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ABSTRACT 

Activity of FeO is the main factor governing solubility of FeS 

in silicate liquids containing FeO. In the FeS - FeO - Fe304 - Si02 

system, sulf,ide liquid coexis.ts with silicate liquid when the silicate 

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

(weight percent) 
FeS FeO Fe304 Si02 

(silicate liquid) 
16 57 1 

(suIf ide liquid) 
83 15 0.5 

(silicate liquid) 

) 
26 ) 

) 
) 

1.5 ~ 

10 40 21 29 
) 
) 
) 
) 
) 

(sulfide liquid) 
57 26 15 2 

63 20 16 1 

62 22 15 1 

62 36 1 1 

85 14 0.5 0.5 

SuIf ide liquid can be formed by 

iron,fa,td,2-L,v 

1095 ±5°C mt,fa,td,2-L,v 

955 +5°C mt,fa,td,po,l,v 

945 +5°C ws,mt,fa,po,l,v 

917 +3°C iron,ws,fa,po,l,v 

1075 ±lO°C iron,fa,td,po,l,v 

oxidation of siliceous iron silicate 

liquid containing more than 10 weight percent FeS. When f02 is buffered 

above the quartz-fayalite-magnetite assemblage, the magnetite-pyrrhotite-

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

In nature, suIf ide liquids can be generated by partial melting of 

the mantle or by oxidation of magma. 
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Chapter l 

Introduotion 

. Magnetite, and less oommonly hematite, are oonstituents 

of Many sulfide ores. Magnetite is also oommon in dis.persed 

sulfide grains in igneous rooks. Frequently the te~tural and 

spatial relations of the assooiated Magnetite, sulfides and 

silioates in these rooks and ores indioate that they ory­

stallized together, in Many oases apparently from a melt. 

The sulfide grains and ores are ole~nly separated from the 

enolosing silioate rooks and have in Many oases, been oon­

sidered to have formed from a separate llquid phase that 

beoame immisoible in the parent silio$te melt. The present 

work was oonoeived as a study of the immisoibility of oertain 

sulfide and silioate liquids and one that would supply 4ata 

for the interpretation of the separation and orystallization 

of a sulfide phase in a silioate melt. 

During the past sixt Y years equilibrium phase relations 

have been worked out for Many oombinations of the major rook-

- 1 -



formlng oxldes. Where phase relatlons have been extended to 

non-equlllbrlum oondltlons, suoh as orystal fractlonatlon, 

they have served as a basls for lnterpretlng the crystalllz­

atlon hlstory of the sllloate and oxlde portlons of magmas. 

In thls work, however, few studles have been.made of the 

phase relatlons of assoclated sulfldes, oxldes and slllcates. 

In lnltlal studles the systems are necessarlly slmple and. 

are ohosen ta cover many faoets of the problem uslng as few 

components as possible. For thls reason lron 1s the.obvlous 

choloe of the Metal catlons; lt ls a major slilcate component 

and forms a large proportlon of the oÉlde and sulflde mlnerals 

ln the earth's crust. In addltlon, .1ron has a speclal slgn­

lflcance: under oertaln oonditions lt can change 1ts val-

ence state and thereby many of lts chemlcal propert1es. The 

effeot of thls ohange on the dlfferentlatlon of magmas ls 

profound (Osborn, 1959). In thls thesls 1t ls shown that lt 

May have a slmllar effecton the separation and crystalllzatlon 

of the sulflde components ln a magma. 

The phase relatlons ln the system FeS - FeO - Fe304 -

8102 wlll be correlated ln thls thesls wlth those studled ln 

other systems pertlnent to magmas. Uslng these relatlons 

and data on the structure and behavlour of sllloate and 
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aulflde llqulda, models are presented to lllustrate methods 

by whloh sulfldes orystalllze from a slmple melt; and, ln 

partloular, oondltlons under whloh they oould aeparate to 

form d1sorete bodles suoh as some types of sulflde depoa1ts 

found ln nature. 

- 3 -



Chapter II 

Sulfur In S'1.lioate Liquids 

A basio magma may be looked upon as a solution of alkali, 

alkali-earth and transition-metal silioates and alumino-sil­

ioates, plus small amounts of oXides, halides, sulfides, 

phosphates and others. As the magma oools 1t beoomes sat­

urated in oerta1nphases whioh separate as solids, liquids 

or gas. The laws governing the solubility of sulfur in sil­

ioate liquids and the separation of a sulfide liquid are 

oonsidered here. 

The immisoibillty of sulflde liquids ln sllioate systems 

is we11 establlshed from smeltlng prooesses ln whloh a llquld 

matte of sulfldes oolleots belowa sllloate slag. Thls ob­

servation was applled to geology by Vogt (1921) to explain 

- 4 -



the orlgln of certaln lron-nlckel-copper sulflde ore deposlts 

assoclated wlth baslc plutonlc rooks. Vogt further used the 

concept to explaln the polyASulflde gralns found ln the mes­

ostasls of basl0 rooks and suggested that the sulfldes beoame 
, 
t.. 

lmmlsclble as the s111ca content of the lnterstl~al 11quld 

1ncreased. 

There are, howeverD some arguments agalnst the appllcat-

10n of thls prlnclple to geologl0 condltlons, at least to the 

formatlon of magmatlc sulflde ore ~eposlts. The ma1n problem 

ls whether large amounts of sulfldes, now occurrlng as sul­

flde depoalts, were ever dlss01ved in basl0 magmas. And if 

they were, then what were the oauses and meohanlsm of thelr 

separatlon w~en the magma was lntruded? 

The factors governlng the solubl1lty of sulfldes ln s11-

10ate 11qulds are revlewed ln 11ght of reoent studles on the 

structure and thermodynamlc properties of these liqulds. 

Solubl11ty of sulfur ln silioate liquida 

For sulfur to dissolve ln a sillcate 11qu1d 1t must 

become bonded to a poslt1vely oharged 10n. To beoome bonded 

in th1s way, and to retaln a balanoed electrostatlc oharge ln 

the s11icate 11quld, lt must e1ther dlsplace oxygen or "oxldlze" 

some catlon to a hlgher valence state. In s1110ate 11qulds 

there are three s1tes ln whloh sulfur may subst1tute for 

an oxygen 10n~ the Me - 0 - Me, Me - 0 - S1 and S1 - 0 - Sl 

sites (Me = metal catlon, see Flg. 1). However, because of 

- 5 -



~ .. 

Me 

'0 S 0 0 0 
1 

. ;. Me _. 0 - Si - 0 -Me - 0 - Me - 0 - Si - <> . Si - 0 - Si 

0 0 0 0 , , 
Me Me Me Me 

'. 
0 0 0 

·1 

Si - 0'- Si - 0 - Si 
1 

0 0 0 

Fig. 1. A diagramatic structure of a simple silicate 

4- 2n-liqui.d containing 0=, Si04 ' and (Si03)n anions and 

Metal cations (Me).Sulfur (S) es~entially replaces 

only weakly bonded oxygen in silicate liquids. Si-O 

bonds are very strong as are Me-O bonds when Me = Mg, 

Ca, Al, Na, etc. Me~O bonds are weak when Me = Fe++ 

and other divalent transition Metal cations. Values of 

Metal to oxygen and Metal to sulfur bond ei1erg~èBare 

listed in Table 1. 

- 6 -
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the hlgh energy of the Sl - 0 bond relatlve to Sl - S, lt ls 

unllkely that sulfur substltutes for oxygen bonded wlth s111can 

to any appreclable degree. Thls ls substantlated by the almost 

complete lack of reaction between molten sulfides and s111ca 

glass containers used ln hlgh temperature experlmental work 

on sulflde systems. 

The Me - 0 and Me - S relative bond energy values, as 

given by Nockolds (1966), lndlcate that the ease wlth whlch 

sulfur can substltute for oxygen in these sltes, wlth the 

exception of magneslum and alumlnum, will be ln the decreaslng 

order~ Me - 0 - Me, Me - 0 - Si and Sl - 0 - Sl (see Table 1). 

In the Me - 0 - Me sltes the tendency for the sulfur to sub­

stltute for oxygen lncreases as catlons lower ln the columns .. 

·of Table 1 ooouPY the Me position. When the number of sulfide 

ions ln the melt beoomes greater than the number of sites 

avallable in whloh sulfur can substltute, a separate sulflde 

phase forms; and, lf the temperature of the system ls ab ove 

the melting polnt of the sulflde phase, the separatlng sulflde 

phase wlll be a llqllld. This ls the lmmlsclblllty that ls so 

often found between liquids having dlfferent bond types. 

structure of sllioate llqulds 

Bookrla, et al. (1952) demonstrated t~t sllicate llqulda 

are oonduotors of electrlcity and thus that the bondlng between 

- 7 -



'nable 1 

Comparlson of Me - 0 wlth Me - S slngle valence bondlng 

. energles (after Nookolds, 1966). 

Slngle Slngle 
Valence Va.lence 
Bondlng % Bondlng % 
Energy Ionlc Energy Ionlc Ratl0 

Catlon Me - 0(1) Character Me - S(2) Character -(1)/(2) -
Mg 101 ,_ (68) ,48 .(34) .,2.10 

Al 100 (60) 48 ,(25) 2.08 

Sl 95 (45) 47 (13) 2.02 

Tl lv 87 (51) L).3 ,', (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 

snlv '75 (43) 40 (10.) 1.8,7 

crlll 87 (49) 47 (16) 1.85 

Zn 85 (51) 46 ( 17) 1.85 

Mnll 87 (60) 47 (25) 1.85 

Nl 84 (47) 46 ( 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) 41 (16) 1.73 

- 8 -



radicals to be essentially ionic in character. The anions 

may be simple silicate groups, e.g. Si044-" or pOlymers of 
2n-some group, e.g. (Si03)n ,the latter collectively called 

polyanions. In theseanions and polyanions the bonds between 

silicà and oxygen are about 50 percent covalent wh1le those 

holding the an10ns ,and pOlyanlons to one another are ionlc 

Me - 0 bonds. 

The ionie llquid may be visualized as hav~ng a quasl­

crystalline structure. It has no long-range order but retalns 

short-range ordering of its chemioal bonds. Eaoh catlon is 

surrounded by about the same number of anions as in the solld, 

so that "1) for a g1ven stoich10metry, the polyanion charge 

per mole must equal that of the corresponding catlons, and 

2) the structures must obey the stereochemlstry of the co­

ordinating nonmetal; that ls, the Si - 0 - Si angle ln a 

suggested structure must be near to 1400 ." (Bloom and 

Bockris, 1964, p. 55). 

The lonio character of bonds ls of great lmportance 

ln deduc~ng certain physical properties of sllicate llquids. 

Acoordlng to Myuller (1960), 10nic bonds cause hlgher fluid­

ity, greater dlffuslon of lons, and, increased,rates of 

chemical reactlons. Correspondingly, the short-ranged, 

localized, covalent bonds result in reduced fluldity, low 

atomic diffusion rates and low rSLtes of ohemical reaction. 

- 9 -



Slnce sulfur can essentlally substltute only for 

oxygen bonded solely to metals ln the lower part of Table 1, 

lt ls lmportant to be. able to determlne the proportlon of 

these Me - 0 - Me groups ln the slllcate llquld. Thelr for­

matlon ls controlled by such factors as (1) the amount of 

slllos ln the llquld, (2) the strength and type of bond formed 

by the metal oatlons, and (3) the type of anlons and polyan­

l.ona formed. These factors comblne to glve the silicate 

llquld a deflnlte struoture at oonstant temperature, pressure 

and composltlon. 

A model for the structure of sllioate llqulds has 

been proposed by Bookrls and Lowe (1954) and Bookrls, et a·l. 

(1955) using comblnations of posslble an 1 ons formed and the 

measured actlvltles of alkall, alkall-earth and transltlon 

metals' oxldes ln sllloate llqulds. They envlsage the sllloa 

crystal structure belng broken up to form lonl0 groups whlch 

polymerlze to lncreaslngly complex polyanlons as the slllca 

concentratlon of the llquld la lncreased. The anlons they 

flnd that best flt the experlmental data for the slllcate 

llquld are acomblnatlon of 02-, Sl044-, (S103)!n- and 

(S102.5)~-. Table 2 llsts the anlons predlcated for slllcate 

melts by Bloom and Bockrls (1964). They polnt out that other 

anions may be present but are not needed to satlsfy the charge 

or sotlvlty requlrements. 

- 10 -



JI1able 2 

_Polyanions present in liquid silioates oomprlsed of 

3102 and MeO (after Bloom and Bockrls, 1964, and Knapp, 

1966) . 

-Composition (mole %) 

From 33% to 50% S102 

At about 50% 3102 
(MeO.3102) 

From 50% to 67% 3i02 

At about 67% 3102 
(MeO. 23102) 

More than 67% 3102 

_Domlnant Anlons 

Polymer1zatlon of 31~4-anlons to 

(°331 - ° - 3103)6- anlons and 

chalns 

R1ng formatlon occurs due to the 
6-lncrease ln chaln length. (3103)3 

and (3i03)Z- rlngs are domlnant. 

Larger rlng anions are formed. 

(316°15)6- and (318°20)8- anlons 
dom1nate. 

(a) MeO = alkal1 and barlum 
ox1des~ oontlnued formation 
of oomplex sll1cate anlons, 

(b) MeO = most other metal oxldes~ 
two-l1quld fleld; an 1on1c 
s 1l1oa te llquld "and a coval­
ent, almost pure, sll1ca 
llqu1d. 

- 11-



A dlfferent type of silicate anion is discussed by 

Belov (1959) for coordination with calci~ and,the alka11 

cations. According to Belov, these cations with their large 

10nic rad1i form much larger octahedra w1th oxygen than do 

the smaller 10ns of magnes1um and 1ron. When s111ca 1s added 

to a melt contain1ng thesecat10ns, 1t coordinates 1n the 

form of 812°76- d10rtho groups around calc1um and the other 

large cat10ns (cor~espond1ng to the wollaston1te structure). 

He further suggests that if alumina 1s present 1t substitutes 

for si11ca in the d10rtho group to form the A18iO~- an10ns of 

the feldspars. These anions probably play the dominant role 

1n lowering the act1v1ty of CaO, Na20 and K20 in alum1no­

s1l1cate melts. 

If these proposals are comb1ned, as suggested by Belov 

(1959), the type of structures formed in natural si11cate 

l1qu1ds, 1.e. magmas, can be deduced. The small cat10ns of 

magnes1um and iron (and also Mn, N1, Co, Zn, cu++, etc.) are 

coor1ndated by s1lica tetrahedra to form 011vine-type struct­

ures. The larger cat10ns of calci~,potass1um and sodium 

(and also Ba, 8r, Pb, etc.) are coordinated by 812°77- gro~ps 

to form wollastonite and feadspar-type structures. 

Non-ideal si11cate 11qu1ds, 

The solut1on of s111ca ln oxlde 11qulds ls never ideal, 

and even in d11ute solutlons all the silicate 10ns w1l1 not 
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be Sl044- or S1
2

07
7-. Other anlons wlth slmple struotures 

wlll fprm ln small oonoentratlons. The formatlon of the more 

oomplex anlons releases an equlvalent number of metal catlons 

whloh wlll be bonded in the Me - ° - Me fashlo~. The number 

of lons of any one speoles ln thellquld ls proportionsl to 

the aotlvlty of that specles. 

In Flgure 2, the anlon speoles for the system PbO - S102 
have been estlmated by Flood and Knapp (1963) uslng exper­

lmentally determlned PbO and S102 aotlvltles. It oan be seen 

from thls dlagram that 02- lons, that 1s, Pb - ° - Pb bonds, 

are present up to hlgh sllloa contents. This hlgh aotlvlty 

of the 02- lon appears to be a funotion of the strength and 

oharacter of the Me - 0 bond. In the relatlon 

Me = 0 + -Sl - ° - Sl-

"" . . 
-Sl - 0 - Me - 0 - Sl-, , 

metal catlons that form strong lonl0 bonds are most effective 

ln breaklng the Sl - ° - Sl brldges and ln thls way share most 

of thelr oxygen wlth sll1con. 

The bonds between oxygen and the alkall and alkall earth 

metals are more lonlc ln oharaoter than those wlth the trans-

ltlon metals. The transltlon metal oatlons thus have less 

tendenoy to break Sl - 0 - Sl brldges and hence would be'more 
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aval1ab1e to form oova1ent bonds wlth other anlon groups suoh 

as the su1fldes. A compl1atlon of thls data ls glven ln'Tab1e 1. 

Su1flde-oxlde 11qulda 

Most translt10n meta1 su1fldes, ln partlou1ar FeS, are 

meta111c-cova1ent bonded compounds (Paullng, 1960)~ The lron 

oxldes ' FeO ' and FeJ04 have bond types slml1ar to FeS but 

are more lonl0 ln oharacter (Table 1). When these compounds 

are me1ted separate1y or together they form 11qulda of low 

vlscoslty (comparable to 11quld mercury or ga111um) whose 

densltles, at 1east ln the case of FeS, are on1y s11ght1y lower 

than that of the so11ds (Ubbe1ohde, 1965, p. 188). In the 

so11d state these lron oxldes and su1fldes are a1most comp1ete-

1y lnso1ub1e ln each other, but as 11qulds they are mlscib1e 

ln a11 proportlons. Apparent1y oxygen and su1fur oan sub­

atltute free1y for each other ln the expanded structure of 

these 11qulds. 

Su1fur oapaclty of meta11urglca1 slags 

There are numerous references in the 11terature on the 

actlvltles of oxldes ln meta11urglca1 slags. Much of the data 

ln these studles was obtalned by measurlng the capaolty of 

the slags to dlsso1ve su1fur. Rosenqv1st (1951) used the 

equl1lbrlum re1atlon. 
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to measure the act1vity of CaO in lime-silioa slags around 

15000C, basing his method on the supposition that oxygen is 

replaoeable by sulfur only when it .is bonded to oaloium ions 

alone. With an inoreasing s11ioa oontent, he found that the 

amount of CaS formed, and thus the CaO aotivlty, ln the slag 

deoreased. 

Similar results were obtained by Riohardson and Finoham 

(1954) on oalolum, magneslum and lron s1110ate slags between 

14500 and 16500C. 

They found that sulfur can be dlss01ved ln FeO- and 

CaO- rlch slags equally well, but that much less can be dls­

solved ln MgO- rlch slags. Thls result corresponds well wlth 

the free-energy data they give for the reactions: 

1) FeO + is ~===">:!' Fe·S + i02 2 ........ 

A FO 1642 - 20000K = +25,280 - 2.41T± 3000 cal. 

2) CaO + iS2 '< '> CaS + i02 

A FO 1023 - 20000K~+23,020 - 1.25T ±500 cal. 

3) ~gO + i s2 " ">MgS + i02 
~Fo 1380 - 20000K = +44,180 - 2.85T $8000 oal. 

H~wever, the amount of sulfide that can be formed in any 

of these reactions is directly proportional to the amount 
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of aval1able oxlde; that ls. proportlonal to the actlvlty of 

the oXlde.Anexample of the actlvltles they measured ln 

'experlmental slags at about 15000C and havlng about al, 1 

molar ratl0 of metal oxlde to s111ca ls glven below,: 

1) 0.54 molar FeO ln FeO - 8102 slag; a(FeO) = 0 11 )9 

2) 0.50 molar MgO ln MgO - 8102 slag; a(MgO) = 0.10 

3} 0.56 molar CaO ln CaO - 8102 slag: s(CaO) = 0.014 

From these data. Rlchardson and Flncham conclude that 

FeO - SlO2 slags. except when very s111ca-poor~ should be 

capable of dlsso1vlng a much larger quantlty of sulfur than 

CaO···- SlO2 slags; and at any metal oxlde-s111ca ratl0, should 

dlss01ve more sulfur than MgO - Sl02 slags. The hlgh FeO 

actlvlty ls reflected ln the low free energy of formatlon 

value for Fe2s104.and the lnstabl1lty of FeSl0) (Table ). 

The low QaO actlvlty clearly indlcates that very 

11ttle CaS could form even though lts free energy value 

ls as favorable as that for FeS. The large negatlve free 

energles of formatlon of the calclum s111cates and alumlno­

s111cates 11sted ln Table 4 lndlcate thelr stabl11ty wlth 

respect to CaS and th us the low CaO actlv1t1es that could 

be expected ln such 11qu1ds. The same pr1nclple would 

apply to Na20 and Na2s whose free energy values are almost 

1dent1cal. The stabl1lty of sodium s111cates and alum1no-
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silioates with respeot to Na2s·would indioate that the 

aotivitiesofNa20 would be very loweven in relatively 

silioa-poor liquids. 

The low free energies of formation for magnesium 

silioates are refleoted by the aotlvlty of MgO olted 

above. However, the large d1fferenoe ln the free energ1es 

betwe:en MgO and MgS prevent the -formatlon of any appreol­

able amount of sulflde. 

st. Plerre and Chlpman (1956) conflrmed much of the 

aotlvltyand sulfur-absorblng oapaclty data of Richardson. 

and Flncham but malntain that FeO - Sl02 slags.can hold 

more sulfur than CaO - Sl02 slags only when they contaln 

more than 33 mole precent sllica. Studies slnce that time 

have been concerned ma1nly wlth more acourate calculatlons 

of oxldé actlvltles but the overall concluslons have not 

ohanged. 

Sum..1'Jlary 

As the top les dlscussed in thls seotlon have been taken 

fram dlverse flelds, they are aummarlzed below to stress thelr 

bearing on thia study. 

1) Sillcate liqulda have lonic bonds, whereas lron sulflde­

oxide liqulda have metalllc-covalent bonds. 
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Table ) 

Free Energy of Formation 

.Compound A-Fo 
15000 K 

Reference 

-Ca2Si04 -)1.9 Keal Kay & Taylor (1960) 

CaSiO) -20.6 Keal Kay & Taylor (1960) 

CaAl2Si20a -)).6 Keal Kay & Taylor (1960) 

Mg2Si04 - 9.4 Keal Henderson & Taylor (1966) 

MgSi0) - 5.1 Keal Henderson & Taylor (1966) 

Fe2Si04 - 4.0 Keal Muan (1966) 

FeSi0) + 1. Keal Muan (1966) 

Na2Si0) -54.1 Keal Kelley (1962) 

Na2Al·Si04 -)6. Keal Kelley (1962) 

Na AlSi206 -)0. Keal Kelley (1962) 

NaAlSi)Oa -)9. Keal Kelley (1962) 
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2) Sulfur substitutes most readily for oxygen :!n sites 

where the Me - 0 , Me - S bond energy ratio is the lowest. 

3) Anions that share the largest proportion of their oxygen 

with metal cations form most readlly in siliea-poor liquids. 

With inereasing siliea content. Sl - 0 - Si bonds forme 

4} The distribution of ions in silicate liquids is never 

ideal; thus a number of Me - 0 - Me bonds are always. 

present. The number of these bonds is proportional to 

the aetiv1ty of MeO whieh, in general, dee:reases w1th 

increas1ng siliea content. 

5) In slaga with equal molar proportions of CaO, MgO and 

FeO, and more than about 33 mole percent siliea, the aot-

1vities of the oxidesare in the genersl order FeO > 
MgO »CaO. 

6} Of the major rock-forming metal cations, ferrous iron 

forma the weakest and least ionic bond w1th 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 polymetallio silicate liquid, eontaining more 

than about 33 mole percent siliea, is mainly a funetion 

of the aetivity of ferrous irone 
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8) In general, the aetivity of ferrous iron, and othermetal 

ca t ions, is high in bas ie mel ts and low i.n s ilieeous ones and 

the eapaoity of these melts to dissolve sulfur should be 

direetly proportional. 

9) Sulfur ln exoess of the amount that oan substitute in 

the silloate liquid structure forms a separate sulfide 

phase that will be an • immisclble • llquid if the temper­

ature of the system ia above the meitlng point of this 

phase. 

Extraction of sulfides from a silicate llguld 

It would be of oonsiderable geologic lnterest to know 

how suifides eould be extraoted from silicate iiquids and 

especially if physico-ehemleal me chanis ms exlst to make them 

exsolve st a realtively rapid rate. From the data reviewed 

in this chspter the most obvious meansof exsolving sulf1des 

would be to decrease the actlvity of metai oXldes, and that 

"of the FeO ln particular. Some possible meehanisms to achieve 

thls are llsted below; 

i) addition of sillea to increase the silicate anion; 

metai cation ratio.',. 

il) addition of oxygen to eonvert ferrous iron tothe 

ferric state. 
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ii1) addition of other substances to form stable com­

plexes with FeO and the other metal oxides. 

iV) prec1pitation of 1ron-rich phases other than the 

sulfides. 

Methods i, ii, and iv are examined in the study of 

phase equi11bria in the system FeS - FeO - FeJ04 - 3i02• 
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-Chapter III 

P-rev1ous Phase Egu111br1um Work 

" A substant1al number of stud1es have been made on the 

phase relat10ns 1n the system FeS - FeO - Fe304 - 81°2-

Most of them, however, deal w1th the FeO - Fe203 - 8102 

ternary, whl1e those conta1n1ng FeS are ma1nly of a re­

connaissance nature. 

FeO - F9304: Th1s jo1n forma a part of the larger 

system Fe - 0 whose phase relat10ns have been 1nvest1ga.ted 

by Darken and Gurry (1945) and Phl111ps and Muan (1960) 

among others (F1g. 3). Iron ox1de 1n 1ts lowest ox1dat1on 

state, wust1te,~~s not sto1ch1ometr1c FeO but forms a cell 

defic1ent 1n 1ron. The wustite structure can be cons1dered 

as a close-pack1ng of oxygen atoms w1th some of the metal 

pos1t1ons of the NaCl arrangement empty_ Neutron d1ffract-

10n stud1es by Roth (1960) 1nd1cate that s,ome 1ron atoms 

11e 1n the tetrahedrally coord1nated pos1t1ons occup1ed 
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by metal atoms ln the splnel struoture lnstead of the 

octahedrally ooordlnated posltlons of the NaCl type 

arrangement. Darken and Gurry (1945) set the 11mlts of 

the wustlte fleld between 23.15 and 25.60 peroent oxygen 

whereas stolohlometrl0 FeO wou1d oontaln 22.27 percent 

oxygene (Welght percent le used here and throughout thls 

report un1ess otherwlse stated.). Wustlte wlth an oxygen 

oontent greater than about 25.3 percent melts inoongruently 

at 14210 C to y1eld magnetlte plus 11quld. Below 560oc, 
wustlte breaks down to form lron and magnetlte. 

Stolchlometrlc magnetite (27.63% oxygen) ls stable at 

all temperatures' below the llquldus. However, magnetlte can 

become lncreas lngly deflclen't in lr.on (max. 28.40% oxygen) 

at hlgh temperatures ln an oxldlzlng atmosphere (Phll1lps 

and Mua~,. 1960). 

FeO - S102~ Thls system was first studled by Bowen and 

Schalrer (1932) uslng lron cruclbles as oharge containers. 

They recognlzed that wust1te was not stolch1ometrlc FeO 

and that 1ron was the prlmary crystalllzlng phase along 
ln 

a large part of the job. Calcu1at1ng a1l 1ron as FeO the y 

g1ve the composltlon of faya11te as 70.5 FeO, 29.5 S102' 

melt1ng at 1205±20 C. However, they found that fayalite 

always contained about 2.25 percent Fe20
3

• 
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Small ohanges have been suggested by Sohuhmann an~ Ens10 

(19.51) and by Allen and Snow' (19.55) f'or the FeO - Fe2s104 

seot10n of' the j01n. The lattor determ1ned the melt1ng 

p01nt of' faya11te at 1204*20C and f'ound 1ts oompos1t10n to 

ohange f'rom 70.16 FeO, 0.14 Fe203' 29.78 S102 to 63 • .55 FeO, 

2.00 Fe203' 34.4.5 S102 w1th an 1noreas1ngly ox1d1z1ng at­

mosphere. They plaoe the euteot10 between Wust1te and f'ay­

a11te at 7.5~0 FeO, 3.6 Fe203' 21.4 S102 , and 1177%20C. 

FeO - Fe304 - S102: Muan (1955) 1nvest1gaged th1s system 

thoroughly. The phase relat10ns are shown 1n F1gure 9 and 

are-d1soussed on page 48. 

FeS - FeO - Fe304: Vogul and ~Full1ng (1948) f'ound a 

s1mple euteot10 melt1ng relat10n between FeO and FeS at 70 

FeS and 9200C, whereas Asant1 and KOhlmeyer (19.51) show 1t 

at 60 FeS and 9400c.Ol'shansk11 (19.51), 1n a more compre­

hens1ve study, determ1ned the eutect10 at 65 FeS w1th the 

temperature vary1ng f'rom 920°C to 10000C as the oxygen con­

tent of' wust1te changes f'rom 23.1.5 to 25.60 percent. H11ty 

and Crafts (1952), us1ng 1ron oruc1bles 1n a controlled 

- ° atmosphere of argon determ1ned an euteot1c at 920 C 1nvolv1ng 

1ron, wust1te and tr0111te at 67Fe, 24 Sand 9 o. In a latar 

study Naldrett (1967), us1ng flmod1f1ed s111ca tube techn1ques", 
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determ1ned the euteot10 between 1ron, wust1te, troil1te and 

l1qu1d at 915±20C w1th the oompos1t10n 68.2 Fe, 24.3 s, 
". 

7,,;;5 o. He found n a terriary 1nvar1ant p01nt where pyrrhot1te 

(00mpos1t1~n 62.8±0.2 wt. peroent Fe) + wust1te ~~~ ____ '_ 

magnet1te + l1qu1d n, at 9340c and oompos1t10n 67.3 Fe, 

25.1 S, 7.6 o. 

FeO - FeS - S102~ Ol'shansk11 (1951) 1n h1s extens1ve 

study of the Fe - FeO - FeS - S102 system determ1ned the 00-1 

ord1nates of some 1nvar1ant p01nts wh10h are of 1nterest here 

s1noe they aotually fall w1th1n the FeS - FeS - Fe304 - S10Z 

system. Th1s 1s due to the wust1te he used wh10h oontained 

up to 25.6 peroent oxygene He determ1ned the pos1t10n of 

the 1ron-tr01l1te-wust1te euteot10 at 28.7 FeO, 6.3 Fe203' 

65.0 FeS and 9200C. Th1s p01nt almost 001n01des w1th h1s 

1ron, troll1te, wust1te, fayal1te quaternary euteot10 wh10h 

oonta1ns.:.less than one peroent S102• Although he found an 

1mm1s01bl11ty gap between sulf1de and s1l10ate l1quids he 

does not extend 1t as far as the Fe2s104 - FeS j01n. Along 

the FeS - S102 j01n he oould f1nd no ev1denoe of sOlub1l1ty 

between s1l10a and FeS even at temperatures approaoh1ng 

17000C. 

A later 1nvest1gat10n by Yazawa and Kameda (1953), 

uS1ng 1ron and .s1l10a oonta1ners, shows t:he 1mm1s01b1l1ty 
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gap encroaching well upon the fayalite field. They deter.mined 
~ 

the composition st the ~nvariant point, fayalite - silica -

two-liquids at 54 FeO, 28 Si02 , 18 FeS, and 1140°0. The 

phase relations in this system are discussed on page 50. 
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Chapter IV 

Experlmental Prooedures 

-'Introduotlon 

Combinations of iron sulfide, iron oxide and silioa were 

used as startlng material ln all runs. Appropriate amounts 

of these mate rials were weighted out, plaoed in small alumlna 

containers, and sealed in evacuated silica glass capsules. 

The sealed charge wes suspended in a vertical, platlnum­

wound resistance furnace, heated at a constant temperature 

for a specified length of tlme, then rapldly quenched in 

water or a 10 percent N$Cl solution (see Seybolt and Burke, 

1953). Using these techniques the oomponents oome 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 lt can be treated as a condensed system. 

Troilite~ Troillte was syntheslzed by heatlng lron 

(99.999% Fe) and sulfur (99.999+%S) ln evaouated silioa glass 

capsules at 5500 c untll all the sulfur had reacted. Subse­

quently the temperature was ralsed to 8500 C for a few days 
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~' 
to homogen1ze the mater1al. 

Wust1te and magnetitet Wustite and magnet1te were 

synthesized in a similar fashion. Iron and reagent grade 

Fe203 were heated in evacuated sil1ca glass capsules at 

6000c for a few ho urs to ensure reaction of all the iron. 

The charge was then reground and heated at 7500c for a few 

days for homogenization. Th1s techn1que was fol]owed to 

avoid react10n with the silica capsule. The composit1on 

of each charge was checked\"-using the gravimetric method 

described by Foster and Welch (1956). 

S1lica~ Powd.ered silica glass was used as a source of 

silica. Total impurities, of which A1203 makes up over half, 

are approximately 80 parts per million. 

Charge Containers 

The Most difficult experimental problem encountered 

was that of finding a suitable container to hold the charges. 

This 1s undoubtedly the reason for the lack of phase equil­

ibria work 1n sulfide-oxide-s1l1cate systems. After an 

extensive search and long test1ng per1od, a dense, h1ghly­

pure, recrystall1zed alumina container was found to be su1t­

able for work in Most of the system. McDanel AP35 h1gh 

temperature recrystallized alumina tubes, O.D. 7mm, I.D. 5mm, 

length 15mm, were the containers used in much of the study. 

Reaction between the charge and alumina tube was Most ex-
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tenslve when sllloa was the pr1mary orystalllz1ng phase. In 
the~e 

other parts of the system'was very llttle reao~lon wlth the 

oontalners. Sorne oontalners were used for as many as ten 

runs wlth no notloeable oorros1on of the walls. 

A serles of runs was made wlth alumlna oontalners along 

the FeO - Si02 joln to oheoklf the amount of alumlna golng 

lnto solutlon was suffiolent to affeot llquldus temperatures. 

The temperatures determlned were wlthln *SoC of those in 

publlshed data. 

Sllloa glass oapsules were used to oheok the llquldus 

temperature of polnts ln the system saturated wlth trldymlte. 

Thlsteohnlque was only partlally";s.uooessful as the llquld 

oontlnually reaoted wlth the oapsules oonvertlng the silloa 

glass to trldymlte. Thls resulted ln a large mass of trldymite 

orystals belng formed and the llquld beoame dlspersed through­

out the walls of the oapsule maklng ldentlfloatlon of the 

phases dlffloult. 

In a slmllar fashlon lron tubes were used to oheck 

polnts ln the system ln equlllbrlum wlth lron. Flnally, 

oheck runs were made wlth oharges in gold oapsules at 

temperatures below 102SoC in the FeS - FeO - Fe304 system. 

The results of these runs were wlthin the limit of error 

of those made ln other containers (see Table 4', p.44.) 
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TemEerature Control and Measurement 

Sealed oharges.were suspended ln a vertioal platlnum­

wound eleotrloal furnaoe regulated by an aoourate temperature 

oontroller. The hot spot ln the furnaoe was unlform wlthin 

1°C over a length of 50m. Temperatures were measured wlth 

a Pt : Pt + 13Rh thermooouple and a Rubloon type B potentlo­

meter. The thermooouple was oallbràted perlod10ally agalnst 

the meltlng polnt of go,ld (10630 C). 

IdentlfloatlDn~)~f Phases 

Prlmary and quenoh orystals of all phases were easl1y 

dlstingulshable ln pollshed seotlofis uslng a Zelss Photo­

mlorosoope. Trolllte and wustlte form orystals wlth rounded 

outllnes (Plate 1 & 2) whereas orystals of magnetlte, fay­

allte and trldymlte have angular outllnes (Plates2,3 and 4). 

A Nonlus-Gulnler-deWolfe powder X-ray oamera was used to 

deteot and ldentlfy phases ln some.of the runs. Shlfts ln 

oell parameters of phases were measured wlth a Phl11lps 

Noreloo dlffraotometer. 
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Chapter V 

-Introduction 

A quaternary system has f1ve 1ndependent variables: 

pressure, temperature and three concentration variables. In 

systems where vapor pressures are low the vapor phase can'be 

neglected and Gibbs Phase Rule 1s restated: 

F + P = C + 1 

where F = number of degrees of freedom, or variance 

P = number of condensed phases present at equ111br1um 

C = number of components. 

Such a system approaches a condensed system. The FeS - FeO -

Fe
3

04 - S102 system 1s not an 1deal condensed system as the 

vapor pressures of both sulfur and oxygen are fa1rly h1gh in 

magnet1te-r1ch parts. However, if the vapor space 1s kept 

small the amount of sulfur and oxygen lost 1s 1ns1gn1f1cant 
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throughout most of the system. 

The phases and oomposltlonal extent of the system are 

outllned lnFlgure 4. Data for the system was oolleoted on 

the ternary boundary faoes (Flgs. 8, 10, and 11), trlangular 

jolns wlthln the oomposltlon tetrahedron whloh are hlnged 

along the Fe8:- 8102 joln (Flgs. 5 and 6), and on trlangular 

jolns parallel to the FeO - Fe304 - 8102 faoe (Flg'L. 7) • None 

of these trlangular jolns are ternary; thus, bOundary llnes 

on them represent lnterseotlons of quaternary dlvarlant sur­

faoes wlth the oompositlon plane, and the lnterseotlon of a 

unlvarlant llne wlth the joln ls a plerolng polnt. 

In a large part of thls system lron sulflde ls soluble 

ln the sllloate llquld only to a l1m1ted extent, and exoess 

lron sulflde forms an 1mm1so1ble sulflde-r1oh l1qu1d. These 

oonjugate llqu1ds w1ll be referred to as 'silloate' and 

'sulflde' llqulds respeot1vely. The sulflde llqu1d generally 

oontalns from 20 to 35 peroent 1ron oxldes and a few peroent 

s111oates. 

Experimental Results: 

Exper1mental runs were flrst made on the FeS - FeO -

Fe304 system (Flg. 8). The data on these runs and others 

ln the quaternary system are glven ln the Append1x Tables. 
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Liquids formed by melting eutectic mixtures of FeS, FeO 

and Fe304 quench to fine intergrowths that have the general 
, ' 

appearanoe of those shown on Plates 1 & 2. If the mixture 

is not the euteotic oomposition the quenohed 11quid May have 

the same struoture, but more often quenoh crystals* of the 

phases in excess of the euteotio compos1tion form just prior 

to the full solidifioation of the oharge (Plate le). Pyrrhot­

ite and wust1te quenoh crystals have dendrit10 forma, whl1e 

Magnetite forms crosses with barbed ends that May be in var10us 

stages of infil11ng growth to octahedra (Plate 3). Winega~d 

(1962) gives a detailed desoription of the prooesses involved 

in the formation of these euteotio 1ntergrowths. 

When silica is added to iron oxide - iron sulfide liquida 

it reaots with FeO to form iron silioate liquids. On oobling 

these silioate liquida orystallize rapidlY,making it diffioult 

to quenoh them to a glass. Quench fayalite orystals are 

easily distingu1shed from primary fayalite by their smaller 

size, elongated habit, and the large number of 1no1usions 

they often oontain (Plates 3 and 4). Their presenoe May 

hinder the reoognition of small droplets of immisc1ble sulf1de 

liquid by grow1ng through the droplet and thus break1ng 1t up. 

* Quenoh crystals form dur1ng ooo11ng and are not 1n equil­

ibrium with the liqu1d at the temperature'of the rune 
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Furthermore, when fayal1te quench crystals, wh1ch apparently 

do not conta ln any apprec1able amount of sulfur, grow 1n a 

s1l1cate l1qu1d conta1n1ng d1ssolved sulflde they may super­

saturate the rema1nlng s1l1cate llquld and cause droplets, 

1.e., "quench droplets", of sulf1de l1qu1d to separate. These 

quench droplets are sometlmes dlff1cult to d1st1ngu1sh from 

those formed under equ1l1br1um cond1t1ons. 

M1xtures w1thln the 2-l1qu1d volume, have very sharp 

l1qu1dus poln.ts. A mlxture 1n the s1l1cate-r1ch part of 

th1s volume may be 75 percent crystalllne ln one run, and ln 

the next run, 5 degrees or less h1gher, 1t ls completely 

llqu1f1ed and separated 1nto the two lmm1sclble phases. 

Sll1ca-poor mlxtures w1thln th1s phase volume separate read1ly' 

1nto two d1st1nct l1qu1d layers, denot1ng the low v1scos1ty 

of the s1l1cate l1qu1d formed (Plates 4 and 5). On the other 

hand m1xtures close to the tr1dym1te phase volume y1eld v1s­

cous sll1cate l1qulds 1n wh1ch the sulf1de l1qu1d occurs as 

rounded droplets wh1ch rema1n ln suspens10n for a long perlod 

of t1me (Plate 5c). The quenched 1mm1sc1ble sulflde l1qu1ds 

have eutect1c 1ntergrowths of 1ron ox1de and lron sulflde 

and quench-formed crystallltes slmllar to those ln the sul­

flde-oxlde and sulflde-oxlde-slllcate llqulds descrlbed above. 
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The depress10n of the temperature of the 1ron-wust1te­

faya11te euteot10 by the add1t1on of FeS 1s 223 degrees 

(see Table 4). This liqu1d 'at the lowest melt1ngpoint, R, 

however, oonta1ns only about one peroent s1l10a. S1m1ma.rly, 

the ternary euteot10 1ron-faya11te-tr1dym1te,ls depressed 

38 degrees and the magnet1te-faya11te-tr1dym1te euteotio by 
(Fi" 10, p. 52) 

45 degrees to the FeS-saturat1on po1nts at J and I Arespeot1vely. 

These reaults demonstrate the l1m1ted flux1ng aot1on of FeS 

on 1ron s1l10ate l1qu1ds. 

In F1gures 5 and 6 .the Fe304 ~ FeO rat10 has been 

1noreased at 1ntervals that d1v1de the tetrahedron of the 

FeS - FeO - Fe304 - S102 system 1nto approx1mately equal 

parts. A large proport1on of the experimental runs w1th1n 

the quaternary system was made on these jo1ns. The 1ron 

ox1de 1n F1gure 5 represents the iron-r10h end of the 
so'uHon 

wust1te so~1dAser1es. Pr1mary phases on th1s jo1n have 

stab1l1ty f1elds s1m1lar 1n out11ne to those for the phases 

1n equ1l1br1um w1th 1ron (see F1g. 10). However, separat1ng 

phases do not neoessar1ly l1e on th1s jo1n. For 1nstanoe, 

when faya11te or a wust1te so11d solut1on pre01p1tates, the 

l1qu1d moves off the jo1n. S1m1larly, ne1ther l1qu1d formed 

from oomposit1ons w1th1n the two-11qu1d f1eld l1es on the 

jo1n. 
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Fig. 5 (a) The join FeS-Fe1_xO (23.15 wt.% 0) -S102 is not 
ternary, thus phase boundaries are intersections of quaternary divariant 
surfaces with the join. The out1ine of the 2-1iquid field isstip1ed and 
phases in parenthesis are stable just be10w this field. The trough formed 

.by the surfaces of faya1ite 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 para11e1 to the FeO-Si02 bqundary showing the 
out1ine of phase volumes with respect to temperature. Liquids form at 
low temperatures in section (e) but can dissolve on1y a sma11 amount of 
si1ica be10w the 2-1iqu1d field. Td = tridymite, Cr·= cristoba1ite, 
open circ1es = 1iquidus, c10sed circ1es = 1iquid + tridymite, + = 1iquid. 
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Fig. 6 Triangular joins like Fig. Sa, but with the Fel_xO end 
member containing (a) 24.20 and (b) 25.60 weight percent oxygene 
The inset at right shows the locations w1thin the quaternary system 
of the three joins shown in Figs. Sa and 6. 
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The shape of the two-llquld fleld ln Flgures 6a and 6b, 
15 

ternary jolns lncreaslngly rlcher ln Fe)04'Aslmllar to that 

ln Flgure 5. Wlth the lncreaslng Fe)04 ~ FeO ratl0, magnetlte 

replaces fayallte as the prlmary phase ln oontact wlth the 

two-llquld fleld and flnally excludes wustlte from the joln 

altogether. 

The jolns ln Flgure 7 demonstrate the phase relatlons 

ln the system from a dlfferent point of vlew. These sectlons, 

parallel to the FeO - Fea04 - Sl02 face (Flg. 9), show the 

·affect of addlng FeS to thls system. The maln feature of 

lnterest ls the encroachment of the trldymlte and two-llquld 

flelds on the fayallte, magnetlte and wustlte flelds wlth 

lncreaslng amounts of FeS ln the system. 

In the cross-sectlons in Flgure 5 a trough ls formed by 

the boundarles of the two-llquld field wlth fayallte on the 

one slde and trldymlte on the ether. Quenched runs along 

the outer edge of the two-llquld fleld of these sectlons and 

ln other parts of the system lndlcate the boundary of the 

two--llquld fleld to be essentlally vertlcal. That ls, 

charges just wlthln thls fleld, heated hlgh above the 

llquldus, show no evldence of homogenlzatlon. Alternately, 

a homogenous llquld cannot penetrate the two-llquld fleld 

to any extent upon coollng. 
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Fig. 7 Projection of the phase relations on the sections 
shown in the inset onto the FeO - Fe304 - SiO face of the 
tetrahedron. The outer edge of the 2-liquid field 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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Coordlnates for the ternary and quaternary lnvarlant 

polnts 1n the system are glven ln Table 4. AlI the quater­

nary polnts, wlth the exceptlon of land R, are reactlon 

polnts; that ls, one phase ls resorbed at these polnts by 

reactlon wlth the 11quid. Crystalllzatlon paths for varlous. 

11quld composltlons are dlscussed ln the followlng sectlons. 

The boundary ternary systems are dlscussed flrst; they are 

slmpler to follow and lnolude many of the relatlons encoun­

tered ln the quaternary system. 

Crystalllzatlon ln the Ternarl Systems 

FeS - FeO - Fe304 The system FeS - FeO - Fe)04 

(Flg. 8) ls not strlctly ternary due to the presence of a 

prlmary fleld of lron and the varlabl11ty of the ratl0 of 

lron to sulfur ln FeS wlth lncreaslng Fe)04 oontent. However, 

the fleld of iron presents no dlfflcultles ln the lnterpret­

atlon of the system, and lt ls only ln the Fe)04 oorner that 

the dlvergence of FeS from lts stolohlometrlc ratl0 ls so 

l~rge that lt oannot be 19nored. 

A pyrrhotlte, contalnlng about 48.5 mole percent lron, 

ls stable at the l1quldus of FeS (Jensen, 1942), but becomes 

more lron-rlch as the temperature ls lowered and reaches FeS 

(trol11te) at about 1070oC. Slml1arly, ln the FeS - FeO -

Fe304 system, wlth the exceptlons noted below, pyrrhotlte ls 
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Table 4. 

Invariant 
Point 

Invariant points determined in the Fe8 - FeO - Fe304 -
8102 system. 

ComEosition !wt.%l Temp. fo2* 
Fe8 FeO Fe304 8i02 

Oc Phases present (atm.) 
fs2** 

(atm.) 
------------------------------------------------------------------------------

U 70 30 1025 ±5 mt, po, l,v 

8 62 37 1 920 +3 iron,ws,po(tr), 10-16 •5 
l,v 

T 62 23 15 950 +5 ws,mt, po, 1, v 10-14 

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

R 62 36 1 1 917 ±3 iron,ws,fa,po(tr), 
l,v 

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

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

° 85 14 0.5 0.5 1075 +10 iron,fa,td,po(tr), 10-15 

l,v 

l 10 40 21 29 ) 
10-9 •5 

) 1095 +5 mt,fa,td,2-L,v 
L 57 26 15 2 ) 

J 16 57 1 26 ) 
10-13 .5 ) 1140 ±5 iron,fa,td,2-L,v 

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 

* f02 values are taken from Figure 3. 

** fS 2 values are approximated by extrapolating the data of Toulmin 
and Barton (1964) from the Fe - 8 system. 
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the stable l1quidus phase ab ove 10700C and tro1l1te the stable 

phase below th1s temperature. For conven1ence.we will refer 

to all these 1ron sulf1des as pyrrhot1te. FeS also lose~ 

1ron to the ox1des when magnet1te 1s at the l1qu1dus and 

becomes cont1nually more 1ron-def1c1ent as the FeJ04 content 

of the system 1s 1ncreased. However, the amount of 1ron lost 

by the sulf1de 1s small, less than 1 we1ght percent, even 

along the FeS - FeJ04 jo1n. The partition of 1ron between 

the ox1de and sulfide phases can be approx1mated from the 

ohange in oompos1tion of pyrrhot1te and by the small amount 

of wust1te formed wh1ch can be detected m1croscop1cally or 

by the Guinier - DeWolfe X-rày diffraction camera. 

The solub1l1ty of FeS in wust1te and magnet1te, and of 

FeO and Fe)04 in pyrrhot1te)was exper1mentally determ1ned to 

be markedly less than one-half we1ght peroent. Thus the 

effect of FeS on the fugac1ty of oxygen (f02) of 1ron oX1des, 

and of 1ron oxides on the fugac1ty of sulfur (fs2) of py­

rrhot1te would be negl1gable except under very h1gh oxygen 

pressures where spec1es such as S02 and SO) can forme No 

traoe of these speo1es has been found in th1s system in 

the form of lron sulfites or sulfates. The f02 for var10us 

iron ox1de mixtures oan then be taken d1rectly from Figure ). 

Sim11arly, the fS 2 can be approx1mated by extrapolat1ng 
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Fig. 8 The FeS - FeO - Fe304 system. Troi1ite is the stable phase 
of iron su1fide at S. AT is a reaction line between magnetite and wustite, 
and T is a ternary peritectic where, in the presence of pyrrhotite, mag­
netite reacts with 1iquid to form wustite containing 24.5 wt.% oxygena 
Approximations of f02 taken from Fig. 3 are 10-16 •5 atm. at S and 10-14 
at T. Corresponding fS2 values are in the order of 10-7 atm. at Sand 
10-5 at T (extrapolated from the data of Tou1min and Barton, 1964). 
Wustites w, w' and W

ll are in equi1ibrium with 1iquids b, b l and br,. 
Magnetite crysta11izes from 1iquid c and and reacts with 1iquid at c' 
to form wustite of composition s; the final 1iquid disappears at T. 
Pyrrhotite crysta11izes from liquid d, fo11owed by magnetite at d'and 
wustite (t) at T. 
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Toulm1n and Barton's (1964) data to l1quidus temperatures in 

the FeS - FeO - Fe)04 system. The same reasoning holds for 

assemblages in the quaternary system since FeS ia not measur­

ably soluble in the silicate minerals; f02's are known for 

the quar~z-fayalite-lron and quartz-fayalite-magnet1te 

assemblages. Table 4 includes the f0 2 and tS2 at the invar­

iant points where available data was applioable. 

Paths of liquida b, 0 and d are ,traoed on Figure 8 to 

illustrate the orystallization of liquids in this system. 

The bouniary curve AT isa reaction l1ne and the invariant 

point T i8 a ternary per1tect10. S is a ternary eutect10 

point where troilite and wust1te form a minimum melting 

point with irone 

When heat is withdrawn from a l1quid of compos1t1on b 

the first crystals of wust1te have the approx1mate compos1t1on 

wand the liqu1d moves a short distance along the path bb'. 

W1th cont1nued loss of heat the liqu1d moves to b' wh1le the 

wustite continually changes its composition from w to w'; 

the tie 11ne b'w' pases through b at the moment the 11quid 

reaches the un1variant 11ne TS at b'. As pyrrhotite separates 

with wust1te the liquid moves down TS toward S. Tie 11nes 

now exist between wust1te, pyrrhotite and liquide At b" 

the liquid is oompletely consumed, the f1nal product being 

a mixture of pyrrhotite and wustite of composit1on w". 
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The polnt w" 18 flxèd by the tle llne between pyrrhotlte 

and wustlte whloh must pass through b. 

Slmllarly, a llquid of oomposltlon 0 ln the magnetite 

fleld preolpltates magnetlte whlle the liquld moves a"ll.ong a 

path to 0' formed by projeoting a stra,lght llne from Fe304 

through o. At 0' magnetlte reacts wlth the llquld to form 

wustlte of oompositlon s whlle the llquld moves along the 

boundary.llne AT to the invariant polnt T. The mean oom­

posltlon of the sepa.rated lron oxldes as the llquld reaohes 

T ls x, on the llne T - x whlch pa.sses through o. As the 

last of the llquid dlsappears, the mean composltlon of the 

1ron oxldes ls at x', and the flnal orystalllne solld phases 

are magnetite, wustite (oomposltion t) and pyrrhotlte. 

The llquld d in the pyrrhotlte fleld ls ohosen to de­

monstrate ·the primary separat10n of pyrrhotlte and a ory­

stalllzat10n sequenoe ln whloh much of the early formed 

magnetlte reaots to forro wustlte. W1th the separatlon of 

pyrrhotlte the llqu1d moves from d to d'on the unlvarlant 

llne UT. Magnetite andi:-pyrrhotlte separate contlnually as 

the llquid moves from d' to the 1nvar1ant polnt T. The 

11qu1d at T reac'ts w1th magnetlte to form wust1te. The 

mean oomposlt1on of the 1ron oxlde when orystalllzatlon ls 

oomplete ls represented by the polnt y, whlch falls on the 

Fe304 slde of t, the oomposltlon of wustlte separatlng from 
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melts at T. Thus the f1nal orystal11ne assemblage 1s magnetlte, 

pyrrhotite and wust1te (24.5 wt.%O). 

Fraot1onal,orystalllzatlon of early for.med wust1te and 

magnetlte produoes llqu1ds rloh ln lron. 

FeO - Fe104 - S102~ ~he orystal11zat1on paths of llqulds 

in th1s system have been fully d1soussed by Muan (1955) and 

some of hls results are presented here sinoe they are 1mport­

ant to an'understandlng of the more oomplloated orystalllzatlon 

hlstory of the FeS - FeO - Fe304 - 8102 system. 

In Flgure 9 llqu1d b 1n the wustlte f1eld preolp1tates 

wustlte of oomposltlon w. The l1qu1d moves frQm b along the 

ourved path to b' on the unlvarlant l1ne CD wh1le the wust1te 

oompos1tlon ohanges contlnually from w to w'. As long as 

wust1te 1s the only separat1ng phase the tle llne between 

the l1quld and wustlte must pass through b. At b' fayallte 

starts to preclpltate w1th wust1te, and the llqu1d moves 

along DC towards D. T1e lines'now ex1st between wust1te, 

fayal1te and the l1qu1d. When the t1e llne between wustlte 

and fayallte colncldes w1th b, the last of the llquld d1s­

appears at b" and the wust1te has a f1nal compos1t1on of 

wei. After the start of orystal11zat1on wust1te becomes 

poorer 1n oxygen unt11 faya11te b~g1ns to prec1p1tate. The 
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Fig. 9 The FeO - Fe304 - S102 system. Dashed-double dot 
lines are oxygen isobars. Wustite of composition w is in 
equilibrium with 1iquid b, w' with b', and w" with b". 
Wustite x is in equilibrium with liquid c', and x' with c". 
(After Muan, 1955) . 
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reversaI in trend at this point is caused by the precipitation 

of fayalite (Fe2Si041l which enriches the liquid in ,Fe304' 

In the faylaite field a l1qu1d of composit1on c pre­

oipitates fayalite and the liqu1d moves along the extension 

of the straight line Fe2S104 - 0 toc' on the univar.iant line 

CD. At o· wustlte of composition x separates and the liqu1d 

moves down CD unt11 the last of 1t is consumed at 0". Sim­

ultaneously, the composition of wustite ohanges to x·, deter­

mined by the projection of the line Fe2si04 - o.:to the 

FeO - Fe304 boundary. The final orystalline aggregate is 

fayalite and wustite. 

Liquids along the' join Fe2Si04 - Fe304 crystallize to 

mixtures of fayalite and Magnetite. Liquids on the S102 

s1de of this join always yield an aggregate of fayalite, 

magnet1te and tr1dym1te. As an example, a ltquid of oom­

position d crystal11zes Magnetite and moves along the line 

Fe304 - d to d' where 1t 1s joined by tridymite. With 

further cooling the l1quid moves along the univariant I1ne 

GE to the invariant point E where fayalite also separates. 

FeS - FeO - S102 : In the FeS - FeO - Fe304 - S102 

system, the iron phase volume intrudes to a considerable 
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extent over much of the FeS,- FeO - 8t02 f,aoe of the tetrahe­

dron (see F1g. 12). The amount of 1ntrus1on 1s greatest at 

the FeO apex,where 1t 1s 1n oontact w1th the wust1te phase 

volume, and gradually decreases w1 th the add1 t1:onr.)()f FeS and 

810
2

• Ult1mately, 1ron 1s excluded from the system by pyrrho­

t1te, w1th wh1ch 1t has a euteot1c melt1ng relat1on. (pyrrho­

t1te 1s used.here to denote all forma of 1ron monosulf1de 

though, at temperatures below about 1070oC, trô1l1te 1s the 

stable form 1n equ111br1um w1th 1ron.) The presenoe of the 

1ron 1s due to the non-sto1ch1ometry of both wust1te, wh1ch 

1s always more 1ron-def1cient than FeO, and faya11te wh10h 

conta1ns var1able amounts of ferr1c 1ron (see page 25). 

Quenched runs on th1s face of the tetrahedron, w1th the 

exoeption of the pyrrhot1te f1eld, thus have 1ron at. the 

11qu1dus. The boundar1es between 1ron and other phase vol­

umes oan be f1xed by determ1n1ng the temperature ~t wh1ch the 

last phase 1n equ1l1br1um w1th 1ron d1sappears. That 1s, 

determ1ning the 11quidus temperatures of othe.r phases 1n 

the presence of 1ron orystals. Th1s 1s equ1valent to mak1ng 

runs 1n 1ron oonta1ners wh10h was the method used by Bowen 

and Soha1rer (193~) 1n the system FeO - S102. and Yazawa 

and Kameda (1953) 1n their study of the FeS - FeO - 8102 

system. 

The phase relat10ns on F1gure 10 are s11ghtly rev1sed 

after Yazawa and Kameda (1953). The1r stud1es and those 1n 

the present work were made on the surface of the 1ron phase 

- 51 -



3-LlQUIDS 

FeO 
WEIGHT PERCENT 

Fig. 10 The FeS - FeO - SiO system revised after 01'shanskii 
(1951) and Yazawa and Kameda (19~3). A11 phases are in equi1ibrium 
with iron except troi1ite, thus phase boundaries are projected onto 
this plane from within the FeS - FeO - Fe304 - Si02 system. The -
outer edge of the 2-1iquid field (silicate and sulfide liquids) i8 
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, si1ica and sulfide liquids coexist 
in the 3-liquid field.at a temperature of approximately l675°C. 
The crystallization of liquids b, c,snd d are explained in the texte 
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volume exoept for oompos1t1ons w1th1n the pyrrhot1te f1eld, 

and are projeoted froD)."\iI,the Fe apex of F1gure 4 onto the FeS -

FeO ~ Si02 join. In the summary of orystallization paths of 

liquids given here, compositions from the FeO - FeS - Si02 join 

are used. Thus, iron is the primary phase on this surfaoe in 

that part of the system studied exoept for the primary field 

of pyrrhotite. The compos1tion of wustite coexisting with 

iron ls very nearly constant over the temperature range in 

this system. 

A melt on the FeS - FeO - Si02 join preoipitates iron 

and the liqu1d Maves to b on the iron-wustite phas~, boundary, 

where 1t preo1p1tates wustite and moves to b' on the un1var­

lant line CR. Wustite, fayallte and iron separate from b' 

to R, a quaternary,.~eutect1c point, where they are joined by 

pyrrhot.1te. The liquid rema1ns at R, the lowest l1quidus 

temperature point in the quaternary system, until crystal­

lization 1s complete. 

Similarly, a melt or1ginat1ng on the FeS - FeO - 8i02 

join precipitates iron and moves to c in the fayalite field 

of F1gure 10. Faya11te and. 1ron precipitate from c to c', 

on the univar1ant line FJ, where theyare joined by tridymite. 

With further oooling the composition of the l1quid Changes 

from c' to the invar1ant point J where the silicate liquid 1s 
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ln equll1brlum wlth lron, fayallte, trldymlte and the con-

.jugate sulflde llquld K. When the slllcate l1quld at J ls 

consumed, the sulflde llquld at K, now havlng galned a degree 

of freedom, oontlnues to preclp1tatelron, fayallte and 

trldymlte and moves slong the univariant line KO to the ln­

varlant polnt at O. At 0, pyrrhot1te preclpltates together 

w1th 1ronand fayallte, as the llquld resorbs trldymlte. 

Slnce the composition of the orlginal melt ~les wlthln the 

tr1angle FaS - Fa2s104 - S102' the llquld ls consumed before 

all the trldymlte ls resorbed, and the flnal solld ls an 

aggregate of lron, fayallte, tridymlte and pyrrhotlte. 

-The llquld d, on the FeO side of the Fe2S104 - FeS joln, 

ls used to lllustrate a crystalllzatlon sequence ln whlch the 

two-llquld field ls encountered pr10r to the separatlon of 

trldym1te. The l1quld at d prec1pltates lron and fayallte 

and moves to d'on the boundary of the two-llquld fleld. The 

conjugate l1ne JK forma a trough at the base of the two­

llquld fleld whose sldes slope lnward from X and YZ. Con­

jugate slllcate and sulflde llqulds lle on lsothermal llnes 

on the sldes of the trough. Thus the sll1cate llquld at d' 

ls ln equlllbrlum wlth a sulflde llqu1d at x. The sll1cate 

llquld now moves along XJ to d" where, separatlng lron, 

fayalite and the sulflde llquld Xl, lt flnally dlsappears. 
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The posltlon of x' ls flxed by the relatlon that the llne 

Fe2s104 ,- x' must pass through d as the last of the llquld 

at d" dlsappears. The sulflde llquld at x' then oontlnues 

to preolpltate lron and fayallte whlle movlng aoross the 

lron-fayallte dlvarlant surfaoe to x" on the unlvarlant I1ne 

OR, where pyrrhotlte first appears. The llquld then moves to 

the euteotl0 at R, and the flnal produot ls an assemblage of 

lron, fayallte, pyrrhotlte and wustltè. 

Llqulds sllghtly more sllloa-rloh than d wlll reaoh J, 
and when the sillcate llquld ls consumed the conjugate sul­

fide llquld will move to O. If the orlginal llquld lles wlth­

ln the composltlon trlangle FeO - Fe2s104 - FeS, all the sll­

lca at 0 ls resorbed and the flnal l1quld moves to R. Other­

wlse, orys talllza tlonl,ends , a t . O. 

Llqulds whose bulk composltlons lle wlthln the two-

11quld fleld have crystal11zation hlstories siml1ar to those 

whose resldual l1qulds penetrate this fleld. Liquids ln the 

s111ca flelds preclpltate trldymlte, move to the polnts J and 

K and finlsh crystallizing at O. At extremely h1gh temper­

atures, ln the vlo1nlty of 167jOC, a three-llquld fleld was 

was encountered ln S102-r1ch compos1tions by Ol'shanskl (1951); 

presumably, all suoh llqulds flnish crystalllzlng at O. 
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FeS - Fe)04 - Sl02; Much of the llquldus on thls face 

of the tetrahedron was beyond the range of the experlmental 

techniques used here. It was possible to get lnformat1on 

only ln the vlcln1ty of the eutectlc P (Flg. 11). The"mls­

clbll1ty gap outs1de the projected boundary of the trldym1te 

f1eld 1s st1ll present though lt does not extend as far to­

wards the FeS corner as on the FeS - FeO - S102 face. Con­

sequently, the sulflde l1qu1d M,ln equ1l1br1um w1th magnet1te 

and tr1dym1 te, ~onta1ns a hlgher proportlon of" lron oxides. 

Thls ls probably caused by the large sh1ft of the trldym1te 

field t~wards the Fe)04 - FeS boundary of the d1agram. Cry­

stallizlng liqulds ln all parts of thls system wlll mlgrate 

to P to form an aggregate of magnet1te, tr1dym1te and pyrrho­

t1te. 

It appears from the few llquldus runs made around the 

misclblllty gap that the FeS - Fe)04 - 8102 jo1n dev"1ates 

considerably from ternary conditlons. Conjugate llquids 

would l1e on the joln lf it were ternary. Slnce magnetlte 

ls in equillbrlum wlth pyrrhotlte at the llquldus, the lron 

lost by the orlginal FeS would lower the l1qu1dus temperatures 

of the lron sllicate liquide 
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3 - LlQUIOS 

PYRRHOTITE 
WEIGHT PERCENT 

Fig. 11 The FeS - Fe304 - 8i02 system is not ternary 
due to the variability of the composition of pyrrhotite. 
Dashed lines are inferred. The outer edge of the 2-liquid 
field is stipled and phases below thts field are in paren­
theais. 

Td = tridymite, Cr = cristobalite; open circles = liquidus, 
closed circles = liquid + tridymite. 
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Crystall1zat1on 1n the Quaternary System 

The phase relat10ns for the oondensed system FeS - FeO -

Fe304 - S102 are 11lustrated 1n the tetrahedron of F1gure 12. 

No quaternary oompounds are formed nor were stab111ty f1elds 

of other new oompounds enoountered w1th1n the system. The 

prev10usly desor1bed phase relat10ns for the faoes of the 

tetrahedron are drawn 1n w1th l1ght l1nes, wh1le those that 

penetrate the tetrahedron are shown as heavy l1nes. The l1nes 

w1th1n the tetrahedron are un1var1ant, formed by the inter­

sect10n of three d1var1ant surfaoes. Phase relations w1th1n 

the s1l10a phase volume were not stud1ed, and have thus been 

om1tted from the quaternary d1agrams. 

The. ohange in the system from the FeS - FeO - S102 to 

the FeS - Fe304 ~ S102 faoe 1s equ1valent to the stra1ght 

add1t1on of oxygen to the system. That 1s to say, as oxygen 

.is added, ferrous 1ron 1s oonverted to the ferr10 state to 

acoommodate the 1noreased negat1ve oharge. Ferrous ox1de has 

~he abil1ty to oomb1ne w1th s1l10a to form fayalite (Fe2S104) 

and l1qu1ds that oan have a somewhat h1gher s1l10a oontent 

(see Fig. 9). On the other hand, ferrio ox1de does not form 

stable oompounds with s1l10a alone and 1n the liqu1d state 

can d1ssolve a muoh smaller quantlty of s111es. 
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WEIGHT PERCENT 

PVRRHOTITE 
(TROIUTE) 

Fig. 12 Diagram of 1iquidus phase relations in the FeS - FeO -
Fe304 - Si02 system. The Si02 apex i8 to the rear of the tetrahedron; 
the front surface of the 2-1iquid phase volume is stipled. Light lines 
on the faces of the tetrahedron are phase boundaries; heavy 1ines are 
quaternary univariant lines. Phase relations are shown only in front of 
the 2-1iquid and tridymite phase volumes. Quaternary invariant points 
are: J and K, 1140°, (iron,fa,td,2-L,v); l and L, 1p95°,(mt,fa,td,2-L,v); 
N, 955°,(mt,fa,td,po,1,v); Q, 945°,(ws,mt,fa,po,1,v); R, 917°,(iron,ws, 
fa,po,l,v); other data are given in Table 4. Liquids band c are in the 
wustite phase volume, d and e in the faya1ite, and f in the magnetite 
phase volume. s, s'and s" are the conjugate sulfide 1iquids of silicate 
liquids e', e", and e"'; simi1arly, r and d" are conjugate 1iquids. 
,The FeO -Fe304 - Si02 ternary is after Muan(1955). The FeS - FeO -
Si02 system i8 revised after 01'shanskii (1951) and Yazawa and Kameda 
(1953). mt = magnetite, ws = wustite, fa = fayalite, td = tridymite, 
po = pyrrhotite, 1 = 1iquid, 2-L = two liquids, v = vapor. 
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The m1sc1bility gap separat1ng silicate-rich and sulfide­

r1ch l1quids extends unbroken from the Fe8 - FeO - 8i02 to 

the ~eS - Fe)04 - 8102 face (Fig. 12). The silicate 11qu1d 

st the invariant point l 1s in equ11ibrium with magnet1te, 

fayalite,. tr1dym1te and the sulf1de liqu1d L. 8im:llarly, sil­

icate liquids along the un1variant 11nes HI and JI have the1r 

conjugate suIf ide liquids at points having the same temperat­

ure along ML and KL respectively. 

The points X, X' and X" are st maximum temperatures on 

the lines JXK, IX'L and HX"M. Temperatures on the curved 

divar1ant surface JIX'LKX, between the two-liqu1d and the 

:f!.ayalite phase volumes, decrease very littletoward the un1va­

riant 11ne IX'L. On the other side of this 11ne, however, 

where magnetite 1s in contact with the two-liquid phase vol­

ume along surface RIX'LX", the liquidus temperature 1ncreases 

rap1dly away from.IX'L. 

The pyrrhotite phase volume 1s extremely thin, extend1ng 

a. very short distance from the FeS - FeO - Fe)04 fac.e into 

the tetrahedron. It never contains more than about one per­

cent 8i02. However, the lowest liquidus temperatures of the 

sys,tem are associated wi th this phase volume, and consequently 

pyrrhotite 1s strongly concentrated in the last liqu1ds to 

so11d1fy. 
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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 

compositions b, c, d, e and f are used ta typify some paths 

of crystallization in this system. 

Wustite phase volume: The liquid b is used to 111ustrate 

the crystallization paths followed by liquids w1th a low oxygen 

content in the wust1te phase volume. As heat is withdrawn 

from the l1quid b, wustite of composition p crystallizes and 

the liquid moves along a curved path to b' on the wust1te­

faya11te d1variant surface CDQR. As the l1quid 1s moving to 

b' the wustite composition changes to p', such that the t1e 

line between b' and p' passes through b. The points b, b', 

FeO and ~e304 all lie in one plane. Fayalite precipitates 

w1th wustite as the liquid moves down the tempe rature gradient 

on the d1variant surface to b" on the univariant line QRt 

where pyrrhotite joins the prec1pitating phases. The l1quid 

disappears between b;' and R, the final crystal assemblage 

beiing pyrrhot1te, fayalite and wustite of composition pl'. 

The points FeS, Fe2S104 and pt' form a plane that passes 

through b. 

A liquid with a higher oxygen content, c, separates 

wustite of composition q and moves to c' en the divariant 

surface ADQT while the wustite composition changes to q'. 
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Magnetite separates as the liquid moves from c' to c" on the 

univaria~t line DQ; c, c', c", FeO and Fe)04 all lie in one 

plane. As the liquid reaches c'· the mean composition of 

the iron oxides crystallized is at y, the point of inter­

section of the extended line c·, - c and the FeO - Fe)04 joln. 

From ct. ,the liquid moves down the univariant curve DQ, separ-

ating fayalite, magnetite and wustite, Just as the liquid 

reaches the invariant point Q, fayalite, iron oxides and llq­

uid form a plane that includes c, thus fixing the bulk composit­

ion of the 1ron oxides at y'. At Q, pyrrhotite separates wlth 

fayalite and wustite as the liquid dissolves Magnetite. The 

final crystalline assemblage ls wustite of composltion q" 

(24.5 wt.%O), Magnetite, fayallte and pyrrhotite, with the 

bulk composition of the iron oxides moving to y". 

Fayalite phase volume~ Liquids crystallizing in the 

fayalite phase volume can also take diverse paths. Let us 

first examine the path taken by the Si02-rich liquid d near 

the FeO - Fe)04 - 8i02 face. With a drop in temperature 

fayalite precipitates and the liquid moves along the line 

Fe28i04 - d to d'on the divariant surface EFJI, where trid­

ymite makes its appearance. From d' the liquid moves across 

the divariant surface to d" on the univariant line JI. At 

this point a sulfide liquid, r, separa tes at the intersection 

of the isothermal surface through d" and the univariant 11ne 
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KL. Wlth further coollng the llqulds d" and r move to l and 

L respectlvely. At lnvarlant polnt I. fayallte, trldymlte, 

magnetlte and the sulflde 11quld separate untl1 the 11quld 

at l ls consumed. As soon as thls happens the 11quld L galns 

a degree ,of freedom and moves along the unlvarlant 11ne LN 

to N .. Pyrrhotlte preclpltates st lnvarlant polnt N and s111ca 

reacts wlth the FeO-enrlched 11quld. Slnce the orlglnal mix­

ture was wlthln tne composltlontetrahedron Fe8 - Fe)04 -

Fe2S104 - 8102' the 11quld ls consumed at N and fayal1te, 

trldymlte, Magnetite and pyrrhotlte are the final products. 

A second 11quld, e, havlng a much lower oxygen content, 

separates fayal1te and moves to e' on the surface JITK of 

the two-Ilquld volume. A conjugate sulflde 11quld s separates 

from e'. The llqulda e' and s move to e" and s'on the un­

lvarlant 11nes JI and KL where trldymite beglns to crystal-

11ze, then along these 11nes to e'" and s" untl1 the s111cate 

11quld ls consumed. The posltlon of e'" can be computed s1nce 

the posltlon of s" ls known from the geometry of the relat1on: 

the plane contaln1ng the phases Fe2S104, 8102 and l1qu1d s" 

must 1nclude the or1g1nal bulk compos1t1on e at the moment 

the 11qu1d at e'" d1sappears. The sulf1de l1quld has now 

ga1ned another degree of freedom and, wh1le cont1nu1ng to 

prec1p1tate fayal1te and tr1dym1te, moves across the d1var1ant 
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surface KLNO to s'" on the un1var1ant 11ne ON. Pyrrhotite 

jolns the separatlng phases at s"', and the.llqu1d moves to 

the lnvarlant polnt N where magnetlte, faya11te and pyrrhotlte 

separate as the 11quld reacts w1th tr1dym1te. Slnce the orig­

lnal liquld e was in the composit1on tetrahedron Fe2s104 -

Fe304 - FeS - S102' the 11quld ls consumed at N and trldymlte 

ls present ln the f1nal crystal aggregate. 

Crystal11zatlon paths of 11qulds that are very poor ln 

s 111ca ln thls phase volume may not lntersect the two-llquld'c; 

fleld. Instead they 1ntersect the fayallte-pyrrhotlte dlv­

arlant surface RQNO, preclpltate pyrrhotlte, and move to one 

of the unlvarlant llnes NQ or QR. From these llqulds, wustlte 

or magnetlte, or a mlxture of the two, crystalllzes wlth fay­

allte and pyrrhotlte. 

other phase volumes: The crystalllzatlon of 11qulds of 

composltlons withln the magnetite volume ls very slmllar to 

,that just descrlbed for the fayallte volume, except that 

m~gnetite ls the prlmary separatlng phase. As an example, 

the liquld f. in the s111cate-rlch end of the magnet1te phase 

volume preclpitates magnet1te and moves to f', on the magnettte­

tr;1.dyml te dlvarlant surface GHIE, along a stralght 11ne 

jolnlng Fe304 to f. Trldymlte separates w1th magnetlte as 

the 11quld moves down the temperature gradlent on this surface 
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) to ft' on the unlvarlant llne HI where the conjugate sulflde 

llquld t beglns to aeparate on the unlvarlant llne ML. The 

polnt f" la at the lntersectlon of the plane Fe304 - S102 -'f 

and the llne HI. Wlth further coollng the llqulds move to . 

the composltlons land L at the lnvarlant polnt. When the 

llquld at l ls consumed, the l1quld at L moves to N. Slnce 

f ls wlthln the composltlon tetrahedron Fe3
04 - Fe2S104 -

FeS - S102' magnetlte, fayllte, trldymlte and pyrrhotlte are 

the flnal products. Llqulds in the magnetlte phase volume 

that lle outslde thls tetrahedron move from N to the lnvar-

lant polnt Q and have wustlte ln place of slllca ln the flnal 

assemblage. 

Llqulds that lle ln any of the other phase.:volumes cry­

stalllze ln a slmllar manner. Crystalllzatlon of these llq­

ulds ends at the lnvarlant polnts N, Q or R, or on the connect-

1ng unlvarlant l1nes NQ and QR. 

Fract10nal Crystalllzatlon 

If melts ln thls system are cooled ln such a manner 

that fractlonal crystalllzat10n can take place, the crystal­

llzat10n hlstory ls affected ln two ways. (1) The reactlon 

between magnet1te and llqu1d to produce lron-poor wustlte, 

and that of lron-poor wust1te and llquld to y1eld an lron-
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rich varlet y, ,are prevented from go1ng to completion by the 

removal of the early-formed crystals from the system. As a 

result, the compos1t1on of l1qu1ds on the univar1ant lines DQ 

and QR change at a faster rate and the amount of react10n at 

the 1nvar1ant polnt Q 1s lessened. The f1nal 11qu1ds 1n aIl 

these cases are depleted ln Fè]04 w1th respect to those formed 

under equ111br1um cond1t1ons. 

(2) The second react10n 1s between tr1dymite and llqu1d 

at the invariant point N. Liqu1ds reach1ng N from the uni­

var1ant l1nes LN, PN and ON (F1g. 12) have precipitated tr1d­

,ym1te along the way. Upon reach1ng N, the liqu1d reacts w1th 
g.~ 

tridymite while prec1pitat1ng pyrrhot1te, fay~1te and magn-

tite. W1th the early removal of tr1dym1te, or 1ts 1ncomplete 

convers 10n to fayal1 te, th,e l1quid moves tp N and on to Q 

where Magnetite and wust1t,e'beg1n to crystal11ze, respect1vely. 

The same result couldbe achieved by allowing the 1mm1s­

c1ble sulfide liqu1d to settle and collect below the silicate 

liquid. The s11icate fraction would be completely sol1d be­

fore the underlylng sulf1de l1quid would begin to crystallize. 

Under these conditions it 1s unl1kely that FeO released from 

the sulfide liquid would be in a posit1on to react with tr1d­

ymite in the overlying crystalline aggregate. It 1s also con-

ceivable that FeO 1n dispersed suIf ide liquid droplets would 
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not react w1th tr1dym1te 1n a surround1ng crystall1ne masse 

Since these sulfide liquids along the unlvarlant llnes between 

P and R contaln only aoout one percent fayallte, thelr crystal­

llzation hlstory 1s essentlally that of crystalllzatlon ln the 

FeS - FeO - Fe)04 system. Conse'q~ently, the orystalllne phases 

that wlll be present depend on the oomposltlon of the sulflde 

llquld and wlll be elther pyrrhotlte and wustlte, or pyrrho­

tlte, wustite and magnetlte. Below 5600c, wustite breaks down 

to the stable assemblage of magnetlte and lron (see Flg. ). 

Fraotlonal orystalllzatlon that would help to produoe the 

imm1so1ble sulflde 11qu1d at an early stage does not ooour ln 

the system. The dlvarlant surfaoes oonoerned wlth the mlg­

rat10n of the sll10ate llquld toward the lmmisolbl11ty gap 

are formed at the interseotion of the trldymlte-magnetlte 

(EGHI surfaoe), trldymite-fayallte (CDEF surfaoe) and mag­

net1te-fayalite (DEIX'LNQ surfaoe) phase volumes. Since 

there 1s no react10n between these compounds and the sll1cate 

llquld. thelr removal from the system has no effeot on the 

composltlon of the rema1ning l1quld. 

MOdels for the Evolution of Sulflde Llqulds 

Sulf1de llquids 1n th1s system can be generated ln two 

ways~ 1) by stra1ght enrlchment of sulflde 1n the liquld 

through the crystall1zation of other phases, and 2) by the 

- 67 -



intersection of the crystallizing silicate liquid with the 

immiscibility gap. Generation of sulf1de liquid by the second 

method can be influenced by a number of conditions, 1nclud1ng 

a) maintenance of a constant compos1t1on of the system, 

b) ma1ntenance of a constant fugacity of oxygen, and c) incr­

·ease 1n the fugacity of oxygene 

The terms 'constant composition' and 'constant fugac1ty 

of oxygen' (constant f02) are used here 1n the same sense à~' 

by Muan (1955) and Osborn (1959). The former term 1ndlcates 

that noth1ng 1s added to or substracted from the system dur1ng 

crystal11zat1on. Constant f02 1s used for the condit1ons 

when the f02 in the system rema1ns the same dur1ng crystal­

l1zation; that is, 1t must be buffered from an external source. 

Under th1s cond1t1on the phases may change in oxygen content 

as crystal11zation proceeds. 

To 1l1ustrate the evolut1on of sulf1de l1qu1ds we will 

cons1der m1xtures near the FeO - FeJ04 - 8102 face s1nee 

l1qu1ds 1n many other parts. of the system can be der1ved 

from them by crystal11z~t1on processes. These sulf1de-poor 

liquids can further be d1v1ded 1nto s1l1ca-poor and s1l1ca­

rich groups each hav1ng distinct paths to follow dur1ng 

crystal11zat1on. 
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Model A. Constant composition - silica poor: The silica-

. poor group of liquida originatea in the composition tetrahedron 

FeO - Fe2Si04 - Fe304 - FeS of Figure 12. As crystallization 

proceeds the liquida move to the uni variant line DQ and then 

gradually become enriched in FeS until they reach Q where . . 

pyrrhotite begins ·to crystallize •. By this time about 99 per-
o • 

cent of the silicate has crystallized. Thus,the sulfide 

liquid 1s the end'product of the c~ntinuous crystallization 

of a very basic liquide 

Model B. Constant composition -·silica saturated: The 

silica-rich group of liquids is in the Fe2Si04 - Fe304 -

FeS - Si02 composition tetrahedron of Figure 12. Crystal­

ization of one or more phases ultimately moves the liquid 

towarda the invariant point l where an immiscible sulfide 

liquid separates. It will separate continually with the 

oxide and silicate phases until the liquid at l is completely 

c onsumed. However, the. sulfide liquid forms on1y a small 

portion (.about 10 wt.%) of the material separating at I. 

In these cases a sulfide liquid is produeed atlla much earlier 

stage of erystallization than in the siliea-poor group of 

liquids of Model A. 
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Model C. Constant fugao1ty of oxygen, Oxygen fugao1tles 

at the 11qu1dus 1n th1s system have been measured only for 

the FeO - Fe304 - S102 faoe (F1g. 9). However, for purposes 

of 1l1ustrat1on we w111 study the phase relatlons on a trlan­

gular jo1n oonneotlng FeS, S102 and a polnt on the.FeO -

Fe304 joln. Isobarl0 planes oonta1nlng part10ular 1ron ox1de 

m1xtures .would be ourved surfaoes and w,:ould not oo1nolde al­

together w1th the tr1angular jo1ns. But the d1sorepanoy would 

11kely be small enought not to affeot the general aspeots of 

the phase relatlons d1soussed here. 

USlng the plane FeOx - FeS - S102 (F1g. 13) as an 1so­

bar10 seot1on, we oan oons1der the effects of oonstant f02 
on the orystal11zat1on of a 11qu1d wlth1n the magnetlte phase 

volume. The 11qu1d m preo1p1tates magnetlte, but instead of 

mov1ng d1reotly away from the Fe304 oorner of the tetrahedron, 

lt must move on the oxygen lsobarl0 plane. That 1s, 1t moves 

away from FeOx wh11e oont1nuo.usly absorb1ng oxygen from the 

buffered system. Thls has the effeot of enr1oh1ng the 11qu1d 

ln s1110a and sulflde and, depend1ng on the or1g1nal oompos1t1on 

of the 11quld, tr1dym1te or sulf1de 11qu1d ls the next phase 

to separate. The l1quld moves from m to l' wh1oh·1s an 1n­

var1ant po1nt under these oond1t1ons, and, separat1ng magnet1te, 

tr1dym1te and a sulf1de 11qu1d at L', 1s oompletely used up 

at th1s po1nt. The sulf1de 11qu1d must now also orystal11ze 

under constant f02• Consequently, lt moves to N', .: _ 1nvar-
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FeO 
WEIGHT PERCENT 

TROILITE 
(PYRRHOTITE) 

Fig. 13. Diagram of the FeS - FeO - Fe304 - Si02 system 
showing the oxygen isobaric surface, discussed in the text 
for Model C, coinciding with the FeOx - FeS - S102 join. S102 
is to the rear of the tetrahedron. Surfaces of the tridymite 
and 2-1iquid phase volumes are stipled.to show their general 
shape and position within the tetrahedron. AlI crystallizing 
liquids move on the isobaric surface on which the points l', 
L', and N'are now invariant. Liquid m moves to l'and the 
suIf ide liquid produced at L' moves to N' where crystallization 
is completed. 
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lant ln thls case, and crystaillzes completely to magnet1te. 

trldymlte and pyrrhotlte. 

The slgnlflcant polnts ln thls model are~ (1) the rapld 

depletlon of the llqu1d ln ferrous oxlde, (2) the productlon 

of a sulflde llquld at an early stage of crystaillzatlon, 

(3) the complétlon of crystal11zat1on of magnet1te, tr1dymlte 

and pyrrhot1te at a hlgher temperaturethan would be the case 

lf lt orystalllzed at constant total composltlon, and (4) the 

flnal assemblage pyrrhot1te-tr1dymlte-magnet1te can be formed 

at temperatures as much as 65 degrees lower than under con­

stant composltlon condltlons where lt could only be formed 

from llqulds orlglnat1ng on the FeS - Fe304 - S102 face. 

Model D. Increas1ng fugac1ty of oxygen; S1l1ca 18 con­

s1derably more soluble 1n ferrous than ln ferr10 ox1de llq­

ulds (F1g. 9). Slmllarly FeS 1s more soluble 1n slllca sat­

urated FeO llquids than1n those contaln1ng Fe304 (F1gs. 10 

and 11). Thus if the ferrous sll1cate llquld 0 (Fig. 14a) 1s 

oxld1zed, lt ls depleted 1n FeO, and the boundary of the sll~ 

1ca f1eld and 2-l1quld fleld ls moved across o·toward the FeS -

FeO - Fe"304 f"ace of the tetrahedron. These relatlons are 

1llustrated 1n Flgure 14b wh1ch shows the change 1n l1qu1dus 

temperatures at the outer edge of the 2-l1qu1d fleld along the 

l1ne A -' A'. pp' and rr' are the 2-l1quld f1eld boundarles 
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Fig. 14 (a) A diagram for Model D showing the 2-liquid surface in 

FeS 

the quaternary system projected onto the FeS - FeO - Si02 face to illus­trate its shift with increasing f02 • Fe-Fa~Td = iron-fayalite-tridymite; Mt-Td = magnetite-tridymite. H, I, and J are invariant points; associated f02's are in atmospheres. Point 0 represents a homogenous liquid at a low f02' around 10-9 atm. J which loses one-half its sulfide content on being oxidized to about 10-b atm. . 

(b) A section,along A - A' (expanded two ttmes) illustrating the position of phase surfaces with respect to temperature. Liquid 0 ia 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 1s reached. 0 ' represents a superheated liquide 
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for m1xturesmade w1th FeO (23.1% oxygen) and Fe304 respect1vely. 

Ox1dat1on of FeO moves the 2-l1qu1d field to the left and de­

presses the l1qu1dus temperature to the point where ferr1c 

ox1de becomes so concentrated as to separate as magnet1te. 

Homogeneous l1qu1dscould be part1ally ox1d1zed and separated 

1nto 1mm1sc1ble sulf1de and silicate l1qu1ds 1sothermally, or 

w1th fall1ng temperature (shown byarrows on Fig. 14b), w1th­

out the separation of magnet1te; fayalite, if· present, would 

be resorbed. 

For example, a change in the ox1dat1on state correspond-

1ng to a sh1ft in the 1ron ox1de composition from about 23.6 

to 25.6 weight percent oxygen would cause one-half of the 

d1ssolved sulfides in liqu1d 0 to separate as an 1mm1scible 

l1qu1d. This 1s equ1valent ta a change in the fugacity of 

oxygen from about 10-9to 10-6 atm. along the line HIJ (Fig. 14a)0 

It will be noted that a decrease-,1n oxygen fugacity would 

have the reverse effect; the l1quid would then have a greater 

capac1ty to hold sulf1des. 
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Chapter VI 

aulfides In Silicate Magmas 

.' Introduction 

The solubility of iron sulfide in iron silicate liquida 

has been sh~wn to be limited by sillca concentration and the 

oxidation state of the system. It has also been pointed oùt 

(Ch. II) .that the activity of FeO probably governs the amount 

of sulfur that can be dissolved in Many complex sllicate liq­

uids. Therefore, it should be feasible to assume that the sol­

ubility of sulfur in a natural magma is essentially governed 

by the activity of FeO and could be limited by the same fact­

ors as in the FeS - FeO - FeJ04 - Si02 system. 

In th1s chapter the evolution and crystallization of 

certain magmas are considered and an attempt ls made to 

pred10t the behav10r of sulfur during these processes. 

Methods of format10n of an 1mmiscible sulfide l1qu1d in magmas 

under differentphYs1co-chemical cond1t1ons are discussed, and 
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used to expla1n the occurrence of sulf1des 1n bas1c 19neous 

rocks and the genes1s of certa1n types of. ore depos1ts. 

Solub1l1ty of sulfur in magma and 1n 1ron si11cate liqu1ds 

The amount of sulfur that can be d1ssolve4 in bas10 

magma appears to be 1n the order of 0.1 weight percent or less 

(see Table 5, p.87). Th1s 1s small compared to the 4 peroent 

sulfur (or 10% FeS) 1n 1ron si110ate l1quids at the 1nvariant 

po1nt J (Fig. 12). Cons1der1ng the solubi11ty of sulfur in 

silioate liqu1ds to be essentlally limited by its substitut­

ion for oxygenin Fe - 0 - Fe s1tes, as reasoned ear11er 

(ohapter II), two factors besides ox1dat1on state are re­

sponsible for most of this ohange. 

In the f1rst plaoe, basic magmas conta1n only about 10 

percent iron ox1des wh1ch 1s smaller by a factor of s1x than 

that in the most s1l1ceous l1qu1d 1n the exper1mental system. 

Secondly, ferros111te (FeSiO) is not a stable phase 1n the 

system at confin1ng pressures less than about 19 kb (L1ndsley, 

1967, p. 228), and below 16000 c 1ron ox1des are not capable 

of form1ng l1quids hav1ng th1s 1,1 mole ratio of FeO to Si02 

(see F1g. 9). But in basic magmas where a large amount of 

MgO, CaO and A120) are present, the llquid can bec:Qme more 

s1liceous and FeO w111 be t1ed up 1n pyroxene an~ other 

structures that greatly reduce 1ts activity. These factors 

- 76 -



would have the comparable effect of moving the invariant point 

J towards Y 1n F1gure 10. At the same t1me and for the same 

reasons the sulf1de 11quld at K would move some dlstance to­

wards Z. 

Generatlon of Basle Magma 

S1nce the ore deposlts we are concerned wlth are assoclated 

wlth baslc and ultrabaslc 19neous rocks, lt ls necessary flrst 

to conslder the behavlor of sulfur durlng the generatlon of 

thelr magmas ln the mantle. The formatlon of large amounts 

of magma by partlal meltlng of the mantle ls wldely accepted 

today. Bowen early (1928) advocated the hypothesls but the 

subject:'was more or less 1eft dormant untll Verhoogen (1954) 

and later Kuno (1960), Yoder and T11ley (1962), Kush1ro and 

Kuno (1963), R1ngwood (1966), Green et. al. (1967), Ito and 

Kennedy (1967) and others, rev1ewed and expanded on Bowen's 

hypothes1s. 

The part1al melt1ng of a rock 1s the reverse process of 

lts crystal11zatlon from a melt. The last phases to crystal­

llze are the flrst to melt, and as meltlng proceeds the 11quld 

becomes more and more d11uted wlth more refractory materlal. 

To lllustrate thls process where a sulf1de phase 1s present; 

let u.s conslder partlal meltlng ln the experlmental system 
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t FeS - FeO - Fe304 - S102 , assum1ng the system to be closed. 

Partial melt1ng hn the'FeS - FeO - Fe304 - S102 system: 

The f1rst l1quid to form from a solid of composition f in the 

magnet1te phase volume of Figure 15a (see also Fig. 12 and 

page 65) would be the sulf1de liqu1d at 955~C at the invar­

iant point N. This l1qu1d conta1ns only about one peroent 

silica, and w1th r1s1ng temperature a very small amount of 

:t;;ridym1te, fayalite and magnet1te would melt and be d1ssolved 
, until 

in the sulf1de liquidA the l1qu1d had_reached the invariant 

point L at 10950 (F1g. 15b). As heat ls added at 10950 

(Fig. 15c) fayal1te, tr1dym1te and magnet1te melt in abund­

ance and, be1ng no longer soluble in the sulf1de l1qu1d, 

form a separate silicate liqu1d at I. This silicate l1quid 

has about 10% FeS d1ssolved in it, and as 1t 1s be1ng gener­

ated 1t con8tantly absorbs more and more of the sulfide 11q­

u1d. When'"i.all fayal1 te 18 melted the temperature r1ses to 

that of f" (Fig. 15d), at which point the last of the sul­

fide l1qu1d 1s resorbed by the silicate 11qu1d. Further 

melt1ng of tr1dym1te and magnet1te undersaturates the sil­

icate 11qu1d w1th respect to FeS. 

Iron silicate l1qu1ds generated under lower ox1d1z1ng 

conditions than above oan become much more s111ca-r1ch (com­

pare points F and G in Fig. 9), and at very low ox1dat1on states 
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Ali layo/ite melled Ali suif/de IIquld obsorbed ln silicate Iiquld 

Fig. 15 Partial melting in the FeS - FeO - Fe304 - Si02 system. 
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they oan d1ssolve larger amounts of FeS (16 peroent FeS when 

ln equ1l1brlum wlth lron). Under these low oxldatlon oond­

ditlons the sulfide liquid contains muoh less lron oxlde. In 

all parts of the :,system liqulds undersaturated w1th respect 

to silies can dissolve even larger quantit,ies of FeS. 

Some slgn1flcant points emerge trom this discusslon of 

partial melting in the e~perimental system: 

1) Sulfide llquids are generated flrst, the lowest temper­

atures belng 94.5°c at the invariant point Q or 9.5.5°C 

at N. 

2) Sllioate liquids are generated at or close to lnvar1ant 

po.mt I, 1400 above N, at 109.5°C, and then move to pos­

itions with higher or lower Fe)04 oontents depending 

on the bulk oomposltlon of the mlxture. 

) The sillcate llquld being generated absorbs the sulflde 

llquld gradually. 

4) Under lower oxlatlon conditions the silicate liquid can 

dissolve larger amounts of S102 and FeS, and the sulfide 

l1qu1d dissolves much less iron oxlde than under more 

oxidlzlng condltions. 
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Partlal meltlng ln the mantle: The composltion of the 

upper mantle and the liqu1ds that can be generated from 1t 

by part1al meltlng have been rev1ewed by Green and R1ngwood 

(1966). Many lnvest1gators conslder the uppe~ mantle to be 

ultrabas1c mat~rlal whlle others bel1eve 1t to be eclog1te. 

The ultrabas1c rather than the eclog1te model 1s used here 

for the sarne reasonsqas those outl1ned by R1ngwood (1966a,· 

p. 299). O'Hara and Yoder (1966) and Ito and Kenne~y (1967) 

assume the mantle to be per1odot1te whereas R1ngwood (1966a, 

p. 303) suggests a mater1al comprlsed of 3 parts perldot1te 

and one part basalt wh1ch he terms "pyrol1te", or pyroxene­

ol1v1ne rock. 

The l1qu1~s that can be generated by partial meltlng in 

the mantle depend to a large extent on pressure and temperat­

ure. In contrast to th1s, the nature of the final l1qu1d 

arr1v1ng at the surface depends mainly on the rate of 1ts 

upward progress wh1ch governs the amount of fractlonal ory­

stall1zat1on of the magma before extrus10n (O'Hara and YOder, 

1966; Green, et al. 1967; Aumento, 1967; Ito and Kennedy, 1967). 

It 1s suff1c1ent here to summar1ze what appear to be the 

important conclus1ons concern1ng the format1on of bas1c 

magma, drawn from exper1mental data, as they relate to the 

present study: 
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~I 

a) Basaltlc 11qulds are generated by partlal melting of 

various ultrabasic materials at depths ranglng from 

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

b) Dlfferent types of basaltlc 11qulds May be formed 

under the followlng condltlons: 

1) dlfferent P - T reglmes in the zone of melting. 

11) the proportion of the mantle melted. 

111) the degree of crystal fractlonatlon of the 

°liquld as lt moves towards the surfaoe. 

c) BasaIt can be converted to ecloglte under the pressure 

oondltions of the upper mantle. 

d) The partial meltlng of eologlte can yleld andes1tic 

11quids under anhydrous conditlons, and dacltic and 

rhyolltlc 11qu1ds under hydrous conditlons. (Green 

and Ringwood, 1966). 

Sulfur 1n the mantle: We can now consider the role that 

sulfur plays ln the partial melting of the mantle. R1ngwood 

(1966a, p. 308) maintains that the mantle 1s homogeneous with 

respect to the mole ratl0 of FeO/FeO + MgO at a value of 0.12 

obtained from pyrollte. S1mllarly, he suggests sulfur 1s 

constant at about 0.03 welght percent. If these concentratlons 

are constant, they essentlally rule out variatlons ln FeO and 
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sulfur oontents of 11qulds due to depth of meltlng alone. 

The lonl0 radlus of ~ulfur (1.84 A) ls muoh larger than 

that of oxygen (1.40 A) and therefore sulfur oannot readlly 

substltute for oxygen ln s111oates. Under the hlghF!oon­

fr;1nlng pressure of the mantle sulfur would tend to form the 

dense sulflde phase rather than enter less dense s1110ate 

mlnerals. It ls almost oompletely lnsoluble ln s1110ate and 

oxlde m1nerals st low pressures as attested by the oocurrenoe 

of dlsorete sulflde gralns in igneous rooks that oonta1n only 

a fr,~ot1on of a. peroent of sulfure Nor wl11 the meltlng 

polnt of lron sulfide be lnoreased substantially by pressure 

sinoe its liqu1d is only slightly less dense than the solid 

(Ubbelohde, 1965, p. 188). Naldrett (1967) found no measur­

able 'ohange in the melting temperature (±100 ) of the assem­

blage magnetite p~us pyrrhotite in the presenoeof water at 

2 kb total pressure. Sulfides may, however, be more soluble 

in silioate liquids under pressure aooording to Skinner and 

Peok as reported by Naldrett and Kullerud (1967), but ex­

perimental results supporting this are not yet available. 

Consequently, oxidation state is assumed to be the principal 

faotor oontrolling the temperature at whioh a sulfide liqu1d 

wou Id be generated in the mantle. 
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R1ngwood (19660) suggests an ox1dat10n state 1n the 

upper mantle at some value h1gher than that 1f 1ron were a 

stable phase. Sato and Wr1ght (1966) measured oxygen fu,ga01-

t1es 1n a lava lake 1n Hawa11 and found them to be close to 

that of the quartz-faya11te-magnet1te buffer (F1g. 16). 

Fuda11 (1965) measured the f02 produoed by melt1ng a number 

of basalts at 12000C and obta1ned values rang1ng from 10-6 •4 

to 10-8. 5 atm. (at th1s temperature the QFM buffer 1s 10-9 

atm.). If we allow. for a small amount of ox1dat10n dur1ng 

therlse and extrus10n of the magma, we see that the f02 at 

the p01nt of magma generat10n ln the mantle oould be olose 

.to, or·below that of, the quartz-fayallte-magnet1te buffer 

and m1ght be as low as the magnet1te-wust1te buffer. 

Under these oondltions a sulf1de liquld would be formed 

:.in the mantle somewhere between points oorresponding to the 

invariant p01nts Q and N 1n the exper1mental system (F1g. 12). 

Therefore, oonsider1ng pressure effeots to be small, the f1rst 

I1quid would form sllghtly above 9450C. Sulf1de llquid at N 

18 ln equi11br1um w1th the tr1dym1te-fay11te-magnet1te­

pyrrhot1te assemblage. In the mantle th1s sulf1de liqu1d would 

be widely dlspersed and essent1ally the only llquid formed 

unt11 si110ates beg1n to melt around lJOOoC (Ito and Kennedy, 

1967, p. 532; Green and R1ngwood, 1966).. When s1lioates start 
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reciprocals of absolute temperature (T). Buffers shown are: HM = 
hematite-magnetite, QFM = quartz-faya1ite-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 dril1-ho1es ina basaltic lava lake in Hawaii by Sato 

,! and Wri!ght (1966). The double circ1e is a plot of the values given 
for the sulfide liquid collected by Skinner·and Peck·(1966)., The 
vertical bar 4enotes the range of oxygen fugacities measured by , 
Fudali (1965) •. (Reyised after Sato and Wright, 1966) 
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to melt ln abundance they produce basaltlc llqulds whlch absorb 

only a small amount (0.15 wt. % or less) of the sulflde llq­

quld. If we use Rlngwood's (1966a, p. 322) value of 0.03% 

sulfur ln the mantle and Rlche's (1959) value of 0.027% sul­

fur ln basalts (Table 5)we see that the basaltlc llquld would 

always be saturated wlth sulfide. However, R1che also glves 

a value of 0.088% sulfur for gabbros wh1ch may lndlcate the 

greater loss of sulfur ln surface flows. 

Ringwood (1966a) proposes that 11quids separate from the 

mantle when between 20 and 40 percent meltlng ~has occurred. 

Thus lt can be seen that basaltlc 11quids may be saturated 

with sulfur regardless of whether they can dlssolve only 

0.027% or more than 0.10% sulfure As the magma rises to a 

posltlon hlgh in the earth's crust, the degree of lts ox1dat­

lon will control the amount of sulflde 11quid that separates, 

We now conslder some methods of ox1datlon of the magma. 

Sources of oxygen for oxlatlon of magma 

Magma w111 tend towards equl11brium wlth the f02 of the 

rocks lt lntrudes lf sufflclent tlme ls provided. In anhydrous 

envlronments the magma ltself would control the f02• However, 

hlghly oxldlzed rocks asslml1ated ln the magma could ralse 

its f02• Carbonate rock mlght be effectlve ln thls respect. 

- 86 -



~able 5. Sulfur oontent of basic rocks. 

-wt.%S -Reference 
-'. -" " 
Skaergaard Intrusion 0.005 Wager, et al. (1957) 

Duluth Complex 0.03 Snyder (1959) 

12 Gabbros 0.088 Riche (1959) 

15 Basalts 0.027 Riche (1959) 

24 Andesltes 0.023 Riche (1959). 

Mantle (est1mated) 0.03 Ringwood (1966a) 
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The role of water as a source of oxygen ln these en­

vlronments has.been stressed by Kennedy (1955), Osborn (1959), 

Hamilton, et al. (1964), Presnall (1966) and other~. Hamllton, 

et al. dete~mined the sOlublllty of water in basalts and an­

desites and found lt to be subs.tantial (Flg. 17). The foZ 

exerted by mixtures of water and hydrogen are shown on Flgure î6. 

Presnall (1966, p. 779) states, "Water ln the amount of only 

1.25 weight percent ln a basaltlc magma containing 10 weight 

percent FeO c'ould provide sufficient oxygen for complete oxid­

atlon of this FeO to FeZ0.3'" However, he points out that the 

diffusion of hydrogen from the magma would not be rapld enough 

to aoqulre this degree of oxidation. That hydrogen can diffuse 

rapidly in media more or less lmpervious to water and oxygen 

is exemplifled by the difficulty Eugster and Wones (1962) and 

Hamilton, et al. (1964) experienced in trylng to contain' 

hydrogen in buffered experiments involvlng water. The initial 

ratio of H20/HZ ln water being incorporated in the magma ls 

important (Presnall 1966, p. 779). If the initial ratio is 

hlgh the magma can become highly oxldlzed even without dlffus­

ion of hydrogen. 

The w~ter content of the mantle is probably very Iow 

even ln the thin layer beneath the oceanio. Mohorovlc1c dis-

oontinu1ty where amphibolite May be stable (Ringwood, 1966b, 
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p. 361). Wlthln the contlnental crust there could be a much 

dlfferent sltuatlon. A wet geosyncllnal plle could provlde 

a source of abundant water to an upward movlng Mgma (Osborn, 

1959, p. 664). Water ln fractures in less porous rocks hlgp 

in the continental crust could be incorporated qulckly in the 

magma. Fractures and faults formed by the lntrUS.ion of magma 

could serve as channelways for the buffering gasses. 

Separatlon of suIflde llguld from magma 

We have seen that magma generated in the rnantle would 

have a f02 close to the quartz-fayalite-magnetite buffer and 

would be saturated with sulfure If this magma rises with Iittle 

change ln f02 and essentlally as Iiquid the sulfur remains in 

solution except for a mlnor amount exsolved due to the red­

uctlon of conflning pressure. 

At the beginning of crystallizatlon of phases that lower 

the amount of dlsso1ved FeO, sulfide liquid begins to separa te. 

If the f02 remains constant, increases slowly or decreas·es 

slowIy during crystaIIlzatlon, the suIflde Ilquid continues 

to separate ln this graduaI manner until the amount of FeO 

ls reduced to zero, or the temperature has fallen to the 

point where the sulfide Iiquld beglns to c.rystallize. Beyond 

this point sulfur would separate from the magma in the form 
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of sulf1de m1nerals. W1th a steady f02 the proport1on of sul­

f1de 11qu1d to other phases separat1ng at any t1me would be 

exceed1ngly small s1nce the small amount of sulfur 1n the 

magma would essentlally be separat1ng durlng the entlre cry­

staillzatlon hlstory of the magma. Sulflde 11quld would se-

para te more rapldly dur1ng an lncrease ln f02 and temporarlly 

haIt durlng a decrease ln f02' but would again become steady 

as the f02 became constant. A rap1d rise in the f02' would 

result in the 1mmediate separation of a large proportion of 

the sulfur as sulf1de Iiquid as was' the case 1n f10del D, 

'page 73 (Fig. lIt·). 

these 
In geologicai termsAphenomena could occur in the follow-

ing manner. 

1) Magma rises from the mantle wlth 11ttle ox1dation 

and extrudes as flows: Most sulfur would ,separate 

as sulfide liquid dur1ng crystalllzatlon and dls­

perse flnely throughout the flows, whlle the re-

ma1nder would dissolve ln glass or escape as gas. 

2) Magma from the mantle lntrudes lnto a chamber ln a 

low oxldatlon state: The sulfide liquld would se­

parate gradually and settle together wlth other 

cumulate phases. 
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3) Intrusion of magma lnto a chamber,wlth a rapld change 

to hlgh f020 A large amount of sulflde llquld would 

separate and be accompanied by an lncreased amount 

of magnetlte, but there would be llttle change in the 

proportlon of other phases separatlng. The dense sul-

flde llquld would qu1ckly settle to the floor of the 

ohamber. 

4) Intrus10n of magma w1th rap1d oxldatlon tak1ng plaoe 

1n the condu1t below the ohamber. A large amount of 

sulf1de 11qu1d separates and 1s 1ntruded 1n a d1sper­

sed form ln the magma 1f 1ts upward movement were 

suff1c1ently rapide There would be a oertain lag 

in the arrival t1me of the more dense sulflde llquld 

due to d1fferentlal'settllng (see Naldrett and KUllerud, 

1967, p. 512). In slowly rlslng magma thls factor 

might be lmportant and result in the intruslon of 

an oxldlzed magmawlth' a: low sulfur content. A later 

intrusion of magma fromthe same condult could oon­

tain a hlgher concentratlon of sulflde llquid. 

Effect of f02 and f H200n orystallization of magma 

Kennedy (1955), Osborn (1959), Roeder and Osborn (1966) 

and Presnall (1966) have dlscussed the effects of the· fugac1ty 
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of oxygen and water on the crystalllzatlon of baslc magmas. 

Osborn showed that crystalllzatlon ln a system closed to 

oxygen ylelded lron-rlch dlfferentlates, the "Fenner trend", 

regardless of the lnltlal oxygen fugaclty, and suggested the 

Skaergaard lntruslon as an example of thls trend. Systems 

buffered wlth a relatlvely hlgh foZ preclpltate magnetlte and 

become enriched in sillca, the "Bowen trend". 

Presnall (1966) considered hydrous magmas and polnted out 

the importance of the HZO/HZ ratio on the fOZ. Hlgh ratlos 

yleld hlgh fOZ'S (see Fig. 16). Water enterlng the magma from 

the relatlvely cool envlronment of the upper cruet would be 

11kely to have a hlgh HZO/HZ ratio. The crystallizatlon trend 

of a magma contalnlng water thus depends on the amount of 

water present, the lnitlal HZO/HZ ratl0, and the rate of 

dlffuslon of hydrogen from the magma. For a hydrous magma 

the effects can be summar1zed as follows: 

1) If the system is open to the d1ffus1on of hydrogen, 

the oxldatlon state 1s hlgh, resultlng in precip1tat-

10n of magnetlte and silica enrichment of the 11qu1d. 

2) If the system becomes sealed from its surroundings, 

the degree of oxidat1on depends on the initial amount 

of water and H20/HZ ratio which according to Presnall 

produces such variants as: 
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i) 1nitia1 low water oontent resu1ts 1n 1ron. 

enr10hment of res1dua1 1iqu1ds. 

11) 1n1tla1 h1gh water oontent with low H20/H2 

rat10 (e.g., 24) s1ml1ar1y resu1ts 1n lron 
, 

enr10hment of the resldua1 11qulds. 

111} 1nltla1 h1gh water o:ontent w1th h1gh H20/R2 

rat10 (e.g., 408) results 1n pre01p1tat1on of 

magnetlte and enr10hment of 11qulds ln s1110a, 

but not as strong1y as ln the oase where f0 2 
was buffered externa11y by water vapor wlth 

an H
2

0/H
2 

rat10 of 408. 

The effeot of the suppress10n of 1ron-enr10hment ln the 

l1qu1ds 1s seen ln the mafl0 m1nera1s. Under the lron-enrloh­

ment trend o11vlne and pyroxene beoome 1noreaslngly enrlohed 

ln the 1ron end members and 11tt1e magnet1te 1s formed. On 

the other hand, under a h1gh fuga01ty of oxygen there ls lltt1e 

change 1n the FeO oontent of these m1nerals and magnetlte ls 

pre01p1tated oontlnuous1y. If the amount of water dlsso1ved 

1n the magma 1s appreclable and the temperature ls suff101ent1y 

Iow, hydrous maf10 m1nerals/ suoh as amph1bo1e and m10a,cou1d 

form w1th two posslb1e trends~ 
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a) Under lnltlally low R O/R ratlos, hydrous maflc mln-
2 2 

erals could form wlth an iron-enrlchment trend. 

b) Under lnltlally h~gh H20/H2 ratios, hydrous mafl0 

mlnerals could form wlth relatlvely constant FeO 

contents. 

Partition of mlnor elements 

During the coollng of' a magma where a separate sulflde 

llquld ls formed, metal catlons are partltioned between sil­

icate llquld, sulflde llquld and crystals. Catlons having an 

x - ° x - S bond energy ratl0 of about 1.85 or less ln 

Table 1 ( N12+ , Zn2+ , Fe2+ .:, Cu+' , etc.) concentrate to a 

considerable degree in the sulflde liquld. Some of these 

base-metal catlons May be removed from a magma ln sllioate 

and oxide crystals precipltated prlor to the formatlon of the 

sulflde llquld (see Wager et al., 1957). Thus the amount of 

eaoh base-metal enterlng the sulflde llquld ls to a lar~e 

degree proportlonal to the total amount of base-metals present 

ln the magma and to the value of lts X - ° ~ X - S bond energy 

ratio. In a general way, lt ls the prlmary type of magma, or 

the stage of dlfferentlatlon at whlch an lmmlsclble sulflde 

llquid ls formed, that governs the type and amounts of base­

metals it will contaln. 
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Sulfide grains. in basic igneous rooks 

Sulfide liquid begins to separate when its saturation 

point in a magma has been exoeeded. Sinoe the.aotivity of 

FeO in the magma is oonsidered to be the main factor influenc­

ing sulfide solubility, oxidation of themelt or the precip-
. ; ,:.,:.:'f: 

" ., ~ 

itation of FeO-rich phases would oause sulfide l1quid ta 

separa te. 
, .: ~ .' 

From a magma in a low oxldation state and saturated with 

sulfur, an immisoible sulfide liquld would begin to separate 

soon after FeO-bearing phases begin to crystallize. The 

suIf ide droplets thus formed would probably make up less than 

0.1 percent of the separating material and would oolleot in 

the interstioes of acoumulated orystals on the floor of the 

intrusion. With further cooling interstital silicate and 

s&1lfide liquids crystallize. The temperature of orrystalliza­

tion of the suIf ide would be governed by the buffered f02 of 

the surroundings. 

From the time the suIf ide liquid separates and settles 

to the floor of the intrusion its crystallization history is 

affeoted very little by the silioate phases of the magma; 

the amount of silioa dissolved in the sulfide liquid would 

be ln the order of one or two percent •. Renee it would cry­

stalllze in essentially the same manner as suIf ide liquid ln 
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the FeS ~ FeO - Fe304 - SiOZ system. Consequently, the sulf1de 

liquid moves from the univariant line ML to the univariant line 

PN (Fig. 12) where pyrrhotite orystallizes. AlI phases in oon­

tact with the s11ioate liquid are buffered to the relat1vely 

. oonstant foZ of the magma. Us1ng the data from Figure 16 

whioh plaoes the f02 at a point Just above the quartz-fayalite­

magneti te bUff'er, pyrrhot1 te would beg1n to crys tallize a t 

some p01nt Just above 955°C. S1nce the amount of sulfide 

11qu1d 1s very small 1n proportion to the whole magma 1t w111 

be buffered with1n a very narrow range of oxygen fugac1ty as 

1 t cools. Tha t is, 1 twill es·sent1ally be under a cons tant 

f02 and follow the course of crystallizatlon ct Model C, 

page ?il, (and Fig. 13) w1th aIl the sulfide 11quid orystal-

11z1ng w1th1n a very narrow temperature range to an aggregate 

of pyrrhot1te, magnet1te and s111oate. 

If, however, the sulf1de l1qu1d becomes 1s01ated 1n 

~he 1nterstices of accumulated s111cate crystals 1t could 

conce1vably be 1solated from the oxygen buffer and crystal-

11ze 1n a closed system. In th1s env1ronment, the sulf1de 

11qu1d, wh1le prec1p1tat1ng magnet1te, would reach the un-

1var1ant 11ne PN, prec1p1tate pyrrhot1te, and move to the 

1nvar1ant p01nt Q where wust1te 1s a stable phase. If the 

system remained closed to oxygen wustlte would 1nvert to 
,. , 

,magnet1te and iron as the assemblagecooled below 5600c. 
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The sulfide - magnétite - iron assemblage has been reported 

from a few localities (for instance, see Chamberlain, et al., 

"1965; and Chamberlain, 1967) but its environment has been such 

that clrcumstances other than those presented here have been 

advanced to explain lts genesis. 

An importan't; relation emerges here. The mineral assem­

blages found in suIf ide grains in igneous rooks are unlikely 

to yield the true composition of their parent sulfide liquid. 

In the majority of cases the liquid would be buffered atthe 

oxygenfugacity of the magma which would result in all iron 

oxide being precipitated as magnetite. Onlyin exceptional 

cases would a sulfide liquid be isolated from an oxygen 

source and crystalllze in a closed system where wustlte could 

be stable. Thus meltlng experiments to flnd the temperature 

of crystalllzatlon could give erroneous results unless the 

f02 ls known. 

The formation of sulflde grains in volcanic rocks would 

be slmllar to that ln the plutonlc environment. Sorne sulfur 

would be dissolved ln glass, but if the rocks are crystalllne 

lt would be dlstrlbuted throughout as sulfide droplets. 

Basle magma comlng through the oceanic crust has 11ttle 

chance to be oXldlzed, whereas magma comlng through wet 

geosyncllnal sedlments could be ln a hlghly oxidlzed state 

and 100 se much of lts sulfur as sulflde l1quld before extenslve 
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crystalllzatlon of slllcates occurred. 

The formatlon of sulflde llquld ln a magma need not be 

conflned to ultrabaslc and baslc rocks. Magmas relatlng to 

the calc-alkallne sulte of rocks are common ln orogenlc belts. 

Regardless of thelr orlgln, the solublllty of sulfur ln these 

11qulds ls probably controlled by the actlvlty of FeO and 

oxldatlon could release much of thls sulfur as sulf1de. The 

base metals partltlonlng lnto the s~lflde 11quld would be 1n 

d1fferent proportlons than those for basal ts. In!i,.partlcular, 

nlckel would be present ln much smaller amounts and copper, 

zlnc and the elements ln the lower part of Table 1 would 

occur ln greater proportlons. The actualcomposltlon of the 

sulflde 11quid would depend to a large extent on the com­

posltlon of the s111cate ~agma at the tlme lt was belng ox­

ldlzed; that ls, whether lt was andesltlc or even more s111ceous. 

Models for the genesls of magmatlc sulflde ore deposlts 

Sulflde ores assoclated wlth baslc and ultrabaslc 19r1eous 

rocks, the Sudbury-type, are generally accepted to have cry­

stalllzed from sulflde 11quld that co-exlsted immiscibly 

wlth the 11quld sllicate portion of a magma. The co-exlstence 

of these liqulds lmplles that (a) the y were generated slmul­

taneously, (b) the sulfide 11quid was dissolved in the silicate 

magma and under certaln conditions became lmmlsclble, or (c) 
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the magma inoorporated sulfur whioh formed a sulfide liquid, 

the "sulfurization" process proposed1 by Kullerud (196). 

Simultaneous generation of sulfide and silioate liguids~ 

It was seen earlier that sulfide liquid would likely be an 

initial produot of partial melting of the.mantle. At these 

early stages of melting this small ~mount of sulfide liquid 

would be finely d1spersed between silioate orystals. Partial 

melting of the silioate phases would allow the sulfide liqu~d 

to move and per~aps oollect in larger masses. It oan be ar­

gued that this sulfide liquid oould be intruded into the upper 

crust in association with the silioate magma. Its higher den­

sity would oause it to lag and henoe oould form a later stage 

of intrusion. The souroe of sulfur is not a problem in this 

model. 

There are, however, reservations about this hypothesis. 

In the first plaoe magma ris es from the mantle in a diapirio 

manner beoause of its instability in a surroun4ing of slightly 

higher density. Sulfide liquid, being muoh denser, would 

probably not rise under the sarne stress field. Seoondly, all 

sulfide liquid generated in this manner would have essentially 

the same oomposition whereas magmatio sulfide orebodies re­

fleot their host rook type by hav1ng high n1okel;oopper ratios 

in ultrabasio rooks and lower rat10s in basic and 1ntermed­

iate rook types. Th1s oomparison of oomposition indioates at 
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least partialequilibrium between sulflde and sillcate llquld 

which would be difficult to maintaln lf the sulfide 11quld 

were always a large separate masse 

Lastly, if this process were operatlve there ls no<.ob­

vious reason why it should not occur in all environments re­

ceiving magma from the mantle. Magmatlc sulfide ore deposlts 

are found in only a very small number of 19neous lntruslons 

in continental crust environments. These points alone suggest 

that the formation of these ores must be due to very speclal 

events. These events are 11kely to be a combinatlon of two 

or more geologic processes that have a low probability o~ 

overlapping. 

The same type of reasoning can be used to evaluate the 

hypothesis that large amounts of sulfide llquld are released 

from magma by the change ln confiningpressure between the 

mantle and upper crust. Agaln, this ls a process common to 

all magma, although depth ·of generatlon would be the important 

factor in controlling sulfide solubillty in the origlnal melt. 

separation of a sulflde liguid by oxidation; Knowing 

the solubility of sulfur in magmas to be very low, it may 

be difficultto visualize that certain large sulfide de­

posits were ever dlssolved in the liquids that formed thelr 

host rocks. For example, a cubic mile of magma assaying 
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0.0)% S cqntains 4 million tons of sulfur or an equivalent 11 

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

portion of this sulfur out of solution as a sulfide liquid with­

in a short period of the cooling histo;ry of the magma. The 

suggestions made here arise primarily from the phase work in 

the FeS - FeO - Fe)04 - 8i02 system. 

In a previous section it was maintained that magma gen­

erated in the mantle would be saturated with sulfur since it 

would be in contact with an early-formed sulfideliquid com­

prising most of the sulfur in the zone of melting. Arise 

in theaxidation state would release a large proportion of 

this sulfur as immiscible sulfide liquid in a manner similar 

to Model D (page ;8) in the FeS - FeO - Fe)04 - Si02 system. 

Oxidatlon has been suggested by Emslie and Moore (1960) as 

the process for the separation of iron-nickel sulfide ores 

at Lynn Lake, Manitoba. The oxidizing process would have to 

be sufficiently rapid that the sulfide liquid would not be 

overly diluted with silicate. mineraIs. Oxidation could take 

place while a magma is being emplaced in i ts sub'Volbanic': 

chamber or in a condui t b~:low. In this latter case the 

sulf1de liquid would tend to lag and could conceivably form 

part of a Iater phase of the intrus ive sequence. If the 
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fugao1ty of oxygen of the magma were above that of the quartz­

faya11te-wagnet1te buffer, as wouldundoubtedly be the case, 

the sulf1de l1q.u1d would orys·tal11ze to an assemblage of 

pyrrhot1te (oontà1n1ng n1ckel, oopper and other metals 1n 

so11d solut1on) and magnet1te. The oompos1t1on of the ore 

m1ght not truly refleot that of the sulf1de l1qu1d s1nce 

dur1ng crystal11zat1on under the relat1vely oonstant f02 , 

aIl iron ox1de wOll.id- be preo1p1tated as magnet1te 1n the 

manner of Model C, page ~l. 

Petrolog10 ev1dence of the 1ncorporat1on of water and the 

result1ng ox1dat1on of s1l1cate magma may be revealed 1n the 

s1l1oate and ox1de assemblages of1ntrus1ons. These aspects 

have been dealt w1th by a number of 1nvest1gators and have 

been summar1zed above (page ~a;). The magma could ma1nta1n 

oontact w1th an external buffer and orystal11ze under a 

oonstant or slowly deoreas1ng f02 , or 1t could become sealed 

from the buffer by the format1on of a oh111-zone and orystal-

11ze under a deoreas1ng f02' depend1ng on the amount of water 

present a~d 1 ts 1n1 t1al H20 ; H2 rat10. In e1 theI' ca.se some 

hydrous phase, amph1bole, m10a or serpent1ne, wou.ld form as 

the1r f1elds of stab1l1ty were entered. Osborn's (1962) 

mod1f1oat1on of Bowen's reaot1on ser1es (F1g. 18) serves as 

a gu1de for the sequenoe of crystal11zation expeoted under 

the d1fferent conditions. 
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~ig. lB. Reaction· series for subalkaline igneo~s rocks from magmas crystallizing under: a) hydrous conditions yielding a constant or steadi~y decreasing fugacity.of oxygen, and b) anhydrous conditions in a system closed 
to oxygene (4fter Osborn, 1962) 
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The hlgh oxldatlon state requlred, tO,separate a large 

amount of sulflde llquld need not necessarlly remaln hlgh , 

durlng subsequent crystalllzatlon of the magma. In a hlghly 

oxldlzed anhydrous system that became closed, magnetlte, 

preclpitation would bring the f0 2 to a very low level which 

could result in iron enrichment of the sillcate liquide Where 

water was ,incorporated the f02 could be much higher while 

the magmawas buffered by an external source but would drop 

slowly as it became se'aled. These later changes ln crystal­

lizat10n trends mightobscure an earlier highly oxldized state 

of the magma. 

Sulfurizatlon process~ Kullerud (1963) has shown that 

if sulfur 18 incorporated in a magma it can extract iron and 

other transition elements to form an immlscible sulfide liquide 

He suggested that this process may have been operative ln 

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,addd!tion of sulfur 

would have an effect similar to that of oxygene It would 

oxidize the magma, thus lower1ng its capacity to dlssolve 

sulfur, while at the same time providing sulfur to the sulfide 

liquide The main limitation of this mechanism is the scarcity 
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of sulfur ln the crust. In the case of the ores at Sudbury, 

Thode, et 'al. (1962) have shown that the isotoplc composltlon. 

of sulfur lndlcates lt had lts orlgln ln the mantle. Thls 

is also true of a n~ber 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 experlmental system that an iron 

sulfide liquid can beseparated from an lron, slllcate 

llquld by oxidatlon alone. 

2) The oxygen fugacltles necessary to make th1s separat­

lon,ln the experimental system are well with1n the 

range of those found ln magmas and occurrlng ln 

upper contlnental crust envlronments. 

3) Water as a source of oxygen ls present ln Many upper 

contlnental crustal envlronments. It ls soluble ln 

magmas and the f02 lt can produce ls sufficlently 

high, and can be much hlgher than that required for 

the sulflde llquld separation process. 

4) Kennedy (1955), Osborn (1959, 1962), Roeder and 

Osborn (1966) and Presnall (1966) have shown that 
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f02 probably plays an lmportant role ln the crystal­

l1zatlon of magmas and that some magmas have lndeed 

been subjected to wlde ranges of f02-

5) It ls thus posslble ·for a magma rlslng ln the upper 

crust to be oxldlzed rapldly and lntruded in such 

a manner that the sulflde llquld has tlme to settle 

lnto coherent masses. The probablllty of these events 

colncldlng may be low, but so ls the proportlon of 

baslc and ultrabaslc lntruslons havlng assoclated 

magmatlc sulflde ore deposlts. 

6) Isotope studles lndlcate that the sulfur ln at least 

a large proportlon of the deposlts studled had lts 

orlgln ln the mantle. 

In many lnstances lt may be dlfflcult to determlne lf a 

magma has been subjected to such a rapld and lntense oxldatlon 

process. For lnstance, the ultrabaslc rock at the Marbrldge 

mlne (Clark, 1965) ls now almost completely serpentlnlzed. 

But a study of unaltered lntruslons contalnlng magmatlc sul­

flde ores mlght very well yleld evldence of these 1nfluences, 

espeè1ally on lts early hlstory of crystalllzatlon. 

Sulflde ores assoclated wlth volcanlc rocks 

Sulfldes dlssolved ln acldlc as well as baslc magmas can 

be separated by ox1datlon and s1l1ca-enrlchment. Calc-alkallne 
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magmas show a s1l1ca-enr1chment trend and are Most commonly 

formed 1n geosyncl1nal areas where water 1s abundant and can 

act as a source of oxygene Hence. there 1s the poss1b1l1ty 

that volcanogen1c sulf1de depos1ts may be genet1cally related 

to a magma jm wh1ch an,' lmm1sc1ble sulf1de l1qu1d formed. How­

ever. sulf1de droplets are dense and would tend to move down­

wards whereas the volcanogen1c depos1ts are formed above the 

magma chamber. 

An 1nterest1ng phenomenon: bear1ng on th1s problem was 

noted wh1le work1ng w1th1n the two-l1qu1d phase volume of the 

FeS - FeO - Fe304 - S102 system. In a few runs that had h1gh 

fS2 and f02 (the fS 2 was probably greater than 1 atm.) the 

quenched sulf1de l1qu1d formed a layer up to 0.5 m1ll1meters 

th1ck on top of the s1l1cate glass. The s1l1cate glass con­

ta1ned myr1ads of small spher1cal holes wh1ch undoubtedly 

were bubbles of gas formed dur1ng the quench. The s1gn1f1-

cance of the bub:t>les 1s that they.1nvar1ably had one or more 

small droplets of sulf1de attached to them in the manner 

shown on Plate 6. The. 'gas bubbles gave the appearance of 

Ifloat1ng" the sulf1de droplets. s1m1lar to the flotat1on of 

so11ds in mineral benef1c1at1on processes. The surface 

energy relat10ns between the sulf1de l1qu1d and sulfur vapor 

wou Id be 1deal for flotat1on accord1ng to Professor T. S~lman 

(1967, personal commun1cat1on). 
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Two. explanatlons are adv~~ae9 to account for thls 

phenomenon.Durlng the quench the telÎlperature fell more 

rapldly ln the portlon of the sllloa glass oapsule occupled 

by vapor than ln the 11qu1d whlch was held ln an alumlna 

contalner. Bubbles formed qulckly ln the llquld due malnly 

to the hlgh fS 2 and rose to the surfaoe wlth thelr attached 

sulfldedroplets. In another run the neck of the silloa tube 

broke durlng the quenoh. The subsequent loss of pressure, 

oauslng vapor to bubble from the llquld, very 11kely floated 

the sulflde 11quld to the surface. 

The ldea that sulfldes ln magmas could be ooncentrated 

by;·f.ilJotatlon ls noi new. Goodchlld, as reported by Llndgren 

(1928, p. 127)., has suggested that gas bubbles could attach 

themselves to. mlnute orystals .and to drops of sulflde llquld 

and serve as agents of flotatlon. In a magma sulflde drop­

lets would form a vapor lf the fugaclty of the volatlle sul-

fur specles, such as 82' H2S and 802 , becomes greater than 

the external pressure. In a near-surface envlronment the 

external pressure on a vapor could be less than the load 

pressure lf the encloslng rocks were permeable to vapor 

whlle being lmpermeable to the magma. Pressure on the magma 

would also be released perlodloally by the onset of volcanl0 

actlvlty and fracturlng ln the encloslng rock. 
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There ls a readlly avallable souroe of water ln the 

sedlments and voloanlos of a geosynollnal pile. Upward 

movement of the magma would tend to keep lt ln oonstant 

oontaot wlth thls water. In deeper parts of the geosyn­

ollne:'.the f ln the magma ls oontrolled by water ln the 
H2 

surroundlng rooks. In a near-surfaoe envlronment, however, 

sorne hydrogen oould esoape due to pressure release. Thls 

esoape of hydrogen would permlt more water to dlssoolate to 

further the oxldatlon of the magma. 

Thls rapld ohange ln oxldatlon state, aooompanled by the 

preclpltatlon of magnetlte, would allow a large amount of 

sulflde 11quld to separate in a fashion s1mllar to that 

11lustrated ln Flgure 14 (page 73a). Magmas oontalnlng 

appreolable water ara-probably oapable of dlssolvlng more 

sulfldes than anhydrous ones, henoe a hlgher f02 mlght be 

requlred to separate a sulflde 11quid. Perlodl0 releases 

of pressure would allow vapor to form around the sulflde 

droplets whloh would then rlse by the flota tl,on prooess. 

These rlslng sulfide droplets oould esoape through a voloan-

10 orlfloe or oollect ln a cupola-type structure under low 

pressure. They May also beoome mlxed and dlsso1ved ln 

aqueous solutions esoaptng from the magma and those present 

ln fraotures ln the surroundlng rock. Therefore lt ls poss­

lble to have a dlreot magmatl0 sulflde emanatlon or sulflde-
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bearlng hydrothermal solutlons. The solutlons could be re­

leased st the surface by fumarollc actlvlty or.they could 

preclpltate thelr load in a sultable subsurface envlronment. 

The base metals found ln the sulflde ore dep~slts would de­

pend on whether the magma was basaltlc, andesltlc, dacltic 

or rhyolitic at the time of the formatlon of the sulflde 

liquide Metals with low X - 0 ; X - S ratlos, at the bottom 

of T~ble 1, page e ,(Fe, Zn, Cu, Pb, Ag, etc.) concentrate 

in increasingly acidic magmas. 

This cyclic process proposed for the release and concen­

tration of base-metal sulfldes in near-surface volcanlc en­

vironments would lnclude the followlng stages.t 

1) the absorption of water by the magma (See Fig.l7 ), 

2) dlssociation of water, H20 ___ '>0:., H
2 

+ ~02. 
<:: 

3) oxidation of the magma, mainly by the reaction 

3 FeO + ~02<:: ...... Fe304 

4) escape of hydrogen by (a) diffusion into the surround­

ing rocks, and (b) the more rapid method of streaming 

off during a pressure release. 
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5) the consequent further d1ssoc1at1on of water and 

ox1at1on of FeO. 

6) imm1scib1lity of sulf1des and the1r upward movement 

by flotat1on .~-\2;·"·.·::~:·<'. 

7) depos1t1on of the sulf1des directly, or the1r in­

corporat1on 1nto aqueou~ solut1ons. 

In the 11ght of these points 1t 1s suggested that the 

sulf1de of many depos1ts, formedat or near the surface in a 

volcanic env1ronment, orig1nated by a process that would be 

self-perpetuating as long as water is ava1lable, the con­

f1n1ng pressure 1s per10dically released to stream off hy­

drogen and sulf1des, and ox1di~able~i.materials are present. 

Sulf1des 1n oceanic and continental flood basalts: 

Ocean1c and cont1nental flood basalts probably undergo very 

11ttle change 1n compos1t1on dur1ng the1r m1grat1on through 

the crust, and sulf1de ore depos1ts apparently do not exist 

in them. The1r low fugac1ties of oxygen (Fudali, 1965: Sato 

1966) 1nd1cate a laak of ox1dat1on, and the·th1ck monotonous 

p1les of lava show clearly that 11ttle d1fferent1at1on towards 

s111ca-r1ch members has taken place. Because there have been 

no changes that would lower the aat1v1ty of FeO or effect 
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s111oa-enrlohment ln the magma, there 1s no reason to expeot 

thé dlssolved sulfldes to form a separate phase exoept under 

normal orystalllzatlon oondltlons. 

Iron formatlons assoolated wlth sulflde ores: The 

oxlda'tlon of a magma oonsldered neoessl:lry to produoe a 

separate sulflde 11quld also oauses extra amounts of magnetlte 

and posslbly hematlte to forme These mlnerals would tend to 

be oonoentrated ln lavas assoolated wlth sulflde ores formed 

by thls prooess. However, the lron oxldes ln the sulflde 

11quld and some of those ln the magma oould be dlssolved ln 

hydrothermal solutlons and be. a souroe of lron for the small, 

dlsoontlnuous lron formatlons so often found assoolated: wlth 

sulflde ore deposlts ln voloanl0 envlronments. 
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Summary and Conclusions 

A. 1) S111cates melt to 1on1c 11qu1ds, and sulfur, as 

sulf1de, 1s d1ssolved 1n these 11qu1ds essent1ally by 

replac1ng weakly bonded oxygen 1ons. 

2) Of the geolog1cally common Metal cat1ons, Fe++ forms 

the weakest bond to oxygen; hence oxygen bonded w1th Fe++ 

alone 1s Most eas1ly d1splaced by sulfure The number of 

these Fe++ - ° - Fe++ groups 1n the 11qu1d 1s a measure 

of the act1v1ty of FeO. 

3) FeO has a h1gh act1v1ty 1n compar1son to CaO, MgO etc. 

1n s111cate liqu1ds conta1n1ng equal mole proport1ons of 

these ox1des. 

4) Sulf1des can be extracted from FeO-bear~ng s111cate 

11quids by reduc1ng the act1v1ty of FeO: 

a) by the addition of siliea and other ox1des to 

form stable compounds with FeO. 

b) by ox1dat1on of FeO to FeZ03' and 

e) by prec1p1tat1on of FeO-rich phases. 
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B. 1) Phase relations for the FeS - FeO - 3iO join, deter-
2 

mined by Yazawa and Kameda (1953) in equilibrium with 

iron, were confirmed and extended through the Fe3 - FeO -

2} The immiscibility gap between silicate liquid and 

sulflde liquid, present for liquids in equilibri~ with 

iron, was found to extend throughout the Fe3 - FeO -

Fe304 - Si02 system. 

\. 

3} A quaternary'invariant point is present (1 = 10 FeS, 

40FeO, 21Fe304' 293i02; L = 57FeS, 26FeO, 15Fe304, 23i02 ; 

1095°C (iF,ig.12) involving fayalite, tridymite, magnetite, 

silicate liquid (1), sulfide liquid (L), and vapor. This 

invariant point represents the lowest temperature at 

which silicate and sulfide liquids coex1st in the system. 

4) When a crystallizing silicate liquid disappears at 

the invariant point l (Fig. 13), the conjugate sulfide 

liquid at L moves to another invariant point (N= 63Fe3, 

20FeO, 16Fe304' 13i02; 955°C) where pyrrhotite separates 

with magnetite, fayalite and tridymite. If the original 

liquid has a high FeO/Fe203 ratio, and is low in silica, 

the sulfide l1quid moves to a lower invariant point 

(Q= 62Fe3, 22FeO, 15Fe304' 13i02 ; 945°C) where the crystal­

lizing assemblage is wust1te, magnetite, fayalite and 

pyrrhotite. 
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C. 

l ' 

5) If the f02 is held at a value above the quartz -

faya11te - magnet1te buffer,corresponding to invariant 

po1nt N, all l1quids crystallize to assemblages of 

trldymite, magnet1te and pyrrhot1te. 

6) An homogenous liquid in the quaternary system can be 

separated 1nto 1mm1scible si11cate and' sulf1de l1qu1ds 

by oxidation alone (Model D, F1g. 14). A change 1n the 

-9 -6 0 f02 from about 10 to 10 atm. at 1100 C is suffic1ent 

to separate one-half of the FeS 1n the l1quid 0 (F1g. 14) 

as a sulf1de l1quid. 

1) The solubility of sulfur in silicate magmas is assumed 

to be essentially governed by the act1v1ty of FeO and 

llmited by the same factors as in the FeS - FeO - Fe)04 -

8i02 system. 

2) Basic magma 1s generated by partial melting of the 

mantle buffered by a f0
2 

close to the quartz - faya11te -

magnet1te assemblage. 

3) Under these cond1t1ons a sulfide l1qu1d would form 

at a temperature close to 95SoC, and a si11cate l1qu1d 

at approximately 1300oC, if we neglet the effect of 

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

(0.03 wt. peroent) and that found ln basl0 19neous rooks, 

(0.027 - 0.088 wt. peroent) the s1110ate magma produoed 

by partlal melting wll1 not dlssolve aIl of the orlglnally 

formed sulflde 11quld untl1 at least 30 peroent of the 

mantle has melted. Thls magma, arrlvlng at or near the 

surfaoe, would be saturated wlth sulflde 11quld. 

5) Sulflde 11quld beoomes lmmlsolble ln silloate magma 

by preolpltatlon of FeO-bearing mineraIs and by lnorease.' 

of f02• 

6) Durlng ah·,'lnorease ln f02 sulflde 11quld would separate 

more rapldly and temporarl1y haIt durlng a deorease ln 

f02 , but would agaln separate steadlly as the f02 beoame 

oonstant. 

7) The f02 lmposed on the sulflde 11tuld as 1t oools 

determlnes the temperature at whloh orystalllzat~on 

ends. 

8) Large quantltles of sulflde liquld that oould form 

magmatl0 sulflde ore deposlts may be generated in a 

number of ways includlng; 
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a) A direct intrusion or mixed sulfide and silicate 

liq~ids from the mantle. 

b) The rapid oxidation of magma, essentially by the 

incorporation of water, during or preceding its 

emplacement in the crust. 
1 

c) The "sulfurization" process proposed by Kullerud 

(1963). 

The rapidoxid.ationmethod is considered to be the most 

probable one operat1ve in the rormation 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 - FeO - Fe)04 - Si02 

system the work was original with the exoeptions outlined in 

Chapter III, "Prèvious Phase Equilibrium Work". The original 

phase studies and signifioant results ofthis work are listed 

below. 

A. Experimental work 

1) Determination of liquidus phase relations in the 

FeS - FeO- Fe)04,-F~~:r.:F.~304;~ .SiO;:f;and,·F~~L,.--
. ~. .. 

2) Demonstration of a meohanism by whioh sulfide liquid 

May be formed by oxidation of 'iron silioate liquid 

oontaining FeS. 

) Demonstration of the lowering of the Magnetite -

pyrrhotite - tridymite solidus temperature as muoh as 

65 degrees by buffering the fo 2• 

B. Geologioal implioations 

Meohanisms were proposed and supporting data oited for; 

1) the generation of ooexisting sulfide and silioate liquids 

by partial melting of the mantle; 
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2) the generat10n of basalt1c.magma saturated w1th sulf1de; 

3) the formation of magmat1c sulf1de depos1ts by intrusion 

of sulf1de 11qu1d generated by partial melt1ng of the 

mantle; and 

4) the formation of volcanogen1c s~lf1de depos1ts by 

·ox1dat1on of magma and flotat1on of sulf1de 11qu1d 

d~oplets. 

Suggestions for Further Work 

There 1s much exper1mental work that could be done to 

clar1fy problems that ex1st in the 11qu1dus phase relations 
. . 

between silicate, ox1de and sulf1de assemblages. Magma com-

ponents, such as MgO, CaO and A120J , added to the FeS - FeO -

Fe304 - 8102 system wou Id make the phase relations compl1cated 

and d1ff1cult to present. However, the effects of add1ng 

these compontents could be evaluated 1nd1v1dually for specifie 

fugac1t1es of oxygen after the method used by Roeder and 

Osb9~n (1966) and Presnall (1966). A greater knowledge of 

the oxygen and sulfur fugacities in synthet1c and natural 

immisc1ble silicate and sulf1de liqu1ds would be of much 

value. Theae and other suggestions are l1sted below. 
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1) Addition of such oxides as MgO, CaO, Na20, and. A1203 

and H20 to the present system to d~termine their in­

dividual or combined effect on (a) the solubility of 

sulfur in silicate liquids and Cb) the composition of 

the sulfide liquide 

2) Extension of the study of the phase relations in 
ov.(Aen 

the Fe - S - ° system to higher s~ am and sulfur 

contents. 

3) A study of ways and me ans to measure the oxygen and 

sulfur fugacities in these systems at high temperatures. 

4) A study of the effect of the addition of other trans­

ition elements on sulfur solubility in silicate liq­

uids and on the composition of the sulfide liquide 

of 
5) Determination of the effect/confining pressure on the 

phase relations in the system. 

6) Determination of the extent of the solubility of 

sulfur in magmas. 

7) The design of experiments to evaluate the factors 

involved in the flotation of suIf ide liquid droplets 

in silicate liquids. 
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Plate 1 

Photomicrographs 

Ca} X 400 

Cb) X 160 

(c) X 160 

(a) Pyrrh~tite crysth1s in an eutectic intergrowth of pyrrhotite 
and iron oxides that formed from 1iquid during the quench. 

(b) Wustite and pyrrhotite crysta1s in 1iquid (eutectic intergrowth) 

(c) Dendritic crysta1s 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 

.~ ,", 
:'.',~' ..... 

, '. " ,,:' - " ~ 
, . ... .. 

Cc) X 160 

(a) Wustite and magnetite crysta1s in 1iquid (L~utl'ctic intergrowth 
of pyrrhotite and iron oxide). 

(b) Wustite crysta1s exso1ving magnl'tite, surrounded by 1iquid as in (a), 

(c) Magnetite crystil1s surrollnded by li,quid (elltf'ctic intl'rgro\vth 
cuntaLning dvnclritic pyrrhotitv crystLlls). 



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) Qucnch fayalitc crystals in sulfidc liquid. 



Plate 4 

Photomicrographs 

(a) X 160 

(b) X 160 

!I 

(c) X 160 

(a) Faya1ite, magnetit~ and tridymite crysta1s in su1fide 1iquid 
(eutectic intergrowth). 

(b) Immiscib1e silicate (dark glass) and su1fide (light eutectic 
intergrowth) 1iquids. 

(c) Su1fide 1iquid be10w a silicate 1iquid containing sma11 
immiscib1e su1fide 1iquid drop1ets. 
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Plate 5 

Photomicrograpils 

(a) X 160 

(b) X 200 

(c) X 160 

(a) Silicate liquid above sulficle li.quicl containing del1dritic 
\vu s t i tee 1- y :i l ct l. s • 

( b) S li lf ük li Cl u 1. cl (\V 11 i t C:') w it 11 que ne il f il y;J li t (' ( c il a i 11 - li. k L' ) 

: 111 cl l il r:c; l cil' n cl rit 1. c wu s t i t l' cry s t n 1 s • 

Cc) Round clruplL·ts of sulfi.d(· l1.quid in c;ilicat:l' lLqllld (ddrk g];lSS) 

.1 ' ,', .-



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 agas bubble. 
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Appendix Tables 

Tables of compoàitiolill., temperature and phases presen.t 
in quenched rUDS in; the F~~ - Fe,~ - Fe304 - 8i02 syst~m. 

Ch 22~E2!~~~2~~l!~~~2 Temp. 
a~ge ., 
'No. FeO Fe304 FeS Oc Phases pr.esent 

-------~------------------------------~~------------------

S-11 40 

8-25 32 

8-25a 32 
8-26a 30 

b 
S-27 27 

,S-50 

8-35 

8-40 

50 

w-281 41 

,X-10 31 

~-36 29 

c 
8~38 27 
8-37 25 

20 

28 

28 
30 

33 

60 

40 

40 

40 
40 

40 

40 

1 

50. 

3 50 

1.5 50 

9 

19 

21 

23 
25 

50 

50 

50 

1120 
1130, 

1130 
1135 

1150 
1150 
1200 
1200 

1305 
1315 

1022 
1030 
1060 
1066 

1040 
1051 
1050 

1031 
1040 

1050 
1057: , 

1050 
105a· 
1100 
1100 
1100 
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ws + l 
l, 

ws + l 
l 

1 
mt + l 
l 
mt + l , 

mt + 1 
l 

. iron + Ws + l 
iron + l 
iron + l 
l 

ws + 1 
l 
iron + l 

ws + 1 
l 

ô.WB + 1 
L 

ws + 1 
l 
i 
m:t + l 
mt + 1.L 



~~!R2!~~~2~_~~~~1 Temp. 
Charge FeO Fe 0 FeS 0 . Phases present __ ~~! ____ ~ ______ 2_2 ______________ 2 _____ ~ ______ ~~ _______ _ 

, . 

Z-13 
Z-15 
Z-14 1 

. Z..;10 
Z-11 
Z-12 

S-46 

8-43 

8-48 

22·.5 
21 . 
20.5 

17 
17.5 
18.5; 

10 

55 

43 

33.5 
32 
31 , 

25 
26.5 
27.5 

40 

30 

44 
47-
48~5 

58 
54 
56 

50 

15 

15 

8-42a 40 45 15 
'h 41.5 43.5 15 

S-32 65 5 30 
S-34a 63 7 30 

S-34 63 7 30 

S-41 61.5 8.5 30 

W-284 58 1! 30 

XA-4 43 27 30 

S-39 37 33 30 

8-33 35 35 30 

8-49 20 50 30 
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1200 
1200 
1200 

1125 
1125 
1125 

1200 . 

1270 
1280 

1300 
1312 

1315 
1325 

1340 
, 1340 

1200 
1200 

1180 
1190 

1190 

1195 
1203 

1"205 
1215 

1210 
1220 
1227 

1200 
1220 

1339 
1350 

mt:+ 1 
m.t + l 
l 

l 
l 
mt + l 

mt + l 

ws + l 
l 

WB + Jl. 
l 

WB + l 
:t 

DDt + l 
l 

iron + l 
l 

iron + ws + l 
ironl + l 

WB + l 

ws + l 
l 

WB + l 
l 

WB. + mt + 1 
mt + l 
l 

WB + DDt + l 
Illlt + l 

Illlt + l 
l 

/ 



. 22!~2~~~~2~_~!~~L Temp. 
Charge - Ir\ . No~ ,FeO Fe304 FeS .00 , rhases present 

-------------------------------~-----~----------------. , 

8-24 57 
5-22a 55 

S-29 ·37 

w-287 ,50 

S-30 

5-4 

5-7 
5-6 

31 

40 

38 
37 

5-19 38 

8-15 35 

5,-44 37 

5-45 35.5 

W-288 29 

3 
5 

23 

10 

50 
45 

19 

2 

5 

6 

40 
40 

40 

40 

50 
55 

50 

60 

62 
63 

1110 
1110 
1115 
1120 

1125 
1132 

1115 
1125 

1200 
1200 

1058 
1062 

920 
930 
935 
940 

925 
925 
930 

60 940 
945 

1 

60 935 
941 
945 

61.5 931 
936' 

63 925 
931 
935 

65 954 
961 
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irOD; + WS + 1 
ws + 1 
ws .~ 1 
1 

WB + 1 
1 

WS + 1 
1 

mt + 1 
l J 

WS + 1 
12 

iroDJ. + ,WB + po + 1 
iron: + ws + 1 
iron + ws +. 1 
irol'l + 1 

iron + ws + 1 
po/· .. +. 1: 
1 

ws + 1 
l,. 

ws + po + 1 
ws:+ 1 
1 

ws + po + 1 
1 

ws + po + J. 
po + 1 
l' . 

po + 1 
1 



ComnOBition (wt.%) 
--_._~-----~---~-- Temp. 

Ch:!ge FeO Fe
3

0 Fe8 Oc Phases present 

------------------~------~-------------------------------- f .. -. 

W-290 30 : 7 63 

8-10 33 7 60 

w-289 33 7 60 

8-8 30 10 60 

8-12 26 14 60 

8-20 25 15 60 

8-16 23 17 60 

8-23 20 20 60 
8-28 21.5 18.5 60 

X-11a."- 23 

X-3 

8-85 

8-86 

8-87 

b 23.5 
c 24 

25 

24 

22 

22 

14 
14.5 
15 

63 
62 
61 

15 60 

15 61 

16.5 61.5 

14 64 

930 
936 

1946 
951 

926 
930 

928 
·938 

945 

940 
946 

940 
945 

945 
950 
953 

945 
975 
975 

1040 
1040 

955 
955 
955 

950 
960 

941 
946 
950 
956 

946 
951 
956 

956 
961 
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1 1 

WB + pO + l 
po. + .. 1 
po+ 1 
1 

iWS =" pO + 1 
po + l , 

1 

WB + po + 1 
ws + 1 
1 

ws + 1 
1 

WB + po + 1 
1 

WB + po +.1 
WB + 1 
1 

WB + po + 1 
l 
mt + 1 

mt + l 
1 

pO + 1 
1 
mt + 1 

WB + po + l 
WB + + 
WB + mt + po + 1 
ws + po + l 
WB + l 
l 

WB + mt.+ po + l 
mt + l 
l 

po + l 
l 



Chb'rge. 
22~E2!!~~2~_i!~~~2 Temp. Phases present 

N • FeO Fe
3

04 FaS Oc 
---r---------------------~-------------------------------

M-4 40 60 1130 mt + 1 

M-6 1135 1 
,3.5 65 1050 mt + 1 

1075 mt +1 
1100· 1 , 

~-7 32 68 1025 mt + l 
1050 mt + l 
1075 1 

M-3 30 70 1025 po + 1 
1030 1 

Z-1 12 18 ,'70 1020 po + l 
1 ;,t, 1025 l 

Z-4 13 19 68 1010 po + 1 
Z-5 14 20 66 1000 l 

Z-8 14 21 65 995 mt + 1 
Z-6a: 15 ·21 64 985 mt + po + 1 
Z-7a 16 22 62 1000 mt + l 

Z-7b 1@50 mt + l 
Z-6b 15 21 64 1050 l 

S-31 15 15 70 1007 .po + 1 
1012 1 

X-2 19 11 70 990 po + 1 
1000 l 

S-14 21 9 70 995 po + l 
1000 1 

W-282 25 5 70 975 po + 1 
986 po + l 
992 l 

S-3 30 70 975 po + l 
980 l 
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Q~!!!~~!!~~~2!_i!!~.!~1 Temp. 
Charge Fe0 Fe 0 FaS 0 Phases pre$ent __ ~2~ ___________ 2_~ _____________ 2 ___________________ ~_-

8-2 20 

w-286 3 

x-6 8 

Z-3 12 

M-2 

8-1 ,10 

W-283 8 

X-l 6 

Z-2 4 

M-l 

1 . , 

17 

12 

8 

20 

2 

4 

6 

10 

80 

80 

80 

80 

80 

90 

90 

90 

90 

90 

1040 
1045 

1030 
H>40 

1052 
1058 

10'l5 
. 1080 

1070 
1075 

1100 
1105 

1098 
1104 

1106 
1112 

1115::: 
1120 

1125 
1130 

po + 1 
1 ! 

po + 1 
1 

po t 1 
1 

po + 1 
1 

po + 1 
1 

po + 1 
1 

po + 1 
l' 

po + :J-
1 

po + 1 
1 

po + 1 
.1i 

--------------------------------------------------~--~-1 

FeO Fe8 8t02 -
-------------------------------------------~-----------i 

8-69 59 10 31 1160 iron + fa + td + 1 
1170 irolDl. + td + 1 

8-75 58 12.5 ' 29.5 1171 iron + td + 1 

8-80 61 12.5 26.5 1152 irol!li + fa + td + 1 
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~~!!!~2!:!!~!2~.J.!!~!~t Temp. 
Charge ". Or 1 • .. . Phas.es. present 

No~ 
,FeO Fe8 8iO Oc 1 
1 . 2 1 

--r----r------~------~----~~-----------~----------------, 

8-83 59 15 26 1150 iroD + t'd + l 

8-67 57 15 28 1140 
1 1 

iroltl + fâ + td .+ l 
1 J50 irOD:: + ·td ~ l 

8-82 56· 17 27 1142 irollJ ·+i~fa + td + ll: , 

1145 irOlilt + td + 2-L 

$-62 53 20 27 1140 irOlll + fa +. td + l 
1150 iroDJ + td + 2-L 

8-66) 56 20 24 1142 irollli.+ fa + 2.-L 

8-68 54.5. 20 25.5 11150 ironi+ td + 2-L 

8-84 60 20 20 1145 irODi + l 

8-74 52 40, 8 1165 ir..Olll! + l 

8-71 50 40 10 1145 ir.OD1+ fa + l 
1150 iltOlil + 2-L. 

8-64 32 60 8 1135 !rOD + fa + l 
1140 iroJm: + 2-L 

8-65 26 70 4 1140 iron + td + 2-lé 

8-79 20 75 5 1156 irOlll! + td + 2-L 

8-78 22 75 3 1166 irOD.· + 2-L .-

8-70 23 75 2 1150 iron + 2-L 

8-72 21.5 77.5 1 1163 iro,,lll + 2-L 

&-73 19 80 1 1165 irODI + 2-L 

8-76 19.5 80 0·5 1140 irol!ll + fa + l 
1150 irOl!D..+ 2-L 

8-77 17 82 1 1135 irol!lJ + fa + l 
1140 iron. + 2-L 

8-81 14 85 1 1135 d.rolil + fa + td + l 
1145 irol!ll + td + l 
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Charge 
~~!E2~~~~~~_~!~~~L Temp •. 

. No. Fe304 FeS S102 Oc P~ases Bre~ent 

--~----------------------------------------------------

M-12a 55~ 40 5. 1235: mt + II 
1250 l 

b. 53.5 40 ·6.5 1235 2-L 

M-13 52.5 40 7.5 1200 mt + 2*L 
1215 2-L 

M!-ll 50 40 10 1200 mt + td + 2-L 
1215 1 

td + 2-L 

M-22 42 55 3 1152 mt + 2-L 
1160 2-L . 

.. 
M-23 44 52.5 3.5 1150 mtl; + 2-L 

116Q 2-L' 

M-24 40 57.5 2.5 1143 mt": + l 
1150 l 

M~25 40 55 5 1160 td + 2-L 

M!"'26 43.5 55 1.5 1165 mt + l 
1175 l 1 

. . 

M-16 38 60 2 1110 mt:+ l 
1120 1:. 
1135 l 

M-15 36 60 4 1135 td + l 

M-17 30 69 1 1020 po + mt + l 
1030 l 

M-1.8 33 65 2 1100 td + l 

M-19 30 68 2 1025 td + l 

. M-20 28 70 2 1025 po + td + l 
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~ 
___ 22~E2~:!::!::!:2!_.~!!:!:!.~L ___ TeJDJp •. 

Charge FeO Fe 0 FeS SiO Oc Phases present No. 3 4 2 
---------~-------------------------------------------------

W-390 54.5 10.5 5 30 1120 fa + 1 
1130·0j 1 

W-3,61 50 10 5 35 1.125 fa + td + 1 
1135 td + 1 

W-349 58.5 11.5 10 20 1 H~p::: fa + 1 
1129· 1 

W-350 54.5 10.5 10 25 1115 fa + 1 
1120 1 

W-353 52.5 10 10 27.5 1100 fa + 1 
, 1105 1 

W-351 50 10 10 30 1100 fa + 1 
1105 1 

W-354 48 9.5 10 32.5 1105 fa + td + 1 

~ 1109 td + 1 

W-352 46 9 10 31 1120 fa + td + 1 
112~~; td + 1 

VI-297 63 12 20 5 1175 ws + l 
1188 ws + 1 
1200 1 

W-292 -58.5 11.5 20 10 1105 ws + l 
1111 1 

W-296 57 11 20 12 1100 fa + 1 
1110 l 

W-294 54.5 10.5 20 15 11111 fa + l 
1116 l 

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-L 
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Ch ___ 22~~2~~~~2~_l!~!~l___ Temp. 
. :~~e FeO.· 'Fe

3
0

4
' FeS 5102 '. ! Oc Pha~es pref!ent 

---~--~------------~-------------~-------------~------~----

W";29~ 46 

c' 44 
"1 : 

W-313 42 

W-302 48 

W-312 47 

W-300 46 

W-311 44 

W-299 4Z 

W-303 40 

W-301 37.5 

c 35.5 

W-304 33.5 

W-305 25 

W-307 27 

W-306 29.5 

W-309 31.5 

9 20 

9 20 

8 '~·'j20 

9.5 40 

9.5 40 

9 40 

8.5 40 

8 40 

8 40 

7.5 40 

7.5 40 

6 •. 5 40 

5 60 

5.5 60 

5.5 60 

6 60 

25 

27 

30 

5 

10 

12 

i5 

15 

20 

5 
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1109 
1115 
1115 

1110 
11191

} 

1060 
1070 

1050 
1060 
1065 

1066 
1074 

1095 
1103 

1104 
1110 

1099 
1110 

1095 
1105 

·1105 

1095 
1105 

1095 
1105 

1096 
1106 

1100, 
1105 

1050 
1088 
1095 

f~ + td + 2 .. L 
2-L 
td +' 2-L 

fa., + ,td + 1 
td+ 2-L 

ws+ l 
1 

ws + fa + 1 
fa + 1 " 
l' 

fa + 1 
1 

fa + l 
l 

fa + 2-L 
2-L';' 

fa + 2-L 
2-L 

fa + 2-L 
2-L ,1 

td + 2-L 

fa + td + 2'!"L­
td + 2-L 

" 

fa + td + 2-L 
td +·2-L ., 
fa + td + 2-L 
td + 2-L 

fa + 2-L 
2-L 

fa + 1 
fa + 1 
1 



___ Q2!~2~!~~2~_~!~~~l __ -i Temp. 
Charge, FeO Fe 0 'FeS:SiO 0 Phases present -_~2~ __________ ~Z_~ _______ ~ ____ ~ ______ Q ___________________ _ 

• ' ' l' . 

W-31 0 32 

c; 311.5 

d 32.5 

,W-327 25 

W-328 25 

W-331a 25 

b; 25 

c; 25 

W~325 21 

W-326 21 

W-332a 21 

b 21 

e 21 

T 

6.5 

7 

5 

5 

5 

5 

5 

4 

4 

4 

4 

4 

W-316 14.5 3 

W-336 6.5 1 

X-45 43 24 

X-42 41.5 23.5 

60 

60 

60 

1 

2 

0.5 

950 
1009 
1000 

930 
934 

i 

65 5 1095 
1105 

67.5 2~5 1090 
-1100 

68.5 1.5 

69 1 

69.5 0.5 

70 5 

741 

74.5 - 0~5 

80 

87.5 , 

30 

30 

30 

5 

3 

5 

7 
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1070 

1030 

990 

1095 
1106 

1095 
1100 

1050 

1030 

1020 

1055 
1060 

1100 
1105 

1125 

1125 
1140 

1125 

, fa++ 1. 
]. , , 

:f!a + l 

fa + po ... lL 
l 

fa + td + 2-L 
td + 2-L 

fa + td + l 
2-L 

fa + l 

fa + l 

po + l 

fa + td + 2-L 
td + 2-L 

fa + td + 2-L 
td + 2-L 

fa + tel + l 

fa + 1. 

po + 1. 

td + po + l 
td + 1. 

td + po + l 
tdL+ l 

WB + l 

mt-, + 1 
l 

mt.: + l 



___ ~2!~2~!~!2~_~!~~~l_~_ Temp. 
Ch:~~e FeO -Fe

3
o FeS S102 Oc Phases present 

._--------------~--~-----------~-----------------------------
X-39 

X-43 

X-46 

X~40 

X-41 

x-28 

X-32 

X-34 

X-33 

X-38 

X-58 

X-63 

30 

37.5 21 30 
• 

35 20 30 

33.5 19 30 

35 20 40 

7 

13 

11.5 

15 

5 

31 18 40 11 

30.5 17 40 ~12.5 

24 13.5 60 2.5 

42 23 5 30 

51.5 28.5 10 10 
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1100 
1105 

1078 
1093 
1100 
1120 

1120 

1075 
109.5 
1.00 
1120 

1100 
1120 

, 

1075 
1088 
1100 
1125 

1'050 
1065 
1'092 
1100 

1095 

1097 

960 
970 

1100 
1110 

1210 
1218 

1220 
1230 
125°; 
1260 

mt + 1 r 1 . 
" 

mit + fa + 1 
fa + 1 
2-L 
2-L 

1 

litt + fa + td + 1 
fa + 1 
2-L 
2~L 

td + 2-L 
td + 2-L 

" 

mt. +f~ + 1 
mt:. + 1 
1 
1 

mt + ta + 1 
fa + 1. 
:fa + 1 
2-L 

td + 2,:"L 

td + 2~L 
• 

fa + td + po + 1 
fa + ,td + 1 
:ra +td +'1 
td + 1 

l1tt~+ l' 
1 

ws + mt + 1 
ws + 1 
ws + 1 
1 



1 . 

___ ~2!;e2~~~~2~;;.i'!!~.:.~1___ .' !remp., 
Cha~ge F,ESlO 'Fe 0 ·FeS S10Z . Oc . Phases present _~~_~ ___________ 2_à _________________ ~~_~ ___________________ _ 

, . -- l ' . 

X-47 48 

X-52 · 47 

'X-56 46 

X-48 45 

X-49 41.5 

X-55 40.5 

X-53 40 

X-50 38.5 

X-20 45 

X-24 43.5 

X-23 41.5 

X-27 40 

X-21 42 

X-26 3V 

x-26' 36 

X-22 35 

27 

25 

23 

22 

21.5 

25 

24 

22.5 

18 

21 

20.5 

20 

10 

10 

10 

10 

10 

10 

10 

10 

20 

20 

20 

20 

20 

20 

20 

20 

- 151 

15 

20 

25 

30 

30 

10 

15 

20 

22 

25 

25 

1210 
·1220 

1180 

1180 
,1200 
1210 

1160 
1190 
1200 

1180 
1195 

1160 
1175 

1200 

1200 

1170 
1182 

1150 
1160 

1120 
1130 
~140 

1125 
1130 

1090 
1110 

1095 
1110 

1110 

1090 
1095 
1120 

mt + l 
1 

mt + 1 

mt~+ ~ 
-mt + 1 

~ t 1 

mt:+ 1 
mt.+ 1 
1 -

mt + 1 
1 

mt + 1 
1 

1 

td + 1 

mt + 1 
1 

mt + 1 
1 

mt + fa + 1 
mt + 1 
1 

mt + 1 
2-L 

mt.; + td + 2-L 
2-L 

mt + td + 2-L 
2-L 

td + 2-L 

mt + fa + td + 1 
mt ~ td + 2-L 
td + 2-L 



___ ~~~~~~:!:~:!:~~L~!~.:.~l___ Temp. 
Charge FeO Fe 0 . FeS . BiO 0 ,Phases present 

No • ~ li 2 a.~~- . 
-~~~------------~-~-------------------------~------~-~-----
z-26 

Z-27 

Z-34 

Z-33 

z-18 

Z-29 

Z-16 

Z-20 

Z-21 

Z-28 

Z-17 

Z-23 

Z-30 

Z-31 

26., 43.5 ro 

.25 40 10 

24 38.5 10 

28 39 12.5 

25 40 20 

24 38.5 20 

23 37 20 

22 36 20 

21 34 40 

20 3Z.5 40 
1 

19 31 40 

15 24 60 

20 1237 
1255 

25 1200 
1215 
1270 

27.5 1270 

24.5 1200 
1210 

13 1250 
1262 

15 1220 
1235 

17.5 1225 

20 1130 
11'(0 
1185 

22 1175 
1200 

5 1185 
1203 

7.5 1185 

10 1120 
1130 

11 .5 1070 
1080 

2 1070 
1100 
1120 

1 1070 
1080 

- 152 -

mt:.+ 1-
1 

œt + 1 
1 
1. 

td-;'+ 1 

mtc + l 
1 

mit + 2-L 
2-L 

2-L . 

mt-. + td + 2-L 
mt + 2-L 
2-L 

m.t+ td + 2-L 
td + 2-L 

mt.+ 1 
1 

2-L 

mt + 2-L 
2-L 

mt + 1 
l 

mt + td + 1 
td + l 
l 

IIlt + l 
1 



c ___ ~2!E2~~~~2~_~!~;~!___ Temp. 
h:~:e l?ëO· Fe 0, FeS' S102 .0C P~ases present , ________________ 2_~ _______________________________________ ~ .. 

'13 • .5 22~.5 .' 6.0' 

13 22 
,'f' 

S~51 ' 50 .20 20· ' 

47.5. 20 20 

S-52 37 20 20 

, S-63 34 24 20 

S-62 52 1 20 

S-53 

S-57 37 18 40 

5-54 28 22 40 

S-61 42 11 40 

5-60 57 1 "15 . 

.. " . 
, 4, ' 11 00 td::" 2-L 

'1120 ,td .+ " 2-L 

2.",. 1100 td + 2-L 
1130, 'td + Z-L, :,' 

10 '108<;> 
.',: 1100 

,lnO 
. 112~ 

12.5 .1090 
" 1,100 

1110 

,23 

22 

27 

3 

5 

10 

17 

27 

.' 1095 
1100 

1095 
, 1100' 
1105 

1140 
1150 

1050 
1060 
1065 

1060 
,.1070 

1095 
1105 

1135 
1140 

1135 
1140 
1150 

't , 

'''" ~I 

'," 'WB + ta +: l 
.: WB ~ l" 

WB .+'1" , 
1 

. ' 

ws+ fa + 1 
fa + 1 
l 

mt + fa + td + l 
,td + 2-L 

..... 

mt + :ta + td + 2-1. 
mt + td + 2-L 
td + 2-L 

iron + fa + :bd + l 
iroD-. + td + 2-L 

ws + fa + l 
ws + 1 
1 

fa + l, 
l 

mt + td + 2-L 
td + ~-L 

fa + td +'. l 
td + ..2-L 

fa + td + 1 
f;A + ~d i' 1 
td + 1 

o 




