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ABSYTRACT—Six mineral iren sulphides are known: greigite, mackinawite,
marcasite, pyrite, pyrrhotite and smythite. All six can be synthesised from
agqueows solutions at Jow temperatures and pressure. An exaruination of the
rates and products of the reactions between a variety of iron salts and sulphur
species in aqueous sclutions reveals that each ivon sulphide is formed by 2
distinztive mechanism, Of critical importance Is the natwe of the sulphur-
bearing reacwant, especially since an investigation of the iron in all these
compounds demonstrates that it & divalent. In particular, the presence of
suiphide or pelysulphide jon, or elemental sulphur 25 a reactant can determine
the nature of the iron sulphide product.

Henvever, the form of the reactant iron salt becomes important swhen it
exerts any degree of structural control on the formation of the sulphide.
Specifically, the reladonshiy between sidedte and the formation of smythite,
and mackinawite and the formation of greigite, are decisive.

The data acorued on the mechanisms of formation of these minerals can be
applied w determining the favourable physico-chemmics]l conditions for the
formation of each ron sulphide. However, the reversal of this process, that is
the wse of these minerals as environmental indicators, must te approached
cautiously, since the fundamental requirements for the formation of each
mineral may be satisfied by a number of environments. The possibility of
using the experimental results in this way Is discussed.
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INTRODUGCGTION
The mineral ivon sulphides

In their classic paper of igr2, AzzEy, Crensmaw and Jomnson investigated
the chemistry of the ron sulphide minerals then known, pyrite, eubic FeS,,
marcasite, arthorbombic FeS: and pyrrhotite, hexagonal or monoclinic Feyry S
{where x = o 10 o.r23). Xeray analysis and advances in the methods of
chemical investigation of natwral materials have led to the discovery, since
1957, of three new iron sulphide minerals, smythite, greizite and mackinawite,

siythite, first reported by Erp, Evans and Ricurer (1957), from Indiana,
WS4, has for formula FesS,. Smythite is rhombohedral and ferromagnetic,
and is similar to pyrrhotite in that the two minerals have similar 2, values and
¢y Smaythite is six times that of pyrrhotite. Smyvthite has also been reported from
the XKimmnerian sedimentary ironm ores of the Kerch Peninsular, USSR
{Cauzroy, Gesgix, Scsorzva end Uroova, 1965), and from silver-bezring
veins at Cobalt, Ontario, Canada {Tavion, 1968}, In cach of s ocourrences it
s associated with thombohedral carbonates, and fludd inclusion studies on
calcite associated with the Indiana smythite indicate that it formed 2t a
rexperature of 25—40% G, It is probable that smythite 4 2 widespread minera,
but ity almost identical optigal charscters to monoclinic pyrrhotite make
identication difficult tn the absence of xeray diffraction analysis,

(rreigite, FegS,, is apparently a cuble dimerph of smythite. It was first
described from a Tertiary lacustrine sequence in the U.S.A. by Skmwer, Frp
and Grivaror (1984). Tt 1s a thiospinel of iron and ix highly ferromagnetic. Tt
has been reported from the Kinunerlan sedimentary iron ores of the Rerch
Peninsular, US8R. [Kraser and Susantsxava, 19557 where it Is associated
with ferric oxyhydrexide. It has also been ohserved encrusting a mammmoth’s
tooth in the USSR, (Bopzoviur, 1957). It s generally referved to as
‘melnikovite’ in Russian literature, but, elsewhere, ‘greigite’ has been preferred
because of the confusion that arises from the identification of a guasi-amor-
phous mixiure of fron sulphides and possibly oxides commonly ocourring in
sediments as ‘melntkovite’, Furthermore the adiective ‘melnikovitic' has been
used to described certain forms of pootly crystallised pyrize,

Like smythite, greigite has probably been overlooked in the past beeause of
its usual fine-grain size and oxide-iike optical character.

Mrron and Mivron (1958) described the occurrence of a sulphide mineral,
belived to be valleriite, from the Mackinaw mine, Washington, U.8.A, Subse-
quent electron probe microanalyses of this phase showed it t¢ be copper
deficient, and to have a compositon approaching FeS {Bmus, Banoxs, Apiir
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and Mivrow, 195g). "This new phase was described as mackinawire in 1964
{Evars et al.). ‘

It is 2 tetragonal sulphur-deficient iron sulphide, FeSy.y, hut diffieulties
arise in attempting to propose its exact rangs of composition because of ins
ability to take up large amounts of nickel and cobalt into its larttive, It has
been described from the Cunikumpu mine & Finland (Kouvo, VooRELAmeN
and Lowe, 1963) with a formula of {Fey 5:Nig 12000 :18. However, mackina-
wite has been shown to be identical with many pure ferrous sulphide phases
that have been synthesised In the laboratory. Kansite’, so-called ‘cubic Fe,Sq,
was first described from =2 sulphide corrosion product of steel pipes from a
sowr crude oil well in Kansas (Mever, Ricos, McGrassow and Supsimy, 1958),
but it i5 mow accepted as being Identical to mackinawite, Bawwer {1gha)
showed that his ‘tetragonal iron sulphide’ was ako raackinawite.

The generally similar properties of mackinawite and valleriite have led to a
reappraisal of the actual distribution of valleriite in deposits. Taxexo (1963)
states that, whereas mackinawite s now apparently extremely tommon,
valleriite is rare in comparison, and only been publicly authenticated from
three localities (Loclekoop, South Africa; Kaveltorp, Sweden; Muskox Intru-
sien, Canada).

Both mackinawite and grelgite have also been identified ag the major
constituents of the black iron sulphides of recent sediments {Beraer, 164 and
JEowas, 1987).

Scope of investigation

The presence of six compoeunds of two elements in one system raises questions
as to the nature of the elemients in zach compound and the reasons for their
cobination in each form, Furthermore, the apparently universal low temper-
ature affllations of the thres new iron sulphides, together with the wide
acceptance that muuch ore deposition, incduding the formaten of the three
earlier established minerals, can take place at low temperatires, has necessitated
& new approach to the problem of iron sulphide chemistry.

The purpose of this investigation was thersfore to examine in detail the
chemistry and mechanisms of formation of the mineral iron sulphides, at low
ternperatures, In order to discover the condidons under which they may be
formed,

Frevious work

Since 1957, there have been two malor attempis to investizate the fron
sulphides experimentally at low temperatures and pressures. Kororev and
Kozorengo (1985) added an aqueous sulphide to a solution of a ferrous salt
at room teraperature and heated the resultant unidentified product with the
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remnant solution to 150% G They synthesized perite, marcasits, pyrrhotite and
greigite, During his extensive investigations Berwer {1964} added suiphide to
various iren salts under a variety of pH, temperature and ageing conditions.
He synthesised marcasite, pyrite, pyrrhetite, greigite and mackinawite, Both of
thess investigations were mainly comcerned with the synthesis of recogrisable
phases, but Pzeygr included additional work on the experhmental repro-
duction of complex natural conditions in order to examine the natuwre of the
sulphide phases prodused in sediments,

METHODRGS
Introduciion

Altbough certain indications as to the possible controlling factors in the
formation of iron sulphides may be gleaned -from simple syntheses, this is
essentially a by-product of such work. Syntheses tend to foclude factors which
facilitate the formanon of pure phases as well as those factors which contrel
thelr formetion. Fursthermnors, the reproducton of natural conditions also
introduces many facters that confuse the interpretation of the mechanisms. In
this investigation therefore, the reactions between various iron and solpaur
species were observed. No artempt was made to synthegise pure phases, and the
majority of the products weve muixtures of two or more iron sulphides. Further-
more, the reactions were kept as simple as possble. Zxtranecus agents, that
rmight accelerate crystallisation, but which have unknown effects on the
chemistry of the fron and sulphur species, were excluded. For example, alr,
which Beener eroploved to catalyse the formation of greigite, svas not present
inn thiy experimentation, and rigorcus precautionary measures wers raken 1o
sxciude it

Apart from the difficulty of identification of the fine-grained mixed pro-
ducts of low temperature experimentation, the other great problem under
these conditions it the general lack of eguilibrium, and therefore the inability
to zpply simple thermodynamic interpretations to the resuts. As will be
demnenstrated below, evidence for the reversibility of many of the reactions is
nt fortheorming, and there zre strong indications that some of the reactions
are irreversible,

Cf the six mineral ron salphides only two, pyrite and members of the
pyrrhotite group, are ceneerned in the phase reiationships of the Iron-sulphur
systemn at temperatures zbove 525° O, conditons uwnder which squilibrivm
tends to prevall Furthermore, Cranm (1g566) attempted to examine ths
reactions in the iron-sulphur systemn down 1o almost rosm temperature, but 8id
not succeed n synthesising any other phase.

With this apparent lack of squilibrium conditions in the formation of the

g M. R
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majorizy of the iren sulphides, it is necessary to approach the prablem of the
conditions of formation from a kinetic rather than a thenmodynamic view-
point. That Is, to establish the mechanism of the formation of each irom
sulphide and then to examine the possible conditons under which the con-
trolling facrors may be present. Burksw and Rickaro {196gh) report elsewhers
the results of a detailed study of the kiperics and mechanism of the sulphida-
tion of goethite, but during this Investigation a qualitative semi-kinetc ap-
proach was uged.

Experimenial procadure

The reactions were performed in screw-opped sample bettles. The reactants
employed were: ferrous sulphate, ferric chloride, synthetic goethite [prepared
by the addidon of sndium hydroxide to sohutions of ferric chloride to pH == 8.5,
and heating to 100° () fsrrous carbonate, sodium sulphide solution, sodium
volysulphide solution {prepared by the reaction between sodivm sulphide and
sulphur together with subsequent filtradon), and sodium thiosulphate, All
reagents were of analyvtical grade, except ferrous carbonate and the lzboratury-
prepared reagents, The purity of the ferrous carbsuate and the synthetic
gocthite was checked by x-ray powder diffraction analysis using a Debye-
Geherrer 1146 mm camera and GoKe radiztion, No contaminents were
detected in any of the saraples by this method.

The sudphur solutions were poised at the required pll by the addition of
hydrochloric acid or sodium hydroxdde. The solution was then added to 2
soiution or suspension of the iron salt, and the bottle was sealed undsr nitrogen.
The use of nitrogen together with the exwremely srmall gas space in the sealed
bottles eliminated the #isk of air oxidation. The pH and Bh were measured
after the reaction and the readings taken when ne further observable change
wzs detected.

The pH was measured with a combined bulb-type glass electroda and a KO-
ezlomel reference elecirode. The measurements were recorded on a Pye Univer-
sal pH meter. Agitation which had been contdnuous from the addition of the
sulphur selution was arrested during measurement,

The products were identified by x-ray powder diffraction analysis using 2
124.6 mm Debve.Scherrer camera and GoKa radiation. The products were
not dried or rersoved from scludon. This eliminated any possibility of the
s-rayed material being in anyway different, through oxidation or drying, from
the products in the reaction vessels. A sample of the product was taken up
divect frora the reaction vessel into a 0.3 mm bore Lindemann glase capillary,
which was heat sealed. The cepillary was mounted in the camera. The data
vhtzined were compared where possible with standards, or otherwise with
published results.
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If samples were required dry for further experimentation or analysis, the
products were filtered in sintered glass filters under an atmosphere of nitrogen.
The precipitate was washed with water, alcohol and ether, and then placed
in a vacuum dessicator. The dessicator was evacuated continuocusly for at least
24 hours and then sealed.

Attempts to identify the products through drying and mounting on a glass
fibre or by using difffractometer smear mounts met with unqualified failure.
The major problems were oxidation, and, with the smear mounts, lack of
density of the samples and too low peak to background ratios to allow iden-
tification.

Chemical analysis of the samples was employed only as a rare adjunct to the
x-ray analyses. The mixtures of products and the possibility of coprecipitation
of the sulphur species, limited the usefulness of such analyses. Furthermore,
electron probe microanalyses were attempted but were not successful due to a
combination of factors, including the fine-grain size of the material, the
difficulty of mounting the material because of its instability, and the presence
of water in the samples.

Where possible, samples of the products were taken and dried and mounted
in polished sections for optical analyses. However, the products svere generally
too fine-grained and unstable for successful analyses of their optical properties
to be made.

In general the iron: sulphur ratic of the reactants was chosen such that the
sulphur was in excess of the iron in the proportion of two moles of sulphur to
one of iron. In the initial 65 ml of solution this was 0.g25 M iron and 1.850 M
sulphur. However, as controls, different iron-sulphur ratios were also employed,

but in no case was there any evidence of any difference in the final sulphide
product.

RESULTS

Introduction

The recorded pH and Eh values are not simple reflections of the conditions
of formation of the products, since they could only be recorded at the con-
clusion of the reaction, and they therefore record metastable equilibria set up
at the time of measurement. The recorded pH is, in fact, the final pH of the
reaction.

In cases where the iron salt used was dissolved; the pH equilibrium time
was of the same order as the reaction time. In these cases the initial pH of the
solution was low (pH-2-3) and the measured pH records the maximum pH
reached during the reaction. Therefore the pIl measurements are, in this case,
essentially relative.

In other reactions this pH fluctuation is unimportant, since the time for the
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reaction mixture to reach the final pH is short (a few seconds) relauve to the
reaction time {& week). During this period anly minor changes in pkl pccur,
in the magnitude of tenths of 2 oI unit,

Heowaver, since the approach to thizs problem was mechanistie rather than
drermodynarcie, this lack of precigion In these experiments does not affect the
interpretation,

It could be argued that in such cases buffers should be used. However,
gxperience in other experimental systems hzs shown that such buffers may
react with the reactants and precipitate, especially n concentrations required
in guch concentrated solutions as those used in this experimentation. Since the
approach was mechanistic, any such apparent refinement of the experimental
technigue would only add confusion and doubt to the interpretation.

Whereas the pH measurements can be easily interpreted and thelr impor-
tance assessed, the measured Eh does not measure the Ebh of {ormeation of the
vroduct. It is extremely difficuit to Interpret the Eh, since the equilibrium
condirions it reflects arg at the most transitory, Essentially, the Eb records two
features of the reaction:

~ the conditions under which the product retains some semblance of
stability with respect to the solution——sines It dees not redissolve or
pridise,

- variations In the redox couple being measured, and variations In the con-
entratons of the redox reactants in soluticn,

The Eh therefore provides a guide. If thers were any sudden change in the
nature of the sulphide species, it should be reflected 1n the Eh. Furthermore,
the removal of more or less dissolvad iron or suiphur species {rom the soluton,
through precipitation as an ron sulphide, should also be reflected in the redox
potential,

The Eh and pH resuls of this experimentation were plotted on a diagram
with Eh and pH as ordinate and abscissz, for each particular reaction. The
resuits are shown in Mg, 1.

A supnmary of the mest Important results of the various experiments pers
formed are shown in Table 1.

The mechansms and cenditions of formation, together with data on the
composition of each mineral iron sulphide are considered below,

Mackinmunie

Synthetie rnackinawite, tetragenal FeBg.g, was first idemtified by Drrnmex
(rgfaa}, whoe synthesised it by ageing the products of the reactions between
iron phases and concentrated agueous sulphide solutions. Eliminating those
reactions where alr was deliberately allowed into the reaction vessel or where

T
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Table 2. Xerey data for synthetic mackinmeits

Svynthetic mackinawite Watural mackinasvite®

dA I dA H
503 s 508 3
2,97 5 2587 5
2.840 W 2,80 iy
2,28 m . 2.3 3
1.838 I 1.838 i
1.B808 vg 1.808 s
1730 mw 1783 m
—es . 1.674 W
15684 m 1,582 mw
1,403 . L 1.524 W
P .o 1439 w
1.288 Ty 1,304 W
1.267 W 1,858 mw
.o . 1.240 w
1184 e 1,185 v
.e . 1174 v
1.128 W 1.333 mw
1053 e 1.055 ‘ mw
s o e 1.087 s
- - 10497 b

. 1.000 b

VB = vegry StTONg: 5 = strong; ms = medivm strong) m = medium;] ow = meditm weak;
w o owenk) vwom very weak,
1T Kovve, Voorramey and Lorg, 1863,

peaks, In this experimentation, the waterial that was apparently equivalent to
‘precipitated FeS' always gave one or more of the stronger characterisde
mackinawite lines, especially the broad band at abour 54, Since it & Im-
probable that a strictly amorphous ron sulphide exists, and singe it has yet to
be shown that this material, which has the same formula az mackinawite, has
z different crystal structure, this material is refsrred to as mackinawite
throughout this paper. It must be notad here, howsver, that the methed of
extraction of the sample for x-ray analysis, through sealing 2 suspension in a
Lindemann glass capillary, probably gave better resuits for such finely-
divided material.

Since mackinawite rmay be produced through the reaction between iron
metal and aqueous sulphide selutions or between ferrous suiphate and sodium
sulphide, it must be a sinple ferrous sulphide. Momce, Rzes and Rioxars
{1¢Bg) have published Mssbauver analyses of this material which confirm this
copchsion.

By

™
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Table 1. Swmmtary of rasulis of experiments ot 25° € in agueous solution

Produets {minor products

Reaction nH Range i Drackers)
TFerrous sulphate -+ sodium sulphide 24 85 Greizite, {mackinawise)
65117 Mackinavdte
Ferrous sulphate + sodium pelysuiphide < 44 Suiphur
44— 9.5 Fyrite, marcasite, {sulphur)
> 8.5 Sodinm Iron sulphide
Ferrous sulphate + sodinm thiosulphate 54112 No reaction
Symzhetc goethite 4 sodium sulphide 44 70 Siudphur, Marcasite, Fyrite,
{mackirmwite)
.0 80 Mackinawite
> o0 Redium ron zuiphide
Synthetic goethite 4 zodtun polysulphide —11 Sulphur
Synrhetic goethite + sodium thivsulphate <§< wil Sulpher
Ferrous carbonate 4+ sodium sulphide & 5.10.3 Survihite, {mackinawize,
siderite]
Mackinawite + sodium thicsulphate £ — 8 Ne reaction
Mackinawits 4 sodium polesuiphide 7 Pyrite, marcasite, (sulphur}

the reaction rixture was heated, Beavze {1964) synthesised mackinawite
through the reaction between gosthite and hydrogen sulpbide {at pH = 4,
and .5 with ammonium hydroxide} and through t}!c reaction between steal
or iron wirg and hydrogen sulphide gas at pH = 4. It is unfortunately im-
possible to interpret those reactions in which air was aLz;wed to take part be-
cause of a Tack of knowledge of its precise effect on the reaction rmixture, Also
a2 lack of information as to the mature of the inital products reduces the
applicability of the heating experiments, The pH of 4 for the hydrogen sul-
phide experiments probably does not reflect the pHl of formation of the mac-
kinawite bur rather the pH of 2 solution saturated with hydrogen sulphide gas.
in the experimestagon performed in this laberatory, mackinaswite was
formed through the reaction between ferrous sulphate and sedium sulphide at
pH = B5-t1.7, and goethite and sodium sulphide at pH = 7.2-11.4. The
resulis are shown graphically 1n Fig 12 end o
An xeray analysis of this synthetic mackinawite is shown In Table . The
wackinawite produced in these experiments has similar properties to the
‘amerphous’ or ‘precipitated’ iron suiphide of other investitators. There s no
evidence that a strictly amorphous Iron sulphide esists, and, by analogy with
other base meial sulphide systerns it is hughly unlikely, Furthermore, there is no
svidence that the initial precipitats, the ‘precipitated FeS' of Zzmwee {1964,
1987}, is a different iren sulphide phase from mackinawite, even if it ix finely
crystallised. Bervee has shown that his ‘precipitated FeS' has an Iron: sulphur
ratio of about 111, and his published x-ray results do show small mackinawite
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The results of previous analyses of mackinawite have been summarised
(CLaRR, 1966) and show that mackinasite is a sulphur-deficient iron sulphide
with a formula varying between Fe; oS and Fe, o.S. However, synthetic
mackinawite produced in this laboratory contained adsorbed or coprecipitated
sulphide and analysis gave an Fe:S ratio of r:1.1. This is consistent with
BerNER's (1964) results from titration experiments. If this material 1s filtered
and dried and inserted into an evacuated pyrex tube and sealed, heating to
temperatures as low as 70° G produces greigite very rapidly. X-ray analysis of
the reactant confirms it as being mackinawite, with no greigite, and x-ray
analysis of the product shows it to be greigite with minor remnant mackina-
wite. Therefore mackinawite reacts with coprecipitated of adsorbed sulphide
to form greigite, in a semi-dried state.

Reference to Fig. ra shows that although the reaction between ferrous
sulphate and sodium sulphide gives mackinawite between pH = 6.5 and 11.7,
the product of this reaction between pH = 3.4 and 6.5 is greigite, with small
amounts of mackinawite, especially at the higher end of this pH range. That
is, greigite forms preferentially at lower pH wvalues. As discussed above, these
pH values do not reflect the pH of formation of the product where the time
for reaching the measured pH is comparable with the time of formation of the
product. In a precipitation reaction, as is observed between ferrous sulphate
and sodium sulphide, this situation prevails. Therefore the real pH of the
reaction varies from pH = 2—3 to pH = 11.7 for mackinawite and pH = 2-3
to pH = 6.5 for greigite. Thus the Initial product should be identical in both
cases, since this initial product is formed under essentially the same conditions.
A close examination of the initial product of the greigite-producing experi-
ments showed it to be non-magnetic and to give the strongest lines of mackina-
wite upon x-ray analysis. However, after standing one week at the more acid
pH values of 3.4 to 6.5, the product becomes highly magnetic and consists
mainly of greigite. Therefore it must be concluded that the greigite is formed
through the reaction between initial mackinawite and either sulphide in the
solution or adsorbed or coprecipitated sulphide, in the same manner as was
shown to occur in the heating of partially dry mackinawite. In no case was
greigite observed to form directly from solution; in all cases an initial non-
magnetic precipitate was present.

The solution reaction between mackinawite and excess sulphide was con-
firmed by ageing a mackinawite precipitate at pH = 8 for three months. The
resultant product was greigite.

Since no evidence has been found to support any proposal that hydrogen or
hydroxide ions are present in the mackinawite formula, the pIl can have no
direct effect on the nature of the iron sulphide preduced. As demonstrated
above, the essential effect of pH variations is to vary the rate of the mackina-
wite-greigite transformation. It further seems that varying temperature can
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have the same effect. This pH chacge can only affect the nature of the iron
or sulphur species in solution or the natare of the Inidal msckinawite surface.
“he pil can have no effect on the ron species, and its effect on the sulphide
specles is sloply to change dominant bisulphide ion {at pH greater than 7} w0
dominant hydrogen sulphide (at pH less than 7). Since the recorded pH does
closely reflect the pH of transformation of mackinawdte to greigite, the reaction
rate change at pH = €.3 1 not coincident with the change m suiphide species,
which occurs at pH = 7. However, the action of the nH Is consistent with an
assumption that the mackinawite surface has bydroxide or hydroger ions ad-
sorbed upon it, depending on phl, At higher pil values the surface would
have hvdroxide iops adsorbed upon It and thus the prevalling bisulphide
speaies would tend to be repelled, At lower g values the surface would have
bydrogen icns adserbed upeon it, which would not repel either hydrogen sul-
phide molecules or bisulphide foans. Therefore the rate of reaction would be
faster at lower pH walues. Preliminary results of infra-red spectrometric
analyses of a mackinawite-like phase by Dr. B, Harzeere (pers. comm.) do in
fact dernonstrate the presence of hvdroxide lons.

The stability of mackinawite rermains unclear, Beraer {1564) found that in
the reaction betwsen steel and agueous sulphide ar temperatures as Jow as
40427 &0 beth mackinawite and pyrrhotte swere formad, Sincs 2z similar
reaction at 20-253° G produced only mackinawite, it seems probable that the
pyrrhotite was formed through a partial transformation of the inidal low
temperature mackinawite on heating, However, there {s still the possibility of a
separate reaction ocewrring to form pyrrhotite, and this evidence Is not con-
clusive. Urarx {1968} and Taxewe {1065) suggested that inconsistencies in
the thermal stability of mackinawite result from compositional variations, and
Crark suggested that natural rackinawite was stable up w 1357 G

In this lnboratory, bacteriologically-produced mackinawite, the formation of
which is described in another paper {Ricxarn, 196g), was apparently partially
wansformed to pyrrhotite after ageing at 30° C for ¢ months, The inital
product of the reaction was mackinawite, and the final produst incladed maior
pyrrhonte, Although it 13 possible 1o propese that the pyrrhotite was formed
from @ separate, slower reaction, it seems more reasonable that it was formed
through the wansformation of the mackivawite, particularly since examination
of the preducts at Intervals before the formaton of pyrrhotite only revealed the
presence of mackinavite and greigite; no other iron salts were detected,

It is possible therefore that pure rpackinawite 15 2 metastable phase in the
iron-sulphur system being unstable with respect to pyrhotite at all tempera-
tures but with the reaction rate being temperature-dependent. The presence of
cobalt, nickel and copper in the structure act to stabilise the mackinawite.

In conclusion, mackinawite—sulphur-deficient Felgyy i the primary
product of all reactions between an jron salt and a2 dissolved sulphide ¢pecies
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where topotaxy or epitaxy is not involved. It reacts further with sulphide to
produce greigite. This reaction is apparently irreversible. There is no evidence
to distinguish so-called ‘amorphous FeS’ or ‘precipitated FeS’ from mackina-
wite, ‘

Greigite

Although greigite, cubic Fe,S;, has probably been synthesised a number of
times in the past, the first identification of a synthetic reaction product as
pure greigite was made by Uba {1965), on heating the products of the reaction
between ferrous ammonium sulphate and sodium sulphide to 190° G and
quenching. Greigite also appeared in the experiments of BernEr (1964) and
Kororev and Kozorenxo (1965).

The reaction between mackinawite and sulphide to give greigite has been
described above.

Greigite was not detected in the reactions between goethite and sodium
sulphide, which is consistent with the work of Berxer. However, the reason
for this probably lies in the fact that, at the lower pH values of rapid greigite
formation, large amounts of sulphur are produced when a ferric salt is
sulphidised, masking any greigite that might be formed and resulting in the
long term formation of marcasite and pyrite.

However, this experimentation, together with that of Uba, does not confirm
BerNER's proposition that air is necessary for the formation of greigite. The
careful precaution taken during these experiments against oxidation by air,
rigorously exclude the possibility of it presence. Indeed, if air were admitted to
the reaction vessels the products were pyrite and marcasite, or, in extreme
cases, goethite and sulphur.

X-ray data for this synthetic greigite are shown in Table 3.

The composition of greigite has been given as Fe,S; (SKNNER, Erp and
GroyaLpr, 1964). Although no deviations from this formula have yet been
detected, insufficient greigite has been found naturally to confirm stoichio-
metry. Indeed, it would be surprising, in view of the well-known non-stoichio-
metry of the other compounds in this system, if greigite had a strict stoichio-
metric formula.

Since greigite has a similar structure and similar magnetic properties to
magnetite it has been referred to as a ferroso-ferric sulphide in the past. Under
the conditions of synthesis in this experimentation however, the heating of a
mackinawite-sulphide precipitate or the reaction in solution between mackina-
wite and sulphide, the large amounts of ferric iron needed to satisfy the
equation FeS. Fe.S; cannot be formed.

This conclusion was confirmed by Mossbauer analyses of greigite, prepared
in a similar manner to that recommended by Upa, which demonstrated that
greigite was essentially a ferrous sulphide and contained no ferric iron.
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Table 3, X-ray data for synihetic greigite
3 7 ETE1E

Zvathetic greigite Marural greigitet
d4 1 dA I
355 m 5,72 8.0
3.46 ms 3.50 31.2
3497 s 2,93 JRYIORE:
2.83 m 2.88 3.4
7245 5 .57 54.8
.30 mw 2.26 1.2
1841 maw 2.0z 4.2
1.845 5 1,901 28.6
1,738 vE 1.746 V6.8
1612 sy 1.671 4.8
1.356 T 1.5625 .2
1.5G7 iy 1.5008 8.4
1,478 mw 1.4883 1.3
Lai? v 14253 3.6
‘e . 1.38%8 0.7
..... . 13204 A58
1.285 mw 1.285% 12,
228 W 1,4348 9.2
ek . 1.2087 0.3
..... . 1.18%5 0.2
,,,,, . 11640 0.3
1.2448 w 1.1401 18
1.0399 me 1.1051 6.4
.... - 1.0844 0.6
..... .- 1.0544 2.1
..... .. 1.6851 7.1
1.005 " im 10040 30.8
VE = Very sieng; s = Srong) ms = mediws strong) 1o = medium; my = medium weak;

w o= weak; vw o= very weal,
* Bxmaees, Exp and Groavos, 15684,

This is consistent with the other thicspinels with which greigite & 1o0-
structural:linnaeite  {UeyS. ), - polydymite (NS}, siegenite  {CoNi,)58,
viclarite (FeNLSE,), carrolite {Culo.S,) and daubréelite (FelrS,). Although
it might be argued that the cobalt in these compounds could be trivalent, the
contention that the isestructural polydymite containg trivalent nickel Is highly
improbable,

Furthermere, it has been shown by Dursiy and Riomaro {1g6ga)}, in their
examination of the preparation and propertics of fervic sulphide, thar ferric
irope—sulphide bonding s extremely unstable.

It might also be propesed that greigite Is a ferrous sulphide-ferrous poly-
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sulphide mixturg, 2FelTFeS,. Although the MOwbausr evidence cannot be
interpreted to exciude this possibility, wet chermical evidence indicates that it is
unlikely. Apart from the lack of an oxudising agent in sufficient concentration o
oxidise half of the sulphide to polysulphide, the reactions between mackinawite
and polysulphide, and between ferrous iron In solution and polysulphide, have
been shown to result in the formation of marcasite and pyrite (see below).
This 15 particularly pertinent in view of the fact that these polysulphide
solutions necessarily contained solphide lons, and therefore these experiments
contzined all the necessary ingredients for the formation of a ferrous sulphide-
polysulphide, f such a coropound existed.

Furthermore, although it has been suggested that greigite is unstable with
respect to pyrrhotite and pyrite, experiments in this lzboratory on heating
suspensions of gregite to texnperatures of 18¢® O gave partial transformation
to pyrrhotite within three hows. Neither pyrite nor marcasite were detectsd
in the products of these heating experiments.

The stability of greigite is not well known, but thers & no dear evidence to
suggest that it rapidly decomposes below 180% G at least. However, since
greigite has not been formed through reactions between won and sulphur at
any temperature and because of it dependence on the prior existencs of
mackinawite for it formation, greigite is, perhaps, 2 non-equibibrium phass in
the ron-sulpbur system. It may be metastable at all remmperaturss with respec
to pyrrhotits, the reaction rate being temperature-dependent.

Smythite

The only reporied synthesis of smythite, rhombehedral Fe S, is that of
Ricxarp {1g88), during this investization. Experkments by this and other
investigators under a variety of conditions benvesn 2 number of iron and
sulphur species all failed to produce smythite. Risxarn produced smythite
through the sulphidation of the rhombohedral ferrous carbonate, siderite, and
thus conciuded that the pre-existance of siderite was 2 necessary factor in the
formation of somythite,

Further results of this experimentation are shown in Fig. 1d, and x-ray data
for synthetic smythite are shown in Table 4.

1o no case was pure smythite formed. At more acid pH values wore ferrous
iron was dissolved and the reaction between thiz and agueons sulphide resulted
in the formation of mackinaswite. This effect was further evhanced by the
evolution of carbon dioxide gas which Intimately agitated the siderite sus-
pension, increasing the rate of dissolution of the ferrous iron. At more alkaline
pnH values the reaction did not go to completion within the reaction time em-
ployed and remnent siderite was left with the smythite,

Tising identical arpuments as for greigite {above} it can be shown that,
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Table 4. X-ray data for synihetic smythite

Synthetic smythite Natural smythite? Natural mackinawite?
dA I dA I dA I
11.6 5 11.5
, 5.78 m 5.75 v . ..
5.08 m e .. 2.03 vs
3.62 mw 3.82 2
3.00 6 _
2.98 8 9.95 3, 2.97 5
' 2.86 Ve
2.80 ms 2.83 2
275 4
2.58 mw 2,56 4 2.60 v
245 2
2.31 s 2.29 1, 2,31 5
2.26 6
. 2.14 mw 2.16 4
1.967 mw 1.979 7
: 1.873 s 1.897 -8 e -
3 1.838 . m e - 1.838 m
i.808 ms cean .- 1.808 3
1 1.732 vs 1.732 10 1.725 m
7 1
1 1.674 v { igg; f 1674w
_ 1.5377 e
1.552 W l 1.546 s 1.562 mw
| 1,525 W e .. 1.524 w
, R J 1.433 2
1 1.436 m l 1.497 6
‘ 1.350 w 1.351 Y, iy
; 1.298 m 1.306 2 1.300 miv
i‘- 1.260 mw { 1280 2 1.258 mw
| ' 1.254 Ve : |
4 1.132 w { b1t ¥ 1.133 mw
o o 1.102 Vs :
f 1.056 m 1.065 Va 1.033 ms
; 1.039 v 1.037 2 1.087 A
[
' VS = VeIy strong; s = strong; ms = medium strong; m = medium; mw = medium weak;
w = weak; vw = very weak.
1 Erp, Evans and Ricurer, 1937,
; * Kouvo, VuoreLAEN and Lone, 1963,
] through lack of oxidising agents and because of the transformation to PyIT-
: hotite on heating, smythite is not a ferroso-ferric sulphide nor a ferrous
sulphide-polysulphide, but is strictly dimorphic with greigite as a simple
ferrous sulphide.
%
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Like greigite it wag partially transformed to pyrrhotite within three hours
at 3180° O in an agueous suspension, and it thersfors probably has similar
relationships with pyrrhotite as greigite.

Structural controls on the formation of greigite and smythite

During deralled experiments i the synthesis of equilibrium iron sulphidss
at various compositions and temperatures, Greowvern and Hararoson (1952)
came o the conclusion that the maximowr degree of iron-deficiency possible
in pyrrhotite at temperatures less than 360° G s Fe, 8y Generally, this con-
chusion is consistent with analyses of natural pyrrhotites.

Greigite and smythie are therefore of particular interest in this context since
these apparently simple ferrous sulphides have an iron-deficiency exactly twice
the maximum proposed for pyrrhotite, according to their stoichicmetric
formulae of Fe;Si Although no evidence has vet been produced to indicate
nom-stoichioretry in these compeunds, It is probeble that both will show
divergences from the ideal forroulzes when more spectmens are examined. This
is especially trus in the case of smythite, sinee a structural analysis of smythite
{Erp, Evars and RucErer, 1957) has shown that smythite consists of slabs
with & pyrrhotite-iie structure stacked so that zppyrrhotite = zgsmythite, bur
cesmythite = Gegpyrrhotite, There is also some evidence of a large rhombe-
hedral superiattice, probably resulting from an ordering of iron vacancies.

It is thersfore possible that the role of the rhombohedral carbonate is to
cogtrol the arrangement of the iron sites in the smythite lattice, aliowing the
formadion of a compound with Iren deficlences double that possible where no
such control exists. The sguctural relatonships of pyrrhotite and smythie
would be consistent with the proposal thar such a control operates I the
formation of smythite,

¢ has been demonstrated that there s no experimental evidence o show
that greigite may form direcdy from solutdon. It seems that in every case
there s evidence for the prior presence of mackinawite. Te may therefors be
that mackinawite acts in the case of greigite in a similar way &s doss siderite
with smythite, being a necessary precursor to greigite since It assists in the
organisation of the iron sites in the distorted spinel structure.

Pyrite and marcasite

Pyrite and marcasite have been synthesised from sohuion very many times.
The most often guoted experiments were those of Avrem, Crexgzaw and
JommsoN (1914}, which were repeated In later vears by Lumpovisy (1947). No
najor advances have been rmade In the understanding of {he mechanisms and
conditions of formation of these compounds, apart from the fact that it has
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been realised that they may be formed as well-erystaliised forms at 25° Coand 1
atroosphere pressure,

Pyrite and marcasite are dimorphs. Structurally, pyrite is cubic and marca-
site orthorhombie, but both have their sulphur atoms paired in the so-called
‘dumb-bell’ arrangement. This is in agreement with considerations as to the
probable oxidation states of the elements In pyrite and marcamte, which
indicate that they are fmvrous pelysulphides. Althongh the foroal lattice
charge distributions in marcasite and pyrite are the same, the Mfsshaner in-
vestigation by Momcr, Rees and Ricgarp {19685} demnonsirates that marcasite
i less ionic than pyrite, foplying that the resultant ¢harge on the marcasite
sulphide ions s Jower than thet on the pyrite sulphide ions.

The chemustry of marcasite and pyrite formaton has, in the past, been
studied by rather rrational techniques. Apart from the higher temperature
syntheses, most syntheses have required the presence of sither ferric on or
oxygen, neither of which are Invelved in the pyrite of marcasite {ormulse
Widespread misapprehensions bave arisen about these two minerals mainky
through their natural abundance, their distinctive optical characters, and the
vafortunate situation that arises from thelr chemistry in that srrors in experi-
mental technigue, as, for example, in the fanlty sealing of reaction vessels,
tend to result in thelr formation.

Bxperiments in this laboratory show that, at temmperatures below 150°% () in
aqueous solutions and in the absence of oxidising agents, pyrite and marcasite
will not form through the reaction between a dissolved ferrcus salt and an
agueous sulphide. However, the addition of 2 sodiumn polysulphide solution to
a solutdon of ferrous sulphate gave pymte and/or marcasite under all cone
ditions where the polysulphide did not decomposs spontanecusly. The results
are shown in Fig. 1b,

Pyrite was synthesised at pH values between 4.2 and g.5 At pH values
below 4.4 the polvsulphide solution decomposed o sulphur instantaneously, At
pH values above 9.5 an wldentified compound was formed. This compound
was air-stable, black and moderately ferromagunetic. It is believed 1o be a
sodium iron suiphide, but its exact compasition is unknovn. Xeray data for this
compound are shown in Table 5, and x-ray data for synthede pyrite in
Table &.

Pyrite vwas minor to marcasite at pH = 4.4. &5 the pH increased, marcasite
decreased, wniil, at pH = g.5, marcasite was completely absent. This absence
of marcasite at pI = 9.5 is Ioportant. It demonstrates that the product of the
reaction between ferrous iron and polysulphide is pyrite, since the reaction pi
was not restricted to pH = g.5 but ranged over the whole spectrum of pH
values frore the initial pH of the ferrous sulphate solution to the final recorded
pH of g.5, as the polysulphide solution was added. The absence of marcasite
in the products of such 2 reacton indicates that marcasite was pot formed
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Table 5, X-ray data for unidentified compound
( possibly a sodium iron sulphide)

1 2
~dA I d& I
8.22 vs 8.1 10
6.35 Vs 6.1 4
5.39 vs 5.37 5
e .. 4.02 4
9.918 _ s 2.94 4
2.754 3 2,76 6 .
2.55¢ 5
2.357 W
2.039 w
1.860 w
1.465 s
Vs = very strong; s = strong; w = weak,
1 Compound produced in this laboratory.
* Compound produced by Erp, Evans and Ricarer, 1957,
Table 6. X-ray data for synthetic pyrite
Synthetic pyrite Natural pyrite?
dA I dA I
3.3¢ mw 3.128 36
2.713 vs 2.708 84
2.424 5 2.423 66
2,212 $ 2.212 52
1.918 ms 1.816 40
1.638 vs 1.633 100
1.563 mw 1.564 14
1.504 m 1.503 20
1.461 m 1.445 24
1.243 w 1.243 12
1.213 mw : 1.211 14
1.183 o 1.182 7
1.155 mw 1.155 6
1.106 mw 1.106 6
.. 1.044 m 1.043 27
.. Loe7- . mw . 1.006 8
029906 mw 0.9892 6
0.9555 m 0.9577 12
...... .. 0.9030 15

1 AST.M. 6-0710. .

vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak;
w = weak,
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during this reacticn, even at the lower pll values. Therefore pyrite i3 the
product of the reaction agueous ferrcus iron and polysuiphide at eIl pH values
from 2-3 to g.5. Marcasite must have teen formed through 2 separate, slower
reaction that ocours more readily at lower pIl values.

An examination of the chemistry of the various fron and sulphur species
present in the reaction mixture indicates two conclusions:

— that, at more acid pil values, elemental selphur s more likely to form,
through the decomposition of the polysulphide solution,

— that the initial pelysulphide solution must have contained relativaly large
amcunts of sulphide fons, as well as the polysulphide fons.

However, the addidon of swiphur to dissolved ferrous iron did not, at 25° G,
result In any detectable reaction. The addidon of sulphide to ferrous iron, on
e other hand, has been demonstrated 4o result in the formation of mackina-
wite {above, under Mackinawite),

A sample of mackinawite wras prepared, and checked for purity by the
methods described above. The sample was then dried and Inserted into a sealed

vacuated pyrex tube with an squal weight of ‘flowers of sulphur’. This
analytical grade sulphur was shown by xray methods to be purs finely-
divided rhombic sulphur. The products of this reaction at 156° C for 48 hours
wers major pyrite, with minor marcasite and pyrhotite. At roc® O for o4
hours the products were marsasite and pyrrhotite, pyrite not being detected.
At 70° (1 for 24 howrs the products were major marcasite and sulphurn How-
ever, the large amount of remmant sulphor present obscursd any other possible
minor phase present,

Therefore the reaction between mackinawite and sulphur results in the
formation of marcasite at low temperatures, with pyrite becoming mere im-
portant at higher temperstares. This terperanwe dependence of marcasite
and pyzite formation i in agrecment with the conclusions of Arvzzy, Crexsgaw
and Jomnsow, and results from the transformation of marcasite to pyrite rather
than the immediate formation of the more stable phuse, since marcasite was
present with the pyrite at the higher temperature, The formation of pyrrhotite
iz in agreewent with the earlier mentioned results from the equilibration of
mackinawite at elevared temperatures.

The results of these experiments indicated that the formation of marcasite
depended on the the reaction benwveen sulphur and 2 pre-existing fror sulphide,
mackinawite, It Is possible that the reaction between sulphur and greigite
would give a similay result, since, as has been desceribed above, the heating of
mackinawite gives greigite rapidly, end therefore greigite may have also been
involved In the reaction to form marcasite. However, this has not been con-
Hrmed,
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Gbe results of these experiments on the formation of marcasite were con-
firmed by adding a polysulphide solution to & mackinawite suspension at 2 pH
of approximately 7. The products were pyrite and marcasite with rhombic
sulphur, The somilarity of this result with that from the reaction betwesn
disselved ferrous iron and polysulphide indicates that similar reactions were
proceeding: an cxidation of markinawite by sulphur o glve marcesite and
an exchange reaction between the sulphide of mackinawite and polysalphide
ion to give pyrite,

It has been suggested {Vorkov and Ostrowniov, 1957) that, becavss of the
differing reactivities of the sulphur atowms in thiosulphate, thicsuiphate may be
instrumental in the formation of pyrite. However, expecments in this lsho-
ratory showed no reaction between dissolved ferrous Iron, or mackinaite, and
thiosulphate,

‘The reaction between thiosulphate, or polysulphide, and goethite results in
the decomposition of the sulphur-bearing compounds with the formation of
sulphur, no iron sulphides were detected.

‘The relationship that exists between the presence of elemental sulphur and
the formaticn of marcashe is In agreement with the results of all the present
experimental work and is consistent with most of the resuls from past in-
vestigations. The fermation of marcasite will be favoured at lowsr pH values
because elemental suwiphur is more likely to be a reactant specles under these
conditons. However, elemental sulphur may exist metastably under a variety
of conditions, since its rate of dissolution in Jow concentrations of selvents will
be slow., Thus marcasite may be formed outside acid conditions. The reaction
between mackinawite and elermental sulphor is relatvely fast at 25 C in
aguecyus solutions, since water can act as a carrier for the elemental sulphur,
whereas slightly higher temperatures are needed to complete the reaction
berwesn well-crystallised sulphur and mackinawite In experimental time.

The results of the reaction between sodium sulphide and goethite are shown
in Flg. ¢, The results agree broadly with those of Beryes, inasmuchas mac-
kinawite, with relatively broad lines and admixed with sulphur, was the major
product of the reaction between pil = 7 and pk = g, Below pH = 7 how-
ever, down to the pll of dissolution of the precipitate at pE = 4.4, marcasite
was the major product. The marcasite was admixed with pyrite, but at these
more acid pH values marcasite was dominant, Above pH = ¢ the umdentified
compound, possibly a sodium iron sulphide, which occurred under similar
conditions in the ferrous iron-polysuiphide experiments, was the majer pro-
duct, The formation of marcasite s congiscent with the conclusions reached
during the eariler experiments with polysulphide and ferrous sulphate de-
scribed above, Burxaw and Rucxano {155gb) have examined the kinetics and
mechandsm of the suiphidation of goethite and have demonstrated that mac-
kinawite Is the primary product of such a process. The further reaction he-
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tween mackinawite and sulphur or polysulphide will then result in the forma-
tion of marcasite and pyrite.

As the pH of the solution becomes more alkaline, sulphur becomes less
apparent, until, under the conditions of formation of the sodium iron sulphide,
elemental sulphur is not detected in the precipitate, At these pH values, sul-
phur reacts with excess sulphide and hydroxide in the solution to form poly-
sulphide ions. This was confirmed by the colour of the solution and the
formation of the sodium iron sulphide in an identical manner to that which
occurs with polysulphide added directly to ferrous iron.

The formation of the polysulphides is not limited to these elevated pH va-
lues. Even though, at acid pH values, the polysulphide will tend not to form,
since sulphur is stable, more polysulphide will form with the higher pH.
However, the problem still remains as to the reason for the preservation of
mackinawite in the pH = 7-g region, where it would be expected that either
pyrite or marcasite should form. This is explicable in exactly the same manner
as the limitation of the rapid conditions of formation of greigite to lower pH
values. If the surface of the mackinawite is covered with adsorbed hydroxide
1ons above pH = 6.5 (see under Mackinawite) then polysulphide lons would
tend to be repelled. At more acid pH values surface hydrogen ions would tend
to attract the polysulphide anions with the resultant formation of pyrite. How-
ever, the instability of polysulphide under these conditions would not allow
major pyrite to form. The reaction, although it proceeds at all pH values, is
experimentally slow at high pH values.

The formation of pyrite from the sulphidation of goethite at pH values of
about 8 has been shown in the bacteriological experiments (Rickarp, 1g6g).
At these higher pH values the initial product of the reaction was rmackina-
wite, but pyrite was found to be the major product of the reaction after six
months ageing. Organic matter may have catalysed this reaction.

The differences in conditions of formation of the dimorphic iron polysul-
phides, pyrite and marcasite, In aqueous solution, depend on differences in
their mechanisms of formation. Whereas pyrite forms through the direct
precipitation reaction between dissolved ferrous iron and polysulphide, marca-
site depends on the reaction between sulphur and a pre-existing iron sulphides,
in these experiments, mackinawite. It also seems that mackinawite can react
with polysulphide to give pyrite. The reasons for the difference in mineral
type resulting from these reactions is probably that, whereas the reactions of
pyrite formation are polysulphide-sulphate or sulphide exchange reactions, the
reaction between sulphur and mackinawite is essentially a solid state oxidation,
Whereas the former may reach equilibrium under Iow temperatures and pres-
sures the latter Cannot,- and the non-equilibrium phase, marcasite, is produced.
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FPyrehotite

The pyrrhetite group together with pyrite form the stable equilibrinm
pheses of the iron-sulphur systen. The interrelationships of the various mem-
bers of the pyhotite group at high temperatures are well known, but the low
temperature interrelationships are less well defined because of the high degree
of uncertainty about the reaching of equilibrium. However, Crazz {1566) has
succeeded in synthesising troilite znd menolinic pyrrhotite through the reacdon
between iron and sulphur at temperatures as low as 45° G,

Pyrrthotite may be synthesised from agueous solutions bur tis generally
requires high temperatures {Berner, 1664 ] or very long periods of time. As has
been described azbove, pyrrhotites were formed during this investigation
through the heating of greigite and smythite at temperatures as Jow 25 180° C
i very short periods of time. Berxer has shown that mackinawite is apparently
converted to pyrrhotite, specifically troilite, at temperatures as low as £0-45° G,
and as mentioned before, pyrrhotite reflections were Iiolated from a bacterio-
logically-produced mackinawite precipiate after nine months at 30° (G The
Sormation of pyrrhotite, in the heating of mackinawite and sulphur during
experiments 10 examing the formation of marcasite, was also probably caused
by the transformation of mackinawite.

Tesufficlens data were provided by the pyrrhotites preduced during these
experiments to allow an accurate identification of the strocture and com-
position to be made.

It therefore seems that the three suiphides, mackinawite, greigite and smy-
thitz are probably unstable with respect to pyrrhotite, and that pyrvhotite seill
be formed on prolonged ageing of these materials, or, more rapidly, on heating
AUEOUS SUSPENSIONS,

DISCUSIION

This investigation has been essentially concerned with the six well-established
mineral ron sulphides. As has been discussed when considering mackinawite,
such forms as ‘kansive’, ‘tetragonal Fe¥', ‘amorphous Fed' and ‘precipitated
Fe3 are considered to be dentical with mackinawite at various degress of
crystal size. Furthermore, Berrer {1064) has shown that the common ron
sulphides of sediments, hydrotroilite” and ‘melnikovite’ {in the non-Russian
sense), are mixtures of one or more of the established suiphides and are not
valid mineral species.

Tt it postible, however, that other fron sulphide forms cecur initially in the
msckinawite-producing reactions, such as Bass Becrme's (1656} disulphydryl
iron, However, as polnted out by Bermer {rg6ab), there s no evidence for the
existence of such a species and all the experimental evidence tends to preclude
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the possilility of its formation. Furthermore, the comparison of the iron sul-
phides with the on oxides canmot be used to predict any possible transitory
form of iron sulphide. For example, it would seern improbable that a form
FebOH could be produced analogous with FeOOH, since this would require
the formation of a ferric sulphide hydrate. Buakmy and Ricsars {1550a) have
demonstrated that, although ferric sulphide can be produced as a discrete
chernical compound, its extreme instability makes it Improbable that it &
formed naturally, The comparison of greigite with magnetite has been de-
monstrated above o be erroneous.

Tt must be concluded that thers Is, at present, no evidence to suggest that 2
well-defined transitory phase predates the formation of mackinawie, and
there {5 no obvicus analogy that allows one to be predicted.

A diagrammatic summary of the rajor intermrelationships of the iron sul-
phides in aqueouy solutions it shovwn in Fig. 2. Of the 19 reactions nvolving
iron sulphides, only three are reversible: the reactons betwesn ferrous iron
and sulphide to formi mackinawite, ferrous won and polysuiphide 10 form
pyrite, and ferrous carbonate and sulphide to produce smythite, The equilis
bration reactions and the mackinawite—-greigite —narcasite and —pyrite
wransformations are all fiveversible.

Water apparently plays an essential role In the formation of mackinawite.
This mineral has not vet been prepared in the absence of excess water, although
the product of any dry reaction between' ron memal and hydrogen sulphide
hag not been examined. Tt §s possible that the water act as a carrier Ior sul-
phide ons and that metastable mackingwite s essentially a transition coraplex
mmtermediate to the formation of pyrrhotite. The role of water in the formadon
of greigite and smythite Is less clear. Greigite has been formed from mackina-
wite with adsorbed sulphide, which was partially dried and only contained
about 10 per cent water. Sinythite however, was not formed by the passags of
gaseous hydrogen suiphide over dry ferrous carbonate; the reactdon was too
slow and only superficial sulphidation occurred at 25° O, after one week.
Since the reaction between mackinawite and sulphur has been shovn to give
the more oxidised sulphide, moarcasite, water may be Important in the formaa-
tion of greigite sz 2 solvent for sulphide lons, catalysing a reactlon which,
when dry, may not result in the formation of greigite before the equilibration
of mackinawite t¢ pyrrhotite. It may also act to catalyse the formation of
smythite, particularly by the removal of carbonate from the reaction surface.

Although Rurieron {198%) has suggested that marcasite may be stabilised
by the presence of bisulphide groups In 1ts structure, evidence for this conten-
tion is still not forthcoming. It seems that water may be important in the

formation of marcasite in that it allows 2 reaction between Iron zand sulphur
to proceed rapidly 2t temperatures where the marcasite-pyrite transformation
is relatively slow. This would explain why, in the examination of the Fe-5-0.H
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PYRITE

-
RACKINAWIT

GREIGITE -

PYRRHEUTITE

’sz /fsl/
Fel(y £ = SMYTHITE

% mulphor {S™) o sulphide (ég) = pulysuiphide

Fig. z. Sumsmary of the major ivon suiphide interreladonships tn agueous soluton
{reacrions Invoiving ferric iron not considered).

system {KULLERuD, 1967}, both marcasite and pyrite wers formed, and not
muarcasite alone, at temperatures helow shout 400% G,

Throughout the above deseription of experimentation, results and inter
pretations, it 15 apparent that the rawss of the reactions concerned ars of ex-
treme variability, From a geological point of view the problem of reaction
rate is iraportant since this determines the postble time of persistence of the vari-
ous phases, [he direer precipitation reactions, Including the reactions between
dissoived ferrous iron and sulphide or polysulphide giving mackinawite or
pyrite, are extremely rapid. This I typical of many reactions Involving dis-
solved jons. However, the reaction rate of heterogeneous reactions, particudarly
thase Involving one or more solic phases, s depeadent on parameters other
than simple concentration, temperature and presswre. Of particular Impos-
tance iz the surface area of the solid phase. Kinetically, the surface area of
a salid phase iz proportional 1o its activity in a heterogeneous system, Increase
in surface area increases not only the area for reazction but alse the area for
removal of undesirable products. At the low temperatures and pressures of
this experimentation and the relatdively high concentrations of reactants
(compared to most natural enviromments) the rate of precipitation of mac-
Kinawite and pyrite was far higher than the rate of crystallisation. Therefore
extremely fine-grained products ensued, with enormous swface areas. This
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was of particular tmportance with regard to mackinawite which can undergo
twe further reactions: the equilibration to pyrrhotite and the reaction with
more sulphide to form greigite. Trven under the conditions described above,
the rate of equilibration of wackinawite to pyrrhotite & extremely slow, and
therefore large crystals of mackimawite should be stable for geologically signi-
ficant time spans at low temperatures,

The reasons for the inconsistent data that has been published as to the
breakdown termperature of mackinawite may not only be compositionsl
variations but also crystal size. Furthermors, the rate of reaction with respect
to the formation of greigite has been shown above to be pH dependent and
o be slow i alkaline conditions, even wwith the fine-grain skes involved.
Similarily the transformation of greigite and staythite to pyrrhotite is not ob-
served under experimental conditions at 237 O and takes a relatively long
thne under heating at various temperatures. Thus greigite and smythite can be
preserved under geological conditions for very long periods of time.

The marcasite-pyrite transfommation s also dependent on crystal size with
regard to the rate of the reaction. Under expermmental conditions, as has been
pointed out by Arirw, Crenszaw and Jommson {(1giz}, and during this ex-
permmentation, mmarcasite tends to be preferenually formed under lower
temperatures. It I assumes that, at the higher temperatures, marcasite i
formed but is rapidly mransformed to pyrite. However, experiments by Kvrrs-

vp {1g67) Indicate that this transformation ocowrs completely only above

400° O within the experimental time limitations. The tnconststencies of these
resulis may be explcable in terms of crystal size being an important rate-
controlling factor. ' ' '

CONCLUSIONS

The six mineral sulphides of iron may be formped at low temperatures and
in aguecus solutions from a variety of distinctive mechanisms, The nature of
the mechanizm determines the conditions of formation of the sulphide. The
malor contralling factor s the oxidation state of the sulphur-bearing reaciant,
since the oxidation state of the Iron is ferrous in all these minerals. In parti
zular, the presence of agueous sulphide or polysulphide jon, or clemental
sulphur, can decide the nature of the final product. The form of the pre-
existing irem salt becomes Important when it exerts some degree of structural
control on the product. Tn this context the presence of ferrous carbonate or
siderite to give smythite, and the possible relationhip between the prior
presence of mackinawite and the formation of greigite, are Important.

The results suggest thet the fron sulphide minerals may be wvsed as indi-
cators of the physico-chemical conditions prevaliing in the environment at
the time of their formation. However, since the fundamental requirements
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for their formation may be sadsfied In a wariety of ways, the use of these
mirerale for this purpose is subject to a number of Imitations.

The presence of mackinawite, for example, indicates low temperature and
neutral o alkaline condidons in the environment at the time of Its formation,
since mackinawite re-reacts rapidly at more acid pH values or higher tempera-
tares o form grelgite or pyrrhote. However, the presence of mackinawite
discloses nothing zbour the natwre of the reactant iron salt, and only indicates
that polysulphides, or more oxidised sulphur species, were not available for
reaction.

Smyzhite indicates low temperature conditions ar the dme of it formation.
Its occurrence also implies that, at some stage, siderite was present in the
systern, either as & distinet minerzl or as a transtory phase in the replacement
of another rhombehedral carbonate.

The dependence of greigite formation on the prior presence of mackinawite,
can be used to indicate that the environmental conditions before greigite
formation were favourable for the production of mackinawite, However,
since greigite can form from mackinawite at an acid pH at low teroperatures
or at higher o values at glightly higher temperatures, it use as an environ-
rental mdicator is Hited.

The formation of marcasite Instead of pyrite demonstrates that the system
must have contained a pre-existing iron sulphide, and that sulphur was
availlaole, It is probable that more acid conditens prevailed in the environ-
mient of marcasite formation since this would encourage the formation and
preservation of sulphur. However, since sulphur can exist metastably under a
variety of pH conditions, the presence of marcasite Is inconclusive proof of
the prevalence of acid conditions,

Pyrite and pyrrhotite form under such a variety of physico-chemical con-
ditivns, that little information can be gained from their presence apart from
the obvious conclusion that the conditions were not suitable for the formation
or preservation of the four other iron sulphide minerals.

Non-stoichiometry is commen in the irop-sulphur system. Pyrite, marcasite,
pyrrhotite and mackinawite are known to normally posses formulae diverging
from simple whole muember ratios of elernents. The smythite and greigite for-
mulae zre also likely 1o vary from the ideal, although there are no published
data to support this contention, However, thers & no evidence as yet to
suggest that the apparently metastable sulphides, mackinawite, greigite,
smythite and marcasite, are ot pure phases in the ron-sulphur systero.
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