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ABSTRACT

Activity of FeO 1s the main factor governing solubility of FeS
in silicate liquids containing FeO. In the FeS - FeO - Fe304 - 8109
system, sulfide liquid coexists with silicate liquid when the silicate

liquid becomes saturated with FeS. Invariant points in the system are:

(weight percent)
FeS Fe0 Fe304 810,
(silicate liquid)

16 57 1 26

(sulfide liquid)

) .
)
) 1140 +5°C  iron,fa,td,2-L,v
)
83 15 0.5 1.5 %

(silicate liquid) )
10 40 21 29 )
) 1095 +5°C mt,fa,td,2-L,v

(sulfide liquid) )

57 26 15 2 )

63 20 16 1 955 +5°C  mt,fa,td,po,l,v
62 22 15 1 945 +5°C  ws,mt,fa,po,l,v
62 36 1 1 917 +3°C  irom,ws,fa,po,l,v
8 14 0.5 0.5 1075 +10°C irom,fa,td,po,1,v

Sulfide liquid can be formed by oxidation of siliceous iron silicate
liquid containing more than 10 weight percent FeS. When foy is buffered
above the quartz-fayalite-magnetite assemblage, the magnetite-pyrrhotite-

tridymite solidus temperature can be lowered by:as much as 65 degrees.

In nature, sulfide liquids can be generated by partial melting of

the mantle or by oxidation of magma.
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Chapter I o |

Introduction

. Magnetite, and less commonly hematlite, are constituents

of many sulfide ores. DMagnetite 1s also common in,dispersed
sulfide grains in igneous rocks, Frequently the textural and
spatial relations of the associated magnetite, sulfldes and
sllicates in these rocks and ores indicate that they cry-
stalllzed together, in many céses apparently from a melt.
The sulfide grains and ores are cleanly separated from the
enclosing silicate rocks and have in many cases hbeen con-
sidered to have formed from a separate liquid phase that
became immiscible in the parent silicate melt. The present -
work was concelved asva study of the immiscibility of certaln
sulfide and silicate liquids and one that would supply data
for the interpretation of the separatlon and crystalllzation

of a sulfide phase ln a silicate melt,

During the past sixty years equillibrium phase relatlons

have been worked out for many combinations of the major rock-



fbrming oxides. Where phase relatlons have been extended to
non-equilibrium oondltions, such as orystal fractionatlon,
they have served as a basis for 1nterpret1ng the crystalliz-
ation history of the siiicéte and oxide portions of magmas.

In this work; however, few studlés have been made of the

phase relations of associated sulfides, oxides and sllicatés.
In initial studies the systems are necessarily 81mple and

are chosen to covervmany facets of the problem using as few
components as possible. For this reéSon iron is the obvious
choice of ﬁhe metal cations; it is a major silicate component
and forms a large proportion of the okide and sulfide minerals
in the earth's crust. In additién,,iron has a spécial sign-
ificance: under certain conditions 1t can change 1its val-
‘ence state and thereby many of 1ts‘chemical properﬁies. Thé
effect of this change on the differentiation of magmas 1is
profound (Osborn, 1959). In this thesis it 1s shown that 1t
may have a similar effect on the separation and crystalllzation

of the sulfide components in a magma.

The phase relations in the system FeS - FeQ -~ Fe304 -
510, will be correlated in this thesis with those studled in
other systems pertinent to magmas. Using these relations

and data on the structure and behaviour of silicate and



sulfide ligulds, models are presented to illustrate methods
by which suifides crystallize from a éimplé melt; and, in
particular, conditions under which they could separate to
form discrete bodies such as some types of sulfide deposlts

found in nature.



Chapter II

Sulfur In Silicate Liquids

A basic magma may be looked upon as a solution of alkall,
alkali-earth and transltlon-metal silicates and alumino-sil-
jcates, plus small amounts of oxides, halides, sulfides,
phosphates and others. As the magma cools it becbmes sat-
uréted in certain phases which separate as solids, ligulds
6r gas, The laws governing the solubllity of sulfur in sil-
jcate liquids and the separation of a sulfilde liquid are

considered here, -

The immiscibility of sulfide liquids in silicate systems
1s well established from smelting processes in which a liquid
matte of sulfides collects below a silicate slag. This ob-

gservation was applied to geology by Vogt (1921) to explain



the origin of certaln iron-nickel-copper sulflde ore deposits
éssociated with basic plutonic rocks, Vogt further used the

concept fo explain the polyasulfide grains found in the mes-

ostasis of basic rocks and suggested that the sulfides became
immiscible as the silica content of the interstiﬁél liquid

increased,

There are, however, some érsuments agﬁinst the appllcat-
1dn of thisvprinoiple to geologlc conditioné, at least to the
formation of magmatic sulfide ore deposits. The main problem
is whethef iarge amounts of sulfides, ndw occurring as sul-
fide deposits, were ever dissolved in basic magmas., And if
they were, then what were the causes and mechanism of their

separation when the magma was intruded?

The factors governing the solubility of sulfides in sil-
icate liqulds are reviewed 1n light of recent studies on the

structure and thermodynamlic properties of these liquilds.

Solubility of sulfur in silicate liquids

For sulfur to dissolve in a sllicate ligquid 1t must
become bonded to a positively charged ion. To become bonded
in this way, and to retailn a balanced electrostatic charge in
the sillcate 11qu1d, it must either displace oxygen or "oxidize"
some cation to a higher valence state, In silicate liqulds.'
there are three sites in which sulfur may substitute for
an oxygen ion: the Me - 0 - Me, Me = 0 = S1 and Si1 - 0 - Si

sites (Me = metal cation, see Fig. 1). However, because of

-5 -
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Fig, 1;,A diagramatic structure of a simple silicate
liquid containing 07, 81044-, and (Sioﬁ)gn- anions and
metal cations (Me). Sulfur (S) essentially replaces
only weakly bonded oxygen in silicate liquids. si-o
bonds are.very strong as are Me-0 bonds when Me = Mg,
Ca, Al, Na, etc. Me-0 bonds are ﬁe;k when Me = Fe't
and other diﬁalent transition metal catibns. Values of
metal to oxygen and metal to sulfur bond energies are.

listed in Table 1.



the high energy of the S1 - O bond relative to S - S, it 1is

unlikely that sulfur substitutes for oxygen bonded with silicer
to any appreclable degree. This 1s substantiated by the almost
complete lack of reactlion between molten sulfides and silica
glass containers used in high temperature experimental work

on sulfide systens,

The Me - O and Me - S relative bond energy values, as
given by Nockolds (1966), indicate that the ease with which
sulfur can substitute fér oxygen 1ln these sites, with the
.exceptlion of magnesium and aluminum, will b¢ in the decreasing
order: Me - O - Me, Me - O - S1 and Si1 - 0 - S1 (see Table 1).
In the Me - 0 - Me sites the tendency for the sulfur to sub-
stitute for oxygen increases as cations lower in the columns
-of Table 1 occupy the Me position. When the number of sulfide
lons in the melt becomes greater than the number of sites
available in which sulfur can substitute, a separate sulfide
phase forms; and, if the temperature of the system 1s above
the melting point of the sulfide phase, the separating sulfide
phase will be a liquid. This is the immiscibility that is so

often found between liquids having different bond types.

Structure of silicate liquids

Bockris, et al. (1952) demonstrated that silicate liquids

are conductors of electricity and thus that the bonding between



Table 1
- Comparison of Me - O with Me -~ S single valence bonding
- energies (after Nockolds, 1966).

Single Single
Valence Valence
Bond ing % Bonding %

Energy Ionic Energy Ionic Ratlo
Latlon MNe - 0(1) Character Me - S(2) Character (1)/(2)
Mg 101 . (68) 48 (3% 2.10
Al 100 (60) 48 (25)  2.08
s1 95 (45) 47 (13)  2.02
T11v 87 (51) B3 (16) 2.02
Na 100 (79) 50 (51) = 2,00
Ca 200 (77) 50 (47) 2,00
K 90 (82) 45.5 (55) 1.98
sniv 75 (43) 40 (10) 1.87
criil gy (49) w7 (16) 1.85
Zn 85 (51) 46 (17) 1.85
mit g7 (60) b7 (25) 1.85
N1 8k (47) 16 (14) 1.83
Fell 83.5 (50) 46 (15) 1.82
Pb 69 (47) 38 (13) 1.82
- Co 83 (47) 46 (14) 1.80
cul 79 (47) 45 (15) 1.76
Agl 71 (50) b1 (16) 1.73



radicals to be essentilally 16n10 in character. The anions
may be simple silicate groups, e.g. Siouu','or polymers of
some group, €.g. (SlOB)ﬁn-, the 1at£er collectively called
polyanions. 1In these anions and polyanions the bonds between
silica and oxygen are about 50 percent covalent while‘thOSé
holding the anions and polyanions to one another are ionic

Me = O bonds.

The ionic liquid may be visuallzed as having a quasi-
crystalline structure. It has no long-range_order but retains
short-range ordering of i1ts chemical bonds. Each cation is
surrounded by about the same number of anions as in the solid,
so that "1) for a given stolchiometry, the polyanion charge
per mole ﬁust equal that of the corresponding cations, and
2) the structures must obey the stereochemlistry of the co-
ordinating nonmetal; that is, the Si - 0 - Si1 angle in a
suggested structure must be near to 140°," (Bloom and

Bbckris, 1964, p. 55).

The ionic character of bonds is of great-importance
in deducing certailn physicaliproperties of sllicate liquids.
According to Myuller (1960), ionic bonds cause higher fluid-
ity, greater diffusion of 1bns, and, inéreased,rates of
chemical rgactions. Correspondingly, the Short-ranged,
localized, covalent bonds result in reduced fluidity, low

atomic diffusion rates and low rates of chemical reaction.



-

Since sulfur can essentially substitute only for
oxygen bonded solely to metals in the lower part of Table 1,
it 1s important to be able to determine the proportion of
these Me - 0 - Me groups in the silicate liquid. Their for-
mation 1s controlled by such factors as (1) the amount of
silica in the liquid, (2) the strength and type of bond formed
by the metai cations, and (3) the type of anions and polyan-
ions formed. These factors combine to give the silicate
ligquid a definite structure at constant temperature, pressure

and composition,

A model for the structure of silicate liquids has
been proposed by Boeckris and Lowe (1954) and Boockris, et al.
(1955) using combinations of possible anions formed and the
measured activities of alkali, alkali-earth and transition
metals oxides in silicate liquids. They envisage the sll;ca
crystal structure being broken up to form ionic groups which
polymerize to increasingly complex polyanions as the silica
concentration of the liquid is increased. The anions they
find that best fit the experimental data for the Silicate
liquid are a combination of 02', 81044', (SiOB)ﬁn' and
(8102'5)3'. Table 2 1lists the anions predicated for silicate
melts by Bloom and Bockris (1964). They point out that other
anions may be bresent but are.not needed to satisfy the charge

or actlivity requirements.

- 10 -



Table 2

-Polyanlons present in liquld silicates comprised of

S10,, and MeO (after Bloom and Bockris, 1964, and Knapp,

2
1966).

Composition (mole %)

_Dominant Anilons

“Up to 33% S10, (2Me0.510,) - 02=, 310,%-

From 33% to 50% 310-2

Polymerization of 81qf‘anions to
(0581 - 0 - 3103)6' anions and

chains

At about 50% 510,
(MeO.SiOz)

Ring formatlion occurs due to the

increase in chain length. (8103)3
and (8103)2' rings are dominant.

From 50% to 67% Sio2

Larger ring anions are formed.

At about 67% S10,

(816015)6' and (818020)8' anions
dominate,

More than 67% S10,

(2) MeO = alkalil and barium
oxides: continued formation

of complex silicate anions,

(b) MeO = most other metal oxides:
two-liquid field; an ionic
sllicate liquid and a coval-
ent, almost pure, silica
liguid.

- 11 -
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A different type of silicate anion 18 dlscussed by
Belov (1959) for coordination with calclum and the alkali
cations. According to Belov, these cations with their large
ionic radii form much larger octahedra with ox&gen than do
the smaller lons of magnesium and iron. When silica is added
to & melt containing these cations, it coordinates in the

form of 812076f

diortho groups around calcium and the other
large catlons (corresponding to the wollastonite structure).
He further suggests that if aiumina is present it subStitutes
for silica in the diortho group to form the AlSiog' anions of
the feldspars. These anions probably play the domlinant role
in lowering the activity of Cal, Nazo and Kzo in alumino-

silicate melts.

If these proposals are combined, as suggested by Belov
(1959), the type of structures formed in natural silicate
liquids, i.e. magmas, can be deduced. The small cations of

cutt, ete.) are

magnesium and iron (and also Mn, Ni, Co, Zn,
coorindated by silica tetrahedra to form olivine-type struct-
ures. The larger cations of calcium,potassium and sodium

(and also Ba, Sr, Pb, etc.) are coordinated by 812077' groups

to form wollastonite and feddspar-type structures.

Non-1deal silicate liquids:

The solution of silica in oxide liquids is never ideal,

and even in dilute solutions all the silicate ions wili not



be 3104"f or 812077'. Other anions with simple structures
will form in small concentrations. The formation of the more
complex anions releaseé an equivalent number of metal cations
which will be bonded in the Me - 6 - Me fashion. The number
of lons of any one specles in the ligquld is proportional to
the activity of that species. | | |

in Figuré 2, the anion species for the system Pb0 -~ 510,
have been estimated by Flood and Knapp (1963) using exper-
imentally determined PbOAand 8102 activities. Itvcan be seen
from this diagram that 02~ lons, that is, Pb -0 -7Pb bonds,
are present up to high silica contents. This high activity
of the 02' lon appears to be a function of the strength and
character of:the Me - 0 bond. In the relation

1 '
Me = 0 + -S1 -0 - Sd=
]

] .
T —— 1
]
-S51 - 0 -Me -~ 0 - Si1-,
' \
metal cations that form strong ionic bonds are most effective
in breéking the S1 -~ 0 - S1 bridges and in this way share most

of thelr oxygen with silicon.

The bonds between oxygen and the alkall and alkall earth
metals are more ionic in character than those with the trans-
itlion metals. The transition metal cations thus have less |

tendency to break Si - 0 - S1 bridges and hence would be more

- 13 =
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Fig. 2. Ionic fractions calculéted from activities
of Pbo and. $§10, in the PbO - Si02 system. The anions o,
81044-, (8103)3 » and (Sioz 5) satisfy the activity .

'requirements but are not necessarily the only ‘anions

’
]

present. (After Flood and Knapp, 1963) ot
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avallable to form covalent bonds with other anion groups such

as the sulfides. A compilation of this data is giﬁen in Table 1,

Sulfide=-oxide liguids

Most transition metal sulfides, in particular FeS, are
‘metallic-covalent bonded compounds (Pauling, 1960). The iron
oxldes ' Fe0 ' and Fe50) have bond types similar to FeS but
are more lonic in character (Table 1). When these compounds
are melted separately or together they form liquids of low
viscosity (comparable to liquid mercury or gallium) whose
densities, at least in the case of FeS, are only slightly lower
than that of the solids (Ubbelohde, 1965, p. 188). 1In the
80lld state these iron oxides and sulfides are almost complete-
1y insoluble in each other, but as liquids they are miscible
in all proportions. Apparently oiygen and sulfur can sub-
stitute freely for each other in the expanded’ structure of

these liquids,

Sulfur capacity of metallurgical slags
There are numerous references in the literature on the

activities of oxides in metallurgical slags. Much of the data .
in these studles was obtained by measuring the capacity of
the slags to dissolve sulfur. Rosengqvist (1951) used the

equilibrium relation.

Cald + %S_——_>CaS + %0
— 2

- 15 -



to measure the actlvlity of Cal0 in lime-silica slags around
1500°C, basing hls method on the supposition that oxygen 1is
replaceable by sulfur only when it is bonded to calcium ions
alone. With an increasing silica content, he found that the
amount of CaS formed, aﬁd thus the Cal0 actlvity, in the slag

decreased.

Similar results were obtained by Rilchardson and Fincham
(1954) on calcium, magnesium and iron silicate 8lags between

1450° and 16509°¢C.

They found that sulfur can be dissolved in Fe0- and
Ca0- rich slags equally well, but that much less can be dis-
solved in MgO- rich slags. This result corresponds well with

the free-energy data they give for the reactions:
NI W, Py
1) Fe0 + %sz FeS + %—02

A FO 1642 - 2000°K = +25,280 - 2,41T% 3000 cal.
2) Ca0 + %Sz — CaS3 + 502

A FO 1023 - 2000°K +23,020 - 1,25T %500 cal
3) Mg0 + 35, >MgS + 30,

ATFO 1380 ~ 20000K = +44,180 - 2,85T %8000 cal.

However, the amount of sulfide that can be formed in any

of these reactions is directly proportional to the amount

- 16 =



of avallable oxide; that i1s, proportional to the activity of
the oxlde. An example of the activities they measured in
experimental slags at about 1500°C and having about a 1 : 1

molar ratio of metal oxlde to silica is glven below:

1) 0.54 molar FeO in FeO0 - 310, slag; a(Fe0) = 0,39

2) 0.50 molar Mg0 in Mg0 - Si02 slag; a(Mg0) = 0.10

3) 0.56 molar Ca6 in Ca0 - 510, slag; a(Cal0) = 0.014
From these data, Richardson and Fincham conclude that
Fe0 - S10, slags, except when very silica-poor, should be
capable of dissolving a much larger quantity of sulfur than
Ca0-~- S10; slags; and at any metal oxide-silica ratio, should
dissolve more sulfur than Mg0 - S102 slags. The high Fe0
| actlvity 1is reflected in the low free energy of formation

value for Fe,S510y and the instabllity of FeSi03 (Table 3).

The low Ca0 activity clearly indicates that very
little CaS could form even ﬁhough its free energy value
1s as favorable as that for FeS. The large negative free
energles of formation of the calcium silicates and alumino-
Silicates listed in Table 4 indicate their stabllity with
respect to CaS and thus the low Ca0 activities that could
be expected in such liquids, The same principle would
apply to Nax0 and Nazs whose free energy values are almost

identical. The stability of sodium silicates and alumino-
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silicates with respect to NapS. would indicate that the
activities of Naz20 would be very low even in relatively

silica~poor liquids.

The low free energiles of formation for magnesium
silicates are reflectéd by the activity of Mgl cited
above. However, the large difference in the fiee energles
between Mg0 and MgS prevent the formation of any appreci-

able amount of sulfide.

St. Pilerre and Chipman (1956) confirmed much of the
activity and sulfur-absorbing capacity data of Richardson .
and Fincham but maintain that Fe0 - 5102 slags can hold
more sulfuf than Ca0 - S10, slags only when they contain
more than 33 mole precent silica, Studles since that time
have been concerned mainly with more accurate calculations
of oxide activities But the overall conclusions have not

changed.

Summary _
As the topics discussed in this section have been taken

from diverse fields, they are summarized below to stress their

bearing on this study.

1) Silicate liquids have ionic bonds, whereas iron sulfide-
oxide 1liquids have metallic-covalent bonds.
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Table 3

Free Energy of Formation

Compound. AFO e Reference

1500°K
Cays10,, -31.9 Keal Kay & Taylor (1960)
Cas103 -20.6 Kcal Kay & Taylor (1960)
CaAlpS1,0g -33.6 Keal Kay & Taylor (1960)
MgpS10), - 9.4 Keal Henderson & Taylor (1966)
MgSiOB - 5.1 Keal Henderson &vTaylor (1966)
FeS10), - 4,0 Keal Muan (1966)
FeS104 + 1. Kecal Muan (1966)
Na,5104 -54.1 Keal Kelley (1962)
NapAleS10y -36. Keal Kelley (1962)
Na AlS1i50¢ -30. Keal Kelley (1962)
NaA181308 -39, Keal Kelley (1962)
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2) Sulfur substitutes most readily for oxygen in sites

where the Me - 0 : Me - S bond energy ratio 1s the lowest.

3) Anions that share the largest proportion of their oxygen
with metal catlions form most readily in silica-poor liquids.
With increasing silica content, S - 0 - Si bonds form.

4) The distributlon of ions in silicate liquids 1s never
ideal; thus a number of Me -~ 0 - Me bonds are always
present, The numbervof these bonds is proportional to
the activity of MeO which, in general, decreases with

increasing silica content,

5) In élags with equal molar proportlons of Cal, Mg0 and
Fe0, and more than about 33 mole percent silica, the act~-
ivities of the oxldes are in the general order Fel >

Ng0 > > Ceaol.

6) Of the major roék~form1ng metal cations, ferrous iron
forms the weakest and least ionic bond with oxygen, has
the lowest ratio of relative bond energies Me - 0

Me - S, and has a relatively low free energy change in

the oxygen-sulfur substitution.

7) From these data it would appear that the solubility of
sulfur in a polymetallic sillicate liquid, containing more
than about 33 mole percent silica, 1s mainly a function

of the actlvity of ferrous iron.
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8) In general, the activity of ferrous iron, and ofher‘metal
cations, is high in baslc melts and low in siliceous ones and
the capacity of these meltg to dissolve sulfur should be
directly proportional.

9) Sulfur in excess of the amount that can substitute in
the slllcate liquid structure forms a separate sulfide
phase that will be an ' immlscible ' liquid if the temper-~
ature of the system 1s above the melting point of this

phase,

Extraction of sulfides from a silicate liguid

It would be of conslderable geologic interest to know
how sulfides could be extracted from silicate liquids and
eSpecially if physico-chemical mechanlisms exist to make them
exgsolve at a realtively rapld rate. From the data reviewed
in this chapter the most obvious meansof exsolving sulfides
would be to decrease the activity of metal oxides, and that .
- of the Fe0 in particular. Some possible mechanlsms to achileve
this are listed below:

1) addition of sililca to increase the silicate anion:

metal cation ratio:..

11) addition of oxygen to convert ferrous iron to the

‘ferric state,
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111) addition of other substances to form stablé com=-

- plexes with Fe0O and the other metal oxides.

iv) precipitation of iron-rich phases other than the
sulfides.

Methods i, i1, and 1v are examined in the study of
phase equilibria in the system FeS - Fe( - Fé304 - 510,.
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-Chapter III

Previous Phase Equilibrium Work

. A substantial number of studles have been made on‘the
phase relations in the system FeS - Fe0 - F33°4 - 510,.
Most of them, however, deal wlith the Fel - Fezo3 - S10,
ternary, while those contalning FeS are mainly of a re-

connaissance nature.

Fe0 - Fe304: This Join forms a part of the larger

system Fe - 0 whose phase relations have been investigated
by Darken and Gurry (1945) and Phillips and Muan (1960)
among others (Fig. 3). Iron oxide in 1té lowest oxidation
state, wustlte, -“Is not stolchliometric Fe0 but forms a cell
deficlent in iron. The wustite structure can be considered
as a close-packing of oxygen atoms with some of the metal
positions of the NaCl arrangement empty. Neutron diffract-
ion studles by Roth (1960) indicate that some iron atoms

lie in the tetrahedrally coordinated positions occupiled
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by metal atoms in the spinel structure instead of the

- octahedrally coordinated positions of the NaCl type

| arrangement. Darken and Gurry (1945) set the limiﬁs of

the wustite fleld between‘23.15 and 25,60 péroent bxygen
whereas stoichiometric Fe0 would contain 22,27 percent
oxygen. (Welght percent 1s used here ahd thioughout this
report unless otherwise stated.). Wustite with an oxygen
content greater than about 25.3 percent melts incongruently
at 1421°C to yield magnetite plus liquid. Bélow 560°c,

wustite breaks down to form iron and magnetite.

Stoichiometric magnetite (27.63% oxygen) 1s stable at
all temperatures below the 11qu1dus. However, magnetite can
become increasingly deficilent in iron (max. 28.40% oxjgen)
at high‘temperétures in an oxldizing atmosphere (Phillips
and Muen, 1960).

Fe0 - S105: This system was first studied by Bowen and

Schairer (1932) using iron crucibles as charge containers;
They recognized that wustite was not stoichiometric Fel
and that iron was the primary crystallizing phase along
a large'part of the Jog; Calculating all iron as Fe0 they
glve the composition of fayalite as 70.5 Fe0, 29.5 S105,
melting at 1205%20C. However, they found that fayalite

always contained about 2.25 percent Fe203.
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Small changes have been suggested by Schuhmann and Enslo
(1951) and by Allen and Snow (1955) for the Fel =~ F328104
section of the join. The latter determined the melting
point of»fayaiite at 1204%2°C and found its composition to
change from 70.16 Fe0, 0.14 Fe,03, 29.78 510, to 63.55 Feo,
2.00 Fe,03, 34.45 510, with an increasingly oxidizing at-
mosphere. They plece the eutectic between wustite and fay-

alite at 75.0 Fe0, 3.6 Fey04, 21.4 510,, and 117720,

Fe0 - Fe30, - S10,: Muan (1955) investigaged thls system

thoroughly. The phase relations are shown in Figure 9 and

are ‘discussed on page 48,

FeS = Fe0 = F9304: Vogul and *Fulling (1948) found a

simple euteotic melting relation betweén Fe0 and FeS at 70

FeS and 920°C, whereas Asanti and Kohlmeyer (1951) show it

at 60 FeS and 940°C. ' Ol'shanskii (1951), in a more compre-
hensive study, determined the eutectic at 65 FeS with the
temperature varying from 920°C to 1000°C as the oxygen con-
tent of wustite changes from 23.15 to 25.60 percent. Hilty
and Crafts (1952), using iron crucibles in a controlled
atmosphere of argon determined an eutectic at 920°C involving
iron, wustite and troilite at 67Fe, 24 S and 9 0. In a later
study Naldrett (1967), using "modified silica tube techniques"
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determined the eutectic between iron, wustite, troilite and

liquid at 915%20C with the composition 68.2 Fe, 24.3 S,

7:5 0, He found " a ternary invarlant point'ﬁhere pyrrhotite
(composition 62.8%0.2 wt. percent Fe) + wustite ———>
magnetite + liquid ", at 9349C and composition 67.3 Fe,

25.1 8, 7.6 0.

Fe0 - FeS - 3102: Ol*'shanskii (1951) in his extensive

study o6f the Fe - Fe0 ~ FeS - 510, system determined ﬁhe co-
ordinates of some invarlant points which are of interest here
since they actually fall within the FeS - Fef - F9304 - S10;
system. This is due to the wustite he used which contained
up to 25.6 percent oxygen. He determined the position of
the iron-troilite-wustite eutectic at 28,7 Fe0, 6.3 Fep03,
65.0 FeS and 920°C. This point almost coincides with his
iron, trollite, wustite, fayallte quaternary eutectic which
contains:less than one percent 8102. Although he found an
immisclbility gap between sulfide and silicate liquids he
does not extend it as far as the F628104 - FeS Jjoin, Along
the FeS - SiO2 Join he could find no evidence of solubility
between sllica and FeS even at temperatures approaching

17000°c.

A later investigation by Yazawa and Kameda (1953),

using iron and silica containers, shows the immiselibllity
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gap encroaching well upon the fayallte field. They determined
' t

the composition gf the invariant point, fayalite - silica -

two-liquids at 54 FeO, 28 S10,, 18 FeS, and 1140°C. The

phase relations in this system are discussed on rage 50 .
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Chapter 1V

Experimental‘Prooedures

-‘Introduction

Combinations of iron sulfide, iron oxide and silica were
uséd as Starting material in all runé. Appropriate amounts
of these materials were welghted out, placed in small alumina
containers, and sealed in evacuated silica glass capsules.
The sealed charge was suspended in a vertical, platinum-
wound resistance furnace, heated at a constant temperature
for a specified length of time, then rapldly queﬂched in
water or a 10 percent NaCl solutlion (see Seybolt and Burke,
1953); Using these techniques the components come to equil-
ibrium with thelr own gas phase, As long as the vapor space
is kept small and the partial pressures of the components

remain low 1t can be treated as a condensed system.

Troilite: Troilite was synthesized by heating iron
(99.999% Fe) and sulfur (99.999+%S) in evacuated silica glass
capsules at 550°C until all the sulfur had reacted. Subse-

quently the temperature was raised to 850°C for a few days
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to homogenlze the material.

Wustite and magnetite: Wustlte and magnetite were

synthesized in a similar fashion. Iron and reagent grade
F3203 were heated in evacuated sllica glass capsules at
600°C for a few hours to ensure reactlon of all the iron.
The charge was then reground and heated at 750°C for a few
days for homogenizatioﬁ. This technique was followed to
avoid reactlion wlth the silica capsule. The composition
of each charge was checked:using the gravimetric me thod

deseribed by Foster and Welch (1956).

Silica: Powdered sllica glass was used as a source of
silica, Total impuritles, of which A1203 makes up over half,
are approximately 80 parts per million.

Charge Contalners

The most difflcult experimental problem encountered
was that of finding a sultable conﬁainer to hold the charges.
This is undoubtedly the reason for the lack of phase equil-
ibria work in sulfide-oxilde-silicate systems. After an
extensive search and long testing period, a dense, highly-
pure, recrystallized alumina contailner was fouﬁd to be sult-
able for work in most of the system. MeDanel AP35 high
temperature recfystallized alumina tubes, 0.D. 7mm, I.D, 5mm,
length 15mm, were the contalners used in much of the study.

Reaction between the charge and alumina tube was most ex-
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tensive when silica ﬁaé the primary crystallizing phase. 1In
there

other parts of the system r’wa.s very little reaction with the

containers, Some contalners were used for as many as ten

runs With no noticeable corrosion of the walls.

A serles of runs was made with alumina containers along
the Fe0 - S10, join to check 1if the amount of alumina golng
into solutlion was sufficlent to affect liqulidus temperatures.
The temperatures determined were within £59C of those in

published data.

Silica glass capsules were used to check the liquidus
temperature of points in the system saturated with tridymite.
Thls technique was only partially: successful as the liquid
continually reacted with the capsules converting the silica
gléss to tridymite. This resulted in a large mass of tridymite
crystals being formed and the liquid became dispersed through-
out the walls of the capsule making identification of the
phases difficult.

In a simlilar fashlon iron tubes were used to ohegk
points in the system in equillbrium with iron. Finally,
check runs were made with charges in gold capsules at
-temperatures below 1025°C in the FeS - Fel = Fe3°4 system.
The results of these runs were within the limit of error

of those made in other contalners (see Table 4, p44.)
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Temperature Control and Measurement.

| Sealed ohargeé,were suspended in a vertical platinum~-
wound electrical furnace regulated by an accurate temperature
controller. The hot spot in the furnace was uniform within
19C over a length of 5cm. Temperatures were measured with
a Pt'z Pt + 13Rh thermocouple and a Rubicon.type B potentio-
meter. The thermocouple was calibrated perlodically against

the melting point of gold (1063°C).

Identification.ef Phases

Primary and quench crystals of all phases were easily
distinguishable in polished sectlons using a Zelss Photé-
microscope. Trollite and wustite form crystals with rounded
outlines (Plate 1 & 2) whereas crystals of magnetite, fay-
alite and tridymite have angular outlines (Plates2,3 and 4).

A Nonius=Guinier-deWolfe powder X-ray camera was used to
detect and identify phases 1n some of the runs. Shifts in
cell parameters of phases were measured with a Phlllips

Norelco dilffractometer.
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The System

— Introduction

Chapter V

FeS - FeQ = F3304 -‘3102

A quaternary system has five lndependent variables:

pressure, temperature and three concentration varliables. In

- systems where ¥apor pressures are low the vapor phase can be

neglected and Gibbs Phase Rule 1s restated:

F +

Pe=C+ 1

where F = number of degrees of freedom, or varlance

P = number of condensed phases present at equilibrium

C = number of components.

Such a system approaches a condensed system. The FeS - Fel =

FeBOu - SiO2

system 1s not an ideal condensed system as the

vapor pressures of both sulfur and oxygen are fairly high in

magnetite-rich parts.

However, if the vapor space is kept

small the amount of sulfur and oxygen lost 1is insignificant
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'throughout most of the systen.

The phases and compositional extent of the system are
outlined in Figure 4, Data for the éystem was collected on
the ternary boundary faces (Figs. 8, 10, and 11), triangular
joins within the composition tetrahedron which are hinged
along the FeS - 510, Join (Figs. 5 and 6), and on triangular
joins parallel to the Fe0 - Fe30y - 510 face (Fig:.7). None

of these triangular Jjoins are ternary; thus, boundary lines

on them represent intersections of quaternary divarliant sur-
faces with the compositiéh'plane, and the intersection of a

univariant line with the Join 1s a plercing point.

In a large part of thils system iron sulfide is soluble
in the silicate ligquid only to a limited extent, and excess
iron sulfide forms an immiscible sulfide-rich liquid. These
conjugate liquids willl be referred to as 'silicate' and
'sulfilde® liquids respectively. The sulfide liquid generally
contains from 20 to 35 percent iron oxides and a few percent

silicates,

Experimental Results:

Experimental runs were first made on the FeS - Fe0 -
Fe304 system (Fig. 8). The data on these runs and others

in the quaternary system are given in the Appendix Tables.
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Fig. 4 Diagram showing the posxtion of the Fes-FeO-Fe304-SiO2

"tetrahedron in relation to the Fe-0-5S-8i0y system.
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Liquids formed by melting eutectlic mixtures of FeS, Fel
and Fe304 quench to fine intergrowths that have the general
appearance of those showm on Plates 1 & 2, If the mixture
is not the eutectic composition the quenched liquid may have
the same struotﬁre, but more often quench crystalsi# of the
phases 1n.éxcess of the euteotlc composition form just prior
to the full solidification of the charge (Plate 1lc). Pyrrhot-
ite and wustite quench crystals have dendritic forms, while
magnetite forms crosses with barbed ends that may be ln varlous
stages of infilling growth to octahedra (Plate 3). Winegard
(1962) glves a detalled description of the processes involved

in the formation of these eutectic intergrowths.

When silica 1s added to iron oxide - 1iron sulfide liquids
it reacts with Fe0 to form 1rpn 8ilicate liquids. On cooling
these silicate liquilds crystallize rapidly making it difficult
to quench them to a glass., Quench fayalite crystals are
easlly distingulshed from primary fayalite by their smaller
size, elongated habit, and the large number of inclusions
they often contain (Plates 3 and 4). Their presence may
hinder the recognition of small droplets of immiscible sulfide
liquid by growing through the droplet and thus breaking it up.

* Quench crystals form during cooling and are not in equil-

ibrium with the liquld at the temperature of the run.
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Furthermore, when fayallte quench crystals, whilch apparently
do not contain any appreciable amount of sulfur, grow in a
silicate liquid contalning dissolved sulfide they may super-
saturate the remaining silicate liquid and cause droplets,
i.e., "quench droplets", of sulfide liquid to separate., These
quench droplets are sometimes diffilcult to distinguish from

those formed under equilibrium conditions.

Mixtures within the 2-liquid volume, have very sharp
liquidus poirnts. A mixture in the silicate-rich part of
this volume may be 75 percent crystalline in one run, and in
the next run, 5 degrees or less higher, it 1s completely
liquified and separated into the two immiscible phases.
Silica-poor mixtures withlin thls phase volume separate readily:
into two distinct liquid layers, denoting the low viscosity
of the silicate liquld formed (Plates 4 and 5). On the other
hand mixtures close to the tridymite phase volume yleld vis-
cous silicate liquids in which the sulflde liquild occurs as
rounded droplets which remain in suspension for a long perlod
of time (Plate 5¢). The gquenched immiscible sulfide liquids
have eutectic intergrowths of iron oxide and iron sulfide
and quench-formed crystallites similar to those in the sul-

flde-oxide and sulfide-oxlde-silicate liquids described above.
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The depression of the temperature of the iron-wustite-
fayalite éutectic by the addition of FeS 1s 223 degrees
(see Table 4). This liquid ‘at the lowest melting point, R,
however, contains only about one percent silica. Similarly,
the ternary eutectic 1ron-faya11te-tr1dym1té,1s depressed
38 degrees and the magnetite-fayalite-tridymite eutectic by

' ’ (Fig. /0, p-52)

45 degrees to the Fes-saturation points at J and I,respectively.
These results demonstrate the 1im1ted fluxing action of FeS

on iron silicate liquids.

In Figures 5 and 6 the4F3304 : Fe0 ratio has been
increased at intervals that divide the tetrahedron of the
FeS - Fe0 = Fe304 - S102 system into approximately equal
parts. A large proportion of the experimental runs within
the quaternary system was made on these joins. The iron
oxide in Figure 5 represents the iron-rich end of the
wustite solléfgggaes. Primary phases on this join have
stabllity flelds similar in outline to those for the phases
in equilibrium with iron (see Fig. 10). However, separating
phases do not necessarily lie on this join. For instance,
when fayalite or a wustite solid solution preclpitates, the
liquid moves off the join. Similarly, neither liquid formed
from compositions within the two-liquid field lies on the )

Join,
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Fig. 5 (a) The join FeS-Fe;_,0 (23.15 wt.% 0) -S102 is not
ternary, thus phase boundaries are intersections of quaternary divariant
surfaces with the join. The outline of the 2-liquid field is stipled and
phases in parenthesis are stable just below this field. The trough formed
.by the surfaces of fayalite and tridymite with the 2-1iquid phase slopes
to the right. (See position of this join in the inset in Fig. 6).

(b - e) Cross-sections parallel to the Fe0-8109 boundary showing the
outline of phase volumes with respect to temperature. Liquids form at
low temperatures in section (e) but can dissolve only a small amount of
silica below the 2-liquid field, Td = tridymite, Cr .= cristobalite,
open circles = liquidus, closed circles = liquid + tridymite, + = liquid.
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Fig. 6 Triangular joins like Fig. 5a, but with the Fel_xo end
member containing (a) 24.20 and (b) 25.60 welght percent oxygen.
The inset at right shows the locations within the quaternary system
of the three joins shown in Figs. 5a and 6.
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The shape of the two-liquild field in F}gures 6a and 6b,
ternary joins increasingly richer in Fe30u,f21milar to that
in Figure 5. With the increasing Fe30y : FeO ratlo, magnetite
repléces fayalite as the ﬁrimary phasé in contact with the
two-1liquid field and finally excludes wustite from the join

altogether.

The joins in Figure 7 demonstrate the phase relétlons
in the system from a different point of vliew. These sections,
parallel to the Fe0 - Fe3z0y - S10p face (Fig. 9), show the
.effect of adding FeS to this system. The maln feature of
interest is the encroachment of the tridymite and two-liquid
fields on the fayalite, magnetite and wustite flelds with

increasing amounts of FeS in the system.

In the cross-sections in Figure 5 a trough is formed by
the boundaries of the two-liquld fleld with fayalite on the
one side and tridymite on the o6ther. Quenched runs along
the outer edge of the two-liquld fileld of these sectlons and
in other parts of the system indicate the boundary of the
two--1liquid field to be essentially vertical., That is,
charges just within this fleld, heated hligh above the
liquidus, show no evidence of homogenization. Alternately,_‘
a homogenous liquid cannot penetrate the two-liquid field |

to any extent upon cooling.
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Fig. 7 Projection of the phase relations on the sections
shown in the inset onto the FeO - Fe304; - S10 face of the
tetrahedron. The outer edge of the 2-liquid f%eld is stipled.
These diagrams illustrate the changes in phase relations caused
by the addition of FeS to the iron oxide - silica system,
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Coordinates for the ternary and quaternary lnvariant
points in the system are given in Table 4. All the quater-
nary points, with the exoeption of I and R, are reaction
points; that is, one phase 1is resorbed at these points by
reaction with the liquid. Crystallization paths for various
liquid compositions are discussed iﬂ the following sections.
The boundary.ternary systems are discussed first; they are
simpler to follow and include many of the relations encoun-

tered in the quaternary system.

Crystalllzation in the Ternary Systems

FeS = Fe0 =~ Fe304 :+ The system FeS ~ FeQ - Fe30,

(Fig. 8) 1s not strictly ternary due to the presence of a
primary fileld of 1iron and ﬁhe varlabllity of the ratlo of
iron to sulfur in FeS with increasing Fe30y content. However,
the field of iron presents no difficulties in the interpret-
ation of the system, and 1t 1s only in thg Fe304 corner that
the divergence of FeS from its stolchiometric ratio is so

large that 1t cannot be ignored.

A pyrrhotite, containing about 48.5 mole percent iron,
1s stable at the liquidus of FeS (Jensen, 1942), but becomes
more iron-rich as the temperature 1s lowered and reaches FeS
(troilite) at about 1070°C. Similarly, in the FeS ~ Fe0 -

Fe304 system, with the exceptlons noted below, pyrrhotite is
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Table 4., Invariant points determined in the FeS - FeO - Fe304 -
S10, system.

Invariant Composition (wt.%) Temp. foy*
Point FeS FeO Fe30, Si0, °c Phases present (atm.)

U 70 30 1025 +5 mt,po,1,v

S 62 37 1 920 +3  iron,ws,po(tr), 10716.5
1’V Co

T 62 23 15 950 +5 ws,mt,po,1l,v 10714

P 70 29 1 1020 +5 mt, td,po,1,v

R 62 36 1 1 917 +3 iron,ws,fa,po(tr),
1,V . .

Q 62 22 15 1 945 +5 ws,mt,fa,po,1,v

N 63 20 16 1 955 45 mt,fa,td,po,1,v  10-13+5

0 85 14 0.5 0.5 1075 +10 iron,fa,td,po(tr), 10~LD
1,v

I 10 40 21 29 ) 9.5

) 1095 +5 mt,fa,td,2-L,v 10 °°
L 57 26 15 2)
J 16 57 1 26 ) _13.5
) 1140 +5 iron,fa,td,2-L,v 10 °°
K 83 15 0.5 1.5) :
fa = fayalite, mt = magnetite, po = pyrrhotite, td = tridymite,

tr = troilite, ws = wustite, 1 = liquid, v = vapor, 2-L = coexisting

silicate and sulfide liquids

* fo2 values are taken from Figure 3.

*% fsz values are approximated by extrapolating the data of Toulmin
and Barton (1964) from the Fe ~ S system.
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the stable liguidus phase above 1070°C and trollite the stable
phase below fhis temperature. For convenlence we will refer
to all these iron sulfides as pyrrhptite. FeS also loses
iron to the oxides when magnetite 1s at the liquidus and ’
becomes continually more iron-defilcient as the Fe30, content
of the system is increased. However, the aﬁount of iron lost
by the sulflde 1s small, less than 1 weight percent, even
along the FeS - Fe304 Join. The partition of iron between
the oxlde and sulfide phases can be approximated from the
change in composition of pyrrhotlte and by the small amount
of wustite formed which can be detected micfoscopically or

by the Guinier - DeWolfe X-ray diffraction camera.

The solublility of FeS in wustite and magnetite, and of
Fe0 and Fe304 in pyrrhotite)was experimentally determined to
be markedly less than one-half weight percent. Thus the
effect of FeS on the fugacity of oxygen (fo2) of iron oxides,
and of iron oxldes on the fugacity of sulfur (fsp) of py-
rrhotite would be negligable except under very high oxygen
pressures where specles such as S0, and 503 can form. No
trace of these species has been found in this system in
the form of iron sulfites or sulfates. The fos for various
iron oxide mixtures can then be taken directly from Filgure 3,

Similarly, the f32 can be approximated by extrapolating
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Fig. 8 The FeS - Fe0 -~ Fe304 system. Trollite is the stable phase
of iron sulfide at S. AT is a reaction line between magnetite and wustite,
and T 18 a ternary peritectic where, in the presence of pyrrhotite, mag-
netite reacts with liquid to form wustite containing 24.5 wt.% oxygen.
Approximations of fo, taken from Fig. 3 are 10-16.5 atm, at S and 10-14
at T. Corresponding fsy values are in the order of 10~/ atm. at S and
10~5 at T (extrapolated from the data of Toulmin and Barton, 1964).
Wustites w, w' and w'' are in equilibrium with 1iquids b, b' and b'',
Magnetite crystallizes from liquid ¢ and and reacts with liquid at c'
to form wustite of composition s; the final liquid disappears at T.
Pyrrhotite crystallizes from liquid d, followed by magnetite at d' and
wustite (t) at T.
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Toulmin and Barton's (1964) data to liquidus temperatures in
the FeS - Fe0 - Fe30y system. The same reésonlng holds for
assemblages in the quaternary system since FeS is not measur-
ably soluble in the sllicate minerals; fos's are known fbr
the quartz-fayalite-iron and quartz-fayal1te-magnettte
assemblages. Table 4 includes the fo, and fsz at the invar-
lant points where available data was applicable,

Paths of liqulds b, ¢ and d are traced on Figure 8 to
111ustrate the crystallization of liquids in this system,
The boundary curve AT is a reaction line and the invariant
point T 1s a ternary peritectic. S is a térnary eutectic
point where troilite and wustite form a minimum melting

point with iron.

When heat 1s withdrawn from a liguid of composition b
the first crystals of wustite have the approximate composition
w and the liquid moves a short distance along the path bb!',
With continued loss of heat the liquid moves to b! while the
wustite continually changes its composition from w to w';
the tle line b'w' pases through b at the moment the liquiad
reaches the univariant line TS at b'., As pyrrhotite separates
with wustite the liquid moves down TS toward S. Tie lines
now exist between wustite, pyrrhotite and liquid. At b*!
the 1liquid is completely consumed, the final product being

a mixture of pyrrhotite and wustite of composition w'?,
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The point w'!' is fixed by the tie line between pyrrhotite
and wustite which must pass through b,

Sinilarly, a liquid of composition ¢ in the magnetite
field precipltates magnetite while the liquid moves along a
path to ¢' formed by projecting a stralght line from Fe304 v
through ¢, At ¢! ﬁagnetite reacts with the liquid to form
wustite of composition s while the 1liquid moves along the
boundary .1ine AT to the invariant point T. The mean com~
posltion of the separated iron oxides as the liquid feaches
T 18 %, on the line T - x which passes through ¢. As the
last of the liquid disappears, the mean composition of the
iron oxides is at x', and the final crystalline solid phases

are magnetite, wustite (composition t) and pyrrhotite.

The 1liquid 4 in the pyrrhotite field is chosen to de-
monstrate the primary separation of pyrrhotite and a cry-
stallization seguence in which much of the early formed
magnetite reacts to form wustite. With the Sseparation of
pyrrhotite the liquid moves from d to d' on the univafiant
line UT. Magnetite and;pyrrhotite separate continually as
the 1liquid moves from d' to the invariant point T, Tﬁe
liquid at T reacts with magnetite to form wustite. The
mean composition of the iron oxide when crystallization is
complete is represented by the point ¥, which falls on the

Fe304 slde of t, the composition of wustite separating from
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melts at T, Thus the final crystaillne assemblage 1s magnetite,
pyrrhotite and wustite (24.5 wt.%0).

Fractional .crystalllization of early formed wustite and

. magnetite produces liquids rich in iron.

Fe0 -~ Fe;0, = 510,: The crystallization paths of liquids

in this system have been fully discussed by Muan (1955) and
'some of his results are presented here since they are import-
ant to an‘understanding of the more complicated crystallization

history'of the FeS - Fe0 -~ Fe304 - 8102 system.

In Figure 9 liquid b in the wustite field precipitates
wustlite of composition w. The liquid moves from Db along the
curved path to b' on the univariant line CD while the wustite
composition changes continﬁaily from w to w!. As long as
wustite 1s the'only Separating phase the tie line between
the liquid and wustite must pass through b. At b fayalite
starts to precipltate with wustite, and the 1liquid moves
along DC towards D. Tie lines now exist betwéen wustlte,
fayalite and the ligquid. When the tie line between wustite
and fayallte coincides with b, the last of the liquid dis-
appears at b'' and the wustite has a final composition of
w''. After the start of crystallization wustite becomes

poorer in oxygen until fayalite begins to precipitate. The
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Fig. 9 The Fe0 ~ Fe304 - Sj0y system. Dashed-double dot
lines are oxygen isobars. Wustite of composition w is in
equilibrium with liquid b, w' with b', and w'' with b'',
Wustite x 18 in equilibrium with liquid c¢', and %' with c''’
(After Muan, 1955)
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reversal in trend at this poilnt is caused by the precipitation
of fayalite (Fe,S10,) which enriches the liquid in Fes0,.

In the faylaite fleld a liquid of composition c pre-
cipitates fayalite and the liquld'moves along the extension
of the straight line Fe,Si0y - ¢ to ¢' on the univariant line
CD. At o' wustite of composition x separates and the liquid
moves down CD until the last of it is consumed at ¢'!'., Sim~
ultaneously, the composition of wustite changes to x', deter-~
mined by the projection of the line FeZSiO4 - c..to the
FeQ -~ FeBOu boundary. The final crystalline aggregate 1is
fayalite and wustite,. |

Liguids along the join Ee28104 ~ Fe30y crystallize to
mixtures of fayalite ahd magnétite. Liquids on the Si02
side of this join always yileld an aggregate of fayalite,
magnetite and tridymite. As an example, a liquid of com-
positioh d crystallizes magnetite and moves along the line
F93°4 - d to 4*' where it is Joined by tridymite. With
further cooling the liguid moves along the univariant line

GE to the invarlant point E where fayallte also separates.

FeS - Fe0 - 510, : In the FeS -~ Fe0 - Fes30y - S10,

system, the iron phase volume intrudes to a considerable
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extent over much of the FeS-- FeO - S10, face of the tetrahe-
dron (see Fig. 12). The amount of intrusilon ls greatest at
the Fe0 apex where 1t is in contact with the wustite phase
volume, and gradually decreases with the addltlonédf FeS and

S10 Ultimately, iron 1s excluded from the system by pyrrho-

titz, with which it has a eutectic melting relation. (Pyrrho-
tite 1s used here to denote éll forms of iron monosulfide
though, at temperatures below about 10?O°C, trollite is the
stable form in equilibrium with iron.) The presence of the
iron is due to the non-~-stoichlometry of both wustite, ﬁhich
1s always more iron-deflcient thanAFeO, and fayallte which
contains variable amounts of ferric iron (see page 25).
Quenched runs on this face of the tetrahedron, with the
exception of the pyrrhotite field; thus have iron at the
liquidus. The boundaries between iron and other phase vol~
umes can be fixed by determining the temperature at which the
last phase in equilibrium with iron disappears. That 1is,
determining the liquidus temperatures of other phases in

the presence of iron crystals. This 1s equlvalent to making
runs in iron containers which was the method used by Bowen
and Schalrer (1932) in the system Fe0 ~ S103, and Yazawa

and Kameda (1953) in their study of the FeS -~ Fel - 810,

systen,

The phase relations on Figure 10 are slightly revised
after Yazawa and Kameda (1953). Thelr studies and those in
the present work were made on the surface of the iron phase
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Fig. 10 The FeS - Fe0 - Si0, system revised after Ol'shanskii
(1951) and Yazawa and Kameda (19§3). All phases are in equilibrium
with iron except troilite, thus phase boundaries are projected onto
this plane from within the FeS - Fe0 - Fe304 - 5109 system. The -
outer edge of the 2-liquid field (silicate and sulfide liquids) is
stipled., Contours within the 2-liquid field are on the surfaces
between this field and the fields of the crystalline phases (in
parenthesis). The surfaces slope inward from X and YZ to the
isothermal trough JK. Silicate, silica and sulfide liquids coexist
in the 3-1iquid fleld.at a temperature of approximately 1675°C.

The crystallization of liquids b, c,and d are explained in the text,
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volume except for compositlions within the pyrrhofite field,

and are projected fromuthe Fe apex of Figure 4 onto the FeS -
Fe0 - 3102 Join, 1In the summary of orystallization paths of
ligqulds gilven here, compositions from the Fe0 - FeS - S102 jein
are used., Thus, lron 1s the prlmary phase on this surface in
that part of the system studled except for the primary field

of pyrrhotite, The composition of wust;te coexlsting with

iron is very nearly constant over the temperature range in

this system.

A melt on the FeS ~ Fel - 510, Jjoin precipitates iron
and the liquid moves to b on the iron-wustite phase boundary,
where 1t pfecipitates wustite and moves to b' on the univar-
lant 1line CR. Wustite, fayalite and iron separate from b
to R, a quaternary.eutectic point, where they are Joined by
pyrrhotite. The liquid remains at R, the lowest liquidus
temperature point in the quaternary system, until crystal-

lization 1s complete,

Similarly, a melt originating on the FeS - FeQ - S102
Join precipltates iron ani moves to ¢ in the fayalite field
of Figure 10, Fayallite and iron precipitate from ¢ to c?,
on the univariant line FJ, where they are joined by tridymite.
With further cooling the composition of the liquid changes

from ¢* to the,invariant point J where the silicate liquid 1is
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in equilibrium with iron, fayalite, tridymite and the con-

'~ Jugate sulfide liquid K. When the silicate liquid at J 1is

consumed, the sulfide 11qu1d‘at K, now having gained a degree
of freedom, continues to preéipitate»iroh, fayalite and
tridymite and moves along the univariant line KO to the in-
variant point at 0. Atlo, pyrrhotite preclipitates together
with iron and fayalite, as' the liquid resorbs tr;dymite.
Since the composition of the original melt ies within the
triangle FesS - Fé23104 - 5105, the liquid is consumed before
all the tridymite 1s resorbed, and the final solid 1s an

aggregate of 1lron, fayalite, tridymite and pyrrhotite,

"The liquid d, on the Fel slde of the Fey510), - FéS Join,

'1s used to illustrate a crystallization sequence in which the

two~-liquld field is encountered prior to the separation of
tridymite. The liquid'at d precipitatesliron and fayallte
and moves to d' on the boundary of the two-liquid field. 'The
conjugate line JK forms a trough at the base of the two-
liguid field whose sldes slope inward from X and YZ. Con-
Jugate silidate and sulfide liquids llie on 1isothermal lines
on the sidéé of the trough. Thus the silicate liquid at 4!
is in equilibrium with a sulfide liquid at x. The silicate
liquid now moves along XJ to d'*' where, separating iron,

fayalite and the sulfide liquid x', it finally disappears.
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The position of x' is fixed by the relation that the line
Fe5S510y - X' must pass through d as the last of the 11qu1d
at 4'' disappears. The sulfide liquid:at X' then continues

~to precipltate iron and fayalite while moving across the

iron-fayallite divariant»surface to x'' on the univariant line
OR, where pyrrhotite first appears. The liquid thén moves to
the eutectic at R, and the final product is an assemblage of
iron, fayalite, pyrrhotite and wuétite.

Liquids slightly more silica-rich than d will reach gy
and when the silicate liQuid 1s consumed the conjugate sul-
fide liquid will move to 0. If the original liquid lies w;th-
in the composition triangle FeQ - F328104 - FeS, all the sil-
ica at 0 1s resorbed and the final liquid moves to R. Other-

wise, crystallization.ends at-0.

Ligulds whose bulk compositions lie within the two-
liquid fleld have crystallization histories similar to those
whose residual 1liqulds penetrate this field. Liquids in the
8llica fields precipitate tridymite, move to the points J and
K and finish crystallizing at 0. At extremely high temper-
atures, in the vieinity of 1675°, a three~liquid field was
was encountered in Sioz-rich compositions by 0l'shanski (1951);

presumably, all such liquids finish crystallizing at 0,
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FeS - Fe304 - S102: Much of the liguldus on this face

of the tetrahedron was Beyond the range of fhe experimental
techniQues used here. It was possible to get 1nformation
only 1hlthe‘vic1n1ty of the eutectic P (Fig. 11). The mis-
cibility'gép outside the projected boundary of the tridymite
field is still present though it does not extend as far to-
wards the FeS corner as on the FeS - Fe0 - 510, face. Con-
_sequentlj, the sulfide liquid I, in equllibrium with magnetite
and tridymite, contains a higher proportion of iron oxides.
This is probably caused by the large shift of the tridymite
fleld towards the Fe304 - FeS boundary of the dlagram. Cry-
stallizing liquids in all parts of this system will mligrate
to P to form an aggregate of magnetite, tridymite and pyrrho-

tite.

It appears from the few liguidus runs made around the
miscibility gap that the FeS - Fe304 ~ 5102 join deviates
considerably from ternary conditions. Conjugate liqulds
would lie on the Join if it were ternary. Since magnetite
is in equilibrium with pyrrhotite at the liquidus, the lron
lost by the original FeS would lower the liquidus temperatures
of the liron silicate liquid.
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Fig. 11 The FeS =~ Fe30, - S102 system is not ternary
due to the variability of the composition of pyrrhotite,
Dashed lines are inferred. The outer edge of the 2~1iquid
field is stipled and phases below this field are in paren-
thesis.

Id = tridymite, Cr = cristobalite; open circles = liquidus,
closed circles = liquid + tridymite,
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Crystallization in the Quaternary System

The phase relations for the condensed system FeS - FeQ -
F3304 - 510, are 1llustrated in the tetrahedron of Figure 12.
No quaférnary odmpounds are formed nor were stability flelds
of other new compounds encountered within the system, The
previously described phase relations for the faces of the
tetrahedron are drawn in with 1ight lines, while those that
pénetrate the teﬁrahedron are shown as heavy lines. The lines
within the tetrahedron are univariant, formed by the inter-
Section of three divariant surfaces, Phase relations within
the silica phase volume were not studied, and have thus been

omitted from the quaternary diagrams,

The change in the system from the FeS ~ Fe0 - S10, to
the FeS -~ Fe304 - S10, face 1is equivalent £§ the straight
addition of oxygen to the system. That is to say, as oxygen
is added, ferrous iron is converted to the ferric state to
accommodate the increased negative charge. Ferrous oxide has
the ability to combine with silica to form fayalite (Fezsiou)
and ligquids that can have a soméwhat higher silica content
(see Fig. 9). On the other hand, ferric oxide does not form
stable compounds with silica alone and in the liquid state

can dissolve a much smaller quentity of silica.
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Fig. 12 Diagram of liquidus phase relations in the FeS - Fe0 -
Fe30, - Si0p system, The Si0, apex is to the rear of the tetrahedron;
the front surface of the 2-liquid phase volume is stipled. Light lines
on the faces of the tetrahedron are phase boundaries; heavy lines are
quaternary univariant lines. Phase relations are shown only in front of
the 2-1liquid and tridymite phase volumes, Quaternary invariant points
are: J and K, 1140°, (iron,fa,td,2~ L,v), I and L, 1095°, (mt, fa,td 2-L,v);
N, 955°,(mt,fa,td,po,1,v); Q, 945°, (ws,mt,fa,po,1,v); R, 917°, (Lron,ws,
fa,po,1l,v); other data are given in Table 4, Liquids b and ¢ are in the
wustite phase volume, d and e In the fayalite, and f in the magnetite
phase volume. 8, 8' and s'' are the conjugate sulfide liquids of silicate
liquids e', e'', and e'''; similarly, r and d'' are conjugate liquids,
The Fe0 - Fe304 - S10p ternary is after Muan (1955)., The FeS - FeQ -
8102 system 1s revised after Ol'shanskil (1951) and Yazawa and Kameda
(1953) . mt = magnetite, ws = wustite, fa = fayalite, td = tridymite,
po = pyrrhotite, 1 = liquid, 2-L = two liquids, v = vapor.
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The miscibility gap separating silicate-rich and sulfide-
rich liquids extends unbrokén from the FeS - Feo - S10, to
the FeS -~ Fes0y - S10, face (Fig. 12). The slllcate liquid
at the invariant point I is in equilibrium with magnetite,
fayalite, tridymite and the sulfide liquid L. Similarly, sil-
jeate liguids along the univariant lines HI and JI have their
conjugate sulflde liquids at points havlng the same temperat-

ure a2long ML and KL respectively.

The points X, X' and.X" are at maximum temperatures on
the lines JXK, IX'L and HX''M. Temperatures on the curved
divariant surface JIX'LKX, between the two-liquid and the
fayalite phase volumes, decrease very little toward the univa-
riant line IX'L. On the other side of this 1line, however,
where magnetite is 1n contact with the two-liquid phase vol-
ume along surface HIX'LX'', the 11qu1dus>temperature increases

rapidly away from,.IX'L.

The pyrrhotite phase volume 1is extremely thin, extending
a very short distance from the FeS - Fel - F33°4 face into
the tetfahedfon. It never contains more than about one per-
cent 3102. However, the lowest liquidus temperatures of the
system are assoclated with this phaée volume, and consequently
pyrrhotite 1s strongly concentrated in the last ligquilds to

sol1dify. .
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Tracing the paths of crystallization of liquids in the
quaternary system is mainly an extension of the phenomena en-
countered on the faces of the tetrahedron. Liquids of the
compositlons b, ¢, 4, e and f are used to typify some paths

of crystallization in this system.

Wustite phase volume: The liquild b is used to illustrate

the crystallization paths followed by liquids with a low oxygen
content in the wustite phase volume., As heat is withdrawn
from the liquid b, wustiﬁe of composition p cerystallizes and
the 1liquid moves along a curved path to b*' on the wustite-
fayalite divariant surface CDQR. As the liquld is moving to
b' the wustite composition changes to p’', such that the tie
line between b' and p' passes through b. The points b, b?',
Fe0 and Fe304 all lie in one plane. PFayallte preclpitates
with wustite as the liquid moves down the temperature gradient
on the divariant surface to b'!' on the univariant line QR,
where pyrrhotite Jjoins the precipitating phases, The llquid
disappears between b?' and R, the final crystal assemblage
being pyrrhotite, fayalite and wustite of composition p'!'.

The points FeS3, Fe25104 and p'* form a plane that passes
through b.

A liquid with a higher oxygen content, c, separates
wustite of composition g and moves to ¢' on the divarlant

surface ADQT whlle the wustite composition changes to q°'.
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Magnetite separates as the 1iquld moves from ¢' to ¢'' on the
univariant line DQ; ¢, ¢', c'', Fe0 and Fe3°4 all lie in one
plane. As the liquld reaches c'' the mean composition of

the iron oxides crystallized is at y, the point of inter-
gection of the extended line c¢'*' - ¢ and the FeO - Fe304 Join.
From ¢'' the ligquid moves down the univariant curve DQ, separ-
ating fayalite, magnetite and wustilte, Just as the liquid
reaches the invariant point Q, fayalite, iron oxides and lig~
uid form a plané that includes ¢, thus fixing the bulk composit-
ion of the 1lron 6x1des at y'. At &, pyrrhotite separates with
fayalite and wustite as the liquid dissolves magnetite. The
fihal ocrystalline assemblage is wustlte of composition q'*
(24.5 wt.%0), magnetite, fayalite and pyrrhotlte, with the

bulk composition of the iron oxides moving to y'r.

Fayalite phase volume: Liquids crystallizing in the

fayalite phase volume can alsc take dlverse paths, Let us
first examine the path taken by the Si0s-rich liquid d near
the Fel0 - Fe304 - S10, face, With a drop in temperature
fayalite precipitates and the liquid moves along the line
F328104 - d to d4' on the divariant surface EFJI, where trid-
ymite makes its appearance. From d' the liquld moves across
the divariant surface to d'' on the univariant line JI. At
this point a sulfide liquid, r, separates at the intersection

of the isothermal surface through d'* and the univarlant line
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KL. With further cooling the liquids d4d'' and r move to I and
L respectively. At invariant point I, fayalite, tridymite,
magnetite and the sulfilde liquid separate until the liquid

at I 1s consumed, As_soon as this happens the liquild L gains
a degree of freedom and moves along the univariant line IN

to N. Pyrrhotite precipitates at invariant point N and sllica
reacts wlth the FeO~-enriched liquid. Since the original mix-
ture was wlthin the composition tetrahedron Fe3 - Fe3°4 -
Fe28104 - 5105, the llquid 1s consumed at N and fayalite,

tridymite, magnetite and pyrrhotite are the final products.

A second liquid, e, having a much lower oxygen content,
separates fayalite and moves to e' on the surface JITK of
the two-ligquid volume. A conjugate sulfide liquid s separates
from e'. The liqulids e*' and s move to e'*' and s8' on the un-
ivariant lines JI and KL where tridymite begins to crystal-
lize, then along these lines to e''' and s'' untlil the silicate
liguid 1s consumed, Thevposition of e''' can be computed since
the position of s'' is known from the geometry of the relation:
the plané contalning the phases Fe,S10y, S10, and liquid s'!
must include the orilginal bulk composition e at the moment
the 1liquid at e''' disappears. The sulflide liquid has now
galned another degree of freedom and, while continulng to

precipitate fayalite and tridymite, moves across the divariant
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surface KLNO to s''' on the unlvariant line ON. Pyrrhotite
joins the separating phases at s'‘'‘, and the ligquid moves to
the invarlant point N where magnetite, fayallte and pyrrhotite
separate as the 1liquid reacts with tridymite. Since the orig-
inal liquld é was in the composition tetrahedron FepsS510y -
Feq0) - FeS - 5103, the liquid is consumed at N and tridymite

is present'in the final crystal aggregate.

Crystallization paths of liquids that are very poor in
si1lica in this phase volume may not intersect the two-liquild:
field. Instead they iIntersect the fayalite-pyrrhotite div-
ariant surface RQNO, precipltate pyrrhotite, and move to one
of the unilivariant lines NQ or QR. From these ligulds, wustite
or magnetite, or a mixture of the two, crystalllizes with fay-

alite and pyrrhotite.

Other phase volumes: The crystallization of liquids of

compositions within the magnetlte volume 1ls very similar to
that Just described for the fayallite volume, except that

magnetite 1s the primary separating phase. As an example,

~ the 11qu1d f in the silicate~-rich end of the magnetite phase

volume precipitates magnetite and moves to f',von the magnetite-
tridymite divariant surface GHIE, along a stralight line
Joining Fe304 to f. Tridymite separates with magnetite as

the 1liquid moves down the temperature gradient on this surface
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to f'' on the univariant line HI where the conjugate sulfide
liquid t begins to separate on the univariant line ML. The
point f£'' is at the intersectlon of the plane Fe304 - 8102 -f
and the line HI. With further cooling the liquids move to
the compositions I and L at the invariant point. When the
ligquid at I is consumed, the liquid at L moves to N. Since

f 1s within the composition tetrahedron Fe304 - FepS10y -

Fes - S10,, magnetite, faylite, tridymite and pyrrhotlte are
the final products. Liqulds in the magnetite phase volume
that lie outside this tetrahedron mové from N to the invar-
iant point Q and have wustite in place of silica in the final

assemblage.

Liquids that lie in any of the other phase:volumes cry-
stallize in a similar manner. Crystallization of these lig-
uilds ends at the invariant points N, Q or R, or on the connect-

ing univariant lines NQ and QR.

Fractional Crystallization

If melts in this system are cooled in such a manner
that fractlonal crystallization can take place, the crystal-
lization history is affected in two ways. (1) The reaction
between magnetite and liquid to produce iron-poor wustite,

and that of iron-poor wustite and ligquid to yield an iron-
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rich varlety, are prevented from going to completion by the
renmoval of the early-formed crystals from the system. As a
result, the composition of liqulds on the univariant lines DQ
and QR change at a faster rate and the amount of reactlon at
the invarlant point Q 1is lessened. The final liquids in all
these cases are depleted in Fé304 with respect to those formed

under equilibrium conditions.

(2) The second reaction is between tridymite and liquid
at the invarlant point N, Liquids reaching N from the uni-
variant lines LN, PN and ON (Fig. 12) have precipitated trid-

ymite along the way. Upon reaching N, the ligquld reacts with

tridymite while precipitating pyrrhotite, fay%éite and magn-
tite. With the early removal of tridymite, or its incomplete
conversion to fayallite, the liquld moves to N and on to Q

where magnetite and wusﬁite‘begin to crystallize, respectively.

The same result could be achieved by allowing the immis-
cible sulfide liquid to settle and collect below the silicate
liquid. The silicate fraction would be completely solid be-
fore the underlying sulfide liquid would begin to crystallize.
Under these conditions it is unlikely that Fe0 released from
the sulfide ligqulid would be in a position to react with trid-
ymlte 1in the overlying crystalline aggregate., It is also con-

ceivable that Fe0 in dispersed sulfide liquid droplets would
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not react with tridymite in a surroundihg crystalline mass.
Since these sulfilde liquids along the univariant.liﬁes bétween
P and R contaln only about one percent fayallite, thelir crystal-
lization history is essentlially that of crystallization in the
FeS ~ FelQ - Fe304 system. Consequently, the crystalline phases
that will be preseht depend on the composition of the sulfide
liquid and will be either pyrrhotite and wustite, or pyrrho-
tite, wustite and magnetite. Below 560°C, wustite breaks down
to the stable assemblage of magnetite and iron (see Fig. 3).

Fractional crystallization that would help to produce the
Iimmiscible sulfide liquid at an early stage does not occur in
the system. The divariant surfaces concerned with the mig-
ration of the silicate liquild toward the immlsclbility gap
are formed at the intersection of the tridymite-magnetite
(EGHI surface), tridymite-fayalite (CDEF surface) and mag-
netite-fayalite (DEIX'LNQ surface) phase volumes., Since
there is no reaction between these compounds and the silicate
liquid, their reméval from the system has no effect on the

composition of the remaining liquid.

Mqodels for the Evolution of Sulfide Liquids

Sulfide liquids in this system can be generated in two
ways: 1) by straight enrichment of sulfide in the liguid

through the crystallization of other phases, and 2) by the
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intersection of the crystallizing silicate liquid with the
immiseibility gap. Generation of sulfide liquld by tne second
method can be influenced by a number of conditlons, 1noluding
a) maintenance of a constant composition of the system,

b) maintenance of a constant fugacify of oxygen, and c) 1ncr-

ease in the fugaclty of oxygen.

The terms 'constant composition' and ‘'constant fugaclty
of oxygen' (constant foz) are used here in the same sense as
by Muan (1955) and Osborn (1959). The former term indlicates
that nothing is added to or substracted from the system during
crystallization. Constant fo2 is used for the conditions
whén the fo, 1n the system remains the same during crystal-
1ization; that is, it must be buffered from an external source.
Under this condition the phases may change in oxygen content

as crystallization proceeds.

To 1llustrate the evolution of sulfide liquids we will
consider mixtures near the Fe0 - Fe304 - 510, face since
liquids in many other parts of the system can be derived
from them by crystallization processes, These sulfide~-poor
liquids can further be divided into silica-poor and silica-
rich groups each having distinct paths to follow during

crystalllization,
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Model A. Constant composition - silica pbor: The'silica-

_poor group of liquids originates in the composition tetrahedron

FeO - FegSilg - Fe304 f_FeS.of Figure 12. As crystallization
proceeds the liquids move to the univariant line DQ and then
gradually become enrichgd_in FeS_until they reach Q where
pyrrhotite begins to cfystallize,, By_this time about 99 per-
cent of the silicate has crystallized. Thus,the sulfide
liquid is the end product of the continuous crystallization

of a very basic liquid.

Model B. Constant composition - silica saturated: The

silica-rich group of liquids is in the FeZSiO4 - Feg0y -

FeS - 510y composition tetrahedron of Figure l2. Crystal-
ization of one or more phases ultimately moves the liquid
towards the invariant point I where an immiscible sulfide
liquid separates. It will separate continually with the
oxide and silicate phases until the liquid at I is completely
consumed. However, the. sulfide liquid forms only a small
portion {about 10 wt.%) of the material separating at I.

In these cases a sulfide liquid is produced at.a much earlier
stage of crystallization than in the silica-poor group of

liquids of Model A.
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Model C. Coﬂstant fugacity_of oxygen: Oxygen fugacities
at the liquidus in this system haﬁe been measured only for
‘the Fe0 - Fe30, - S10p face (Fig. 9). However, for purposes
of 1liustratlon we wili study the phase relations on a trian-
gular Jjoin conngcting FeS, Sio2 and a point on thevFeov-
F3304 join. Isobaric planes containing partlcuiar iron oxide
mixtures would be surved surfaces and would not.coincide al- |
together with the triangular joins., But the discrepancy would
likely be small enought not to affect the general aspects of

the phése relations discussed here,

Using the plane Fe0y - Fes - 510, (Fig. 13) as an iso-
baric seétion, we can consider the effects of constant fo,
on the crystallization of a liquld within the magnetite phase
volume. The liquid m preclipltates magnetite, but instead of
moving directly away from the Fe304 corner of the tetrahedron,
At must move on the oxygen lsobaric plane. That 1is, 1t moﬁes
away from FeOy while continuously absorbing oxygen from the
buffered system. Thlis has the effect of enriching the liquid
in silica and sulfide and, depending on the original composltion
of the liquid, tridymite or sulfide liquid is the next phase
to separate. The liquid moves from m to I' which is an in-
variant point under these conditions, and, separating magnetite,
tridymite and a sulfide liquid at L', is completely used up
at this point. The sulfide lliquld must now also crystallize

under constant foz. Consequently, it moves to N', ... invar-
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OXYGEN ISOBARIC

FeO NrRoILITE FeS

(PYRRHOTITE)
WEIGHT PERCENT

Fig. 13. Diagram of the FeS - FeQ - Fej04 - S10p system
showing the oxygen isobaric surface, discussed in the text
for Model C, coinciding with the FeO, - FeS - Si0p join. 5109
is to the rear of the tetrahedron. Surfaces of the tridymite
and 2-liquid phase volumes are stipled.to show their general
shape and position within the tetrahedron., All crystallizing
liquids move on the isobaric surface on which the points I',
L', and N' are now 1Invariant. Liquid m moves to I'and the
sulfide liquid produced at L' moves to N' where crystallization
1s completed.
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lant in this case, and crystalllzes completely to magnetite,

tridymite and pyrrhotite.

The significant points in this model are: (1) the rapid
depletion of the liquid in ferrous oxide, (2) the production
of a sulflde liquid at an eaxly stage of crystallization,

(3) the completion of crystallization of magnetite, tridymite
and pyrrhotite at a higher temperature than would be the case
if it.crystallized at constant total composition, and (4) the
final assemblage pyrrhotite-tridymite-magnetité can be formed
at temperatures as much as 65 degrees lower than under con-
stant composition conditions where it could only be formed

from liquids originating on the FeS - Fe304 - 3102 face.

Model D. Increasing fugaclty of oxygen: Silica is con-

siderably more soluble in ferrous than in ferric oxide liq-
ulds (Fig. 9). Similarly FeS is more soluble in silica sat-
urated FeO liquids than in those containing Fe304 (F1gs. 10

and 11), Thus if the ferrous silicate liquid o (Fig. 14a) is
oxidized, it 1is depleted in Fe0O, and the boundary of the sil~
ica field and 2-1liquid field is moved across o toward the FeS -
Fe0 - F§30h face of the tetrahédron. These relatlons are
1llustrated in Figure 14b which shows the change in liquidus
temperaturés at the outer edge of the 2-liquid field along the

line A - A'. pp' and rr' are the 2-liquid field boundaries
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Fig. 14 (a) A diagram for Model D showing the 2-liquid surface in
the quaternary system projected onto the FeS - FeQ - Si0 face to 1illus-~
trate its shift with increasing fo,. Fe-Fa-Td = iron-fayalite-tridymite;
Mt-Td = magnetite~tridymite. H, I, and J are invariant points; associated
foy's are in atmospheres. Point o represents a homogenous liquid at a low

foy, around 10-2 atm.6 which loses one-half its sulfide content on being
oxldized to about 10~° atm,

(b) A section.along A - A’ (expanded two times) illustrating the
position of phase surfaces with respect to temperature. Liquid o is in
equilibrium with fayalite, but when oxidized at constant or slowly falling
temperature fayalite is resorbed, and only liquid is present until the
magnetite surface is reached. o' represents a superheated liquid.
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for mixturesmade with Fe0 (23.1% oxygen) and Fe304 respectively.
Oxidation of Fe0 moves the 2-liquid fleld to the left and de- |
presses the ligquldus temperature to the polnt where ferric

oxlde becomes so concentrated as to separate as magnetite.
Homogeneous liquids. could be partially oxidized and separated
1nfo immiscible sulfide and silicate 11qu1ds isothermally, or
with falling temperature (shown by arrows on Flg. i4b), with-
out the separation of magnetite; fayalite, Af present, would

be resorbed.

For example, a change in the oxldation staté correspond-
ing to a shift in the lron oxide composition from about 23.6
to 25.6 weight”percent oxygén would céuée one-half of the
dissolved sulfides in liquid o to separate as an immiscible
liguid. This 1is equivalent to a change in the fﬁgacity of
oxygen from about 10~9t0 106 atm. along the line HIJ (Fig, l4a).
It will be noted that a decrease:in oxygen fﬁgacity would
have the reverse effect; the liguid wouid then have a greater

capacity to hold sulfildes.
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Chapter VI

Sulfides In Silicate Magmas

~Introduction

_ The'solubility of iron sﬁlfide in iron sillicate liquids
hés béen shown to be limited by silica concentration and the
oXidatioﬂ state of the system. It has also been pointed out
(Ch, II) that the activity of Fe0 probably governs the amount
of sulfur that can be diséolved in manj complex sllicate 1liq~

~ -ulds. Therefore, it should be feasible to assume that the sol-

ubll;ty of sulfur in a natural magma is essentlally governed
 .by the activity of Fe0 and could be limited by the same fact-
ors as in the FeS - Fe0 =~ Fe304 - 5102 system.

In this chapter the evolution and crystallization of
certain magmas are considered and an attempt 1s made to
predict the behavior of sulfur during these processes.

Methods of formation of an immiscible sulfide liquid in magmas

under different physico-chemical conditions are dlscussed, and
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used to explain the occurrence of sulfldesd in baslc lgneous

rocks and the genesis of certain types of ore deposits.

Solubility of sulfur in magma’and in iron silicate liqulds

The amount of sulfur that can be dissolved in basic
magma appears to be in the order of 0.1 welght percent or less
(see Table 5, p.87 ). This is small compared to the 4 percent
sulfur (or 19%-Fes) in iron silicate liquids at the invarlant
point J (Fig. 12). Considering the solubility of sulfur in
silicate liquids to be essentially limited by its substitut-
ion for oxygen in Fe - 0 - Fe sltes, as reasoned earlier
(chapter II), two factors besides oxldation state are re-

sponsible for most of this change.

~In the first place, basic magmas contain only about 10
percent iron oxides which 1s smaller by a factor of six than
that in the most siliceous liquid in the experimental system.
Secondly, ferrosilite (FeSiO3) is not a stable phase in the |
gystem at confining pressures less than about 16 kb (Lindsley,
1967, p. 228), and below 1600°C iron oxides are not capable
of forming liqulds having this 1:1 mole ratio of Fe0 to SiOz

(see Fig. 9). But in basic magmas where a large amount of

"~ Mg0, Cal0 and Al205 are present, the liquid can become more

siliceous and Fe0 will be tied up in pyroxene and other

structures that greatly reduce 1its activity. These factors
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would have the comparable effect of moving the invariant point
J towards Y in Figure 10. At the same time and for the same
reasons the sulfide liguid at K would move some dlstance to-

wards Z.

Generation of Bgasic Magma

Since the ore deposits we are ooncerhed‘with are associated
with basic and ultrabasle igneous rocks, it is peceSsary.first
to consider the behavior of sulfur during the generation of
their magmas in the mantle. The formation of large amounts
of magme by partlial melting of the mantle 1is widely accepted
today. Bowen early (1928) advocated the hypothesls but the
subject: was more or less left dormant until Verhoogen (1954)
and later Kuno (1960), Yoder and Tilley (1962), Kushiro and
Kuno (1963), Ringwood (1966), Green et. al. (1967), Ito and
Kennedy (1967) and others, reviewed and expanded on Bowen's

hypothesis.

The partial melting of a rock 1s the reverse process of
its crystallization from a melt. The last phases to crystal-
lize are the first to melt, and as melting proceeds the liquid
becomes more and more diluted with more refractory.material.
To illustrate this process where a sulflde phase 1s present,

let us consilder partial melting in the experimental system
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FeS - Fel0 - Fe304 - 5102, assuming the system to be closed.

Partial melting in the FeS - Fe0 - Fe30y - S102 system:

The first liquild to form from a solid of composition f in the
maghetite phase volume of Flgure 15a (see also Flg. 12 and
page 65) would be the sulfide liquid at 955°C at the \nvar-
iant point N. This liquid contains only about one percent
silica, and with rising temperature a ﬁery small amount of
tridymlite, fayallte and magnetite would melt and be dissolved
in the sulfide 11qu23f%ﬁé liquid had reached the invariant
point L at 10950(Fig. 15b). As heat is added at 1095°

(Fig. 15¢) fayallite, tridymite and magnetite melt in abund-
ance and, being no longer soluble in the sulfide liquid,

form a separate silicate liquld at I. This silicate liquid
has about 10% FeS dissolved in it, and as 1t 1s being gener-
ated it constantly absorbs more and more of the sulfide lig-
uid, When-.all fayalite 1s melted the temperature rises to
that of f'* (Fig. 15d), at which point the last of the sul-
fide liquid 1s resorbed by the slilicate liquid. Further
melting of tridymite and magnetite undersaturates the sil-
icate liqulid with respect to FeS.

Iron silicate liquids generated under lower oxidizing :

conditions than above can become much more silica-rich (comé

pare points F and G in Filg. 9), and at very low oxldatlon states
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Fig. 15 Partial melting in the FeS - FeO - Fe304 - 8109 system.



they can dissolve larger amounts of FeS (16 percent FeS when

in equilibrium with iron). Under these low oxidation cond-

ditions the sulfide liquid conﬁains much less iron oxide. In

all parts of the ;system liqulds undersaturated with respect

to silica can dissolve even larger quantities of FeS.

Some significant points emerge from this discussion of

partial melting in the experimental system:

1)

2)

3)

k)

Sulfide liquids are generated first, the lowest temper-
atures being 945°C at the invariant point @ or 955°C
at N.

Silicate liquids are generated at or close to invarlant
point I, 140° above N, at 1095°C, and then move to pos-
itions with higher or lower F3304 contents depending

on the bulk compositlon of the mixture.

The silicate liquld being generated absorbs the sulfilde

liquid gradually.

Under lower oxiation conditions the silicate liquid can
dissolve larger amounts of 8102 and FeS, and the sulfide
liquid dissolves much less iron oxide than under more

oxidizing conditions.
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Partial melting in the mantle: The composition of the
upper mantle and the liqulds that can be generated from it
by partial melting have been reviewed by Green and Ringwood
(1966)., Meny investigators consider the upper ﬁantle to be
ultrabasic material while others belleve 1t to be eclogite.
The ultrabasic rather than the ecloglte model is used here
for the same feasonsqas those.outlined by Ringwood (19664,
p. 299). O'Hara and Yoder (1966) and Ito and Kennedy (1967)
assume the mantle to be periodotite whereas Ringwood (1966a,
P. 303) suggests a materlial comprised of 3 parts perildotite
and one part basalt which he terms "pyrolite™, or pyroxene-

olivine rock.

- The liqulds that can be generated by partial melting in
the mantle depend to a large extent on pressure and temperat-
ure. In contrast to this, the nature of the final liguid
arriving at the surface depends mainly on the rate of its
upward progress which governs the amount of fractlional ory-
stallization of the magma before extrusion (O'Hara and Yoder,
1966; Green, et al. 1967; Aumento, 1967; Ito and Kennedy, 1967).
It is sufficient here to summarize what appear to be the
important éohclusions concerning the formation of baslc
magma, drawn from experimental data, as they relate to the-

present study:
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a) Basaltic liqulds are generated by part1a1 melting of
various ultrabasio‘matérlals at depths ranging from

30 to 400 km. in the mantle (Green, et al. 1967).

'b) Different types of basaltic 1liquids may be formed
under the following conditions:
1) different P - T regimes in the zoné of melting.
ii) the proportion of the mantle melted,
111) the degree of crystal fractionatibn of the
1liquid as it moves towards the surfaoce.
¢) Basalt can be converted to eclogite under the pressure

conditions of the upper mantle.

d) The partial melting of eclogite can yield andesitic
liquids under anhydrous conditions, and dacitic and
rhyolitic liqulds under hydrous conditions. (Green

- and Ringwood, 1966).

Sulfur in the mantle: We can now consider the role that

sulfur plays in the partial melting of the mantle. Ringwood
(1966a, p. 308) maintains that the mantle is homogeneous with
respect to the mole ratio of Fe0/Fe0 + Mg0 at a value of 0.12
obtalned from pyrolite. Simlilarly, he suggests sulfur is
constant at about 0.03 welght percent. If these concentrations

are constant, they essentially rule out variations in Fe0 and
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sulfur contents of liquids due to depth of melting alone.

The lonic radius of sulfur (1.84 A) is much larger than
that of oxygen (1,40 A) and therefore sulfur cannot réédily
substituté for oxygen 1in silicates., Under the high:con-
fAning pressure of the mantle sulfur would tend to form the
dense sulflde phase rather than enter less dense silicate.
minerals. It is almost completely insoluble in silicate and
oxide minerals at low pressures as attested by the occurrence
of discrete sulflde grains in igneous rocks that contain only
a fraction of a percent of sulfur. Nor will the melting
point of iron sulfide be increased substantially by pressure
since 1ts liquid 1s only slightly less dense than the solid
(Ubbelohde, 1965, p. 188). Naldrett (1967) found no measur-
able change in the melting temperature (¥10°) of the assem-
blage magnetite plus pyrrhotite in the presence'of water at
2 kb total pressure. Sulfides may, however, be mofe soluble
in sllicate liqulds under pressure according to Skinner and
Peck as reported by Naldrett and Kullerud (1967), but ex-
perimental results supporting this are not yet available.
Consequently, oxidation state 1s assumed to be the principal
factor controlling the temperature at which a sulfide liquid

would be generated in the mantle.
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Ringwood (1966¢) suggests an oxidation state in the

upper mantle at some value hligher than that if 1lron were a

stable phase. Sato and Wrlght (1966) measured oxygen fugacl-

ties in a lava lake in Hawall and found them to be close to
that of the quartz-fayallte-magnetite buffer (Fig. 16).
Fudali (1965) measured the fo, produced by ﬁelting a number
of basalts at 1200°C and obtained values ranging from 10’6'4
to 10703 atm. (at this temperature the QFM buffer is 1079
atm.). If we allow for a small amount of oxidation during
the rise and extrusioh of the magma, we see that the fo, at

the point of magma generatlon 1ln the mantle_couid be close

- to, or ‘below that of, the quartz-fayalite-magnetite buffer

and might be as low as the magnetite-wustite buffer.

Under these conditions a sulfide liqulduwould be formed
An the mantle somewhere between polnts corresponding to the
invariant points Q and N 1n the experimental system (Filg. 12).
Therefore, considering pressure effects to be small, the first
ligquid would form slightly above 945°C. Sulfide liquid at N
1s in equilibrium with the tridymite-fayllite-magnetite-
pyrrhotite assemblage. In the mantle this sulfide liquid would
be widely dispersed and essentially the only liquid formed
until silicates begiln to melt around 1300°C (Ito and Kennedy,
1967, p. 532; Green and Ringwood, 1966)., When silicates start
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Fig. 16 Ldgarithms of oxygen fugacity (£02) plotted Egainst

. reciprocals of absolute temperature (T). Buffers shown are: HM =
" hematite-magnetite, QFM = quartz-fayalite-magnetite, MW = magnetite~

wustite and QFI = quartz-fayalite-iron. Water-hydrogen mixtures
are from Presnall (1966). The heavy lines are the oxygen fugacities
measured in drill-holes in a basaltic lava lake in Hawaii by Sato

+ and Wright (1966). The double circle is a plot of the values given

for the sulfide liquid collected by Skinner -and Peck- (1966) . The
vertical bar denotes the range of oxygen fugacities measured by . -
Fudali (1965). (Revised after Sato and Wright, 1966)
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to melt in abundance they produce basaltic liquids which absorb
only & small emount (0.15 wt. % or less) of the sulfide 1ig-
quid. If we use Ringwood's (1966a, p. 322) value of 0.03%
sulfur in the mantle and Riche's (1959) value of 0.027% sul-
fur in basalts (Table 5)we See that the basaltic liquid would
always be saturated with sulfide. ‘However, Riche also gives

a value of 0.088% sulfur for gabbrqs which may indicate the

greéter loss of sulfur in surface flows,

Ringwood (1966a) proposes that liquids separatelfrom the
mantle when between 20 and 40 percent melting “has occurred.
Thus it can be seen that basaltic liquids may be saturated
with sulfur regardless of whether they éan dissolve only
0.027% or more than 0.10% sulfur. As the magma rises to a
position high in the earth's crust, the degree of its oxidat-
lon will control the amount of sulfide liquid that separates,

We now conslder some methods of oxidation of the magma,

Sources of oxygen for oxlation of magma

Magma wlll tend towards equilibrium with the fop of the
rocks 1t intrudes if sufficient time is provided. In anhydrous
environments the magma 1tself would control the foz. However,
hlghly oxidized rocks assimilated in the magma could raise
its foz. Carbonate rock might be effective in this respect.
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Table 5. Sulfur content of basic rocks,

-wt. %S ‘Reference

ékaergaard Intrusion 6.005 ‘ﬁager, et al. (1957)

Duluth Complex 0.03 Snyder (1959)
12 Gabbros 0.088 Riche (1959)
15 Basalts 0.027 Riche (1959)
24 Andesites 0.023  Riche (1959)
Mantle (estimaﬁed) 0.03 Ringwood (1966a)
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The role of water as a source of oxygen in these en-

vironments has been stressed by Kennedy (1955), Osborn (1959),

Hamilton, et al. (1964), Presnall (1966) and others, Hamilton,
et al. determined the solubility of water in basalts and an;
desites and found 1t to be substantial (Fig. 17). The fop
exerted by mixtures of water and hydrogen are shown on Figure 16.
Presnall (1966, p. 779) states, "Water in the amount of only
1.25 weight percent in s basaltié magma containing lo'weight
percent Fe0 could provide sufficient oxygen for éomplete oxid-
atlion of this FelO to FeZOB"' However, he points out that the
diffusion of hydrogen from the magma would not be rapid enough
to acqulre this degree of oxldation. That hydrogen can diffuse
rapldly in media more or less impervious to water and oxygen

is exemplified by the difficulty Eugster and Wones (1962) and
Hamilton, et al. (1964) experienced in trying to contain"
hydrogen in buffered experiments involving water. The initial
ratio of H20/H2 in water beling incorporated in the magma 1is
important (Presnall 1966, p. 779). If the initial ratio is
high the magma can become highly oxldized even without diffus-
ion of hydrogen.

The water content of the mantle 1s probably very low

even in the thin layer beneath the oceanic Mohorovicic dis-

continuity where amphibolite may be stable (Ringwood, 1966D,
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Fig.«17. The solubility?df'whterAin Columbia River

basalt and Mount Hood andesite melts as a function

of wgter'pressuré at 1100°¢. (After Hamilﬁon, et.al.,

1964)
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p. 361), Within the continental crust there could be a much

dlfferent_situation. A wet geosynclinal pille could provide

a source of abundant water to an upward moving magma (Osborn,
1959, p. 664). Water in fractures 1n less porous rocks high

in the continental crust could be incorporated quickly in the
magma., Fractures and faults formed by the intrusion of magma

could serve as channelways for the buffering gasses.

Separation of sulfilde liquid from magma

We have seen that magma generated in the mantle would
have a fop close to the quartz-fayallite-magnetite buffer and
would be saturated with sulfur. If this magme rises with little
change in fo, and essentlally as liquid the sulfur remains 1in
solution except for a minor amount exsolved due to the red-

uction of confining pressure.

At the beginning of crystallization of phases that lower
the amount of dissolved FeO, sulfide liquld begins to separate.
If the fo2 remains constant, lncreases slowly or decreases
slowly during crystallization, the sulfide liquld continues
to separate in this gradual manner until the amount of FeO
is reduced to zero, or the tgmperature has fallen to the
point where the sulfide liquld begins to crystallize. Beyond

this point sulfur would separate from the magme in the form
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of sulfide m1neralé. With a steady fo2 the proportion of sul-
fide liqulid to other phases separating at any time would be
exceedingly small since the small amount of sulfur in the |
magma would essentially be separating during the entire cry-
stallization history of the magma. Sulfide liquid would se-

parate more rapidly during an increase in foz and tempdrarily.

 halt durlng a decrease in fop, but would again become steady

as the fo, became constant. A rapid rise in the fop, would
result in the immediate separation of a large proportion of

the sulfur as sulfide liquid.as was the case in Model D,

page 73 (Fig. 14),

these _
In geological terms,phenomena could occur in the follow-

ing manner.

1) Magma rises from the mantle wlth littlé oxldation
and extrudes as flows: MNost sulfur wouldtéeparate
as sulfide liquid during crystallization and dis-
perse flnely throughout the flows, while the're-

meinder would dissolve in glass or escape as gas.

2) Magma from the mantle intrudes into a chamber in a
low oxidatlon state: The sulflde liquld would se-
parate gradually and settle together with other

cunulate phases,
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3) Intrusion of magma into a chamber with a rapid change
to high foz. A large amount of sulfide liquid would
separate and be accompanied by an increased amounf
of magnetite, but there would be little change in the
proportion of other phases separating. ~The denée sul-
fide liquid would quickly settle fo the floor of the

chamber,

L) Intrusion of magma with rapid oxidation taking place
in the condult below the chamber. A large amount of
sulfide liquid separates and is intruded in a disper-
sed form in the magma if its upward movement were
sufficiehtly rapid. There would be a certain lag
in the arrival time of the more dense sulfide liquid
due to differential'settling (see Naldrett and Kullerud,
1967, p. 512). In slowly tising ﬁagma this factor '
might be 1mportant”and resﬁlt_in the intrusion of
an oxidized magma with a ibw sulfur content. A later
intrusion of magmé'ffbmiﬁhé_ééme.conduit could con-

tain a hlgher concentration of sulfide liquid.

Effect of f02 and szoon crystallization of magma

Kennedy (1955), Osborn (1959), Roeder and Osborn (1966)
and Presnall (1966) have discussed the effects of the fugacity
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of oxygen and water on the crystallization of basic magmas,
0Osborn showed that crystalllzation in a system closed to
oxygen ylelded iron-rich differentiates, the "Fenner trend",
regardless of the initial oxygen fugaclty, and suggested the
Skaergaard intrusion as an example of this trend. Systems
buffered with a relatively high fo, precipltate magnetite and

become enriched in silica, the "Bowen trend",

Presnall (1966) considered hydrous magmas and pointed out

the importance of the H20/H2 ratio on the fop. High ratios

yield high fo.'s (see Fig. 16). Water entering the magma from

2
the relatively cool environment of the upper crust would be
likely to have a high HZQ/H2 ratio., The crystallization trend
of a magma containing water thus depends on the amount of
water present, the initial H20/H2 ratlio, and the rate of
diffusion of hydrogen from the magma. For a hydrous'magma

the effects can be summarized as follows:

1) If the system is open to the diffusion of hydrogen,
the oxidation state 1s high, resulting in precipitat-
ion of magnetite and silica enrichment of the liquild.

2) If the system becomes sealed from 1ts surroundings,
the degree of oxidation depends on the initial amount
of water and HZO/H2 ratio which according to Presnall

produces such variants as:
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1) 1n1ﬁ1a1 low water content results in iron

enrichment of residual liquids.

11) initial hligh water content with low HZO/HZ
ratio (e.g., 24) similarly results in iron
enrlchment of the residual liqﬁids.

111) initial high water content with high Hzo/ﬁz
ratio (e.g., 408) résults in precipitation of
magnetite and enrichment of liquids in siliea,
but not as strongly as in the case where foz
was buffered externally by water vapor with

an HZO/H2 ratio of 408,

The effect of the suppresslon of iron-enrichment in the
11quids 1s seen in the maflc minerals. Under the iron-enrich-
ment trend olivine and pyroxene become increasingly enriched
in the iron end members and little magnetlte is formed. On
the other hand, under a high fugaclty of oxygen there 1is little
change in the Fe0 content of these minerals and magnetite 1s
precipitated continuously. If the amount of water dissolved
in the magma is appreclable and the temperature is sufficlently
low, hydrous mafic minerals, such as amphibole and mlca, could

form with two possible trends:



a) Under initlally low HZO/HZ ratios, hydrous mafic min-

erals could form with an iron-enrichment trengd.

b) Under initially high Hy0/H, ratios, hydrous mafic
minerals could form with relatively constant Fe0

contents.

Partition of minor elements

During the cooling of a magma where a separate sulfide
liquid is formed, metél cations are partitioned between sil-
lcate liquid, sulfide 1liquid and crystéls. Cations having an
X =0 :X -3 bond energy ratio of about 1.85 or less in
Table 1 ( N1+ , zn2+ , et ., cu* , ete.) concentrate to a
considerable degree in the sulfide liquid. Some of these
base-metal cations may be removed from a magma in sllicate
and oxide crystals precipitated prior to the formation of the
sulfide liquid (see Wager et al., 1957). Thus the amount of
each base-metal entering the sulfide liquid is to a large
degree proportional to the total amount of base-metals present
in the magma and to the value of its X - 0 :+ X - S bond energy
ratio. In a general way, it is the primary type of magma, or
the stage of differentiation at which an lmmiscible sulfide
liquid is formed, that governs the type and amounts of base-~-
metals 1t will contain.
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Sulfide grains. in basic lgneous rocks

Sulfide liquid begins to separate when 1ts saturation
point in a magma has been exceeded. Since the activity of

FeO0 in the magma is considered to be the main factor influenc-

ing sulfide solubility, oxidation of the melt or the preclp- .

itation of FelO-rich phases would cause sulfide liquid'tb

separate.

From a magma in a low oxldatlon state and saturated with

sulfur, an immiscible sulfide liguid would begin to separate

soon after FeO-bearing phases begln to crystallize. The
sulfide droplets thus formed would probably make up less than
0.1 percent of the separating material and would collect in |
the interstlces of accumulated crystals on the floor of the
intrusion. With further cooling interstital silicate and
selfide liquids crystallize, The temperature of crystalliza-
tion of the sulflde would be governed by the buffered fop of

the surroundings.

From the time the sulfide liquid separates and settles
to the floor of the intrusion its crystallization history 1is
affected very little by the sillicate phases of the magma;
the amount of silica dissolved in the sulfide liquid would

be in the order of one or two percent,_ Hence it would cry-

stallize in essentially the same manner as sulfide liquid in = =
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the FeS - Fe0 = F3304 - S10, system. Consequently, the sulfide
liquid moves from the univariant line ML to the ﬁnivariant line
PNk(Flg. 12) where pyrrhotite crystallizes. All phases in con-

tact with the silicéte liquid are buffered to the relatively o

. constant fo, of the magma. Using the data from Figure 16

which places the foz at a point just above the quartz-fayallite-~
magnetite buffer, pyrrhotite would begin to crystallize at

some point just above 955°C, Since the amount of sulflde
liquid is very small in proportion to the whole magma it will
be buffered within a very narrow range of oxygen fugaclty as

it cools, That is, it will essentlally be under a constant

fo, and follow the course of crystallization ¢ Model C,

2
page 71, (and Fig. 13) with all the sulfide liquid crystal-
lizing withln a very narrow temperature range to an aggregate

of pyrrhotlite, magnetlte and silicate.

If, however, the sulfide liquld becomes isolated in
the interstices of accumulated silicate crystals it could
concelvably be isolated from the oxygen buffér and crystal-
lize in a closed system. In thls environment, the sulfide

liquild, while precipitating magnetite, would reach the un~

ivariant line PN, precipiltate pyrrhotite, and move to the

Invarlant point Q where wustite 1s a stable phase., If the

system remalned closed to oxygen wustite would 1nvertvto=gg;4dgﬁ._,

- magnetite and iron as the assemblagé:cooled below 560°cC.
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The sulfide - magnétite - 1lron assemblage has been reported
from a few localltles (for instance, see Chamberlain, et al.,
1965; and Chamberlain, 1967) but its environment has been such
that circumstances other than those presented here have been

advanced to explain its genesis,

An important relation emerges here. The mineral assem-
blages found in sulfide graihs in igneous rocks are unlikely
to yleld the true composition of thelr parent sulfilde liquid.'
In the majority of cases the liquld would be buffered at the
oxygen fugaclity of the magma which would result in all iron
oxide belng precipltated as magnetite. Only‘in ekceptional
cases woulé‘a sulfide lliquid be 1isolated from.an oxygen
source and crystalllize in a closed system where wustite could
be stable. Thus melting experiments to find the temperature
of crystallization could give erroneous results unless the

foz is known.

The formation of sulfide grains in volcanic rocks would
be similar to that in the plutonic environment. Some sulfur
would be dissolved in glass, but if the roéks are crystalline
it would be distributed throughout as sulfide‘droplets,

Basic magma coming through the oceanic crust has little
chance to be oxldized, whereas magma coming through wet
geosynclinal sediments could be in a highly oxidized state

and loose much of its sulfur as sulfide liquild before extensive
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crystallization of silicates occurred.

The formation of sulfide liquid in a magma need not be
conf'ined to ultrabasic and basic rocks. Magmas relating to
the calc-alkaline suite of rocks are common in orogenic belts.
Regardless of theilr origin, the solubility of sulfur in these
liquids is probably controlled by the activity of FeO and
oxidation could release much of this sulfur as sulfide. 'The 3
base metals partitioning into the sulflde liquid would be in
different proportions than those for basalts., In sparticular,
nickel would be present in much smaller amounts and copper,
zinc and the elements in the lower part of Table 1 would
occur in greater proportions. The éctual,composition of the
sulflde liquid would depend to a large extent on the com-
position of the silicate magma at the time it was being ox-

1dized; that 1s, whether it was andesitic or even more siliceous,

Models for the genesls of magmatic sulflde ore deposits

Sulflde ores associated with basic and ultrabasic igneous
rocks, the Sudbury-type, are generally accepted to have cry-
stallized from sulfide liquid that co-existed immiscibly
with the liquid silicate portion of a magma, The co-existence
of these llqulds implies that (a) they were generated simul- 
taneously, (b) the sulfide 1liquid was dissolved in the silicate

magma and under certain conditions became lmmiscible, or (c)
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the magma incorporated sulfur which formed a sulflde liquid,

the "sulfurization" process proposed by Kullerud (1963).

Simultaneous generation of sulfide and silicate liguids:

It was seen earlier that sulfide liquid would likely be an
initial product of partial melting of the mantle. At these
early stages of melting this small amount of sulfide‘11Qu1d_
would be flinely dispersed between sillcate crystals. Partial
melting of the silicate phases would allow the sulfide liquid
to move and perhaps collect in larger masses, vIt‘can be ar-
gued that this sulfide liquid cbuld be intruded into the upper
crust in assoclation with the siliéate magma., Its higher den-
sity would cause 1t to lag and hence coﬁld form a later stage
of intrusion. The source of sulfur 1s not a problem in this

model.

There are, however, reservations about this hypothesis.
In the first place magma rises from the mantle in a diapiric
manner because of 1ts instability in a surrounding of slightly
higher density. Sulfilde liguid, being much denser, would
probably not rise under the same stress field. Secondly, all
sulfide liquld generated 1n this manner would have essentially
the same composition whereas magmatic sulfide orebodies re-
flect thelr host rock type by having high nickel:copper ratios
in ultrabaslc rocks and lower ratios in basic and intermed=-

late rock types. This comparison of composition indicates at
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least pértial-equilibrium between sulfide and silicate liquid
which would be difficult to malntain if the sulfide liquid

. were always a large separate mass,

Lastly, if this process were operative there 1is no@obf
vious reason‘why it should not occur in all environments re-
celving magﬁa from the mantle. Magmatic sulfide ore deposits
are found in ohly a very small number of igneous intrusions
in continental crust environments. These points alone suggest
that the formation of these ores must be due to very special
events. These events are llkely to be a combination of two
or more geologlc processes that have a low probability of

overlapping.

The same type of reasoning can be used to evaluate the
hypothesis that large amounts of.sulfide liquid are released
from magma by the change in confining pressure between the
mantle and upper crust. Again, this is a process common to
all magma; although depth of generation would be the important
factor 1n controlling sulfide solubility in the original melt,

Separation of a sulfide liguid by oxidation: Knowing

the solubility of sulfur in magmas to be very low, 1t may
be difficult to visualize that certain large sulfide de-
posits were ever dissolved in the liquids that formed their

host rocks. For example, a cubic mile of magma assaying

- 101 -



&

0.03% S contains 4 million tons of sulfur or an equlvalent 11

million tons of FeS. The main problem 1s to get an appreciable

portion of thls sulfur out of solution as a sulfide 11qu1d with-;f-'

in a short period of the cooling history of the magma. The“ i
suggestions made here arise primarily from the phase work in

the FeS - Fe0 - Fes0 - 510, system.

In a prevlious section 1t wa8‘ma1ntained'that magma-gén-'
erated 1n'the mantle would be saturated with suifur Since 1t
would be 1n contact with an early-formed sulfide liquid com-
prising most of the sulfur in the zone of melting. A rise
in the oxidlation state would release a large proportion of
this sulfur as 1mm1scible sulfide liquid in a manner similar
to Model D (page 58) in the FeS - FeQ =~ Fe304 - S102 system.
Oxidation has been suggested by Emslie and Moore (1960) as
the process for the separation of iron-nickel sulfide ores
at Lynn Lake, Manltoba. The oxidlzing process would have to
be sufficlently rapid that the sulfide liquid would not be
overly diluted with silicate. minerals. Oxldation eould take
place while a magma is being emplaced in its subvoltanic:
chamber or in a condult below. 1In this latter case the
sulfide liquid would tend to lag and could conceivably form

part of a later phase of the intrusive sequence. If the
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fugacity of oxygen of the magma were ghbfé}that‘of tﬁé?§ﬁartz-
fayalite-magnetite buffer, as wouldiﬁﬂidﬁﬁtedly be the'case,.
the sulfide 1ligquid would crystailize téién assemblage of |
pyrrhotite (cdntaining nickel, oopﬁef éhd other metals in
s0l1id solution) and magnetite. The composition of the ore
might not truly reflect that of the sulfide liquid since
during crystallization under the relativelyaconstant foz,

all iron oxide woyld: be precipitated as magnetite in the

ménner of Model C, page 71.

Petrologic evlidence of the incorporation of water and the
resulting oxlidation of silicate magma may be revealed 1n‘the
.silicate and oxide assemblages of intrusions. These aspects
have been dealﬁ with by a number of investigators and have
been summarized above (page 88). The magma could maintain
contact wlth an external buffer and crystallize under a
constant or slowly decreasing foz, or 1t could become sealed
from the buffer by the formation of a chiil—zone and crystal-
1lize under a decreasing fo,, depending on the amount of water
present and 1ts 1inltlal H,0 Hzlratio. In elther case some
hydrous phase, amphibole, mica or serpentine, would form as
their filelds of stability were entered. Osborn's (1962)
modification of Bowen's reaction series (Fig. 18) serves as

a guide for the sequence of crystalllizatlion expected under

the different conditions.
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Fig. 18.Reaction series for subalkaline igneous rocks
from magmas crystallizing under: a) hydrous conditions
yielding a constant or steadily decreasing fugacity.of
oxygen, and b) anhydrous conditions in a system closed
to oxygen. (After Osborn, 1962)
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The high oxidation state requiréd,to_sepafété a 1ar3e  -V;
amount of sulfide 1iquid need not necessarily remain high  ;'
during subsequent crystallizationlof the magma;»_In a'high1y7
oxidized anhydious system that became closed;‘magnetiteA |
precipitation w¢u1d bring the f‘o2 to a very low level which
could result.in iron enrichment of the‘silicate liquid. AWhere
water was incorporated the fo, could be much higher while -
the magma‘was'buffered by an external source but would drop
slowly és it became sealed. These later changes in crystal-'
lization trends might obscure an earlier highly oxidized state

of the magma.

Sulfurization process: Kullerud (1963) has shown that

if sulfur is incorporated in a magma it can extract iron and
other transition elements to form an lmmiscible sulfide 11qu1d
He suggested that bhis process may have been operative in

the formation of some Sudbury-type ore deposits. A study of
the phase diagrams in Figures 4 and 12 shows this process to
be compatible with the present work. The,éddmtion of sulfur
would have an effect similar to'that of oxygen. It would
oxidize the magma, thus lowering lts capacity to dissolve
sulfur, while at the same time providing sulfur to the sulfide

liquid. The maln limitatlon of thls mechanism 1s the scarcity
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of sulfur in the crust. In the case of the ores at Sudbury,
Thode, et al. (1962) have shown that the isotopic composition.
‘of sulfur indicates it had its origin in the mantle. This

1s also true of a number of other magmatic sulfide deposits,

- though still other deposits appear to have a mixture of mantle
and crustal sulfur (see the compilation by Cheney and Lange,

1967, p. 86).

Summary: The oxidation model is preferred for a number

of reasons,

1) It was shown in the experimental system that an iron
sulfide liquid can be separated from an iron silicate

11qu1d by oxidation alone.

2) The oxygen fugacitles necessary to make thils separat-
lon in the experimental system are well within the
rahge of those found in magmas and occurring in

upper continental crust environments.

3) Water as a source of oxygen is present in many upper
continental crustal environments. It is soluble in
magmas and the foz it can produce 1s sufficiently
high, and can be much higher than that required for
the sulfide liquid separation process.

4) Kennedy (1955), Osborn (1959, 1962), Roeder and
Osborn (1966) and Presnall (1966) have shown that
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fo2 probably plays an important role in the crystal-
lization of magmas and that some magmas have 1ndeed

been subjected to wide ranges of foz.

5) It is thus possible for a magmg rising in the upper |
crust to be oxidized rapidly and intruded in such
a manner that the sulfide liquid has time to settle
into coherent masses. The probabllity of these events
coinciding may be low, but so is the proportion of
basic and ultrabasic intrusions having assoclated

magmatic sulfide ore deposits.

6) Isotope studles indicate that the sulfur in at least
a large proportion of the deposits studled had its
origin in the mantle.

In many instances 1t may be difficult to determine if a
Amagma has been subjécted to suéh a rapid_and intense oxidation
process. For instance, the ultrabasic rock at the Marbridge
mine (Clark, 1965) is now almost completély serpentinized.

But a study of unaltered Intruslons containing magmatlic sul-
fide ores might very well yleld evidence of these influences,
espec¢lally on its early history of crystalllzation.

Sulfide ores assoclated with volcanic rocks

Sulfides dissolved in aclidic as well as baslc magmas can

be separated by oxidation and sllica-enrichment. Calc-alkaline
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magmas show a silica~enrichment trend and are most commonlyu
fofmed in geosynclinal areas where water 1is abundant‘and'dan
act as a source of oxygen. Hehoe, there 1s the possibllity
that volcanogenlc sulfide deposits may be genetically related
to & magma in which an-immiscible sulfide liquid formed. How-
ever, sulfide droplets are dense and would tend to move down-
wards whereas the volcanogenic deposlts are formed above the

magma chamber,

An interesting phenomenon: bearing on this problem was
noted while working within the two-liquid phase volume of the

FeS = Fel - Fe 04 - S10_, system. In a few runs that had high

3 2
fs, and fo2 (the fs, was probably greater fhan 1 atm.) the
quenched sulfide liquid formed a layer up to 0.5 millimeters
thick on top of the silicate glass{ The silicate glass con-
tained myriads of small spherical holes which undoubtedly
were bubbles of gas formed during the quench, The signifi-
cance of the bubbles 1is that they invariably had one or more
small droplets of sulfide attached to them in the manner
shown on Plate 6 . The 'gas bubbles gave the appearance of
"floating”" the sulfide droplets, simllar to the flotation of
solids in mineral beneficlation processes, The surface

energy relations between the sulfide liquid and sulfur vapor

would be ideal for flotation according to Professor T. Sglman

(1967, personal communication).
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Two_explanations are advéhaéito account for this
phenomenon.During the quench the‘temperature fell more
rapidly in the poftlon of the silica g;ass capsule odcupied
by vapor than in the liquid which was held in an alumina
container, Bubbles formed qulckly in the 1liquid due mainly .
to the high fs, and rose to the surface with their attached
sulfilde droplets. In another run the neck of the‘silica tube
broke during thé qﬁench. The subsequent loss of pressuré,
causing vapor to bubble from the liquid, very likely floéted‘
the sulflde llquid to the surface.

The 1ldea that sulfides‘in magmas could be concentrated
by Tlotation 1is noﬁinew. Goodchild, as reported by Lindgren
(1928, p. 127), has suggested that gas bubbles could attach
themselves to mlnute orystalsqahd to drops of sulfide liquid
and serve as égents of flotation, In a magma sulfide drop-
lets would form a vapor if the fugacity of the volatile sul-
fur specles, such as Sjp, HoS and S0,, becomes greater than
the external pressure., In a near-surface environment the
external pressure on a vapor could be less than the load
pressure if the enclosing rocks were permeable to vapor
while being impermeable to the maéﬁa. Pressure on the magma
would also be released periodically by the onset of volecanic

activity and fracturing in the enclosing rock.
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There 1s é readily avallable source of water in the
sediments and voleanics of a geosyncelinal pile. Upward
movement of the magma would tend to keep 1t in constant
contact with this water. In deeper parts of the geosyn-
cline the fH“ In the magma 1s controlled by water in the
surrounding rocks, In a near-surface envlironment, however,
some hydrogen could escape due to pressure release, This
escape of hydrogen would permit more water to dissociate to

further the oxidation of the magma.

This rapld change in oxidation state, accompanied by the
precipitation of magnetite, would allow a large amount of
sulfide liquid to separate in a fashion similar to that
1llustrated in Figure 14 (page 73a). Magmas containing
appreclable water are-probably capable of disSOlving more
sulflides than anhydrous ones, hence a higher fo2 might be
requlired to separate a sulfide liquid.v Periodic releases
of pressure would allow vapor to form around the sulfide
droplets which would then rise by the flotation process.
These rising sulfide droplets could escape through a volcan-
ic orifice or collect in a cupola-type structure under low
. pressure. They may also become mixed and dissolved in
aqueous solutions escaping from the magma and those presentv
In fractures in the surrounding rock. Therefore it is poss-

1ble to have a direct magmatic sulfide emanation or sulfide-
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bearing hydrothermal solutions. The solutions could be re~ .
leased at the surface‘by fumarolic activity or they could
preclpitate theilr ioad in a sultable subsurface environment.
The base metals found 1in tﬁeAsulfide ore deposits would de-
pend on whether the magma was basaltié, andesitic, dacltic

or rhyolitic at the time of the formation of tﬁe sulfide
liquid. Metals with low X - 0 : X' - S ratios, at the bottom
of Tgble 1, page 8 , (Fe, 2Zn, Cu, Pb, Ag, etc.) concentrate

in increasingly acidic magmas,

This cyclic process proposed for the release and concen-
tration of base-metal sulfildes in near-surface volcanic en-

vironments would include the following stages:
1) the absorption of water by the magma (See Fig.l7 ).

2) dissociation of water, Hy0 ——> H, + %02,
e

3) oxidation of the magma, mainly by the reaction

) escape of hydrogen by (a) diffusion into the surround-
ing rocks, and (b) the more rapid method of streaming

of f durlng a pressure release,
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5) the consequent further dissoclation of water and

oxlation of FeO,

6) immiscibility of sulfides aﬁd their upward movement
by flotatiOn or‘_*';"-'f»"f""._':%: "' M

7) deposition of the sulfides directly, or their in-

corporation into aqueous solutlons,

In the light of these points 1t 1is suggested that the
sulfide of many deposits, formed at or near the surface in a
volcanic environment, originated by a process that woﬁld be
gself-perpetuating as long as water is avallable, the con-
fining pressure is perlodically released to stream off hy-

'drogen and sulfides, and oxldizable :materials are present.

Sulfides in oceanic and continental flood basalts:
Oceanic and continental flood basalts probably undergo very
little change in composition during their migrafion through
the crust, and sulfide ore deposits apparently do not exist
in them. Their low fugacities of oxygen (Fudali, 1965;.Sato
1966) indicate a lack of oxidation, and the thick monotonous
Plles of lava show clearly that little differentiation towards

silica-rich members has taken place. Because there have been

no changes that would lower the activity of Fe0 or effect
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silica-~enrichment in the magma, there is no reason to expect

the dissolved sulfides to form a separate phase except under

normal erystallization conditions.

Iron formatlons associated with sulfide ores: The

oxidation of a magma‘consldered nedessary to p}oduce a
separate sulfide liquid also causes extra amounts of magnetite
and possibly hematite to form. These minerals would tend to -
be concentrated in lavas assoclated with sﬁlfide ores formed
by this process. However, the iron oxides in the sulfide
liquid and some of those in the magma could be dissolved in
hydrothermal solutions and be‘a source of iron for the small,
discontlinuous iron formations so often found associated with

sulfide ore deposits in volcénlc environments,
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Summary and Conclusions

1) Silicates melt to ionic liquids, and sulfur, as
sulfide, is dissolved in these liquids essentially by

replacing weakly bonded oxygen lons.

2) Of the geologlcally common metal cations, Ee++ forms
the weakest bond to oxygen; hence oxygen bonded with rett
alone 1s most easily displaced by sulfur. The number of
these Fett - 0 - rett groups in the iiquid 18 a measure

of the activity of FeO.

3) Fe0 has a high activity in comparison to Ca0, Mg0 etc.
in silicate liquids containing equal mole proportions of

these oxides.

L4) sulfides can be extracted from Fe0-bearing silicate
liquids by reducing the activity of FeO:
a) by the addition of silica and other oxides to

form stable compounds with FeO.
b) by oxidation of Fe0 to FeZOB’ and

¢) by precipitation of FeO-rich phases.
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1) Phase relations for the FeS - FeO -_3102 join, deter-
mined by Yazawa and Kameda‘(1953) in equilibrium with
iron, were confirmed and extended through the FeS - Fe0 -

Fe304 - 8102 system.

2) The immiscibility gap between silicate liquid and
sulfide ligquid, present for liquids in equllibrium with
iron, was found to extend throughout the FeS - Fe0 -

Fe304 - 8102 system.

3) A quaterﬁary'invariant point is present (I = 10 FeS,
LOFeO, 21Fe304, 29510,; L = 57FeS, 26Fe0, 15Fe30y, 2510,
1095°C (Fig.12) involving fayallte, tridymite, magnetite,
silicate liquid (I), sulfide liquid (L), and vapor. This
invariant point represents the lowest temperature at

which silicate and sulfide liqulds coexist in the system.

4) When a crystallizing silidate'llquid disappears at
the invariant point I (Fig. 13), the conjugate sulfide
liquid at L moves to another invariant point (N= 63FeS,

20Fe0, 16Fe 04, 15105; 955°C) where pyrrhotite separates

3
with magnetite, fayalite and tridymite., If the orliginal
liquid has a high FeO/Fe203 ratio, and is low in silica,
the sulfide liquid moves to a lower invariant point

(Q= 62FeS, 22Fe0, 15Fe304, 15105; 945°C) where the crystal-
lizing assemblage 1ls wustite, magnetite, fayalite and

pyrrhotite.
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5) If the fo, is held at a value above the quartz -
fayalite - magnetite buffer, corresponding to 1nvar1aht
point N, all liquids orystallize to assemblages of
tridymite, magnetite and pyrrhotite. |

6) An homogenous liquid in the quaternary system can be
separated into immiscible sillcate and sulfide liquids
by oxidation alone (Model D, Fig., 14). A change in the

6 atm. at 1100°C is sufficient

fo, from about 1077 to 10~
to separate one-half of the FeS in the liquid o (Fig. 14)

as a sulfide liquid.

1) The solubility of sulfur in silicate magmas ls assumed
to be essentially governed by the actlvity of Fe0 and
limited by the same factors as in the FeS - Fe0 - Fe40 -

SiO2 system.

2) Basic magma is generated by partial melting of the

mantle buffered by a fo, close to the quartz - fayallte -

2
magnetite assemblage.

3) Under these conditlons a sulfide liquid would form
at a temperature close to 955°C, and a silicate liquid
at approximately 1300°C, 1f we neglet the effect of

pressure.
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4) From the amount of sulfur assumed for the mantle

(0.03 wt. percent) and that found in basic igneous rocks,
(0.027 - 0,088 wt, percent) the silicate magma produced

by partial melting will not dissolve all of the originally
formed sulfide 1iquid until at least 30 percent of the
mantle has melted. Thils magma, arriving at or near the

surface, would be saturated with sulfide liquid.

5) Sulfide liquid becomes immliscible in silicate magma
by preclpltation of FeO-bearing minerals and by increase.

of foz.

6) During an.increase in fop sulflde liquid would separate
more rapldly and temporarily halt during a decrease in
foz, but would again separate steadily as the fo, became

constant,

7) The fo, imposed on the sulfide liguld as it cools

2
determines the temperature at which erystallization

ends.

8) Large quentities of sulfide liquid that could form
magmatic sulfide ore deposits may be generated in a

number of ways including:
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a) A direct intrusion of mixed sulfide and sillcate
liquids from the mantle.

b) The rapid oxidation of magma, essentially by the
1ﬁcorporatlon of water, during or preceding its
rgmplacement in the crust.

c) The "sulfurization" process proposed by Kullerud

(1963).

The rapld oxidation method 1is considered to be the most
probable one operative in the formation of magmatic sulfide

ore deposits.

9) Volcanogenic sulfide ore deposits may be formed by collect=-
ing sulfide liquid droplets in a magma by a flotation process
in which sulfur gases form the flotation bubbles,
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Claims to Original Work

In the experimental part of the FeS - Fe0 - Fe,04 -~ Si02

3
system the work was original with the exceptions outlined in
Chapter III, "Previous Phase Equilibrium Work", The original
phase studies and significant results of this work are listed

below.

A. Experimental work

1) Determination of ;1qg1dus phase felations in the
FeS ~_Fe0l- Fe304?”F?Si?gE@304@*”Si02’andﬂF?Sq'"

'E904-3F3364.- $i0, systems.

2) Demonstration of a mechanlism by which sulfide liguid
may be formed by oxlidation of 4ron silicate liquid

containing FeS,

3) Demonstration of the lowering of the magnetite -
pyrrhotite - tridymite solidus temperature as much as

65 degrees by buffering the fo,.

B. Geological implications

Mechanlsms were proposed and supporting data cited for:
1) the generation of coexisting sulfide and silicate liquids
by partial melting of the mantle;
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2) the generation of basaltic .magma saturated with sulfide;

3) the formation of magmatic sulfide deposits by intrusion
of sulfide 1iqu1d generated by partial melting of the

mantle; and

4) the formation of volcanogenic swylfide deposits by
oxidation of magme and flotation of sulfide liquid

deoplets.

Suggestions for Further Work

There 1s much experimental work that could be done to
clarify problems that exist in the liquidus phase relations
between sllicate, oxide and sulfide assemblages. Magma com-
ponents, such as Mg0O, Ca0 and A1203, added to the FeS « Fel -
F9304 - S10, system would ﬁake the phase relations complicated
and difficult to present. However, the effects of adding
these cdmpontents could be evaluated individually for specific
fugacities of oxygen after fhe method used by Roeder and
OSbgpn (1966) and Presnall (1966). A greater knowledge of
the 6xygen and sulfur fugacities in synﬁhetic and natural
immiscible sillcate and sulfide liquids would be of much

value. These and other suggestions are listed below.
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1)

2)

Addition of such o#ldes as g0, Cal, Najy0, and Al12013
and H20 to the present system to determine their in-
dividuél or combined effect on (a) the solubility of
sulfur in silicate liquids and (b) the composition of
the sulfide liquid. |

Extension of the study of the phase relatlions in

% en
~the Fe - S - 0 system to higher g#é&sm—and sulfur

3)

b)

5)

6)

7)

contents.

A study of ways and means to measure the oxygen and

suifur fugacitles in these systems at high temperatures.

A study of the effect of the addition of other tréns-
1tion elements on sulfur solubility in silicate liqg-
uids and on the composition of the sulfide liquid.

of
Determination of the effect/confining pressure on the

phase relations 1in the system.

Determination of the extent of the solubility of

sulfur in magmas.

The design of experiments to evaluate the factors
involved in the flotation of sulfide liquid droplets
in silicate liquids.
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Photomicrographs

(a) X 400

(b) X 160

(c) X 160

(a) Pyrrhotite crysthls in an eutectic intergrowth of pyrrhotite
and iron oxides that formed from liquid during the quench.

(b) Wustite and pyrrhotite crystals in liquid (eutectic intergrowth)

(c) Dendritic crystals of wustite formed during the quench, in an
eutectic intergrowth of pyrrhotite and iron oxides.
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Plate 2

Photomicrographs
(a) X 200
(b) X 160
(c) X 160

(a) Wustite and magnetite crystals
of pyrrhotite and iron oxide).

in liquid (cutectic intergrowth

(b) Wustite crystals exsolving magnetite, surrounded by liquid as in (a).

(¢) Magnetite crystals surrounded by liquid (eutectic intergrowth
containing dendritic pyrrhotite crystals) .
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Plate 3

Photomicrographs

(a) X 160

(b) X 160

(c) X 64

(a) Dendritic crystals of magnetite formed during the quench,
surrounded by an eutectic intergrowth of pyrrhotite and iron oxides.

(b) Primary crystals of fayalite in sulfide liquid.

(c) Quench fayalite crystals in sulfide liquid.



Plate 4

Photomicfographs

(a) X 160

(b) X 160

(c) X 160

(a) Fayalite, magnetite and tridymite crystals in sulfide liquid
(eutectic intergrowth).

(b) Immiscible silicate (dark glass) and sulfide (light eutectic
intergrowth) liquids.

(c) Sulfide liquid below a silicate liquid containing small
immiscible sulfide liquid droplets.
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Plate 5

Photomicrographs

(a) X 160
)‘f'lﬂ;_b't.:nz<‘ o el
S T . )
‘;,p""(;' ‘ccg' ‘1‘, t’“)*!;}t1
L i 'sin%mg.g
L J .’ ol . d ‘
. * d
"ﬁ‘;\\ ey (b) X 200
(c) X 160

(a) Silicate liquid above sulfide liquid containing dendritic
wustite cryvstals,

(b) Sulfide liquid (white) with quench fayalite (chain-1like)
and large dendritic wustite crystals,

(¢) Round drouplets of sulfide liquid in silicate liquid (dark glass) .
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Plate 6

Photomicrographs
(a) X 64
(b) X 160
(a) Silicate liquid (grey glass) containing sulfide liquid
droplets (white) attached to gas bubbles. The bladed crystals
are tridymite.
(b) Silicate liquid surrounding a sulfide liquid droplet
attached to a gas bubble.
¥
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- Appendix Tables

Tables of composition, temperature and phases present
in quenched rums im the FeS =~ FeO - Fé3°4 = 810, system.

Composition (wt.%)
Charge . ; . Temp.
‘No FeO Fe_.j(f)l+ FeS 4 Phases present
S-11 40 200 40 1120 ws + 1
1130, 1
S-25 32 28 40 1130 ws + 1
N3 1
S-25a 32 28 40 1150 1
S-26a 30 30 40 1150 mt + 1
b : 1200 1
s-27 27 33 40 1200 mt + 1
8=50 60 40 1305 mt + 1
| 1315 1.
S=5 50 | 50 1022 dron + ws + 1
- - 1030 iron + 1
1060 iron + 1
1066 1 |
S-35 47 3 50 1040 ws + 1
' | 1051 1
S5-40  548.5 1.5 50 1050 iron + 1
W-281 41 9 50 1031 ws + 1
b 1040 . 1 -
X-10 31 - 19 50 1050 ws + 1
1057 1.
S-36 29 21 50 1050 ws + 1
. 1058. 1
c 1100
S-38 27 23 50’ 1100 mt + 1
S=37 25 25 50. 1100 mt + L
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Composition (wt.%)

Temp. 4
, chﬁﬁfe FQO _ Feéoh FeS o Phages present |
Z-13  22.5 33.5 L 1200 mt; + 1
. 2=15 21 32 47 1200 mt + 1
Z-14, 20.5 31 18.5 1200 1
=10 17 25 58 1125 © 1
Z-11 17.5 26.5 54 1125 1
zZ-12  18.5. 27.5 56 1125 mt + 1
S-46 10 : Ko 50 1200 . mt + 1
8-43 75,5 12.5 15 1270 ws + 1
4 1280 1
S5=47 55 30 15 1300 ws + 1
1312 1
5-48 43 L2 15 1315 ws + 1
1325 1
S-42a 40 . 45 15 130 mt + 1
o B B1.5 43.5 15 ~ 1340 1
S=32 65 5 30 . 1200 iron + 1
S-3hka 63 7 30 1200 1
S=34 63 7 30 1180 iron + ws + 1
1190 irom + 1
S-41 61.5 8.5 30 1190 ws + 1
w-284 58 12 30 1195 ws + 1
1203 1
XA-4 43 27 30 1205 ws + 1
1215 1
5-39 37 33 30 1210 we + mt + 1
1220 mt + 1
1227 1
5-33 35 35 30 1200 we + mt + 1
1220 mt + 1
S-49 20 50 30 1339 mt + 1

1350 1
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Composition (wt.%)

- e R ———————— s Temp.
thgge FeO FGBOA FeS ¢ Phases present
- S=24 57 3 Lo 1110 iron:+ ws + 1
S=22a 55 5 40 1110 ws + 1
» , 1115 ws + 1
) 1120 1
S=29 - 37 23 40 1125 ws + 1
1132 1
W-287 50 10, 0 1115 ws+ 1
' 1125 . 1
M~5a 5 . 50 1200 mt + 1
i) 45 55 1200 B
S=30 k) 19 50 1058 ws + 1
: ' : 1062 X
Sk 4O 60 920 irom + ws + po + 1
930 iron + ws + 1
935 iron + ws + 1
940 iron + 1
S=7 38 62 925 iron + ws + 1
5-6 37 63 925 pors ¥
. 930 1
s-19 38 2 60 940 ws + 1
x 91;.{5 1.
S=-15 55 5 60 935 ws + po + 1
_ oL wa + 1
945 1
S=ih 37 1.5 61.5 931 ws + po + 1
936 1 ‘
S=45 35.5 1.5 63 925 ws + po + 1
931 po + 1
935 1
w-288 29 6 65 954 po + 1
961 1
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W=-163

S-10

Ww-289

S=-12

S5~-20
5-16

S=23
5-28

X-11a-
X~3
s5=85
S=86

s-87

FeO

33
30

26

25
a5

20
21.5
23
23.5
2l

25

2l

22

22

10

14

15
17

20
18.5

14
14.5
15
15

15

16.5

14
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Temp. :
FeS g Phases present
| T T
63 930 ws + po 4+ 1
936 po.+ 1
' 946 po + 1
951 1
61. 926 ws + po + 1
,5 930 . po + 1 :
60 928 ws + po + 1
- 938 ws + 1
945 1
60 940 ws + 1
: 946 1
60 940 ws + po + 1
945 1
60 945 ws + po + 1
950 ws + 1
953 1
60 945 ws + po + 1
975 1l
60 975 mt + 1
60 1040 mt + 1
60 1040 1
63 955 po + 1
62 955 1
61 955 mt + 1
60 950 ws + po + 1
960 ws + 1
61 on1 ws + mt + po + 1
946 ws + po + 1 -
950 ws + 1
956 1
61.5 946 ws + mt + po + 1
951 mt + 1
956 1
6L .. 956 po + 1
961 1



Composition (wt.%)

Temp.
Charge . . . Phases present
_gg. PeO Fes0, FeS - og N ﬂ
Ml 40 60 1130  mt+ 1
- 1135 1
M~6 35 65 1050 mt + 1
' . 1075 mt + 1
1000 1
M-7 32 68 1025 mt + 1
1050 mt + 1
1075 1
M-3 30 70 1025 po + 1
1030 1
%1 12 18 ;70 1020 po + 1
s 1025 1
Z=l; 13 19. 68 1010 po + 1
%=5 14 20 66 1000 1
%-8 14 21 65 995 mt + 1
Z-6a. 15 -1 6l 985 mt + po + 1L
Z-7a 16 22 62 1000 mt + 1
Z=7Db 1050 mt + 1
Z-6b 15 21 64 1050 1
S=31 15 15 70 1007 po + 1
1012 1
X-2 19 11 70 990 po +°1
1000 1
S=14 21 9 70 995 po + 1
1000 1
w-282 25 5 70 975 po + 1
986 po + 1
992 1
5-3 30 70 975 po + 1
980 1
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Composition (wt.%)

Tempe. '
chﬁgge FeO FeBO& FeS o Phases present
s=2 20 80 1040 po + 1

1045 1
W-286 3 17 80 1030 po + 1

1040 1.

X-6 8 12 80 1052 po # 1
| 1058 1

Z-3 12 '8 80 1075 po + 1
A 1080 1

M-2 20 80 1070 po + 1

1075 1

S=1 10 90 1100 po + 1

| 1105 1

w-283 8 2 90 1098 po + 1
: 1104 1

X=1 6 4L 90 1106 po + 1

o 1112 1

Z-2 b 6 90 11157 po + 1
- | 1120 1

M-1 10 90 1125 po + 1

1130 .1
_ FeO  FeS 510, . .
S-69 59 10 31 1160 iron + fa + td + 1

- 1170 irom + td + 1
S-75 58 12.5 . 29.5 117 iron + td + 1
5-80 61 26.5 1152 iron + fa + td + 1

12.5
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€omposition (Wt.%) mpemp.
Charge . ~ ' i : . Phases. present
- No. Fe0 FeS S;!.Oa %% ;
D et e DL R
s-85 59 15 26 1150  irom + td + 1
867 57 15 28 1140 dirom+ £a + td + 1
i - 1150  irom + td + 1
s-82 56 17 27 142 drom+.fa + td + 1
' 1145 iron + td + 2-L

S=62 53 20 27 1140  ironm + fa + td + 1
i : : 1150 irom + td + 2-L

S-66 56 20 2 1142  drom+ fa + 2-L
S-68  54.5.20  25.5 1150  irom + td + 2-L

S=84 60 20 20 1145  dirom + 1
8=74 52 Lo 8 1165  dirom + 1
S=71 50 40 10 1145  irom + fa + 1

1150  irom + 2-L

S-64 32 60 8 1135 irom + fa + 1
1140 irom + 2-IL

S-65 26 70 4 1140  dirom + td + 2-L
§79 20 75 s 1156  irom + td + 2-L
s-78 22 75 3 1166  dirom + 2-L
s-70 23 75 2 1150  irom + 2-L
5-72  21.5 77.5 1 1163  irom + 2-L

S~73 19 80 1 1165  irom+ 2-L

S=76  19.5 80 0.5 1140  dirom + fa + 1

1150 irom. + 2-L

S=77 17 82 1 1135 Jirom + fa + 1
1140 iron + 2-L

S-81 14 85 1 1135 dron + fa + td + 1
1145 iron + td + 1



Composition (wt.%)

Temp., -
Charge
_ o, Fosy TS S19,  og __ Phases mresent
M=12a 55 40 5. 1235 mt + L
. 1250 1

b 53.5 40 645 1235 2-L
M-13 ' 52.5 40 7.5 1200 - mt + 2aL

1215 2-L
‘M=-11 50 5 . 10 1200 mt + td + 2-L
1215, td + 2-L
M-22 42 55 3 1152 mt + 2-L
L 1160 2-L
M=23 I 52.5 3.5 1150 mt: + 2-L
| 1160 2-L.’
M=2l4 . 40 57.5 245 1143 mt + 1
‘ 1150 1
M=-25 L0 55 5 1160 td + 2-L
M=26 43,5 55 1.5 1165 mt + 1
1175 1 r
M=-16 38 60 2 1110 mt: + 1
1120 1
1135 1
M-15 36 60 1135 td + 1
M-17 30 69 1 1020 po + mt + 1
1030 1
M=~18 33 65 2 1100 td + 1
M=19 30 68 2 1025 td + 1
. M=20 28 70 2 1025 po + td + 1
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Composition (wt.%)

Tem@;~
Chﬁzée FeO Fe301+ FeS SiO2 g Phases present
W=360 54,5 10.5 5 30 1120 fa + 1
11307 1
W-361 50 10 5 35 1125 fa + td + 1
| 1135 td + 1
W-349  58.5 11.5 10 20 11257 fa + 1
v - { 1129 . 1
W=350 S4e5 10.5 10 25 1115 fa + 1
1120 1
 We353  52.5 10 10 27.5 1100 fa + 1
: 1105 1
W=351 50 10 10 20 1100 fa + 1
' L S 1105 1
W=-354 48 9.5 10 32.5 1105 fa + td + 1
| 1109 td + 1
W=-352 46 9 10 35 1120 fa + td + 1
: 1125 td + 1 _
W-297 63 12 20 5 1175 ws + 1
. 1188 ws + 1
1200 1
W-292 58,5 11.5 20 10 1105 ws + 1
. 1111 1
W-296 57 1 20 12 1100 fa + 1
1110 1
W-294 54,5 10,5 20 15 11117 fa + 1
1116 1
W=-293 50 10 20- 20 1080 fa + 1
1110 fa + 1
1115 1
W-298 48 9.5 20 22.5 1104 fa + 1
1112 2-1L
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Composition (wt.%)

- g . Tempo . .
mGh§§§e FeO. F°3°4 FeS S:!.Oa : !oc Phases present
W-295 46 9 20 25 1109  fa + td + 2-L

. 1115  2-L |
c. bl 9 20 27 1115 td + 2-L
W=313 L2 8 .20 30 1110 fa + td + 1
1119¢  td + 2-L
W-302 48 9.5 40 2.5 1060 ws + 1
| - 1070 1
W=312 47 9.5 4O 3.5 1050 ws + fa + 1
| » - 1060 fa+ 1
1065 1
W-300 L6 9 40 5 " 1066 fa + 1
107, 1
W=311 4l 8.5 LO 7.5 1095 fa + 1
: 1103 1
W-299 42 8§ 4o 10 1104 fa + 2-L
: : 1110 2-L-
W-303 40 8 4 12 1099  fa + 2-L
1110 2-L -
W-301 37.5 7.5 4O 15 1095  fa + 2-L
1105  2-L '
¢ 35.5 7.5 40 15 1105  tad + 2-L
W-304 335 6.5 40 20 1095  fa + td + 2-L-
- 1105  td + 2-L
W=305 25 5 60 10 1095  fa + td + 2-L
| - 1105 . td + 2-L :
w-307 27 5.5 60 7.5 1096  fa + td + 2-L
1106  td + 2-L
W-306 29.5 5.5 60 5 1100 £a + 2-L
1105 2L
1088 fa + 1
1095 1
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Composition (wt.%)

ChaT8® peo  Fe.0, '« FeS 510, Tgmp' Phases present
_Jo. 7°7 72 0 s SN b
w-310 32 7 60 1 950 . fat+ 1
3 - 1000 1 -
¢ 315 6.5 60 2 1000 fa+1
3245 7 60 . 0.5 930 fa + po & 1
934 .l o
W-327 25 5 65 5 1095  fa + td + 2-L
e 1105  td + 2-L |
w-328 25 5 67.5 25 1090  fa + td + 1
. 1100 2L
W-331a 25 5 68.5 1.5 1070 fa + 1
b 25 5 69 1 1030 fa + 1
c 25 5 69.5 0.5 990  po + 1
W=325 21. 4 20 5 1095 fa + td + 2-L
1106  td + 2-L
W-326 21 L 2.5 2.5 1095 fa + td + 2-L
: | 1100  td + 2-L
W-332a 21 L 73.5 1.5 1050 fa + t@ + 1
b 21 L 72 1 1030 fa + 1
c 21 L 4.5 .0.5 1020 po + 1
W-316 14.5 3 80 2.5 1055 td + po + 1
1060 td + 1
W-336 6.5 1 87.5 5 1100 td + po + 1
' 1105  tdi+ 1
X=45 43 2, 30 3 1125 ws + 1
X=42  41.5 23.5 30 5 1125 mt+ 1
1140 1
X~-4ly  K0.5 22.5 30 7 1125 mt+ 1
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5145

Charge B

_ Mo, FeO TFel,
X=39 38,5 21.5
X-43 36,5 20.5
X-46 37.5 21
X-40 35 20
X=-41 33.5 19
X=-28 35 20
X-32  33.5 19
X-3% 31 18
X=33 30.5 17
X-38 24 13.5
X-58 42 23
X-63 28.5

FeS S10

—————
30 7
30 13
30 11.5
30 15
30 17.5
40 5
LY 10
K 11
4O  i12.5
60 2.5

5 30
10 10
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Tempe.

Oq Phases present
1100 mt + 1

1105 1 SN
1078 mtt + fa + 1
1093 fa + 1

1100 2L

1120 2=L

1120 1

1075 mt + fa + td + 1
1095 fa + 1 _
1700 2-L '
1120 2=L

1100 td + 2=L

1120 td + 2-L

1075 mb + f£a 4+ 1
1088 mt. + 1

1100 1

1125 1l

1050 mt + fa + 1
1065 fa + 1

1092 fa + 1

1100 2=-L

1095 td + 2-L

1097 td + 2=L

960 fa + td + po + 1
970 fa + td + 1
1100 fa +td + 1
1110 td + 1

1210 mt. + 1

1218 1.

1220 ws + mt + 1
1230 ws + 1

1250; ws + 1

1260 1



compositibnwat.%)

Charge ,
-.1.«.9.,__.5?.‘3__3335‘.#
X477 48 27
X-52 ' 47 26
X-56 46 25.5
X=48 45 25
X=-49 41.5 23.5
X-55 40.5 23
X-53 40 = 22
X=50  38.5 21.5
X-20 45 25
X=20 43.5 24
X"23 L|-1 05 . 2305
X=27 40 22.5
X-21 L2 18
X-26 3¢ 21
X-26 36 20.5
X=-22 35 20

FeS'

10

10
10

10

10

10

10
10

20
20

20

20
20
20

20

20

- S10.

2

. Pempe

a : Phases present

.15.

17
18.5

20

25
26.5

30
30
10

12.5

15

- 17.5

20

22

25

25
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1210 - mt + 1

1220 1

1180 nt + 1

1180 mt + 1

1200 1m¢ + 1

1210 :1

1160 mt. + 1

1190 mt. + 1

1200 1

1180 mt + 1

1195 1

1160 mt + 1

1175 1

1200 1

1200 td + 1

1170 mt + 1

1182 1

1150 mt + 1

1160 1

1120 mt + fa + 1
1130 mt + 1

3140 1

1125 mt + 1

1130 2~L

1090 mt + td + 2-L
1110 2-L

1095 mt + td + 2-L
1110 2-L '
1110 td + 2-L

1090 mt + fa + td + 1
1095 mt + td + 2-L
1120 td + 2-L



Composition (wt.%)

‘ Temp.
Charge e
oo T Tesly FeS 810, g, . Phases presemt
Z2-26 26.5 43.5 10 20 1237 mt. + XL
1255 1 .
2-25- 25 LO 10 25 1200 mt + 1
' : 1215 1l
1270 1

Z-27 24 38.5 10 27.5 1270  tdo#+ 1
Z=34 28 39  12.5 24.5 1200 mk + 2L

1210 2-L
Z=33 25,5 k1.5 20 13 1250 mt+ 1
1262 1
2-18 25 40 20 15 1220 mt+ 2-L
1235  2-L
Z-29 24 38.5 20 17.5 1225 2-L -
Z2-16 23 37 20 20 1130 mt: + td + 2-L
1170 mt + 2~
1185  2-L
Z-20 22 36 20 22 1175  mt + td + 2-L
| 1200 td + 2-L
z-21 21 3y 40 5 1185 . mt + 1
1205 1
7-28 20 52.5 40 9.5 1185  2-L
Z-17 19 31 50 10 1120 mt + 2-L
1130 e
Z2-23  18.5 30 40 11.5 1070 mt + 1
| 1080 1
Z-30  14.5 23.5 60 2 1070  mt + td + 1
1100  td + 1
1120 1
7-31 15 2l 60 1 1070  mt + 1
1080 1

- 152 -



Composition (wt.%)

‘Chafge -~
" Mo, Peo - PFe

Temp.'

§04 FeS. ,5102 - ._oc ses

-

Z=32"  13.5 22,5 60 . 4 1100  td + 2-L
7T T T 120 td 42l

Z=35° 13 22 . 62,5 2.5 1100 - td + 2-L
B R T SRR 1P S S
 §=51 50 .20  20.. 10" 1080 . ws + fa #1
T T T 51100 L sws # L L
CIT10 - ws 1
o112 oy -
S=55 47.5 20 20  12.5 1090 ws.+ fa + 1
. 7 1100 . fa+ 1l
110 1 o
§-52 37 20 20 .23 1095 mt+ fa+ td+ 1
- | . T 1100 . .td + 2-L
'S-63 34 24 20 22 1095 mt + Pa + td + 2-L
g : o . 71100 mt + td + 2-L

1105  td + 2-L
s-62 52 1 200 27 1140 . drom + fa + bd + 1
_ ' - 1150 -~ dirom + td + 2-L

§-53 © 38.5 18.5 40 '3 1050 " ws+ fa+ 1l
L . 1060 ws + 1

1065 1
S=57 37 18 4 5 1060 fa + 1
o 1070 1
S-54 28 22 40 10 1095  mt + td + 2-L
| | 1105  td + 2-L
S=61 42 1 40 17 1135  fa+ td +1
- | 150 td + 2-L
5-60 57 1 15 27 1135 . fa+ td+ 1
1140 fa + td ¥ 1

1150 td + 1
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Phases p?esent‘ 3u;':.‘;v





