalid assumption if not supported through other
evidence, since there is considerable evidence that mineral deposits
are not always genetically related to their host. In particular, the
common association of many pyrite deposits with volcanic rocks does
not justify the assumption that the pyrite was also of volcanic origin.
Read (137) has recently shown, for example, that whatever the structural
history of the associated volcanics with the horse-shoe shaped pyritic
deposits of Rio Tinto, Spain, the pyrite itself has not been deformed.
Thus the pyrite must have been primarily formed in this shape and cannot
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have the same exhalative origin as the associated volcanics.
The precise way in which hydrothermal fluids arise from
magmas is not well understood, but it is assumed that differentiation
accompanying crystallisation effects a concentration of the ore metals.
Concentrations of ore metals in mafic intrusives produced by segregation
are well known, but hydrothermal fluids attributible to these mafic
intrusives are not abundant. The separation of an ore-bearing fluid
from a magma results from crystallisation-differentiation and sulphidesilicate immiscibility, effecting a concentration of substances which
do not form silicates or oxides, into residual liquids. Neumann (138)
demonstrated theoretically how metals may be segregated from a cooling
magma and be partitioned between growing crystals, a molten magmatic
phase and a hydrothermal fluid phase, according: to their solubility.
Burnham (139) considered that the aqueous phase separating from a
felsic magma will be initially enriched in carbon dioxide but will
become chloride-rich as the process continues. He considered that the
initial fluid contains 0.35M NaC1, 0.2M KC1, 0.04M HC1 and 0.005M CaC12,
which, at 700-750°C and 1000-2000 bars, would have a pH = 5-6. Cooling
below the solidus temperature of a magma in contact with quartz° felspathic rocks leads to a decrease in the concentrations of potassium
and hydrogen ions. Molybdenum may be precipitated with quartz, and
this is followed at lower temperatures by the other base metal sulphides,
contemporaneously with the sericitisation of the wallrocks. The order
of precipitation of the base metals, iron, copper, zinc and lead, is
proportional to their activities.
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The metals may be derived from the country rocks by
various leaching processes. Krauskopf (140) showed that a black shale
with 1000ppm copper, 700ppm lead and 1000ppm zinc could contain up to

3.7 x 106 tons of CuS, 1.5 x 106 tons PhS and 3.75 x 107 tons ZnS per
cubic kilometre of sediment. In most limestones and dolomites, 2-10ppm
lead is recorded. Davidson (141) showed that 1ppm metal over a 1000ft.
thickness of strata could yield 2000 tons of metal per square mile. The
metals may be concentrated in the pore waters of the sediments rather
than in the minerals, and the composition of the pore waters of modern
sediments have been shown to approach that of oil field brines (142).
A sodium-rich oil field brine from Louisiana gave 0.058g/1 iron,
0.035g/1 manganese, 0.006g/1 zinc and 0.005g/1 copper (143).
The mechanisms of the removal of these ore metals from
sediments maybe simple weathering processes, gradual low-temperature
leaching during diagenesis and a concentration of metals in the
sediment pore waters, or by thermal leaching of metal-bearing minerals
in the sediment during the passage of juvenile or connate brines to
the surface.
The sulphide radicle of sulphide deposits may be derived
from the bacterial reduction of sea water sulphate as well as from
primary magmatic or volcanic sources. Sulphur isotope studies on the
Noril'sk copper-nickel deposits demonstrated that much of the sulphur
of these deposits came from assimilation of sulphur in ore solutions
passing through the nearby evaporites (144).
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At the present day, fluids containing adequate concentrations of ore-constituents which could be regarded as potential
ore-forming fluids, are only known from two environments : geothermal

fluids with possible volcanic affiliations and the sulphide-bearing
waters of reduced sediments. Of particular note are three recently
discovered geothermal brines. The

Salton Sea brine erupts from a depth

of 1500-2000 metres. It is a chloride brine at 300°C which contains,
when cooled, 220ppm barium, 300ppm zinc, 1000ppm lead and 2Oppm copper.

180 and deuterium analyses demonstrated that this brine originated as
meteoritic waters which circulated through evaporites and country
rocks which supplied the metals and anions contained in the brine.
However the brine is completely lacking in reduced sulphur species (145).
The Red Sea brine, erupting from a medium rift in the
Red Sea, was found in isolated pools on the sea floor 2000 metres
below sea level. The brine has a pH =

5.3, a temperature of 56°C and

a salt content of 310g/l. A metal-charged bottom mud was discovered
beneath the pools containing, after removal of soluble matter, the
metal equivalents to 2-6% ZnO, 0.3 - 0.7% CuO, and elsewhere 0.15% PbO.

180 analyses of this brine showed that it originated as seawater, some
distance away at the southern tip of the Red Sea and derived its
metal content in a similar manner to the Salton Sea brine (145).
Lebedev (146) reported a lead-rich chloride brine
flowing from drill-holes in the petroleum province of the Cheleken
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peninsular, on the eastern shore of the Caspian Sea. These brines
reach the surface at temperatures up to 8000 and contain 3.6 - 77.0
mg/1 lead, 0.9 - 15.0mg/1 copper and 0.19 - 5.35mg/1 zinc. It has been
estimated that some 300 tons of lead are produced annually. These
brines are similar to the Red Sea and Salton Sea brines in that they
are apparently sulphide deficient.
To date, solely magmatic metal-bearing fluids have not
been discovered and it seems that these fluids become greatly diluted
by meteoritic and connate waters as they approach the surface.

b) The transport of ore constituents
In the formation of the iron sulphides of recent
sediments the mechanism of transport of the ore constituents to the
site of deposition is not complex. Iron in the form of ferric
oxyhydroxide as free particles, or adsorbed on clay or organic matter,
is transported to the site of deposition where aqueous ionic sulphide,
produced through the bacterial reduction of sea -water sulphates (i.e.
sulphate in the transporting medium), reacts with it to form iron
sulphides. The simplicity of the transport process in this reaction
is caused by the fact that the iron and the sulphur come from different
sources and are not presumed to travel together. Difficulties arise
when it is supposed that the ore constituents do travel to the site of
deposition together, since the solubilities of the base metal sulphides
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are extremely low. Further confusion arises through the general lack
of knowledge, or the refusal to accept such knowledge as there is, as
typical of the nature of ore-forming fluids. In sea water, low
concentrations of the constituents are accepted, but this usually
gives rise to low concentrations of ore minerals in the sediments. Ore
deposits by definition contain egregious concentrations of the ore
constituents and it is therefore widely assumed that the ore fluids
are necessarily concentrated. However this need not be true, since
large volumes of low concentrations of ore constituents could give
rise to ore deposits in the same way as small-volume ore fluids with
high concentrations.
Fluid inclusion data indicate certain features of the
nature of ore-forming fluids. Generally the fluids in these inclusions
contain major sodium chloride with high concentrations of potassium,
calcium, chloride, sulphate and carbonate or bicarbonate. Some
inclusions show saturation with sodium chloride crystals indica-Wing
more than 30 sodium chloride in the ore-forming liquid. Boron,
lithium, phosphorus, rubidium, caesium, fluorine, nitrogen, silica,
iodine, bromine and hydrocarbons are commonly found in the inclusions
in mall concentrations. Carbon dioxide gas is occasionally found
and some inclusions from high-temperature veins and pegrnatites contain
liquefied carbon dioxide as an immiscible phase. Rarely, trace
amounts of hydrogen sulphide gas are detected. Generally no metals
are found, but Czamanske, Roedder and Burns (147) report analyses of
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primrrry fluid inclusions in a sample of fluorite from a Southern Illinois
fluorite-zinc district which contained 150ppm copper, 330ppm manganese
and 570ppm zinc in solution. There are no authenticated examples of
precipitates of metal sulphides being trapped in fluid inclusions.
In general, these fluid inclusions show a surprising similarity in
composition with the geothermal brines of modern times.
If, as assumed by Barton (148) and Barnes (151), the
anionic and cationic radicles of the ore minerals travel together to
the site of deposition, then the following possible modes of transport
must be considered:
i) Volatile transport
Krauskopf (149) showed that at elevated temperatures
(400-60000) metals may be transported in the gaseous phase in the
form of simple volatile compounds, especially chlorides. He considers
this process important in the primary stages of transport and that it
is followed by transportation in the liquid phase. Theoretical studies
on ore deposits indicate that, at the time of deposition of the ore
minerals, the temperature is normally below that at which gaseous
transport is important. Although this mechanism might be important in
the initial stage of a magratic differentiation process, it does not
solve the major problems of ore transport at lower temperatures.

213.

ii) Colloidal transport
Chukrov (150) summarised modern theories on the
possibility of colloids being involved in ore transport. Colloids
have not been unequivocally identified in hydrothermal fluids and there
are several arguments against their presence. Colloids are metastable
and therefore temperature sensitive, although there are certain
indications that colloidal solutions of lead, zinc, copper and iron
may exist up to 250°C and may be stabilised by high concentrations of
hydrogen sulphide. High concentrations of electrolytes such as those
found in geothermal fluids and fluid inclusions, would flocculate any
colloid and immediately precipitate it. Furthermore the deposition of
ore minerals as gels is often assumed to be evidence of their transport
in colloidal solutions, whereas this texture need not have arisen solely
from the coagulation of colloidal solutions. It can occur as a result
of a reaction between various truly dissolved species, when supersaturation occurs and the rate of precipitation is greater than the
rate of crystallisation.
iii)Complex transport
Barnes (151) performed experiments which demonstrated
that up to a temperature of 200°C sphderite, galena, covellite, chal cocite, cinnabar, argentite and stannite are soluble in bisulphide
complexes. However this transport mechanism has serious drawbacks
it is only valid at one molar bisulphide concentrations or more (the

214.

highest sulphide concentrations of fluid inclusions is 10 3M); the
sulphur in fluid inclusions is almost exclusively as sulphate and not
sulphide; there is no mechanism which can effect the transport of iron,
nickel or cobalt., No other transport mechanism is known for solutions
carrying both metal and sulphide ions, except that, if the chloride:
sulphide ratio is greater than 105, it is possible that chloride
complexes may become important. However this approaches once again the
idea that sulphide and metal are not transported simultaneously.
If we examine the known data logically, we have these
facts:- large amounts of metal and sulphide are concentrated at
intervals in the earth's crust,
- fluid inclusion evidence indicates that these deposits were
formed from chloride-rich solutions with low metal contents,
- modern geothermal fluids are of similar composition to the
fluids in these inclusions and also contain metals in low concentrations,
- the fluids of the inclusions and of the geothermal metal-rich
brines contain little or no sulphide, the sulphur being present as
sulphate,
- there is no known process by which metals and sulphide maybe
transported together in brines.
It would therefore seem more rational to propose that
in low- to medium-temperature epigenetic deposits, the metals and the
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sulphur did not travel together and that the solutions themselves were
of large volume and low metallic concentration.

c) The deposition of ore constituents
The textures found in mineral deposits depend to a
large extent on the rate of reaction. As pointed out above, the reaction
between two dissolved substances will result in the formation of gels
if the rate of precipitation exceeds the rate of crystallisation.
Such a phenomenon was observed in the experimental syntheses of iron
sulphides pprformed_in this laboratory, where all the iron sulphides
synthesised were of submicroscopic, colloidal dimensions. The rate of
precipitation is dependent on the temperature of the reaction, the
pressure of the reaction, the concentration of the reactants and the
rate of transport of the reactants to the reacting site in low
concentrations. Increased temperature and pressure will both result
in an increase in the rate of reaction (see Chapter 7), and thus the
rate of precipitation in geothermal fluids should be greater than the
rate in identical fluids at lower pressures and temperatures. If these
two variables are constant, then the concentration of the reactants
becomes the critical factor. In the experiments performed in this
laboratory, the concentrations of reactants employed were of the order
of 10 1 - 10 2M, and resulted in the formation of gels of colloidal
particles. Therefore to obtain single large crystals of iron sulphides,
the concentration of reactants used would have to be much lower than
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10 M, since single large crystals cannot develop from a gel of
colloidal particles without going through a solution stage (150).
These types of crystals are common in ore deposits containing sulphide
minerals and therefore it is necessary for the ore solutions to be of
low concentration for the single-stage growth of macrocrystals of
iron sulphides to occur. The concentrations of reactants required for
this process would be even lower as the temperature and pressure rise.
Thus ore-solutions are more likely to be of large volume with low
metallic concentrations than small volume - high concentration solutions.
In certain deposits however there is evidence that the solutions were
of higher concentrations since collomorphic textures are abundant.
For example, the Rio Tinto deposits contain massive colloform
textures of pyrite, and would therefore seem to result through the
activities of more concentrated solutions.
This sort of reasoning is valid for deposits where the
ore solutions have suffered precipitation reactions. It is not
necessarily valid for heterogeneous reactions, since in this case
some degree of structural control may result from the pre-existing
solid phase. Replacement is a heterogeneous reaction. It is possible
that replacement could result from the preliminary removal of the
host rock by leaching with the subsequent precipitation of the ore
minerals in the voids, but it is difficult to envisage large scale
replacement proceeding in 'this manner. It is more probable that
replacement generally involves the diffusion of gaseous or aqueous
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ore constituents into the host followed by reaction. Diffusion in
solid state systems is unlikely to explain large replacement phenomena
since it has been calculated that only three metres penetration will
occur in 106 years in such a system, assuming that the boundavy
diffusion coefficient approaches the liquid diffusion coefficient (152).
A fluid phase is a necessary prerequisite for diffusion to possess any
degree of geological credibility.
It is often overlooked that if such a mechanism is to
operate, the metal sulphide and the host must have at least one radicle
in common at some stage during the replacement process. For example
the replacement of calcium carbonate by iron sulphide cannot proceed
directly, but must proceed through calcium sulphide, or, more likely
since calcium sulphide is soluble, an iron carbonate. The rate of
reaction will depend on the rate of diffusion of the reactants through
the solid product and the rate of diffusion of the soluble products
away from the reaction site. The necessity for any replacement process
to proceed through a stage where one radicle is common to both host
and metasome, adds further conviction to a hypothesis that requires
that the ore constituents do not travel together in solution.

d) Concentration of the ore minerals in rocks
The difference between an ore deposit and any other
rock is that in the former there is an anomalous concentration of ore
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minerals. The reasons for this concentration are probably the most
difficult of the four elements of mineral genesis to understand.
Mechanisms which explain the localisation of the deposits are relatively
simple to envisage. For example a sudden pressure or temperature drop,
or a structural trap such as a fold or fault fissure, or a change in
concentration of a component (carbon dioxide, sulphur, oxygen, for
example) can all explain this localisation. These various mechanisms
all depend on a change in conditions or environment of the ore solutions.
However for concentration to occur, the ore minerals must be localised
in one place in large quantities and mechanisms which may do this are
more difficult to envisage. Two such mechanisms, diagenetic and
metarorphic concentration, are considered in Chapter

9.

In

replacement bodies, concentrations may be affected by a continuous
passage of the ore solutions through the host for long periods of time.
This requires the continuous migration of large volumes of solution
through one site for perhaps thousands of years. The process may be
autocatalytic inasmuchas the initial deposition of the sulphide may
produce reactive centres for further sulphide deposition. However
so little is known about this process that further discussion of it
would involve speculation of the worst kind.

B. A discussion of the hypotheses on the formation of iron sulphide
deposits
A variety of mechanisms have been proposed for the
formation of deposits of iron sulphides. Although it is impossible to
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construct a rigid classification of these hypotheses, a loose
classification is used in this discussion in the interest of order and
clarity.
Mineralisation processes nay be primarily divided into
intrinsic mineralisation, where the ore constituents are derived from
the host rock itself (although this is essentially concerned with
magrptic processes, other processes will be shown also to fall under
this heading) and extrinsic mineralisation, where the ore constituents
are derived from outside the immediate environment of the host rock.
In extrinsic mineralisation the ore minerals may be present in
addition to the host rock minerals or may partially or wholly replace
them.
This classification is preferred to the syngenetic epigenetic type of classification because syngenesis and epigenesis
imply nothing about the sources of the ore constituents and their spatial
relationship to the host rock. These terms indicate certain
chronological relationships which are necessarily imprecise and liable
to subjective or relative interpretation, ultimately leading to
confusion.
a) Intrinsic mineralisation
The most important mechanism whereby the ore minerals
are derived from within the host rock itself is in primary orthomagmatic
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processes where the ore minerals are concentrated from a cooling magma
through crystallisation-differentiation and sulphide-silicate
immiscibility. In this hypothesis the four criteria for a genetic
hypothesis are satisfied, there being a source, a transport mechanism,
a deposition and concentration mechanism.
b) Extrinsic mineralisation
1. Hydrothermal
The deposition of ore minerals within fissures and fault
openings without replacement of the wall rocks is a form of extrinsic
mineralisation. This type of deposit, essentially the vein type of
deposit, is characterised by the mineralisation of the South-West of
England and Butte, Montana. In these deposits the mineralisation has
its source in differentiation from a closely associated granite, the
minerals being transported in supercritical water, possibly as volatile
complexes and being precipitated on a change in pressure-temperature
conditions. However it has been shown in similar vein deposits that
the source of the ore constituents is the wallrocks of the vein itself,
the required elements being leached out during the ascending passage
of the fluids (155). Furthermore in lower temperature deposits, it is
difficult to understand the transport mechanism for the ore constituents
if they are assumed to have been in high concentrations or contemporaneously transported. In these cases the origin and transport
mechanism of the ore constituents must remain undecided and a problem
for each individual deposit.
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In the hydrothermal replacement type of mineralisation
the ore minerals are present by substitution for host rock constituents.
This hypothesis of the origin of ore deposits by this process envisages
the ore solutions travelling through the earth's crust, along fault
planes or through permeable rocks, to be precipitated in local areas
to form mineral deposits. By far the most adaptable of the
mineralisation hypotheses, it may be argued that any deposit may have
originated in this way, but it is particularly applicable to the leadzinc deposits of the Mississippi Valley type and to other massive
discordant base metal sulphide deposits.
Recent data on continental and submarine geothermal
springs (136) together with additional geological observations on a
variety of mineral deposits (e.g. 141, 144) have given credence to the
idea that neither the ore-solutions or the ore minerals need be
juvenile in origin. However a particular argument against the hypothesis
has come from the apparent difficulty of ore solutions to travel through
so-called impermeable strata, especially shales. Recent studies on
diffusion however indicate that ore solutions could pass through
apparently impermeable horizons by this process. It has been shown
for example that at Gilman, Colorado, the diffusion rate of the ore
solutions was between 105 and 10-7cm2/sec., and that the No.1 orebody
at Gilman would have taken only 6 x 103 years to form, based
exclusively on concentration gradients (153). Since the concentration of
reslotanta would approach zero at the point of precipitation, the
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precipitation mechanism itself could produce increased diffusion rates
by increasing the concentration gradient (154). Tischendorf (155),in
a geochemical study of the sulphide-selenide deposit of Tilkerode in
the Harz mountains, found that the apparently impermeable Silurian
slate of the vein wallrocks had been leached to a depth of 1 metre on
each side of the vein, for 180 metres along the strike and 75 metres
down the dip. He calculated that 420,000kg sulphur, 160kg selenium
and 1160kg lead had been leached from the wallrocks and that 120kg
selenium and 4300kg sulphur were present in the deposit. Evidently
either the ore solutions had passed through the apparently impermeable
rock and leached the metals and sulphur, or the metals and sulphur had
diffused out of the wallrocks into the vein along concentration and
temperature gradients. There is a great deal of data which would
suggest that diffusion would allow the passage of ore constituents
through an impermeable horizon and that the rate of diffusion is
increased by increased concentration, temperature and pressure
gradients. This type of diffusion is discussed in more detail in
Chapter

9.
The mechanisms involved in replacement are discussed

above. Since the mechanism is a chemical substitution, the so-called
'space problem' of replacement is not relevant. Apart from the
transport of reactants to the site of deposition, the transport of the
soluble products away from the reaction site is an equally important
rate-controlling factor. It is probable that the medium carrying the
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fluid would also remove the soluble products, but it is debatable whether
this would result in the subsequent nearby precipitation of these
products. The removal of calcium, sodium, potassium, magnesium
chloride and carbonate would not greatly change the bulk composition
of the already concentrated chloride-rich ore fluids. However, the
addition of silica could involve a considerable change in the
composition of the transporting medium, and might invoIe the
silification of nearby country rocks.
Present evidence from fluid inclusions and actualistic
observations suggests that ore-solutions are generally concentrated
brines, possibly mainly of connate origin except in obviously hightemperature magmatic fugitives. The metal content of these brines
could have come from the leaching of the country rocks during their
circulation, and it is possible that sulphide was of similar origin.
Alternatively, since a study of the possible mechanisms of
transportation suggests that the metal and sulphide were not
transported simulataneously, the sulphide may be derived from connate
waters within the host rock itself. In particular it is not uncommon
for limestones to be fetid with hydrogen sulphide, and bituminous
shales could be expected to trap a certain amount of sulphide on
burial. In this case the localisation of the ore would be the point
of meeting of the metalliferous brines and the sulphide-bearing connate
waters of the sediment.
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In the case where the metals and/or the sulphide are
derived from the host rock itself, this becomes another form of
intrinsic mineralisation.
2, Volcanic
The volcanic theory for the formation of iron sulphide
and related deposits has been described in detail by Ofted9111 (156).
It assumes that the source of the metals and sulphide was volcanic.
The ore constituents wore then transported to the surface where they
were precipitated to form a bedded ore deposit. Generally the process
is assumed to take place on the sea floor. This hypothesis has been
invoked to explain the origin of a variety of concordant sulphide
deposits, particularly when these deposits are closely associated with
volcanic rocks, including the Rio Tinto copper-pyrite deposit, the
Broken Hill deposits, N.S.W. and the Tynagh deposit, Ireland. The
hypothesis has found favour because of the difficulty of envisaging
wholesale replacement of the host rocks. Such a hypothesis makes two
assumptions that have been discussed above : a spatial relationship
between host and ore implying a genetic concurrence, and ore
constituents arising from the same source. There are a number of
difficulties in applying this hypothesis. The composition of the ore
fluids and the mechanism of transportation are problems which are
common to a variety of hypotheses and which have been discussed above.
There are however certain problems that are peculiar to this hypothesis
alone. At the paint of exhalation the ore fluids are in contact with
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sea-water and therefore their temperatures must be extremely low. In
the present day geothermal brines of the Red Sea for example, the
temperature at exhalation is only 40-6000 (143). Thus elevated
temperature cannot be invoked as a parameter that would assist in the
transport mechanism. At these low temperatures the ore-bearing
fluids would initially deposit their loads inside the volcanic fissure,
since it is hard to envisage a mechanism which will keep the ore
constituents in solution or suspension at 40 - 600C and deposit them a
few degrees lower. The deposition of the ore within the vent itself
will not result in the formation of a concordant orebody.
Oxidation of the ore fluids is another problem in
applying this hypothesis. The exhalation of metals such as iron, and
anions like sulphide, into the normally oxidising environment of
seawater, would result in their immediate oxidation to form ferric
salts (e.g. goethite) and sulphate anions. If it is assumed the
solutions are exhaled into a reducing environment, then biogenic hydrogen
sulphide would be present, since this is the most widespread reducing
agent occurring in the natural environment. The presence of large
amounts of biogenic hydrogen sulphide, which is in itself a metal
precipitating agent, means that, in effect, the ore constituents come
from different sources. This is discussed further under the biogeneic
hypothesis of synseclirientary ore formation.
The last great problem of the volcanic hypothesis is
the mechanism of local concentration of ore constituents. Movement of
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seawater would tend to disperse any ore constituents, away from the
source. Large rates of sedimentation which are commonly found in
aqueous environments in the neighbourhood of volcanic disturbances
would tend to dilute the ore-constituents. In the case of the massive
pyrite deposits, a primary mechanism that allows the formation of
several feet of almost homogeneous sulphide ore mineralisation on the
sea floor, as has been suggested for Rio Tinto for example, while at
the same time arresting all sedimentation, is difficult to envisage.

3.

Biogenic
The most erudite exposition of the biogenic hypothesis

of ore deposit formation is given in a paper by Dunham (157). The
biogenic hypothesis supposes the formation of large volumes of stagnant
waters with high concentrations of bacteriologically-produced hydrogen
sulphide dissolved within them and the underlying sediments. The
introduction of metals into such an environment results in immediate
precipitation or suiphidation with the formation of metal sulphides.
The classical example where this hypothesis is particularly applicable
is the Kupferschiefer, near the base of the Zechstein division of the
German Permian. At Mansfield the bed occurs in a syncline and averages
32cm thick over 140 sq.km. and has yielded 2.9 - 3.6% copper (158). The
copper ores occur in two other areas of Germany and in the equivalent
Kupfermergel of Poland. Evidence has been given that indicates that
the base metal content is abnormally high throughout the area of the
Zechstein lagoon,, that is from the North of England to Poland (157).
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A similar hypothesis has been proposed for the origin of the Zambia
Copper deposits (157) and the Mt. Isa lead-zinc deposits of Queensland
(159).
The problems associated with such a hypothesis are
essentially the source of the ore constituents and a mechanism of
primn.ry

concentration. The metal source could be the erosion of pre-

existing continental mineral deposits followed by transportation of
metals in suspension to a sulphide-bearing environment or from geothermal
springs or submarine fumaroles. The source in such a process would
be very difficult to discover since erosion would remove all traces
of the pre-existing continental mineral deposits and the only evidence
for the existence of geothermal springs maybe the metals themselves.
EXperiments in this laboratory have lead th. author
to question whether there is a sufficient source of hydrogen sulphide
from bacterial sea-floor sulphate reduction. Since the bacteria
concerned are heterotrophs, unless it is assumed that these organisms
were autotrophic in the past, they required a given amount of metabolisable
organic nutrient to produce a given amount of sulphide. Analyses by
Japanese workers (79) which show a direct relationship between the
amount of sulphide and organic matter in the sediment would seem to
confirm this. If lactate is assumed to be the energy source, the
organisms require 180g lactate to produce 32g of sulphide, which
could give 60g of pyrite. That is, if there is assumed to be no loss
of weight during metabolism, the concentration of pyrite by weight would
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be 25% in a pure lactate deposit, and the pyrite would be distributed
throughout the deposit. In other terms, if no sulphide precipitation
is assumed to occur during the metabolism of the lactate and the
sulphide is stored in the waters above the sediment before the metal
is introduced, then about 12 feet thickness of lactate is necessary
to give 1 foot of pyrite. Obviously these calculations are a theoretical
optimum and not applicable to any natural environment, since only a
small percentage of the organic matter in the sediment will be
utilizable by the bacteria and lactate is the lightest and perhaps the
least likely of the possible hydrogen donors.
A survey of available organic analyses of shales shows
that rarely is more than 10 - 12% organic matter found in bituminous
shales. Above this figure, the rocks are defined as oil shales. This
implies that if all the organic matter were lactate, and that all was
utilised by bacteria, and that all the sulphide produced reacted to
form pyrite, only 2.5% pyrite could be formed biogenically in a sediment,
or that 60-120 feet of sediment would be necessary to produce one foot
of pyrite. This agrees well with the results from natural shales,
which never showed more than this amount, except in ore deposits.
Furthermore it was found that in their sulphide:carbon ratio, these ore
deposits resemble slates rather than unmetamorphosed shales, and this
suggests that some diagenetic or metamorphic process is a prerequisite
for the biogenic hypothesis to retain any degree of credibility for
the formation of ore deposits. This subject in discussed in Chapter

9.
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As discussed in Part 2, the normal activity of the
sulphate-reducing organisms is limited to the sediment itself. Only
rarely, such as in the Black Sea or in certain fjords, does the sulphide
escape from the sediment. When this happens then the activity of the
sulphate-reducers may be curtailed by the supply of sulphate, especially
in stagnant waters. The sediments however are often highly charged
with unreacted sulphide, as in the sediments of Walvis Bay. This
excess hydrogen sulphide trapped in muddy sediments may be an extremely
important source of sulphide ions for later mineralisation. For example
the introduction of metalliferous brines into such a sediment would
result in the precipitation of the metals as sulphides in that location.
Furthermore if these highly charged sulphide-bearing fluids were
expressed during regional metamorphism, they would become a potent
source of one ore constituent.

SUMMARY

Any hypothesis for the formation of a mineral deposit
must satisfy four criteria. These are a source for the ore constituents,
a mechanism of transport of these constituents to the site of
deposition, a mechanism of deposition and a mechanism of local concentration. The hypotheses provide a deposit classification into intrinsic
mineralisation and extrinsic mineralisation. Intrinsic mineralisation
occurs in orthomagmatic deposits where the ore is formed from the host
magma by crystallisation differentiation and sulphide-silicate
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immiscibility. Extrinsic mineralisation may also be magmatic in origin,
through the evolution of late ore-bearing magmatic fugitives escaping
under gaseous transport into faults and fissure openings, where the
decrease in pressure and temperature facilitates crystallisation.
Further extrinsic examples include the synsedimentary mechanisms of
exhalative volcanism and microbiological sedimentation. Both these
mechanisms seem incompatible with the single-stage formation of ore
deposits but may be important after the secondAry processes of diagenesis
and metamorphism. A consideration of physicochemical conditions and
fluid inclusions and certain actualistic phenomena leads to the
conclusion that ore solutions are generally dilute and that they do
not contain both metals and sulphides contemporaneously. The process
of replacement is essentially a heterogeneous reaction, the rate of
which depends on the rate of transport of the reactants and soluble
products to and from the site of deposition.
Modern studies on geothermal springs and fumaroles
indicate that the ore solutions need not be juvenile, but result from
the deep circulation of connate waters in the earth's crust, dissolving
metals as they progress. Studies on diffusion processes indicate that
apparently impermeable strata need not act as a barrier to the ore
solutions. Unreacted bacteriological sulphide trapped in a sediment,
may be an important source of sulphide for later mineralisation, and
may be involved in the localisation of an orebody.
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CHAPTER 9

EFFECTS OF METAMORPHISM AND DIAGENESIS

The major problem of the investigation of mineral
deposits is that all ancient deposits have suffered a series of variations in pressure-temperature conditions after their formation. These
extremely complex processes are little understood and it is only within
the last decade that some progress has been made. Essentially, all
these processes are mechanical or physicochemical attempts at
equilibration by the minerals in 4 changed environment. Although it
is not difficult to discover the fate of a mineral under any particular
pressure-temperature condition, the mineral in the natural environment
is part of an extremely complex chemical system, involving not only
other minerals but also components in the fluid state. Furthermore
no geological system can be regarded as closed, and the reactions
involve both addition and removal of constituents. It has been shown
in Chapter 8 that the primary mechanisms of formation of the deposits
of the iron sulphides and related minerals may not lead to sufficient
concentrations for the occurrence to be considered an ore deposit. Thus
the secondary processes of metamorphism and diagenesis are important
because, apart from giving rise to a new series of minerals and
textures, they may also be involved in the concentration of constituents
to form an ore deposit.
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A. Processes involved in metamorphism and diagenesis
a) Diagenesis
Diagenetic changes are limited to sedimentary
environments and involve equilibration processes in a gradually changing
pressure-temperature environment as a result of burial. The temperature
range encountered during diagenesis is not well known, and most
calculations would involve a geothermal gradient which, if valid at
the surface, is subject to heterogeneous variations in depth. In
general the diagenetic environment is a low temperature environment
but it grades into regional metamorphism.
Pressure increase and the expulsion of water from the
sediment are major diagenetic processes. Recent muds contain up to
802/, water by volume, and the expulsion of this water during diagenesis
is a function of overburden pressure, mineral composition and temperature.
Muddy sediments from Japan have been shown to undergo a compaction of
25% under their own weight (160). During this compaction most of the
water is removed, and an average sediment contains about 4% water by
weight including 3.2 in clay minerals. The removal of water is
accompanied by a decrease in porosity, and the water itself becomes
concentrated relative to sea water (142).
Equilibrium is not universally reached during diagenesis.
The continuous change in pressure, temperature and chemistry of the
environment complicates the equilibration process. In particular the
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introduction of connate waters from outside the system may lead to a
number of reactions, especially with the highly reactive sulphide
minerals. The massive movements of connate waters through sediments,
as in the case of the Red Sea and Salton Sea brines may lead to
extremes fluctuations in the chemical environment and the result of
these cumulative processes is observed in ancient sediments today. The
character of the sediment is therefore due to an unknown series of
environmental changes that have given rise to innumerable equilibration
reactions.
b) Metamorphism
Metamorphism is usually divided into three categories
of which the first two, thermal and dynamic metamorphism involve
changes occurring when heat or stress respectively are applied to the
rocks. These processes are relatively localised in the neighbourhood
of intrusives, and to faulting and folding. During these processes the
temperature and pressure conditions may reach eAremes resulting in
wholesale melting and deformation of sulphide minerals. The third and
most common type of metamorphism is regional metamorphism which
involves both thermal energy and deformation, acting under a variable
pressure over wide time-spans, and is typically associated with both
ancient and modern tectonic belts in the earth's crust.
The metamorphic environmnat may be extremely variable.
Although it is generally envisaged as a gradual rise and fall in
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temperature (161), Rast (162) suggested that conditions are far more
complex and that a metamorphic cycle may contain several thermal peaks.
Maximum temperatures probably range from 600-900°C (163) depending on
the hydrostatic pressure. A detailed study of the metamorphic conditions
of the Bodenmais sulphide deposit, Bavaria, demonstrated a thermal peak
of 730°C and 3000bars total pressure (equivalent of a depth of llkm.).
Generally, hydrostatic pressures range from 1 to 40 kbars although
there is relatively little information about this (163).
The importance of water in metamorphism has been shown
by Yoder (164), who concluded that a wide variety of metamorphic
facies could be produced under constant pressure-temperature conditions
by varying the water content. He also concluded that the movement of
water in a metamorphic cycle is slow relative to the length of that
cycle and infinitesimal relative to the time required for a metamorphic
reaction. However, his suggestion that, at the onset of metamorphism,
pore water is in equilibrium with its environment is debatable. For
example, data from oil deposits, which have apparently resulted from
the expulsion of water and organic matter from sediments, show a
widespread distribution of isomers of the light fractions indicating
that thermodgnamic equilibrium is not reached (165). Although it is
generally assumed that progressive metamorphism leads to the expulsion
of water from the system (163), the critical importance of water in
metamorphism and its probable involvement, is more compatible with the
anomalous mineralogy of many metamorphic terrains.
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B. Diffusion and deformation
A variety of mechanisms are involved in metamorphic
processes, of which the two most important are diffusion and
deformation; diffusion because it is the rate-controlling factor in
the chemical reactions, and deformation because it effects the
redistribution of the ore constituents.
a)Diffusion
Since the essentially heterogeneous metamorphic reactions
occur in rocks with reduced porosities, transport processes become of
the greatest importance in determining reaction rates. Solid state
transport processes are essentially limited to diffusion. Metamorphic
reactions normally involve boundary and volume diffusion, since surface
diffusion is dependent on the effective porosity of the rock. Zener
(166) demonstrated that chemical potential gradients rather than
concentration gradients are the driving forces of diffusion. Chemical
potential gradients can exist in opposition to or in the absence of
concentration gradients. As mentioned above solid diffusion is too
slow to account for natural phenomena and, since it has been demonstrated
that diffusion is roughly proportional to porosity (167), surface and
boundary diffusion are far more efficient than volume diffusion.
Strain may increase diffusion rates by modifying grain boundaries and
increasing the imperfections in crystals, thereby increasing the
concentration of diffusion paths and decreasing the activation energy
for diffusion (163).
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However the diffusion process as described above assumes
no chemical reactions. In the metamorphic environment, diffusion is
almost certainly accompanied by reaction. Thus transport rates may
be increased by the chemical activity of the medium (153) and the
temperature and pressure increases may have unexpected effects on the
diffusion rate, by increasing the reaction rate.
b) Deformation
Deformatinn is only understood as it affects relatively
simple metallurgical systems under relatively short time-intervals.
The application of metallurgical theory to geological problems can
only be done tentatively because little is known about the response of
minerals to deformation in the presence of chemically-active media
under geological time conditions.
It seems however that, in the deformation process,
crystal defects are extremely important. Theoretically it may be
6
calcuaped that 10 psi are required to break the bonds in a metal
1
whereas experiments with thin films show that as little as 10 psi are
actually needed (163). These figures are comparable with the Vickers
micro:hardness for ore minerals which range from 7-19kg/mm2 (104psi)
for talc to 1186-1836 kg/Mm2 (106psi) for pyrite (168). The ease
with which minerals respond to deformation is complicated by the
prevalence of anisotropic structural properties such as cleavage,
parting or glide planes, which prevent any theoretical quantification
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of deformation response to be made.
Deformation processes, including elastic recovery,
plastic deformation, recrystallisation and grain growth, act generally
to reconstitute or reorient the mineral in the lowest energy configuration. In geological systems steady state deformation with time
may be important when an equilibrium is reached between the formation
of unstressed secondary grains and their deformation. However at the
present time neither the mechanisms of deformation nor the effects
of these mechanisms are understood in the complex geological systems.

C. Effects of metamorphism and diagenesis on iron sulphides
The effect of these processes on the iron sulphides
and the related sulphide minerals can be considered as resulting in
chemical changes, textural changes and changes in the distkibution of
the ore constituents in the host rock.
a) Chemical changes
In the iron sulphide system only two of the six minerals,
pyrite and pyrrhotite, are stable at elevated temperatures. Essentially
the chemical result of metamorphism and diagenesis on the iron sulphide
system is to reduce the number of phases present. Unfortunately
inadequate information is as yet available on the distribution of the
lower temperature phases to assess the effect of these processes on
them. However there is little doubt that pyrrhotite would result from
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the inversion of mackinawite, griegite and smythite, and pyrite from
marcasite. It has been suggested that since pyrite is the dominant
sulphide of low grade metamorphic environments these transformations
are completed under these conditions (163). However it must be
remembered that pyrite cannot form from mackinawite, griegite or
smythite without a chemical oxidation reaction taking place. Furthermore since pyrite is a most abundant constituent of modern sediments,
the reactions involved in its formation have been completed before
burial has progressed very far.
Thermal metamorphism alone may cause considerable
chemical changes as in the lead-zinc ore of Rajasthan, India (169),
where the marginal alteration of pyrite to magnetite and pyrrhotite is
accompanied by an increase in the iron content of the sphalerite and
a promotion of the idffusion of copper into the sphalerite. Thermal
and dynamic metamorphism act in different ways: thermal metamorphism
increases the equilibrium concentration of vacancies promoting solid
substitution, diffusion and reaction; dynamic metamorphism acts to
remove foreign substances from mineral structures by introducing
lattice defects with the resultant diffusion of ions to these sites
with possible grain boundary exsolution on recrystallisation. McDonald
(163) compared the mineral assemblages of the MacArthur River, Mt.
Isa and Broken Hill N.S.W. deposits which occur in increasingly
metamorphised terrains, and showed that the pyrrhotite:pyrite ratio
increases with increasing metamorphism. Antun (170) studied the
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sedimentary pyrite of the lower part of the Cambro-Silurian sequence
of Oslo, Norway. Within the thermal aureole of the Permian Drammen
granite, pyrite has been transformed to homogeneous monoclinic
pyrrhotite. The temperature of this transformation was less than 320°C,
with a very low sulphur fugacity. Observations on the pyrrhotite
nodules of this region by the author have discovered chalcopyrite
concentrated in the pressure shadows of these flattened nodules. Since
no chalcopyrite was found in the core of the nodule it was concluded
that the chalcopyrite had migrated from the surrounding shale.
Graptolites in the neighbourhood of the nodules are closely associated
with fine granular pyrrhotite, pyrite, magnetite, chalcopyrite and
sphalerite. Furthermore the primnry synsedimentary pyrite framboids
remained undisturbed during this metamorphism.
A major effect of the pyrrhotite-pyrite transformation
is the release of considerable amounts of sulphur. This may effect
mineralogy by altering the equilibrium of the other sulphide assemblages.
For example an increase in sulphur fugacity would result in the
transformation of chalcopyrite to bornite and pyrite, the decrease in
the iron content of sphalerite, and the depletion of the metal content
of the pyrrhotite (171). This increased sulphur fugacity could lead
to the extraction of metallic cations from the nearby metal-bearing
non-sulphide minerals, to create additional phases (172). The removal
of sulphur in this way will lead to a differentiation of sulphur
isotopes since the lighter isotope will react faster. This has been
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observed in the Zambian copper belt where zoning of sulphur isotopes
has been reported (91).
Reaction of sulphur with other mineral species is an
important aspect of metamorphism. Kullerud and Yoder (172) have
investigated the reaction between sulphur and metal-bearing silicates
and carbonates at elevated temperatures, in dry systems. The products
include a metal sulphide and a different, iron-poor, silicate. The
removal of metals in this way may lead to the 'magnesium metasomatism'
and tsiliiifieation' reported around some ore-bodies. However it is
too early as yet to apply these results to the more complex systems of
the natural environment.
b) Textural changes
Increasing diagenesis and metamorphism is accompanied
by fracture,plastic flow, recrystallisation and grain boundary migration
of mineral constituents. Textures in massive sulphide deposits are
determined to a great extent by the ease with which the individual
minerals deformed. Richards (173) suggested that the ease with which
they respond to deformation decreases in the order: galena, pyrrhotite,
sphalerite, pyrite whereas experiments by Davies (174) suggested
chalcocite, bornite, galena, chalcopyrite, pyrrhotite. In fact these
series seem to approach the order in which the indentation microhardness increases, from chalcocite (softest) to pyrite (hardest). If
it is assumed that the indentation microhardness together with major
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structural defects reflect the ease with which a mineral responds to
deformation, it is possible to predict the nature of the response of
the non-equilibrium iron sulphides to deformation at temperatures lower
than 200°C, even though such effects have not yet been observed. It
would be expected that mackinawite (relatively soft), smythite (soft
with a perfect basal cleavage) and pyrrhotite (EV.254-565) with perfect
basal cleavage would all deform easily. However griegite would respond
less readily, and mightbe expected to be intermediate between these and
the more competent marcasite and pyrite. However the response to
deformation is probably equally dependent on other factors and peculiar
to each environment.
Stanton (175) applied Smith's (176) concept of relative
interfacial energy as a determinant in metal textures, to a variety of
sulphide relationships in apparently metamorphosed deposits. He
concluded that the deposits had undergone a metamorphic stage and that
the textures resulted from elastic retovery, recrystallisation and
grain growth, in a "crystalloblastic series", even though simultaneous
crystallisation could possibly give rise to the same effects.
The textures of many deposits are thought to have arisen
through metamorphic processes. Ramdohr (177) demonstrated that many
textures of the Broken Hill deposit N.S.W. are a result of simultaneous
recrystallisation of sulphides and silicates. Voices (178) applied
Stanton's (179) classification of banded pyritic copper-lead-zinc ores
and massive pyrrhotite-chalcopyrite ores to the Norwegian deposits and
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suggested that the banded types recrystallised during regional
metamorphism, whereas the massive pyrrhotite-chalcopyrite ores originated
by deposition along thrust planes during or after the tectonic phase
of metamorphism. He observed in the banded pyritic ores, dominantly
euhedral pyrite with a common poikalitic appearance enclosing rounded
patches of other sulphides and gangue minerals, and a general increase
of coarseness with metamorphic grade. An interesting feature was
observed by the author when examining the rocks associated with these
ores (the IVasskisl) where primary pyrite framboids were being replaced
by magnetite, perhaps as a result of regional metamorphism in a sulphurpoor environment. Skinner (180) described metamorphic sulphidesilicate textures from the Nairn Pyrite deposits of South Australia.
Foliated and lineated pyrite and pyrrhotite were observed in the
quartz-muscovite-felspar schists. Sinilar textures have been described
by Marmo (181) in the Precambrian graphite-schists of Finland.
c) Redistribution of the ore constituents
Large scale redistributions of ore constituents has
been invoked to explain the large ore concentrations of a variety of
deposits. These processes are classified under the rather nebulous
name of tremobilisationl. The processes consist of the separation of
sulphides from gangue minerals and from each other together with a
differential migration of trace elements and a movement of sulphides
relative to the enclosing wall rocks.
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Stanton (179) considered that the banding in some
metamorphosed deposits could have resulted from metamorphic differentiation. Richards (173) suggested that a particular galena-chalcopyrite
schist at Broken Hill N.S.W. originated by differential solid state
flow. Vokes (178) considered that the pyrrhotite-chalcopyrite ores
of Norway were concentrated by metamorphic processes. Solomon (159)
attributed the concentration of the dispersed sulphides at Mt. Isa into
structurally-controlled massive sulphide accumulations, to the relative
ease of deformation of the sulphide minerals. The process of differential
solid flow requires that the more easily deformed minerals are separated
from the others by differential creep.
Copper particularly can migrate with relative ease, as
is demonstrated by the occurrence of the chalcopyrite veinlets in the
pressure shadow of pyrrhotite nodules reported above, and it has been
shown to diffuse relatively rapidly through solids (182).
MacDonald (163) concluded that sulphide minerals may
MOW differentially on both small and large scales within orebodies
or between orebodies and their host rocks. The processes involve
solid state migration and fluid phase transport in a chemically active
medium. However before this process can be rationally assessed field
relationships must be clearly defined and experimentation is needed
to elucidate the possibilities of the diffusion, fluid transport and
deformation mechanisms involved.
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The processes of metamorphism and diagenesis in sulphide
deposits effect a redistribution and reconstitution of the ore
constituents through diffusion and deformation processes. Chemical
homogenization and textural recrystallisation are common re3ults,
and certain progress has already been made in identifying metamorphic
effects in the natural environment, even under the extremely complex
conditions that prevail naturally. Remobilisation of large volumes
of sulphide minerals is a possible means of concentration of ores, but
insufficient evidence exists both naturally and experimentally to
critically assess the importance of this process.
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SUMMARY AND CONCLUSIONS
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1.

Iron exists in two oxidation states in the natural

environment : ferrous and ferric. In the absence of any other major
anionic species, it was demonstrated experimentally and with reference
to observations in the natural aqueous environment, that the form of
iron normally present is ferric oxyhydroxide. The interrelationships of
the iron oxides, hydroxides and oxyhydroxides were examined
experimentally and it was shown that the form of the iron phase depended
on its origin. The acid leaching of ferrous minerals of sediments
results in the formation of dissolved ferrous iron but goethite will
be immediately formed on slight alkalinisation of the oxygenated
transporting solutions. The precipitation of goethite depends on
the concentration of the solution as well as on the pH and Eh, but
complexing phenomena may result in precipitation at pH values as low
as 3 or less. Ferrous iron is never stable in solution at pH greater
than about 6.5. Other ferric oxyhydroxides are formed under different
conditions, but lepidocrocite is probably the only other major form
present in the natural environment, being formed on the topotactic
oxidation of ferrous salts. Ageing, dehydration and heating of
goethite or lepidocrocite all result in the formation of hematite or
maghemate respectively. Magnetite could be present through the
dehydration of the mixed ferroso-ferric oxyhydroxides known as the
"green rusts" which are formed from ferrous hydroxide. Under unusual
conditions, high concentrations of carbonate, phosphate or silicate
ions could lead to the formation of the corresponding ferrous carbonate,
phosphates or silicates, and under extreme acid conditions or in high
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concentrations of chelating agents, dissolved ferrous iron could be
an important species. However in general, goethite is the iron phase
in the natural oavironment which is most likely to be involved in the
sulphidation process.
2.

The chemistry of sulphur is extremely complex. Sulphur

itself exists in a variety of oxidation states from -2 to +6, and its
chemistry is characterised by a ready formation of covalent bonds with
other elements and with other sulphur atoms. An experimental
investigation demonstrated that the stable forms of sulphur are not
the only species that must be considered in the low-temperature natural
aqueous environment. Of the metastable forms polysulphides, thiosulphate
and the polythionates are also important. The sensitivity of the
sulphur-oxygen-water system to slight changes in pH is caused by the
delicacy of the Eh system involving these metastable compounds. It
was concluded that Eh measurements in this system could not be
rigorously interpreted.
3.

The results of these investigations were applied to

the chemistry of the iron sulphides. In an extensive experimental
investigation, all six mineral iron sulphides were synthesised :
mackinawite (tetragonal FeS), griegite (cubic Fe3S4), smythite
(rhombohedral Fe3S4), pyrite(cubic FeS2), marcasite (orthorhombic FeS2)
and pyrrhotite (monoclinic or hexagonal Fel_xS, where x=0 to 0.125).
Chemical evidence was given to demonstrate the exact nature of the iron
and sulphur radicle in each sulphide:
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mackinawite - simple ferrous sulphide
smythite and griegite - dimorphs of an electronically-active irondeficient ferrous sulphide.
pyrite and marcasite - dimorphs of ferrous polysulphide.
pyrrhotite - simple ferrous sulphide.
The conditions of formation of each sulphide were then
determined experimentally:
Mackinawite - the primnry product of any reaction between aqueous
sulphide ions and an iron salt or dissolved ferrous iron where topotaxy
is not involved.
Smythite - produced through the topotactic reaction between siderite
and aqueous sulphide.
Griepite - produced through the topotactic reaction between mackinawite
and aqueous sulphide.
Pyrite - produced through the reaction between aqueous polysulphide
anions and a ferrous atilt or dissolved ferrous iron. An equilibrium
sulphide, it may be produced through the reaction of a ferrous salt or
iron and sulphur at temperatures above 10000 or through the heating of
marcasite.
Marcasite - produced through the reaction between elemental sulphur
and a pre-existing iron sulphide.
Pyrrhotite - an equilibrium sulphide, it may be formed through the
reaction between iron and sulphur, and also as a product of the
equilibration of the non-equilibrium phases, mackinawite, smythite and
griegite.
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pH and Eh were shown to influence the reactions by
either affecting the chemistry of the iron and sulphur reactants, or,
kinetically, by altering the surface properties of pre-existing solid
phases.
Ferric sulphide has been shown during this experimentation to be a valid chemical compound. It was shown to take part in
the sulphidation of goethite as a transitory intermediary. A kinetic
study of the sulphidation of goethite showed that mackinawite and
polysulphide were the initial products, which could re-react to form
pyrite, and that the mechanisms involves a structural discontinuity
which demonstrates that the nature of the initial ferric oxyhydroxide
has no effect on the nature of the final sulphide.

4.

A consideration of the sulphur cycle in sediments

demonstrated the importance of microorganisms in the geochemistry of
sulphur. In particular the reduction of sulphate with the subsequent
production of hydrogen sulphide is a peculiarly microbiological process
in the natural aqueous environment, and is performed essentially by
the dissimilatory sulphate-reducing bacteria. The removal of this
sulphide from solution by fixing in sediments as iron sulphides is an
essential process in the sulphur cycle and necessary for the continued
existence of metazoan life. The use of iron sulphides as environmental
indicators of sedimentation is extremely curtailed since the sulfuretum
may be extremely limited chronologically and spatially, and need not
be anoxic or reducing. The presence of these minerals in a sedimentary
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rock indicates more of its diagenetic and postlithification histowy
than of the sedimentation environment.
The sulphate-reducing bacteria are widely abundant in
the present-day natural environment, and a consideration of their
biochemical characters together with the associated sulphur bacteria,
indicate that they have been equally abundant in ancient environments.
Their widespread abundance is due to their wide range of tolerances of
physico-chemical conditions. An examination of the mechanism of
sulphate-reduction as performed by these bacteria demonstrates that
the fate of the hydrogen sulphide they produce is unimportant from the
bacterial point of view. In particular, they can withstand over
3.5g/1 hydrogen sulphide in artificial culture. Thus the production of
iron sulphides is purely incidental to the activity of the bacteria
themselves.
Experiments were performed in this laboratory to examine
the effect of microorganisms on the formation of iron sulphides.
Desulfovibrio desulfuricans strain Canet 41 was grown on a newlydeveloped chemically-defined medium. Although mackinawite, griegite,
pyrite and marcasite were formed during these reactions, no anonalous
chemical or textural results were recorded. Therefore if the
organisms do have any effect on the iron sulphides, the effects are
limited to slow long-term effects that could not be detected in the
12-month period of the longest experimentation.
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5.

The experimental results from both microbiological and

chemical experiments are affected by three major variables : temperature,
pressure and concentration. Increased temperature and pressure
increases reaction rates and therefore decreases the concentration of
metastable phases. They may affect the chemistry of water, since at

37400 and 218 atmospheres water reaches its critical point, and increased
temperature and pressure can vary the pH of solutions. However there
is a lack of knowledge of the chemistry of the supercritical solutions
or even of electrolytes at high temperature and pressure, and as yet
conclusions cannot be drawn fraathe complex systems of the natural
environment. Decrease in concentration affects the rate of reactions,
and redox reactions may not reach equilibrium in solution if one or
more of the reactants is at low concentrations. However relative
concentration variation does not affect the nature of the products.
The extrapolation of the experimental results into other base metal
sulphide systems can only be done with respect to nickel and cobalt
sulphides, and then only tentatively, until there is a greater knowledge
of the chemistry of these systems.
6.

In the modern natural environment, adequate information

about the distribution of iron sulphides only exists with respect to
pyrite and marcasite. The natural formation of pyrite in aqueous
environments proceeds through the sulphidation of goethite and the
subsequent re-reaction between the products of this reaction to form
pyrite. A similar mechanism operates for marcasite. Pyrite can be
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formed through the sulphidation of other sedimentary iron minerals but
it requires the presence of polysulphide anions, which can only be
produced through the reaction between sulphur and bisulphide in the
natural environment. Since no examples of pyrite framboids were
discovered in the experiments involving microorganisms, it seems that
they are formed by inorganic processes, with the rate of reaction as
an important factor. Since the framboidal form is limited to pyrite
it is reasonable to suppose that the mechanism of pyrite formation is
important and peculiar to pyrite. The goethite-mackinawite-pyrite
series process satisfies the exclusiveness of this texture.

7.

The experimental results were applied to the occurrence

of iron sulphides in ancient rocks, and in particular, the results
elucidated the formation of griegite and smythite, the formation of
mackinawite and the pyrrhotite -marcasite -pyrite transformation.
Any hypothesis for the origin of iron sulphide deposits
has to satisfy four criteria: i) there must be a source of constituents
ii)the ore constituents must be transported to the site of
deposition.
iii)the ore constituents must be deposited
iv) the ore minerals must be concentrated locally to constitute an
ore.
8.

Apart from magmatic differentiation, hypotheses of
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mineralisation genesis are lacking generally in mechanisms for transport
and concentration. A detailed study of transport mechanisms together
with the data from fluid inclusions and modern geothermal and fumarolic
solutions indicate that the solutions involved in ore formation were
generally concentrated brines with amll concentrations of the ore
metals. Furthermore it can be reasonably argued that the ore constituents
did not travel together in solution and that they could have been
evolved from different sources.
The mechanism of the volcanic exhalative hypothesis is
difficult to envisage through problems of transport, oxidation and
localisation of the ore constituents. Any hypothesis involving microorganisms must take into account the relatively low concentrations of
sulphide these organisms yield per unit weight of nutrient. Extrinsic
substitutional mineralisation cannot be explained if both metal and
sulphide travelled contemporaneously to the site of deposition, since
the replacement mechanism must involve a stage where both host and ore
have a common radicle. Non-juvenile solutions leaching the metals
from country-rocks during circulation and sulphide-rich residual fluids
from reduced sediments may play important parts in the formation of
ore deposits.
Diagenetic and metamorphic processes may be responsible
for the concentration of ore minerals in certain deposits. In particular
the phenomenon of differential redistribution may be important in this
context but very little is known about this process. In general these
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processes are equilibration processes and result in the reconstitution
and redistribution of the ore minerals. In the case of the iron
sulphides, temperatures in excess of 20000 will result in the transformation of the non-equilibrium sulphides griegite, smythite,
mackinawite and marcasite to pyrrhotite and pyrite, their equilibrium
counterparts. As the pressures and temperatures rise the pyritepyrrhotite transformation may release large =aunts of sulphur which
may have important effects on the ore minerals and which may also
leach metal-bearing non-sulphides to form further ore minerals.

9.

The rational manner in which this thesis has been

presented, commencing with the fundamental chemistry, through
microbiology to geology, does not reflect the chronological order of
the investigation as actually performed. It is simple in retrospect
to criticise this, but the lessons learned during this investigation
will have important consequences for any future investigations of a
similar type.
The first mistake was to assume that the data reported
in the literature on the syntheses of iron sulphides had any bearing
on the chemistry or conditions of formation of the minerals. It was
shortly discovered that very little was known about the chemistry of
the iron sulphides and about the forms of iron to be expected in the
natural aqueous environment. Subsequent examination of other base
metal sulphide systems reveals that a similar situation exists and
there is an immense field for further experimental work in the sulphide
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chemistry of cobalt, nickel, lead, zinc and copper. In particular the
formation of the mixed metal sulphides, such as chalcopyrite, is not
understood chemically.
The fundamental chemistry of these sulphides must be
understood before any conclusions may be drawn as to their modes of
formation in the natural environment. Until this is done, the various
hypotheses for mineral deposit formation must remain hypotheses, and
such processes as replacement will remain rather nebulous.
Secondly more objective data is needed from observations
on mineral deposits. At the moment the literature is riddled with
reports that read like the parable of the seven blind men with the
elephant. It is impossible to interpret the data rationally until
the right kind of data is given. From this point of view, future
work in this field should deal in detail with one mineral or group of
minerals in a deposit rather than with the whole deposit itself. For
example it is necessary to examine in detail the smythite of the
Kerch iron ore deposits from the point of view of textures, distribution
and precise interrelationships before any conclusions as to the origin
of that mineral in the deposit can be given.
Thirdly, the bacteriological work should not be done
with living bacteria. It has been shown in this thesis that if
microorganisms affect the chemistry of minerals at all it is indirectly,
and not as a function of the growth of the bacteria. Thus to examine
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the effect of organic processes on minerals, it would be far more
useful to examine the reactions between the minerals and a series of
biochemicals that occur in the bacteria, than to attempt to interpret
the extremely complex chemistry of a system of minerals and viable
bacteria. If for technological purposes it is required to examine
systems in which viable bacteria and minerals occur, the only way to
get valid results which are rigorously applicable, is to use continuous
culture methods. Even then however the true degree of involvement of
bacteria in the formation of mineral sulphides will not be discovered
until far greater progress is made in the under-investigated subject
of microbiological ecology.
In conclusion, experimentation which is directed to any
particular hypothesis of mineral deposit formation is doomed to
failure, because it is generally found that the fundamental studies
have not yet been performed. Experiments directed tRgards a better
understanding of fundamental processes however will find wide
application in many fields of mineral deposit geology.
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APPENDIX 1

CALCULATED X-RAY DATA FOR "GREEN RUST 2"

Space group
Bernal, Dasgupta and Mackay (7) give the following
-10.94 R.
information: "Green rust 2" is hexagonal, with 0.0=5.17 and co.
From considerations of reflections from (0001), it was deduced that the
space group is P

(not c and not 61,62

)

From this information the following space groups are
possible : P6, P6/M, P622, P6mm, P6m2; Plim and P6Amm.
For all of these groups there are no extinction
conditions, and therefore it may be inferred that all reflections are
possible.
Intensity
No direct quantitative data can be deduced for intensities.
However with Cokd radiation, it is probable that the reflections
calculated are weaker than those observed by Bernal and his workers (7).
Calculations
Where h, k, i and 1 are the Miller-Bravais indices for
any face (i is ignored), a and c are the unit lengths of the hexagonal
unit cell and A is the wavelength of the radiation used:
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sin2e

;, 2/3s2(12±hic+k2)

(,)\2/42)12

(1)

Let A2/3a2 = A and A2/4.c2 = B
Then as, for Coke:, A.1.78890 and a=3.1743 and 0=10.94
A = 0.10588564 and B = 0.006685
2
2
From eqn. (1),
= Ah
Akh Ak2 B1

(h,k,.,1)
00.1
00.2
00.3
01.0
00.4
01.1
01.2
01.3
00.5
01.4
00.6
01.5
11.0
11.1
00.7
11.2
01.6
11.3
20.0
11.4
00.8
20.1
01.7
20.2
20.3
11.5
20.4
01.8
00.9
11.6
02.5
11.7

10.92
5.48
3.65
2.747
2.735_
2.666
2.457
2.1961
2.1881
1.9590
1.818
1.712
1.587
1.5711
1.5635
1.5241
1.5191
1.455
1.3741
1.373:f
1.386
1.364
1.359
1.333
1.2861
1.285}
1.228}
1.224
1.216)
1.197
1.164
1.114

22(213s.)1

d. (obs.)2

10.92
5.48
3.65
2.747

11.15(th)
5.49
3.64
2.740

2.660
2.459
2.195

2.669
2.451
2.192

1.938
1.712
1.587
1.570

1.937
1.828
1.712
1.587
1.570

1.525

1.524
1.454
1.374

1.359
1.335
1.286

1.227
1.163
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(h,k,.1)

dR (oale).

c12 Sobs. )1

1.112
01.9
1.098
02.6
00.10
1.094'
1.0391
12.0
1.o351
12.1
1.0321
02.7
1.030
11.8
1.021)
12.2
1.016
01.10
12.3
0.9993
00.11
0.9714;
12.4
0.97138
02.8
0.9694 1}
0.9650
11.9
0.9386L.
12.5
0.93521
01.11
0.91631
30.0
0.9131
3011
0.9117
00.12
02.9
0.9105'
0.90381
30.2
11.10
0.9007j
(all possible reflections)
1. Data from Bernal, Dasgupta and Mackay (7).
2. Data from SPEC. No. 1118/0.

dR (obe.)2
1.099
1.038

1.028
1.0000
0.9704
0.9385
0.9161

0.9033
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APPENDIX 2

X-RAY DATA FOR UNKNOWN SYNTHETIC SODIUM FERROUS SULPHIDE

1

2

all

1

all

8.22
6.35
5.39

vs
vs
vs

2.918
2.754
2.554
2.357
2.059
1.860
1.469

s
s
s
w
w
w
s

8.1
6.1
5.37
4.02
2.94
2.76

-

-

-

1

i

10
4
9
4
4
6

-

1. Compound produced in this laboratory.
2. Compound produced by Erd, Evans and Richter (43).
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APPENDIX 3

X-EM DATA FOR THE SYNTHETIC IRON SULPHIDES,
MACEINAWITE, GRIEGITE, SMYTHITE AND PYRITE

1. MACKINAWITE
(bacteriologically prepared. Spec. No. 2238),

Synthetic mackinawite

Natural mackinawite (52)
I

5.05
2.99
2.60
2.31
1.833
1.803
1.727

VS
MW
MW
MW

1.559

my

1.298

ri

1.127
1.052

mw

5.03
2.97
2.60
2.31
1.838
1.808
1.727
1.676
1.563
1.526
1.409
1.300
1.258
1.239
1.190
1.174
1.133
1.055
1.038
1.027

vs

mw
tir

mw
mw

mw
ms
vw
vw
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2. GRIEGITE
(abiologically prepared. SPEC. No. 294).

Synthetic griegite

. 1
Natural griegite (45)
1

dR

I

dR

I

5.66
3.46
2.97
2.83
2.45
2.30
1.991
1.893
1.739
1.612
1.556
1.507
1.478
1.417

m
ms
vs
m
vs
mw
mw
s
vs
vw
vw
vw
vw
raw

1.283
1.228

mw
w

1.140
1.099

w
mw

1.005

in

5.70
3.50
2.98
2.86
2.48
2.27
2.02
1.901
1.746
1.671
1.563
1.506
1.488
1.425
1.383
1.320
1.286
1.235
1.210
1.201
1.167
1.143
1.107
1.087
1.055
1.038
1.010

3
5
10
2
8
41
1
4
9
41
<1
1
<1
3
41
<1
3
(1
,
-.1
<1
<1
2
4
<1
41
‹1
3
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3. SMYTHITE
(abiologically prepared. SPEC. No. 902).

Synthetic smythite (Natural smythite(43) !Natural mackinawite(52)!
d.,

I

a?

I

11.6
5.78
5.05
3.62
2.98
2.80
2.59
2.31
2.14
1.967
1.875
1.839
1.808
1.732
1.674
1.552
1.525
1.426
1.350
1.298
1.260
1.132
1.056
1.039

s
m
m
mw
s
ms
mw
s
mw
mw
s
m
ms
vs
mw
w
vw
m
w
m
mw
w
m
vw

11.5
5.75

6
ci

3.82
3.00
2.83
L 2.75
2.56
•
2.45
t 2.26
2.16
1.979
1.897

2
6
2
4
6
2
6
4
7
8

1.732
1.672
1.546

10
4
<1

.,- 1.435
t1.428
1.351
1.305
1.280

2
6
<1
2
2

.

a?

I

5.03

vs

2.97

s

2.60

w

2.31

s

1.838
1.808
1.727
1.676
1.563
1.526

m
s
m
w
mw
w

1.300
1.258
1.133
1.055
1.038
1.027

mw
mw
mw
ms
vw
vw
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4. PYRITE
(abiologieally prepared. SPEC. N0.295).

Synthetic pyrite

Natural pyrite*

I

cti?

1

3.34
2.713
2.424

mw
vs
s

3.128
2.709
2.423

36
84
66

2.212
1.918

s
ms
vs
mw
m
m

2.216
1.916
1.633
1.564
1.503
1.448

52

dl

1.638

1.565
1.504
1.461

1-

1.243

w

1.213

mw

1.183
1.155
1.106
1.044
1.007
0.9906
0.9555

raw
raw
mw
m
mw
mw
m

1.243

1.211
1.182
1.155
1.106
1.043
1.006
0.9892
0.9577

0.9030

(* A.S.T.14. 6-0710).

40

100
14
20
24
12
14
7
6
6
27
8
6

12
15
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