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Abstract 

This thesis consists of a review of experimental studies of sulphur solubility in mafic 
magmas and the stability of magmatic sulphides, a theoretical examination of the 
thermodynamics of C-O-S-H fluids to high temperature and pressure and three 
experimental studies examining the role of sulphur under both volatile absent and 
volatile saturated conditions. 

Data concerning the sulphur solubility in mafic melts comes from experimental 
studies on natural basalts and from metallurgical sources concerned with the 
equilibrium between silicate slags and liquid metals. All of the metallurgical studies and 
most of those involving natural compositions have been conducted at one atmosphere 
and have identified the iron activity and the ambient oxygen and sulphur fugacities as 
being the major factors controlling the sulphur solubility in a silicate melt. Studies at 
pressures greater than one atmosphere are few and have examined only a few 
compositions under relatively unconstrained sulphur and oxygen fugacities. Therefore 
there is a lack of sulphur solubility data at high pressures and the partitioning of 
sulphur between solid, melt and fluid phases remains an unknown of potential 
significance. 

Recent models for the genesis of MORB have emphasized the non-primary 
nature of the majority of MORB glass compositions. The compositions of a range of 
sulphide saturated potential MORB parent picritic liquids in equilibrium with either 
lherzolitic or harzburgitic assemblages have been determined. The liquids produced are 
similar to those generated from a similar but sulphur free source composition (pyrolite) 
indicating that the presence of sulphur does not have the same fluxing effect as either 
CO2 or H20. 

Whereas volatile-poor conditions is appropriate for the modelling of MORB, 
xenolithic material from the upper mantle frequently shows evidence of fluid 
activity. A thermodynamic model for super-critical C-O-S-H fluids at high 
temperature and pressure has been derived. Available P-V-T data for sulphur 
bearing species has been combined with data for C-O-H species to calculate 
fugacity coefficients by means of a modified Redlich-Kwong equation of state. 
Using fugacity coefficients for multicomponent fluids the species distribution\as I 
been determined as a function of the intensive variables P, T, f02 and fS2. The 
results show that reduced fluids (f021W) may contain a significant sulphur 
fraction as H2S at moderate fS2 (IT+1) whereas more oxidized fluids (f02?..GC0) 
by comparison contain little sulphur even at high fS2. SO2 is not a significant fluid 
component in the range of f02's thought to characterize the upper mantle redox 
range (IW<f02<NNO). 



iv 
Two series of experiments have been carried out to examine the role of 

sulphur in fluid saturated systems. Both employ simultaneous buffering of both 
sulphur and oxygen by a tungsten based buffer assemblage ( f02-1W+1; 
fS2—IT+1). This assemblage when combined with carbon saturation results in 
invariant fluid compositions. 

The first examines the system olivine-C-O-S-H. A technique is developed 
by which fluid inclusions are induced to form in single crystals of natural olivine 
(Fo90) from a tungsten assemblage buffered C-0-S-H fluid (H20>CH4). By 
analysis ofi--Athe quenched fluid from the capsule, the relationship between the 
parent fluid and the daughter fluid inclusions may be examined. Laser Raman micro 
analysis of inclusions formed from a variety of pressure/temperature combinations 
show compositional variation between individual inclusions and between inclusions 
and the parent fluid showing that the assumption of isochemical entrapment may not 
be valid for fluid inclusions formed under mantle conditions. Inclusions formed 
also show development of daughter crystals indicating appreciable cation solubility 
in the fluid phase at the run conditions. Infra-red spectrometry of the host olivine 
shows development of structural O-H during the experiments revealing a possible 
'sink' for inclusion hydrogen; a model for post entrapment chemical change in the 
fluid phase is devised which has implications for the origin of CO2 rich inclusions 
in mantle xenoliths.' 

In the second series of experiments the same oxygen/sulphur fluid buffer 
technique has been used to explore the fluid saturated phase relations for the system 
pyrolite-C-0-S-H. The condition of melting (solidus) appears to coincide with the 
disappearance of a hydrous phase (amphibole and/or phlogopite) and occurs mid-
way between the reduced C-0-H solidus as determined by Taylor and Green(1988) 
and the water saturated solidus. Fractured natural olivine crystals were incorporated 
into the capsule assembly and the inclusions produced show fluids dominated by 
CH4-H20 mixtures in agreement with the analysis of the capsule gasses by capsule 
piercing/mass spectrometry. In addition to these volatile phases substantial amounts 
of daughter crystals are observed in the fluid inclusions from conditions below the 
'solidus' indicating significant cation solubility in supercritical CH4-H20 mixtures. 
At higher temperatures this solid component increases continuously in abundance 
until true melt inclusions are obtained at conditions above the solidus. These 
sulphide/silicate compositional relationships are examined and a model derived 
which at a given pressure and temperature relates the compositions of olivine, 
orthopyroxene and sulphide to the ambient sulphur and oxygen fugacities. Such a 
reaction may be used as an oxygen/sulphur fugacity sensor if an independent means 
of estimating the temperature and pressure is available. 
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1 .1 

Part 1.  
The Occurrence of Sulphur in Mafic Melts 

1.1 Introduction  
Information regarding the sulphur relations of silicate melts is 

available from two sources. First, from studies of the phase relations of 
sulphide rich liquids which separate as immiscible liquids from a wide 
range of silicate magmas, and second from studies by metallurgists of 
sulphur carrying capacities of melts formed in smelting processes. 

Amongst the latter, interest in slags has arisen because the 
efficiency with which a silicate slag removes sulphur from a coexisting 
metallic liquid will control the quality of the final metal product. The 
aim of the former mainly geological studies has been to identify the 
factors which control the sulphur carrying capacity of a magma and the 
conditions under which precipitation of an immiscible sulphide rich 
liquid will occur. 

The importance of magmatically transported sulphur has long been 
recognized, however up until the middle of the last decade the processes 
by which sulphur is carried in and released from a magma have been 
matters of some speculation. Much debate has arisen, perhaps, because 
one prime source of data, the analysis of sulphur contents of igneous 
rocks, provides ambiguous information concerning the sulphur contents 
of magmas. While some sulphur is retained in magmas by precipitation of 
sulphide minerals significant proportions can escape via fluids to the 
surrounding country rocks or as gases to the atmosphere. Thus 
comparison of the post solidification sulphur contents of igneous rocks 
with other elemental concentrations in their chemistry will not 
necessarily provide direct evidence of the factors controlling sulphur 
solubility. 

This has led many investigators to adopt an experimental approach 
to the investigation of sulphur solubility in which both natural and 
synthetic melts have been used. 

Amongst the first investigators Vogt (1923) used both geological 
and metallurgical data to examine sulphur solubility in magmas and 
concluded that the solubility was a function of temperature and 
composition. Fincham and Richardson (1954) in their study of simple 
binary silicate melts identified in addition to the composition and 
temperature, the fugacities of oxygen and sulphur as being important 
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also. Later studies (MacLean, 1969; Haughton et al.,1974; Shima & 
Naldrett, 1975) have confirmed these conclusions and have led to 
empirically based expressions by which the sulphur solubility in a mafic 
liquid can be calculated for a given set of conditions. 

More recently, interest in the sulphur relations of possible magma 
source regions has led Wendlandt and Huebner (1979), Huang & 
Williams (1980) and Wendlandt (1982) to investigate sulphur solubilities 
in silicate liquids at high pressure. Wendlandt (1982) has reported a 
decrease in both the sulphur solubility in the silicate liquid and the oxygen 
content of the coexisting sulphide liquid with increasing pressure. Thus 
undersaturation at the surface does not necessarily imply undersaturation 
at the source region: a magma initially saturated at depth may resorb a 
coexisting liquid as it rises and become undersaturated at some point 
between the source region and the surface. 

The presence or absence of an immiscible sulphide liquid in a 
magma source region is of crucial importance in determining the 
chemical evolution of any magmas produced as many trace elements are 
known to partition strongly into sulphide liquids in equilibrium with 
silicate melts (e.g. MacLean & Shimazaki, 1976; Rajamani & Naldrett, 
1978). It is important therefore to determine the nature of and controls 
on sulphur saturation both in the source region of a magma and during 
ascent of the magma to the surface. Ultimately such an understanding 
should allow us to assess the timing and effects of sulphur saturation on a 
magmas major and trace element chemistry and may lead to a better 
comprehension of the genesis of economic magmatic sulphide deposits. 

1.2 Studies of Sulphate and Sulphide in Silicate Melt:  
The Influences of fS2 and f02 

1.2.1 Studies of simple silicate melts.  
Although sulphur may exist in silicate melts in a number of forms 

the simplest to consider are sulphate and sulphide. It is most likely that 
under mantle conditions more complex forms will be present (e.g. 
compounds in the C-O-H-S system) but as yet neither the theoretical 
calculations nor experimental data exist to assess their relative 
importance. 

Considering, then, only the sulphate and sulphide forms the 
following equilibria will control the partition of sulphur between the 
melt and the coexisting fluid (Fincham & Richardson, 1954): 



1.3 

1/2 S2 + (0)melt = 1/2 02 + (S)melt 
1/2 

(S)melt(P07)  
K1— 	 1/2 

(°)melt(PS2)  

1/2 S2 + 3/2 02 + (0)melt = (SO4)melt 
(SO4)meit  

K2 — 	1/2 	3/2 

(PS2) (1302) (°)melt 

(1.2) 

Where K1 and K2 are equilibrium constants for the above reactions. 
Reaction (1) will be dominant under more reducing conditions 

while reaction (2) will apply under more oxidizing conditions. 
To test the efficiency with which these equilibria describe the 

solution mechanism in silicate melts Fincham and Richardson carried out 
a series of experiments in simple binary and ternary silicate and 
aluminate melts under differing fugacities of oxygen and sulphur. The 
results of these experiments on two silicate melts are given in figure 1.1. 
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Figure 1.1 Sulphide and sulphate equilibrium constants and the ranges 
over which they hold. All the sulphur is counted as sulphide for the solid 
lines and as sulphate for the broken lines. Si - 37 wt% CaO, 27 wt% 
Al203, 36 wt% Si02, S5 - 41 wt% CaO, 1 wt% Al203 7 wt% S102. 
(after Fincham & Richardson, 1954) 
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Assuming that;- 
1. the activity of replaceable oxygen in the melt is not significantly altered 

by the substitution of small amounts of sulphur. 
2. at low concentrations of sulphur in :the experiments the activities of 

sulphur (S 2- ) and sulphate are proportional to the sulphur 
concentrations. 

then: 
K1 will be proportional to %S (P02) 112/(PS2) 1/2  

and 
K2 will be proportional to %S/(P02) 1 /2  (ps2 )1/2 

where %S is the weight percent sulphur in the melt. 
The constancy of K1 below logPo2  = -6 and K2 above logP02  =-4 

indicates that the equilibria can account for the sulphur contents of the 
two melts studied in the appropriate ranges of P02. Similar plots for 
other binary compositions show that these equilibria hold for those 
compositions. This also indicates that in simple melts at the temperatures 
studied sulphur dissolves as sulphide at log P0 2  <-6 and as sulphate at log 
P02> -4. 

Since it is useful to compare the sulphur content of melts of 
differing compositions at differing values of P02 and P5 2  at the same 
temperature Fincham & Richardson formulated two terms which they 
called the sulphide and sulphate capacities (Cs and Csap  respectively). 

Cs = wt %S in melt. (P02) 112/(PS2) 1/2 
	

(1.3) 
where sulphur is present as sulphide. 
and 

CSO4 = wt %S in melt / (P02) 1/2  (PS2)112 	 (1.4) 

where sulphur is present as sulphate. 
These terms are pseudo-equilibrium constants for specific 

temperatures. Once known they enable the concentration of sulphur in a 
silicate melt to be calculated for a given ratio of f02/fS2 in appropriate 
ranges of P02. 

When the weight % sulphur in a melt is plotted for P02 at constant 
Ps2  and temperature the sulphur solubility is seen to fall from a high 
value at low P02  to a minimum and then rise again with increasing P0 2  
(Figure 1.2). 



FoO-SO 
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Ca0-Al 20 3  
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CaO-Si0
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CaO-Si0
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Initial SO 2  in gas = 2.1% 

t̂u- 
E 

 

- 1 
c,11-4  

-2- 

-3- 
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-10 	-6 	-4 	-2 	0 

Log 10(P02) 

Figure 1.2. Effect of P02  on sulphur solubility in a silicate melt. 
Composition: CaO 50%, Si02 50%.(after Fincham & Richardson,1954). 

By comparison with figure 1.1, the trace at lower partial pressures 
of oxygen gives the sulphide solubility while that at higher values of Po2 
gives the sulphate solubility. Increasing the temperature has the effects of 
shifting to higher P02  values without changing the slopes of the plots. 

0.2 	0.4 	0.6 	0.8 	1.0 

Mol Fraction of Base in Melt 
Figure 1.3 Sulphide capacities (C s) of various silicate and aluminate 
melts. 

To asses the effects of changing temperature and composition on 
the sulphide capacity (Cs) Fincham & Richardson plotted the Cs for 
different values of temperature and mole fraction of base metal oxide in 
the silicate melts (figure 1.3). The sulphide capacity (Cs)rises with 
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temperature and with increasing mole fraction of base metal oxide in the 
melt. For a given mole fraction of metal oxide in a binary melt, that 
containing ferrous iron has the highest sulphide capacity. 

1.2.2 Metal-Oxide and Metal-Sulphide Bond Energies  
Nockolds (1966) calculated the metal-oxide and metal-sulphide 

bond energies for those metals most commonly found in the crust (Me). 
Of the values he obtained for the ratio Me-O/Me-S that of ferrous iron is 
considerably lower than that of any of the other major crustal ions. Thus 
sulphur will preferentially displace oxygen bonded solely to ferrous iron 
in the magma. 

Fincham & Richardson (1954) noted that sulphur becomes much 
less strongly held as melts contain more silica or alumina. This may 
strongly indicate that Al-SKand Si-S bonds will be rare or completely 
absent. Indeed Nock°ldg calculated bond energies support this 
conclusion(Table 1.1) 

Table 1.1 
Metal (Me) 	Me-O/Me-S 
Mg 	 2.10 
Al 	 2.08 
Si 	 2.02 Oxyphile 
Na 	 2.00 
Ca 	 2.00 

1.98 
Ni 	 1.83 
Fe2+ 	 1.82 
Cu 	 1.76 Thiophile 
Ag 	 1.73 

1.2.3 Studies of Natural Melt Compositions  
Katsura & Nagashima (1974) extended the studies of Fincham & 

Richardson (1954) on synthetic binary melts to three natural 
compositions, namelytwo basalts and a rhyodacite (Table 1.2; figure 
1.4a). Their results show a temperature dependant minimum in the 
sulphur solubility-P0 2  relationship for each composition and so are in 
agreement with the study of Fincham & Richardson (1954). 
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-Log(PO2 )  
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Figure 1.4a. Sulphur solubility of a tholeiitic basalt equilibrated in an 
initial SO2 concentration of SO2 = 2.1%. 
Note that for a particular temperature the minimum solubility occurs at 
log P02  corresponding to equal partial pressures of S03 and H2S. 
(after Katsura & Nagashima, 1975). 

H 2S 

8 	10 	12 	14 

-Log(P02 ) 

Figure. 4b Relationship between the calculated partial pressures of S02, 
S03 and H2S and P02 at an initial concentration of 2.1% S02 for 
1100°C, 1250°C and 1300°C. 
Pi, P2 and P3 indicate the PO2  for which the partial pressures of S03 and 
H2S are equal at 1100°C, 1250°C and 1300°C respectively. 
(after Katsura & Nagashima, 1975). 
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For an initial S02 content in the equilibrated gas mixture Katsura 
& Nagashima (1974) calculated the partial pressures of S02, H2S and 
S03 for differing values of Po2  and differing temperatures. The 
resulting plot (Figure 1.4b) shows that the partial pressure of oxygen 
where the partial pressures of S03 -  and H2S are equal corresponds to the 
minimum in the sulphur solubility plot for a basalt at any given 
temperature (Figure 1.4b) . 

Connolly and Haughton (1972) compared X-ray emission spectra 
of a synthetic basaltic glass quenched from 1200°C, P02  = 1 0-9 .1  and a 
gem quality scapolite in which sulphur occurs as sulphate. The shift in the 
S ka line for the basalt-scapolite pair is the same as that observed for the 
FeS2 - CaSO4 pair and all other sulphide/sulphate pairs generally. They 
concluded that sulphur was present in the basaltic glass only as sulphide, 
that is as a negative ion co-ordinated with a cation such as Fe in the melt 
rather than as a positive ion co-ordinated to oxygen in a sulphate group. 

Table 1.2 
Compositions (wt.%) used in experimental 

studies and referred to in text. 
1 2 3 4 5 6 7 8 

Si02 50.37 45.84 66.78 49.30 45.60 60.78 54.38 45.93 
TiO2 3.09 3.57 0.59 2.00 0.83 1.91 3.73 
Al203 14.09 16.90 15.69 14.80 8.75 17.38 14.71 11.67 
Fe203 1.88 3.48 1.45 14.25 *  2.24 4.06 
FeO 10.07 9.93 1.40 12.43 *  3.38 11.11 *  13.36 
MnO 0.17 0.22 0.05 0.10 0.19 0.30 
MgO 6.75 4.95 1.28 5.95 22.96 3.19 4.58 4.23 
CaO 10.39 7.92 2.61 8.65 7.73 6.09 8.01 8.81 
Na20 2.35 4.03 4.49 1.92 0.50 4.16 2.67 2.40 
K20 0.62 1.16 3.60 1.05 1.20 1.14 1.28 
H20-  0.04 0.32 0.66 0.44 0.13 
H20+ 0.16 0.34 0.59 
P205 0.32 0.78 0.58 0.18 0.29 98.70 
-: not reported 
*: total iron reported as ferric or ferrous iron. 
Data sources:1 - Tholeiitic Basalt (C-132), Katsura and Nagashima(1974); 
2 - Hawaiite (C-45), Katsura and Nagashima(1974); 3 - Rhyodacite (TK1501), 
Katsura and Nagashima(1974); 4 - Synthetic, Hill and Roeder(1974); 5 - Synthetic, 
Shima and Naldrett(1975); 6 - Mt. Hood Andesite, Wendlandt(1982); 7 - Grande 
Ronde Basalt, Wendlandt(1982); 8 - Goose Island Basalt, Wendlandt(1982). 
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Oxygen Fugacity of Mafic Magmas  
Since it has been shown that the oxygen fugacity of mafic silicate 

melts determines the mode in which sulphur dissolves, a knowledge of 
the range of oxygen fugacity of mafic magmas should indicate in what 
state sulphur will be present in the melt. 

Many studies have been made of the oxidation states of mafic 
magmas (e.g. Sato & Wright, 1966; Anderson, 1968; Fudali, 1965; 
Skinner & Peck, 1969) and these show that the oxygen fugacities are 
commonly close to that of the fayalite-magnetic-quartz buffer or lower. 
Thus sulphur in most mafic magmas will occur as sulphide rather than 
sulphate. Magmatic sulphates (e.g. anhydrite) have been recorded in 
magmas only moderately more acidic than basalts (Luhr et al., 1984) 
showing that magmatic sulphur is not confined to the sulphide form. 

Equilibrium phase relations have been worked out for many 
combinations of the major rock forming oxides and where these have 
been extended to non equilibrium conditions they have proved invaluable 
in interpreting the crystallization histories of the silicate and oxide 
portions of magmas. Up until 1969 almost no work had been done on the 
phase relations of associated sulphide-oxide liquids. Fincham & 
Richardson (1954) made the first examination of sulphur solubilities in 
binary and ternary silicate melts but did not determine the phase relations 
nor examined any sulphur saturated melts. Since 1969, however, the 
phase relations of the systems Fe0-Fe203-FeS-Si02 (MacLean, 1969) 
and Fe-S-0 (Naldrett, 1969; Shima & Naldrett, 1975) have been 
determined and have been used to model the crystallization of mafic 
magmas containing significant proportion of sulphur in solution. 

1.3 Experimental Studies in the Fe0-Fe204-FeS-SiO,  Systems  
1.3.1 Phase relations in the Fe0-Fea04-FeS-Si02 system.  

MacLean (1969) used his determination of the phase relations of 
this system at 1 atmosphere to illustrate a number of models by which 
sulphides may crystalize from a simple melt (figure 1.5). 

The choice of iron as the metal cation was made on two counts:- 
i. Iron forms a large proportion of oxide and sulphide minerals in the 

earths crust. 
ii. Under certain conditions iron can change its valence state and thereby 

many of its chemical properties. 
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Fe304  

Pyrrhotite 	FeS 

Figure 1.5 Liquidus phase relations in the FeS-Fe0-Fe304-Si02 system 
after MacLean, 1969. The Si02 apex is to the rear of the tetrahedron. 
Quaternary invariant points: J, K - 1140°C: I, L - 1095°C; N - 955°C: Q 
945°C, R - 917°C. 



None of the triangular joins in the Fe0-Fe304-FeS-Si02 system are 
truly ternary and thus boundary lines within these planes represent 
intersection of quaternary divariant surfaces with the composition 
planes. Similarly, the intersection of univariant lines with the joins are 
piercing points. 

In a large part of the system iron sulphide is only soluble in iron 
silicate liquid to a limited extent and the excess sulphide forms an 
immiscible sulphide-rich liquid. Thus an immiscibility gap extends 
unbroken from the FeS-Fe304-Si02 face to the FeS-Fe0-Si02 face and is 
divided into two separate divariant surface by a univariant line joining 
two conjugate invariant points L and I. Silicate liquids along the lines HI 
and JI have their conjugate sulphide liquids at points having the same 
temperature along the lines ML and KL. 

Bulk compositions fall into distinct groups showing different 
equilibrium crystallization histories. Those in the Fe0-Fe304-FeS-
Fe2SiO4 system achieve sulphide saturation by subtraction of sulphur 
free phases i.e. some combination of iron, wustite fayalite or magnetite 
depending on the bulk composition. Thus these liquids will fall on the 
line DQ and ultimately precipitate pyrrhotite at Q. Those liquids in the 
Fe2SiO4-FeS-Fe304-Si02 volume will move ultimately to the surface of 
the two liquid phase volume and so separate a sulphide phase by 
immiscibility. The first set of liquids separate the sulphide phase much 
earlier in their crystallization history than do the second set, however the 
immiscible sulphide liquid separating along the line ML forms only a 
small percentage of the material separating along the line HI. 

MacLean considers two further crystallization histories: 
i. Crystallization under constant oxygen fugacity. 

Under these conditions the phase relations are confined to a 
triangular join connecting the join FeS-Si02 and a point on the Fe304- 
Fe0 join i.e. an oxygen isobaric surface. In this case the liquids are 
constrained to lie on the oxygen isobaric surface and do so by either 
absorbing or losing to the buffering fluid system. As a consequence the 
liquid very quickly reaches the two liquids surface and separates and 
immiscible sulphide at an earlier stage in its crystallization history than 
under closed system conditions. 
ii. Increasing Oxygen fugacity 
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If the ferrous silicate liquid is oxidized then its Fe304/Fe0 ratio 
will rise causing its bulk composition in the system Fe0-Fe304-FeS-Si02 
to migrate towards the Fe304 apex while keeping its FeS/Si02 ratio 
constant. Since Si02 is more soluble in FeO than Fe304 liquids and FeS is 
more soluble in silica saturated FeO liquids than in silica saturated 
liquids the two liquids surface approaches the FeO- join near the apex. 

Thus if a homogeneous liquid is oxidized it will be depleted in FeO 
and enriched in and so will intersect the two liquids surface and will 
exsolve an immiscible sulphide. 
1.3.2 Composition of Immiscible Sulphide Liquids  

It is clear that the immiscible sulphide liquids have a very low silica 
solubility falling from a maximum of - 3wt% Si02 in the Fe304-FeS-
Si02 system to approximately 1% Si02 in the Fe0-FeS-Si02 system. 
Therefore any liquid sulphide generated may be considered effectively as 
a Fe-S-0 liquid especially at low f02. 
1.3.3 Partial Melting in the System Fe0-Fe204-FeS-Si02 

To illustrate partial melting where a sulphide is present 
consider melting of a bulk composition lying in the Fe2SiO4-Si02-FeS-
Fe304 volume. The first melt will be a sulphide melt at 955° C at the 
invariant point N which will change composition little with rising 
temperature to the point L at 1095° C. 
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Figure. 6. Diagram illustrating the generation of liquids by melting of a 
composition in the magnetite phase volume of figure 5. 

At this point fayalite magnetite and tridymite melt in abundance 
isothermally to form a separate liquid at I which, while it is being 
generated constantly absorbs the sulphide liquid. When one of fayalite 
magnetite and tridymite is consumed a further rise in temperature occurs 
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with consequent dissolution of the sulphide liquid until it too is 
consumed. Further melting of the silicate phases undersaturates the melt 
in FeS. This is represented schematically in Figure 1.6 
1.3.4 Applicability of Fe0-Fe2QA-FeS-SiO2 to Magma Generation 

The amount of sulphur dissolved in most mafic lavas appears to be 
in the order of 0.1 wt.%. This is small compared to the 4 wt% S 
(equivalent to 10 wt% FeS) in iron silicate liquids at the invariant point I. 
This difference may be accounted for in a number of ways: 

i. Mafic magmas contain typically around 10 wt% iron oxides which is 
very much less than the iron oxide content of the most silicious liquid 
examined in the experimental system. 
Mafic magmas will contain, in addition to the components of the 
system, a large amount of CaO, MgO and Al203. Thus FeO will be 
taken up in pyroxene and other types of structure which will greatly 
reduce its activity. 

iii. Since the site of magma generation is under considerable pressure the 
phase relations under the conditions of magma genesis may be 
significantly different from those at 1 atmosphere. Naldrett (1969) and 
Mysen & Popp (1980) have suggested that sulphur may be increasingly 
more soluble in mafic liquids with increasing pressure. However 
Wendlandt (1982) and Huang & Williams (1980) have reported an 
expansion of the immiscibility gap with increasing pressure and thus 
inferences drawn from data gathered from 1 atmosphere experiments 
must be treated with caution. Thus a magma saturated with sulphur at 
its source may become undersaturated at some point during its ascent. 

1.4 Phase Relations of Sulphide Melts  
1.4.1 The System Fe-S-0  

Since the solubility of Si02 in Fe-Sulphide-oxide liquids at 1 
atmosphere is always less than 3 wt% (and is much lower at the oxygen 
fugacities common in mafic rocks) the phase relations can be considered 
adequately in terms of the Fe-S-0 system. 

Naldrett (1969) examined a portion of the system at 1 atmosphere 
and has applied his findings in a study of magmatic ore textures and 
mineralogies. The area studied is in the region of the ternary eutectic 
(figures 1.7a,b) and detailed relations are given for the region 20% S 
80% Fe; 40% S 60% Fe; and 20% S 20% 0 60% Fe (Figures 1.8a,c). 
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Figure 7.a,b Liquidus phase relations for a portion of the Fe-S-0 system after Naldrett 
(1969). The area 80%Fe 20%S, 60% Fe.40%S, 20%S, 40%S, 60% Fe is shown 
enlarged in figure 7b below. 
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1.4.2 Fractional Crystallization in the system Fe-S-0  
Because silicate magmas are the products of melting ad fractional 

crystallization their compositions are controlled by cotectic lines and 
eutectic or peritectic points The compositions of magmatic sulphides are 
by contrast, very variable because the composition of an Fe-sulphide-
oxide liquid at any given temperature is a function of the oxygen and 
sulphur fugacity. If these are externally controlled they will define a 
unique composition for the liquid in this system. Naldrett (1969) 
envisages two extremes of crystallization history: 
i. Crystallization of an Fe-S-0 liquid closed to sulphur and oxygen. e.g. 

crystallization of a sulphide liquid after separation from a silicate 
magma to form a discrete sulphide body. 
Consider a liquid of composition B in figure 1.8a. At 12-0'0°C this 
liquid is at its liquidus temperature and lies at the margin of the 
pyrrhotite field. Thus with falling temperature pyrrhotite will 
crystac)ize and liquid will become enriched in oxygen causing the liquid 
composition to move towards the magnetite-pyrrhotite cotectic line. 
When magnetite joins pyrrhotite as a crystalfizing phase the liquid will 
become enriched in iron and will move down the cotectic line towards 
the 05-qitectic point. The early formed pyrrhotite will react with the Fe 
enriched liquid itself becoming Fe enriched. When the tie line 
connecting the pyrrhotite to magnetite passes exactly through the point 
B the liquid will have crystalized completely (Figure 1.8c). 

ii. Crystallization of an Fe-S-0 liquid. 
e.g. crystallization of a sulphide liquid suspended as droplets within a 

silicate magma. Under these conditions the sulphide droplets will 
continue to equilibrate with the host magma. If the bulk composition is 
point B as before then pyrrhotite will crystalize though in this case the 
composition of the remaining sulphide oxide liquid will remain 
constant. Thus the liquid will crystalize to form pyrrhotite alone 
without a fall in temperature. 
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1.4.2 Partial Melting in the System Fe-S-0  
Considering partial melting in this system it would seem likely that 

under the conditions of the upper mantle the fugacities of oxygen will be 
externally imposed. Since it is likely that sulphide, if present, will form 
globules along grain boundaries and that grain junctions (such textures 
have been reported in mantle nodules (Bishop et al., 1975; MacRae, 
1979) the composition of the melt will be fixed by the prevalent oxygen 
and sulphur fugacities. 	 1 

20%S 	 40%S 
80%Fe 	 -5.5 -5.0 	-4 -3 	-2 	60%Fe 

Figure 1.8a Variation in log fS2 and log fS2 with composition of iron 
sulphide oxide liquid at 1200°C (1 atm). Point 'B' is the composition of an 
immiscible sulphide melt (log(f02)=-10.8, log(fS2)=-1.5 at 1200°C) 
referred to in the text. 
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Figure 1.8b Variation of sulphide liquid composition with log fS2 and 
log f02 1120°C (latm) 

20%S 	 Il 1.ãI .4 	 40%S 
80%Fe 	 -6 -5.5 	 60%Fe 

Figure 1.8c Variation in log fS2 and log f02 with composition of iron 
sulphide - oxide liquid at 1050°C (latm). 
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1.4.3 Phase Relations of the System Fe-S-0 at High Pressure  
As this system is also of interest in modelling core formation 

Wendlandt and Huebner (1979) have determined the liquidus phase 
relations under upper mantle conditions (Figure 1.9). At 1 atmosphere 
the troilite and wustite and Fe and L ternary eutectic occurs at - 915° C 
(Naldrett, 1969) and has the composition 68 wt % Fe, 7.5-9% 0. The 
same eutectic as determined by Wendlandt & Huebner (1979; Figure 1.9) 
at 30 kbar occurs at 1000±10 °C and contains 72-73 wt% Fe and less than 
0.75 wt % 0. However, in their study Wendlandt and Huebner used 
boron nitride components which have since been shown react to form 
borates thus imposing highly reducing conditions on the sample 
(Wendlandt et al.,1982). 

50%0 

1000°C 
Figure 1.9 Liquidus surface proportions for the system ((__.S-0. Solid 
lines are for 1 atmosphere (Naldrett, 1969), Dashed lines are for 30kbar 
(Wendlandt & Huebner, 1979). 



1 .1 9 

Thus the experimental chapte in Wendlandt & Huebner's study may 
have lost a considerable amount of its oxygen in the formation of B203 
complexes. 

Since the liquid sulphide composition has been shown to be defined 
by the temperature, f02 and fS2 it may be significant that the f02= -15 
isobar at 1000° C falls very near the FeS join (Naldrett, 1969) and that the 
Fe/S ratio of the eutectic composition determined by Wendlandt & 
Huebner (1979) remains constant from low to high pressures. 

Using graphite capsule assemblies Huang & Williams (1980) 
examined the phase relations of the system Fe-S-0-Si02 at high 
pressures. They found that the miscibility gap described by MacLean 
(1969) increases slightly with pressure. However the sections of the Fe-S-
0-Si02 system used do not intersect the Fe-S-0 face and so cannot be 
used to test Wendlandt & Huebner's determination of the eutectic 
composition in that system at high pressure. 

Considering the problems associated with BN capsules it may be 
that the ternary eutectic contains significant amounts of oxygen at high 
pressures and thus the effect of pressure alone on the phase relations has 
yet to be determined. 

1.5 Sulphur Solubility in Diopside and Albite Melts  
Mysen & Popp (1980) carried out a series of experiments intended 

to determine the sulphur solubility in diopside and albite melts at high 
pressure in the temperature range 1450-1650°C. 

The results of the experiments show that under the conditions of 
the experiments. 

i. an increase in the pressure causes an increase in the sulphur 
solubility in both diopside and albite melts, the solubility in the diopside 
melt being approximately twice that in the albite melt for any given P,T 
f02 and fS2. 

ii. At constant pressure the sulphur solubility in albite melts 
increases with increasing temperature. Since both f02 and fS2 increase 
with increasing temperature they concluded that the effect of the fS2 
dominates over that of the f02 as rising f02 would be expected to 
decrease the sulphur solubility (Fincham & Richardson, 1954). 

There are, however, a number of features of the experimental 
procedure which limit the application of the results to petrological 
problems. 
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Although Mysen & Popp had intended the f02 to be buffered by the 
C-CO-0O2 buffer the use of a BN charge container probably buffered 
the charge at a value several log units below the 1W buffer (Wendlandt 
at, 1982). The combination of the very low resultant f02 with the high 
fS2 may have stabilized the association of Ca with S in the silicate melt 
which could account for the enhanced solubilities at high pressure. The 
buffering of the fS2 involves a number of important assumptions. At the 
high temperatures of the runs the Ag-Ag2S and Cu-Cu2S buffer . 
assemblages were molten and thus the charge was buffered at an 
unknown value. Mysen & Popp attempted to calculate the resultant fS2 by 
substituting a volume change of solids term for the volume of melting 
term where this is unknown. Thus the values of fS2 are dependant on the 
validity of this substitution and therefore have a large degree of 
uncertainty associated with them. 

Since it has been shown that the ferrous iron content of a melt has a 
dramatic effect on the sulphur solubility the absence of Fe2+ in the 
experimental charges limits the inferences that can be drawn about the 
effect of pressure on the sulphur solubility of natural melts. 	• 

1.6 Sulphur Solubility Studies in Complex Silicate melts  
1.6.1 Sulphur Concentrations in Igneous Rocks  

Riche (1960) analysed sulphur in a collection of sixty extrusive and 
intrusive igneous rocks covering a large compositional range and 
obtained values from 0.08 to 0.10trwt% S and an average of 0.03 wt% S. 2 

Since this work was completed many studies have been made of the 
sulphur contents of differing tectonic setting. 
i. Terrestrial Ocean Floor Basalts  
Range: 60-800 ppm S. The upper value is generally accepted as 

approaching the saturation concentration (Moore & Fabbi, 1971; 
Delaney et al., 1978; Mathez, 1976; Naldrett et al., 1978). 

ii. Recent sub-aerially extruded Basalts  
Range : 50-2000 ppm. 
Swanson & Fabbi (1973) interpret the lower limit as indicating sulphur 

loss by degassing while Anderson (1974) observed sulphur 
concentrations of 2000 ppm in glass inclusions in phenocrysts. 

iii. Archaean Basalts  
Range 0-8000 ppm 
Most basalts in this group lie in the range 1000-2000 ppm. 
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Naldrett et al. (1984) interpret the higher concentrations as being 
due to the rapid accumulation of the volcanic piles. Thus interaction with 
sea-water was minimal preventing the leaching of sulphur. 
iv. Lunar Basalts  
Range : 400 -2600 ppm. 

Lunar basalts fall• into two distinct groups according to their 
sulphur abundances. Apollos 12 and 15 basalts show 400 -1000 ppm's 
while Apollos 11 and 17 show a range of 1400-2600 ppm's. 

The high ferrous iron contents (16-20 wt% FeO) are within the 
compositional range studied by Haughton et al. (1974) who suggest that 
such FeO contents imply that saturation will occur between 1500-2000 
ppm indicating that Apollos 11 and 17 rocks are sulphur saturated. 

Nash & Hansel (1973) have pointed out that the fS2 of the reaction 
Fe + 1/2 S2 = FeS 

at 1200°C is about eight orders of magnitude above the confining partial 
pressure of S2 in the lunar atmosphere and so sulphur might be expected 
to be lost on eruption. Considering the reducing effect of sulphur loss 
there should be a negative correlation between the sulphur contents and 
the metallic iron contents. Gibson et al., (1976) found no such 
relationship but noted a strong positive correlation between the Ti and 
sulphur. He concluded that this is the result of fractionation of non-
sulphur bearing phases. They note, however, that the mechanism of 
fractionation and sulphur abundance correlations are not fully 
understood. 

The first unequivocal sample of naturally occurring immiscible 
sulphide melt in a silicate magma was collected from the Alae larva lake, 
Hawaii by Skinner & Peck (1969). A sample of melt was collected from a 
drill hole and quenched. The liquid, at the time of collection, occurred as 
an interstitial melt which slowly collected in the drill hole. The P02 was 
measured as 10 -10 .05  atm and the Ps2 was estimated to be 10 -1 .5  atm. The 
glass contained 0.01 wt% S and had suspended in it spherical globules of 
sulphide. 
1.6.2 Experimental Studies  
Basaltic Melts  

The first experimental study of sulphur solubility in complex melts 
was made by Haughton, Roeder & Skinner (1974). In their study they 
accepted that Fincham & Richardson's concept of a "sulphide capacity" 
(Fincham & Richardson, 1954) accurately predicts the weight percent 
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sulphur which will dissolve in a magma. In their experiments they 
determined how the sulphur solubility is influenced as a function of melt 
composition, temperature and varying fugacities of oxygen and sulphur. 

Using a basalt composition of Hill & Roeder (1974; Table 1.2) as 
an initial composition they conductedthree series of experiments 
examining in isolation the effects of f02 and fS2, composition and 
temperature on the sulphur solubility. 
Series I 

Naldrett (1969) has shown that the composition of an immiscible 
sulphide oxide melt in equilibrium with a silicate liquid is dependant on 
the ratio of fS2 to f02. As the composition of the sulphide-oxide liquid 
changes in response to changes in the fS2 and f02 the iron content of the 
silicate liquid also changes although the relative proportions of the other 
components in the silicate melt must remain constant as they are insoluble 
in the sulphide oxide liquid. 

In order to determine the effect of changing iron content on 
the sulphur solubility iron oxide was added to many of the charges. This 
addition did not alter the iron content of the silicate melt in equilibrium 
with the sulphide oxide liquid; it simply formed more sulphide-oxide 
liquid. 

0.6 - 
1200°C 

cn 
° . 0.2 - .5 

0.0 
0 	 10 	 20 	 30 

FeO in basaltic melt (wt.%) 
Figure 1.10 Sulphur and FeO contents of a basaltic melt in equilibrium 
with varying Fe-S-0 liquids at 1200 °C. The starting composition of the 
basaltic melt was constant but the amounts of Fe and S in solution varied 
according to the f02 and fS2 of the gas in equilibrium with the melt. After 
Haughton et al. (1974). 
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Thus at constant f02 and fS2 addition of iron only changes the 
relative amounts of sulphide oxide and silicate melts and does not alter the 
equilibrium between them. The relationship between FeO content and 
sulphur solubility is shown in Figure 1.10 
As the FeO content of the silicate melt in equilibrium with a sulphide melt 
varies as a function of f02 and fS2, and since both the mole ratios of other 
components and temperature were kept constant the results can be plotted 
in terms of f02, fS2, FeO content and S content of the melt (Figs. 11a & 
b). The FeO contours in the undersaturated regions were determined by 
calculating the activity of oxygen and assuming that the contours were 
also contours of constant activity of FeO. 

For example a liquid at point a in Figure 1.11a containing 15% 
FeO will contain about 0.2 wt% sulphur. If the fugacity of oxygen is 
decreased while keeping the fugacity of sulphur constant the sulphur 
content will increase from a to b by sulphur going from the vapour into 
the melt. At b the melt becomes saturated with S and an immiscible 
sulphide melt forms. Further decrease in the f02 results in more sulphide 
melt forming and consequently the S and FeO contents of the silicate 
melt fall as the composition tracks down the saturation line from b to c. 

Since the variables f02, fS2 and FeO are all interrelated in their 
effect on the sulphur solubility they can be combined in a single three 
dimensional diagram in which their influences both in isolation and in 
combination with each other are readily apparent for isothermal 
conditions (figure 1.12). 
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Figure 1.11 a, Plot of sulphur contents of coexisting sulphide and silicate 
melts at 1200°C. Dashed lines are contours of FeO contents in silicate 
melt in wt%. After Haughton et al. (1974). 

— Tie line joining co-existing melts 

Figure 1.11 b Plot of sulphur contents of coexisting sulphide and silicate 
melts at 1200°C. Dashed lines are contours of FeO contents in silicate 
melt in wt%. After Haughton et al. (1974). 
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Figure 1.12 Relation between fo2, fS2 , FeO and S contents of basaltic 
melt at 1200°C. The sulphide saturation surface A-B-C-D defines the 
sulphur concentration in equilibrium with a sulphide melt. Conjugate 
sulphide melts lie on the plane A'-B'-C'-D'. Planes in the silicate melt 
volume are contours of constant FeO of the magma. (After Haughton et 
al., (1974)) 

Series II  
It is clear then from series I experiments that the FeO content of a 

magma is the strongest compositional control on the sulphur solubility. 
Since the activity coefficient of FeO reflects its solubility the 

sulphide capacity, C s  must also be a function of this activity coefficient. 
Thus to fully evaluate the influence of magma composition on the sulphur 
solubility it is necessary to determine the effects of other components on 
the activity coefficient of FeO. Haughton et al.,  (1974) did not consider 
their data sufficiently accurate to allow derivation of a quantitative 
expression for these relationships. 

To determine the compositional control on the sulphur solubility 
63 runs were carried out on differing compositions, all in equilibrium 
with an immiscible sulphide phase. By carrying out multivariate analysis 
the relative influence of the major oxides on the Cs  were discovered. 
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As expected FeO has a strong positive influence while Si02 and 
Al203 have a negative correlation. The case for CaO, K20, Na20 and 
MgO is ambiguous so it is likely that any effect either positive or negative 
will be small. 

TiO2 gives a strong positive correlation but Haughton et al., (1974) 
suggest that this is due to the formation of Fe0-Ti02 complexing 
preceding the formation of crystalline pseudobrookite. However the 
formation of such complexes might be expected to reduce the ferrous 
iron activity and thus the sulphur solubility. 

From linear regression analysis of their data Haughton et al. (1974) 
formulated a predictor equation describing the sulphide capacity in terms 
of mole fraction of major oxides with associated regression coefficients: 
Cs(1200°C) = ao  = aiNFe0 + a2NCa0 + a3NMg0 

+ a4NTio2  + a5(NNa2o + NK20)' 
	(1.5) 

where N is the mole fraction of the specified oxide and ai - a5 are 
regression coefficients.given in table 1.3 

Table 1.3 
Regression Coefficients 

Variable 	Regression Coefficient 	Standard Error 
NFe0  al= 3.15 	 0.64  

a2= 2.65 NCa0 	 0.56 
Nmgo 	 a3= 0.12 	 0.38 
NTio2 	 a4= 0.17 	 0.91 

(NNa20 + NK20) 	 a5= 0.75 	 0.58 
ao  = intercept = -5.704. 

In view of the large standard errors for the coefficients especially 
those for Nmgo, NTiO2 and NNa2o + K2o this equation can only be used as 
an indication of the sulphide capacity C. 
Series III  

Richardson & Fincham (1956) have shown that for a wide range of 
binary and ternary melts plots of log(Cs) versus the reciprocal of 
temperature are linear and approximately parallel. Haughton et al., 
(1974) have shown that this relationship holds for more complex melts 
also (figure 1.13). Thus if the ratio of f02 to fS2 and all other variables is 
kept constant in a cooling mafic melt the solubility of sulphur will 
decrease by a factor of ten from 1200°C to 1040 0  C. However since the 
f02 and fS2 both fall with decreasing temperature the net effect on the 
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sulphur solubility may be small provided appreciable amounts of crystals 
do not form to change the composition of the melt. 
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Figure 1.13 Influence of temperature on sulphide capacity Cs 
Compositions 1-5 from Richardson and Fincham (1956) 

CaO Al203 Si02 
1 - 45.8 18.0 36.2 
2.- 54.0 0.0 46.0 
4.- 36.0 0.0 36.5 
5.- 37.0 0.0 63.0 

. Dashed line connects two points determined by Haughton et al. (1974). 
The measured value was obtained for the same melt using Haughton et 
al.'s empirical equation for calculation of Cs at 1200°C. 

1.6.3 Ultramafic Melts  
Shima & Naldrett (1975) examined the sulphur solubility relations 

of a silica poor, magnesium rich melt (Table 1.2) at f02 values of 10 -10 - 4  
atm and 10 -9 -2 ; 1450° C and at constant 1 atm total pressure, thus 
extending the studies of Haughton et al.(1974) to more mafic 
compositions. 

Assuming the reaction 
Fe0(meit) + 1/2S2 = FeS(melt) + 1/202 	(1.6) 

accurately describes the solution mechanism Shima and Naldrett (1975) 
reasoned: 

/2 
aFes = 7FeSNFeS = k. aFeofs2 1/2/f02 1 	(1.7) 

where aFeS, 'YFeS and NFes are the activity, activity coefficient and mole 
fraction of FeS respectively. 
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Therefore taking logs of both sides 
log NFeS = 1/2 log fS2 

+ [log k + log aFeci- iii)  log f02 1/2  -logwes] (1.8) 
If for small changes in NFeS, 'YFeS is assumed to remain constant 

and also if the amount of FeO formedjs so small to have an appreciable 
effect on aFe0 then a plot of log FeS vs log fS2 at constant f02, 
temperature and pressure should give a straight line with a slope of 1/2. 
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Figure 1.14 Relationship between mole fraction of FeS and fS2 in an 
ultramafic melt at two values of f02.0pen circles are values for bulk melt 
containing immiscible droplets. Solid triangles are the sulphur contents 
of the silicate fraction of a sulphur saturated melt for log(f02) = -10.04. 

To test this reasoning a series of experiments were run the results 
of which are shown in Figure 1.14. At both oxygen fugacities the data 
define straight lines with a gradient very close to 1/2. As would be 
expected from the work of Fincham & Richardson (1954) and Haughton 
et al. (1974) the sulphur solubility increases with decreasing f02 at fixed 
fS2.. Indeed the diagram is effectively the same as Haughton et al.'s figure 

t, if lo 5 (Figure11-2;this work). Analysis of the silicate melt after saturation 
has occurred shows that both the ferrous iron and the sulphur contents 
have dropped in accordance with downward slope of the saturation 
surface towards higher fS2 and lower 02 in Figure 1.12. The same 
relationships were noted by Buchanan and Nolan (1979) in their study of 
a tholeiitic composition however they show the sulphur content of the 
silicate melt remaining constant after saturation has occurred contrary to 
the findings of both Haughton et al. (1974) and Shima & Naldrett (1975). 

-5 
-6 
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1.6.4 Natural Melts at Pressures > 1 atmosphere  
The only studies of the sulphur solubility in natural melts at 

pressures greater than one atmosphere are those of Helz (1977) and 
Wendlandt (1982). Helz (1977) determined the first appearance of 
sulphide melt in a natural basalt to 20 :kb and found an apparent negative 
pressure dependence for sulphur solubility. 

Wendlandt (1982) examined the solubilities in two "basalts" and an 
andesite (Table 1.2) selected for the range of Si02 and FeO they 
encompassed. The experimental charges were run in graphite capsules 
and did not contain any sulphur buffering assemblage. This configuration 
buffered the oxygen fugacity at the C-CO-0O2-02 buffer but allowed the 
fS2 to vary. The fS2, however, cannot have been higher than the total 
pressure (log fS2 = +4.3 at 20 kb) nor lower than the Fe-FeS buffer (log 
fS2 = -6.5 at 1 bar). 

0 	 0.1 	 0.2 	 0.3 
Wt.% S in silicate Melt 

Figure 1.15. Temperature dependence of sulphur saturation in Mt. Hood 
andesite, Grand Ronde basalt and Goose Island Basalt at 20 kb. (after 
Wendlandt, 1982) 
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Figure 1.16 Pressure dependence of sulphur saturation in the three 
silicate melts at 1420°C. 

Figure 1.17 Effect of FeO content of the silicate melt on the saturation 
sulphur content of the silicate melts at constant pressure ( and 
temperature for the three melts. Dashed lines show the loss of FeO from 
the silicate melt at low pressure. 
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Figures 1.15-1.17 show the variation of sulphur concentration in 
silicate melt at saturation with temperature, pressure and total iron 
contents in the three melts. In all three the saturation sulphur 
concentration shows a negative correlation with pressure and a positive 
correlation with temperature. The lowest solubilities were observed in 
the andesitic composition i.e. the composition with the lowest FeO 
content and highest Si02 contents. Figure 1.1‘shows a plot of sulphur 
concentration of the silicate melt at saturation versus the total iron 
content of the silicate melt at 1420° C. At constant pressure and 
temperature the fugacities of sulphur are fixed and therefore the 
ferrous/ferric ratio of the melts is held constant also. In addition to the 
contrasting effects of increasing total iron concentration and pressure on 
the sulphur solubility, a trend of increasing total iron content with 
increasing pressure is obvious in each of the three compositions. 
Wendlandt attributes this to increasing FeO solubility in the FeS melt 
with decreasing pressure in agreement with Wendlandt and Huebner's 
(1979) study of the Fe-S-0 system at high pressure. This may lend 
support to the low oxygen content of the Fe-S-0 eutectic at high 
pressures. 

To test the suggestion that Fe-loss in the silicate melts is related to 
FeO gain in the sulphide melt Wendlandt calculated the amount of iron in 
excess of that needed for troilite in the sulphide melt. If oxygen is 
combined with this excess the resultant amount of FeO was found to be 
similar to the FeO deficiencies in the silicate melts. Since in the 
calculations stoichiometric Fe-sulphide was assumed the calculated FeO 
solubilities in sulphide melt are minimum values. 

Using these minimum values for FeO solubility in the sulphide melt 
and the experimental data for sulphur solubility in the silicate melts a 
FeS-Si02-Fe0 diagram projected from the remaining components can be 
constructed (Figure 1.18). 

The figure shows tie lines between coexisting melts at 30 and 12.5 
kb at 1420° C. Since at high pressure sulphur solubility is reduced the 
immiscibility field boundary moves towards the Si02-Fe0 join near the 
Si02 apex. Similarly the FeO content of the coexisting sulphide melt falls 
with increasing pressure. Therefore, as the sulphide liquid dissolves FeO 
at the expense of the silicate liquid with increasing pressure the tie lines 
rotate clockwise. 
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Figure 1.18 Tie lines between coexisting immiscible sulphide and silicate 
melts at 1420°C and 12.5 and 30 kbar. Melt compositions are projected 
onto the FeS-Fe0-Si02 surface from the other components (after 
Wendlandt, 1982). 

The reduction in FeO solubility of the sulphide liquid with pressure 
led Wendlandt to suggest that the oxygen content of naturally occurring 
sulphide melts might be indicative of the depth of sulphur saturation or, 
at least, depth of equilibration. However Naldrett (1969) and Shima & 
Naldrett (1974) note that the composition of the liquid in the system Fe-S-
0 at 1 atm is a consequence of the fS2 and f02. Hence if this relationship 
extends to high pressures then the oxygen content of the sulphide liquid 
will not reflect the depth of saturation or equilibration, rather it will 
indicate the fugacities of oxygen and sulphur with which the liquid was 
last in equilibrium. 

	

• 	1.7 Sulphur Solution Mechanisms  
No structural models have been formulated to describe specifically the 
solution mechanisms of sulphur in silicate melts. However since it is a 
major component of volcanic gasses it has received some consideration as 
a volatile although the solution mechanisms proposed for sulphur 
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compounds have simply been analogous of the more extensively studied 
volatiles H20 and CO2. 

Fincham & Richardson (1954) considered the structural 
implications of their studies of simple binary melts. Since they found that 
the sulphur solubility in silicate melts for any given set of conditions 
decreased with increasing silica content and increased markedly as the 
mole fraction of metal oxide increased they concluded that the oxygens 
participating in the sulphide and sulphate equilibria were not bridging 
oxygens. Although the number of oxygen atoms bonded to one silicon 
atom (i.e. non-bridging oxygens) increases with increasing mole fraction 
of metal oxide this increase is not as large as the observed increase in 
sulphur solubility considered on a molar basis. Therefore Fincham & 
Richardson (1954) reasoned that the oxygen participating in the sulphur 
solution reaction is bonded to metallic cation rather than silicon or 
aluminium in tetrahedral coordination. 

In their study of albite and diopside melts Mysen & Popp (1980) 
found that at constant pressure, temperature, fS2 and f02 giving reducing 
conditions the sulphur solubility in diopside melts is approximately 2.5 
times that in albite melts. This indicates that sulphur is preferentially 
exchanging with non-bridging oxygens and supports the conclusions of 
Fincham & Richardson (1954). 

The strong correlation between FeO and TiO2 noted by Haughton 
et al. (1974) and Buchanan & Nolan (1979) indicates ion pairing between 
sulphur and these metallic ions. 

Thus any structural model describing sulphur solubility in silicate 
melts for either oxidizing or reducing condition must account for 
1. the relationship between sulphur and the oxygens associated with: 

a) the metallic cation and 
b) the silica tetrahedral framework. 

2. the differing affinity of sulphur for the metallic cation species. 
1.7.1 The Burnham Model (Burnham, 1979)  

Burnham described the mechanism of sulphur solubility by 
analogy with his models of CO2 and I-120 solubility. 

He considers that H2S should be capable of hydrolysis type 
reactions 



• 
4+ 

Si 

0 

Al3+  

metallic 
cation X.1)  

of H2S in NaAlSi308 
1979). The molar unit 

1.34 

2- 
- 	--- H2S (v)  + 0(m)  = SH(m)  + OH(m) (1.9) 

where the subscripts (v) and (m) refer to the vapour and melt phases 
respectively. 

If the analogy of H20 solubility is pursued then the overall reaction 
in albite melts is 

2- 	x+ -2+x 	+ 
H2S (v)+ 0(m)  + M(m) = SH:(m)  + OM(m)  + H(m)  (1•10) 

where M is a metallic cation of x valency. 
Figure 1.19 represents this reaction diagrammatically. 

Figure 1.19 Proposed reaction scheme for solution 
melts according to the Burnham model (Burnham, 
is outlined by the dashed line. 

Further solution of H2S occurs as 
2- 	- 

H2S (v)  + 0(m)  = SH(m)  + Off(m) 	(1.11) 

At high values of f02, SO2 can be abundant. However Burnham 
considers that its solubility in melts is low since its solution mechanism 
will be analogous to CO2 hence 

2- 	2- 
S0 + o = SO 2 v) (m) 	3(m) 	 (1.12) ( 

Because of the large size of the sulphate ion (5.7 A,Holloway, 1980) the 
solubility would be expected to be small since it would be difficult to 
substitute it into the silicate framework. Hence it would be expected to be 
more soluble in depolymerized melts than in melts with a more ridged 
polymerized structure. 
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The Burnham model is unsatisfactory in describing the sulphur 
solution mechanism in a number of ways:- 
1. The solution mechanism demands that the HS -  ion breaks into the 

polymerized melt structure and substitutes for a bridging oxygen 
forming a Si-S bond. Fincham & Richardson (1954) consider this type 
of reaction highly unlikely. Nockolds (1966) found that Si-S bonds are 
of very high energy and are very unlikely to form in the presence of 
more chalcophile elements e.g. Fe2+, Ni, Cr and Co. 

2. The large size of the SH-  ion would cause a large amount of distortion 
in the silicate framework. 

3. In the Burnham model the identity of the metal cation does not affect 
the solubility mechanisms. The large variability of sulphur solubility 
according to the identity of the metal cation shows that the cation 
species is crucial in determining the sulphur solubility. 

4. The model does not account for the possibility of solution of molecular 
H2S. 
1.7.2 The Holloway Model: Holloway(1980)  

Holloway (1980) considered the solution mechanism of sulphur in 
Fe bearing hydrous magmas. Because of the strong tendency for Fe-S ion 
pairing Holloway reasoned that the equilibrium must be more complex 
than that suggested by Burnham (1979). Instead he suggested: 

0 2" H2S(,)  + Fe0(m)  = FeS(m)  + 20H 	(1.13) 

which would indicate a negative correlation of sulphur solubility and 
H20 fugacity since 

2 - 	 - 

	

H20(v) + 0(m) = 20H 
	

(1.14) 

and 
H2S (v)  + Fe0(m)  = FeS(n)  +,H2  0(v) 	(1.15) 

However since equation (1.14) does not accurately describe the H20 
solution mechanism equation (1.15) will be subject to the same limitations 
as Burnham's model (Burnham, 1979). 

1.8 Summary  
Studies of simple systems and natural melts have shown that 

sulphur may dissolve in mafic melts in at least two forms; as sulphate or 
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as sulphide. The undersaturated sulphur content and sulphur content at 
saturation have been shown to be functions of both the temperature and 
chemical composition of the melt and factors imposed on it by the 
environment namely the fugacities of oxygen and sulphur. 

For basaltic melts at 1 atmosphere an empirical relationship has 
been formulated relating these variables such that for a given mafic 
composition and values for the temperature and fugacities of oxygen and 
sulphur the sulphur solubility can be calculated. If saturation occurs then 
the temperature and the fugacities of oxygen and sulphur will define the 
composition of the coexisting immiscible sulphide liquid. However the 
only means of estimating the sulphur concentration in a silicate melt 
necessary to bring about saturation is based on an experimentally 
determined curve relating the ferrous iron content of the melt and the 
sulphur concentration at saturation. 

Thus the factors that will initiate and control the separation of a 
sulphide-oxide liquid in shallow intrusions are relatively well understood 
and many specific models have been formulated to account for the 
observed variation in compositions and form of ore bodies within 
particular intrusions (e.g. Naldrett, 1969; Buchanan & Nolan, 1979; 
Ripley, 1979; Mitchell & Keays, 1981; Campbell et al.,  1983; Naldrett 
al., 1984). 

The conjugate process of generation of sulphur-rich magmas has, 
however, received much less attention and is consequently much less well 
understood. The effect of pressure on the sulphur carrying capacity of 
melts has been little studied though experimental difficulties may, in part, 
account for the lack of attention this has received. Since FeO has been 
shown to be the major compositional factor iron loss to the charge 
container becomes crucial and the choice and maintenance of the sulphur 
fugacity in experiments is an additional complication since most of the 
commonly used sulphur buffers are molten at the high temperatures of 
interest. 

Unlike other major volatiles such as H20 and CO2 there have been 
no theoretical models formulated specifically for the solution of sulphur 
either as sulphide or sulphate. Those models that do exist are simple 
analogues of H20 solubility and rely on the chemical similarity of H2S 
and H2O. This analogy has been shown to be inadequate in describing the 
solution mechanism and there is also the possibility of other volatile 
components of the C-O-H-S system to be considered, especially in the 
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light of recent studies of carbon in the mantle (Mathez et al.,1982; Taylor 
and Green, 1988). 

The common occurrence of sulphides in nodules from kimberlites 
and alkali basalts attests to the presence of sulphur in the mantle. 
However, how representative these sulphides are of the sulphur 
concentrations present within the mantle is open to debate and many 
authors consider that they cannot be used to estimate the sulphur contents 
of possible magma source regions. Nevertheless the presence of 
appreciable concentration of sulphur in some magma source regions is 
undeniable and has important compositional consequences. If saturation 
in a source region is brought about by either or both of a decrease of f02 
and an increase in the fS2, the iron content of the coexisting silicate liquid 
will be changed markedly if the volume of the sulphide liquid formed 
approached that of the silicate liquid. Irrespective of the volume of liquid 
sulphide formed, the trace element chemistry of the silicate melt will be 
radically altered. Many of the trace elements used as petrogenetic 
indicators have been shown to partition strongly into the sulphide phase 
(MacLean & Shimazaki, 1976; Rajamani & Naldrett, 1978; Boctor, 
1981) and so both the absolute concentrations and the ratios of these 
elements will be changed by the appearance of an immiscible sulphide 
liquid. However studies of the effects of pressure, temperature and 
fugacities of oxygen and sulphur on the relevant partition coefficients are 
few in number and more work is necessary before the effects of an 
immiscible sulphide phase on the trace element chemistry of melts can be 
accurately assessed. 
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Ext./ 
The Role of Sulphur ,  

in the Genesis of Mid-Ocean Ridge Basalta 

2.1 Introduction, 
The existence of sulphide saturation in a natural basaltic melt was first 
observed directly in a Hawaiian lava lake drill hole by Skinner and Peck 
(1969). Since then there have been a number of studies reporting sulphide 
globules within the glassy rinds of basaltic lavas erupted on the ocean 
floor (Mathez,1976; Czamanske and Moore,1977; Keays and Scott, 1976; 
McGoldrick et 4,1979). The presence of sulphide globules in the glassy 
exteriors of submarine pillows has led to the commonly accepted view 
that mid-ocean ridge basalts (MORB) are sulphide saturated on eruption 
and that if the eruption depth is greater than 500m the sulphur content of 
the pillow exterior represents the juvenile sulphur content of the magma 
erupted (Moore and Fabbi (1971)). 

Sulphur saturation in a silicate melt may cause changes in the host 
melt chemistry as large amounts of sulphur in solution may cause 
significant changes in the liquidus phase relations as is the case for other 
volatiles such as H 20 and CO2 . In addition to such effects, the 
abundances of chalcophile elements in the melt will be strongly affected 
if melting takes place under sulphide saturated conditions. Similarly, 
sulphide saturation of a magma at any stage in its evolution is likely to 
lead to chalcophile fractionation. This process has been invoked as 
hypotheses for the origin of both base metal and platinum group 
element (PGE) deposits in large layered mafic intrusions such as the 
Bushveldt Complex, South Africa. Hamlyn and Keays (1986) and 
Hamlyn et al. (1985) have formulated a model based on sulphide 
saturation to explain the contrasting sulphur and chalcophile element 
abundances in MORB and volcanic rocks from arc environments. They 
suggest that the MORB source region contains sulphides and that 
MORB is sulphide saturated at the time of magma extraction leaving 
chalcophile rich sulphide in the residue. Further melting of this MORB 
residue in which the residual sulphide is consumed is envisaged to give 
rise to the low-Ti, high-Mg0 and high-PGE lavas characteristic of 
ophiolite sequences. Thus in this model the timing of sulphide 
saturation is important in determining the potential of a magma to be 
the precursor to a PGE deposit. 
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Experimental studies have detailed the factors which affect the 
sulphur solubility in both simple and complex compositions at 
atmospheric pressure (Finch= and Richardson, 1954; Shimazaki and 
Clark, 1973; Haughton et al. 1974; Katsura and Nagashima, 1974; 
Shima and Naldrett, 1975; Buchanan and Nolan, 1979). Under 
conditions of sulphur undersaturation these studies have shown a 
positive dependence of solubility with temperature and fs2  and a 
negative dependence on f02. Under sulphur saturated conditions, 
however, the sulphur contents of silicate liquids increase with 
decreasing fS2  and increasing fO2  and FeO content. 

There are relatively few studies of sulphide saturation at 
pressures greater than one atmosphere. Helz (1977) determined the 
sulphide saturation surface for a number of natural basalts to 20kbar 
and found that this surface is approximately parallel to the basalt 
liquidi. Huang and Williams (1980) found a negative effect on sulphur 
solubility with increasing pressure in the system Fe-Si-S-0. Mysen and 
Popp (1980) studied the temperature and pressure effects on sulphur 
solubility in albite and diopside melts and found a positive effect for 
both, in apparent contrast to Huang and Williams (1980). Wendlandt 
(1982) commented on the apparently discrepant findings of Mysen and 
Popp (1980) and suggested that the positive pressure effect described 
was due to the iron-free compositions and the reducing compositions 
imposed by the boron nitride capsules used. Wendlandt (1982) studied 
three liquid compositions under sulphide saturated conditions over 
pressures of 12.5 - 30 kbar and temperatures between 1300 - 1460°C. 
He found a negative pressure effect in all three compositions in 
agreement with the findings of Huang and Williams (1980). Carrol and 
Rutherford (1985) studied the sulphur solubility in a dacitic starting 
composition under fluid saturated conditions at variable oxygen and 
sulphur fugacities to a total pressure of 2 kbar. Under reducing 
conditions they found solubilities up to 5000 ppm S although this was 
for an extremely iron rich composition (29wt% FeO tot); for FeOto , 
contents (2.1-3.7 wt% FeO tot) sulphur solubilities measured were 
between 220 and 360 ppm S. Under oxidizing conditions sulphur 
solubilities were higher even at low FeO t,„ contents; 2900 ppm S at 
3.2wt% FeOtot. The oxidizing conditions are not considered 
appropriate for MORB petrogenesis, however, as anhydrite was a 
stable phase in all of the runs at high f02. 
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Although not universally accepted, the parental picrite model for 
MORB petrogenesis has a strong experimental basis (Fanoon and Green, 
1987; Falloon and Green, 1988; Thompson, 1987 for review). It is a 
significant observation that in high pressure studies most MORB liquids 
do not attain multiple saturation in olivine, orthopyroxene and 
clinopyroxene and thus cannot be primary liquids derived from such 
three-phase cotectics. As MORBs are considered to be CO2  and 1120  poor 
(Delaney et al.,1978; Sakai et al.,1984) it is improbable that the cotectic 
positions are altered to appropriate positions by these volatiles. The effect 
of sulphur on such cotectics is ,however, unknown at present. 

To date the only the study of sulphur solubility in an ultramafic 
melt is that of Shima and Naldrett (1975) . Two features of this study 
make it unsuitable for assessing the effect of sulphur on MORB genesis. 
(1 .)The composition examined was unlike any potential picritic MORB 
parent and (2.) the experimental charges consisted of liquid only and so 
do not show the position of any cotectic. This study was undertaken to 
determine the extent of sulphur solubility in picritic liquids and to what 
extent does the solution of sulphur changes the position of the cotectics 
controlling liquid composition. 

2.2 Experimental Technique  
A basalt sandwich technique has been used to determine the 

chemical characteristics of liquids and solid phases within the desired 
range of temperatures and pressures. This technique has been used in a 
number of previous studies of silicate relations (Stolper,1980; Takahashi 
and Kushiro,1983; Fuji and Scarfe,1995; Falloon and Green,1987; 
Falloon and Green, 1988) but as yet has not been used to determine the 
extent and effect of volatile solubility. 

In this method a layer of basalt is placed next to a layer of 
peridotite in the experimental charge. At run conditions equilibrium is 
reached between the two layers thus providing a large area of glass for 
analysis and minimizing the effects of modification due to crystal growth 
during quenching. 

The model peridotite composition MORB pyrolite was chosee 
results can be compared with the extensive studies of this composition 
under volatile absent conditions by Falloon and Green (1987) and 
Falloon and Green (1988). The composition used in the experiments is 
derived by the subtraction of 40wt.% olivine (Mg91.6  FeuNi0.2Mn0.1) 
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from the MORB pyrolite composition of Mg number 0.90 . This 
subtraction serves to increase the modal amounts of the other phases in 
the charge and will not affect the phase relations except in Fe,Mg and Ni 
as long as olivine is present as an equilibrium residual phase. Two 
compositions were used for the basalt component of the 'sandwich'. The 
first is the primitive MORB glass DSDP3-18-7-1; a composition studied 
by Green et al.,(1979) and used in the calculation of the MORB pyrolite 
model composition. The second is MORP.90, an alkali picritic partial 
melt of MORB pyrolite determined by Falloon and Green (1988) to be in 
equilibrium with a lherzolite assemblage at 20kbar and 1420°C. The 
starting compositions used are presented in Table 2.1 

Table 2.1 
Compositions of mixes used in sandwich experiments 

DSDP MORP MG MG MG MG MG 
3-18 

49.70 
0.72 

16.40 
0.07 
7.90 
0.12 

10.10 
13.10 
2.00 

0.29 
100.14 

0.69 

CIPW Norm(Molecular) 
Ne 
Ab 	3.97 	15.09 
An 	11.33 	30.07 
Or 
Di 	7.39 	24.56 
Hy 	22.22 	12.10 
01 	52.56 	14.69 
* - total iron as FeO; Mg# calculated on the basis of Fe 2+/(Fe2++Fe3+)=0.9 
2.2.1 Mix Synthesis  

All silicate starting mixes were made in the following manner. 
Compositions were computed as mixtures of fayalite and complementary 
oxides. Analytical grade oxides were mixed in the appropriate 
proportions for the complementary oxides composition and ground 
under acetone 'three times to dryness'. This mixture was pelletized and 
sintered overnight at 1000°C and reground. An appropriate amount of 
fayalite was added and the mixture fired overnight in an evacuated silica 

MPY 
90-40 

Si02 47.15 
TiO2 0.28 
Al203 7.28 
Cr203 0.75 
FeO* 7.27 
MnO 0.12 
MgO 30.57 
CaO 5.63 
Na20 0.66 
K20 
NiO 
Total 100.00 
Mg# 0.88 

90 65 60 55 40 30 
47.2 48.3 48.06 47.78 46.95 46.42 

1.00 0.93 0.93 0.92 0.91 0.90 
16.67 17.55 17.44 17.34 17.04 16.84 
0.00 
8.91 9.48 10.77 12.05 15.79 18.21 
0.00 

13.49 9.88 9.07 8.26 5.91 4.38 
9.97 10.56 10.49 10.43 10.25 10.13 
2.64 3.25 3.23 3.21 3.16 3.12 
0.12 
0.03 - 

99.88 100.00 100.00 100.00 100.00 100.00 
0.73 0.67 0.60 0.55 0.40 0.33 

3.60 2.88 0.64 0.48 1.67 
17.94 24.10 22.34 23.04 23.55 22.90 
33.29 33.30 27.89 26.18 26.66 25.75 
0.71 - 

13.09 15.49 16.72 17.01 16.05 16.04 
6.52 - 

31.59 22.03 22.22 28.55 28.17 28.25 
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tube. The resultant mix was reground and stored at 220°C to maintain 
dryness. 

Iron sulphide was synthesized by reacting a pellet of a 
stoichiometric mixture of analytical grade iron and spectroscopically 
pure sulphur in an evacuated silica tube. Due to the exothermic nature of 
the reaction the mixture was heated very gently to 150°C and held there 
for twelve hours to allow the heat generated to be dissipated without 
causing violent reaction .After this the temperature was raised to 600°C 
for a further 12 hours to ensure complete reaction to hexagonal 
pyrrhotite. The resultant mix was broken into coarse pieces and stored in 
a desiccator to inhibit oxidation. A small aliquot was powdered and 
analysed by x-ray powder diffraction using the position of the d 102  peak 
to determine the iron to sulphur ratio (Toulmin and Barton,1964) This 
confirmed the synthesis of hexagonal pyrrhotite of composition Fe 0.9011 S 
(implying a sulphur content of 38.92wt.%). Microprobe analysis of the 
products indicate a non stoichiometric composition of 38.56±0.4wt.% S. 
This implies a range in the stoichiometry of Fe(0 .9304_0 .8990 and thus 
brackets the value determined by x-ray powder diffraction.The 
composition is taken is that of 38.92wt.%S as the x-ray diffraction 
technique is believed to be more accurate (Scott,1976). 

Sulphur was added to the starting mixes as pyrrhotite (Fe0.9011S 
described above). A 5wt.% fraction of the pyrrhotite was added to the 
DSDP3-18-7-1 basalt component and a lOwt.% fraction in the MORP90 
basalt component; no sulphide fraction was added to the MORB pyrolite 
mix. Basalt and peridotite layers were loaded into small diameter 
graphite capsules which were in turn loaded into an outer platinum 
capsule (Figure 2.1). Before sealing the capsule was dried for one hour at 
220°C to minimize moisture adsorbed on the mixes and interior surfaces 
of the capsules. The sealed capsule was then surrounded by sintered 
alumina sleeve and end spacers and loaded into a talc-pyrex assembly 
with an internal graphite heater. The thermocouple wires access the 
assembly through a twin bore, sintered alumina sheath encased in a 
mullite sleeve. A W75Re25/W97Re3  thermocouple controlled by a Kent 
P96M controller was used in all the experiments to reproduce the the 
configuration of Falloon and Green (1987) and Falloon and Green 
(1988) who experienced temperature drift using Pt/Pt 90Rh 10 
thermocouples. 
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3mm 

Basalt 

Pe ridotite 
carbon capsule 

carbon lid 
Carbon packing 

Pt outer capsule 

Figure 2.1 A schematic cross-section of an experimental charge 
showing the component parts and sample configuration. 
2.2.2. Analyses of Run products  

After completion of the run the charges were sectioned 
longitudinally and the constituent phases analysed by electron 
microprobe. All analyses were were obtained on a JEOL JX 50A 
electron microprobe fitted with an EDAX energy dispersive analytical 
system. For the silicate analysis the operating conditions were an 
accelerating voltage of 15kv and an absorbed current of 700 nA 
calibrated on pure Cu. For sulphide analysis the operating conditions 
were 20kv and 200nA calibrated on an arsenopyrite standard. Although 
Scott (1976) considered the use of x-ray diffraction techniques superior 
to the electron microprobe for the analysis of sulphides, the small size 
and compositional complexity of the experimental sulphides make 
analysis by microprobe the only suitable technique.The microprobe can 
give adequate results as long as the sample analysed has a Fe/S ratio close 
to that of the standard used for calibration. 

2.3 Experimental Results  
The experimental run details are given in Table 2.2. Glass 

compositions including sulphur solubilities and molecular norms are 
presented in Table 2.3. Phase compositions are given in Table 2.4. 

Run Products  
2.3.1. Textures (Figures 2.2a-e)  

Longitudinal sectioning of the experimental charges from 10,15 
and 20kbar reveals an upper, glass rich, basaltic layer above a crystal-
rich peridotitic layer. In runs from 10 and 15 kbar the basaltic layer 
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quenched to a glass with little crystallization whereas those from 20kbar 
show extensive quench crystallization between the equilibrium phases of 
the peridotitic layer and a 'quench crystallization' zone extending into the 
glass layer adjacent to the peridotitic layer. This zone consists of a map of 
feathery, intergrown crystals with compositionally modified interstitial 
glass. The quench crystals are oriented roughly perpendicular to the top 
of the peridotitic layer. In runs from 25kbar the basaltic layer is present 
as a quench mat:, only. These effects have been observed previously in 
experiments on alkali-rich liquids of high normative olivine contents 
(Falloon et al., 1987). Despite this, however, the large area of the 
quenched liquid layer allows representative analyses of the original liquid 
to be obtained. 

Table 2.2 
Experimental Run Details 

RUN TEMP 	P 	Time 
CC) 	(kbar) (Hrs) 

Basalt 	Phases 
Type*  wt% added 

T2579 1320 10 9 DSDP3-18 16.7 01,0px,Cpx,Sp,Plag,Sulph,Melt 
T2567 1340 10 11 16.7 01,0px,Cpx,Sp,Plag,Sulph,Melt 
T2583 1350 10 7 I 	I 19.2 01,0px,Cpx,Sp,Sulph,Melt 
T2565 1360 10 7 I 	I 16.7 01,0px,Cpx,Sp,Sulph,Melt 
T2561 1380 10 12 I 	I 19.1 01,0px,Cpx,Sp,Sulph,Melt 
T2519 1400 10 11 14.3 01,0px,Sp,Sulph,Melt 
T2533 1420 10 9 I 	I 13.9 01,0px,Sp,Sulph,Melt 
T2520 1450 10 10 I 	I 17.8 01,0px,Sp,Sulph,Melt 
T2531 1460 10 7 I 	I 15.1 01,0px,Sulph,Melt 
T2521 1480 10 7 I 	I 16.3 01,Sulph,Melt 
T2504 1380 15 14 MORP.90 23.9 01,0px,Cpx,Sp,Sulph,Melt 
T2501 1400 15 13 18.6 01,0px,Cpx,Sp,Sulph,Melt 
T2491 1420 15 12 DSDP,.3-18 18.2 01,0px,Cpx,Sp,Sulph,Melt 
T2486 1450 15 12 16.7 01,0px,Sp,Sulph,Melt 
T2525 1475 15 8 I 	I 15.6 01,0px,Sulph,Melt 
T2523 1450 20 11 MORP.90 17.4 01,0px,Cpx,Sp,Sulph,Melt 
T2502 1475 20 12 21.4 01,0px,Sulph,Melt 
T2500 1500 20 24 I 	I 18.1 01,0px,Sulph,Melt 
T2507 1530 25 12 13.6 01,0px,Cpx,Sulph,Melt 
T2506 1550 25 11 17.4 01,0px,Sulph,Melt 
12524 1575 25 7 , 	, 16.7 01,0px,sulph,Melt 
T2550 1600 25 3 17.9 01,Sulph,melt 
01 - olivine; Opx - orthopyroxene; Cpx - clinopyroxene; Sp - spinel; 
sulph - immiscible sulphide melt; melt - silicate melt. 
* - Basalt Type used in basalt layer of the experiment: 
DSDP.3-18 - DSDP.3-18-7-1 + 5wt.% pyrrhotite (Fei.9011) 
MORP90 - MORP90 + 1 Owt% pyrrhotite (Fei.9011) 



2.8 

Figure 2.2a Back scattered electron image for run No.T2491. Lightest grey - glass: 

light grey - clinopyroxene; dark grey - orthopyroxene and olivine. White circular 

objects - immiscible sulphides. Bar scale is lOOµm. 

Figures 2.2b-e Secondary electron images of run No. T2557. b and care conjugate 

fracture surfaces showing crenelate textures on the surfaces of sulphide and ajoining 

glass; bar scale lOµm.d and e show details of large sulphide globules; bar scale 

lOOµm. 
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Although sulphur was added to the starting mixes as a sulphide 
fraction in the basaltic layer only, sulphide globules are present 
throughout the entire charge. The globules are largest and more common 
within the basalt layer though range in size order of one micron to 
approximately 100 microns. Frequently sulphide globules occur as 
hemispheres adhering to the graphite roof of the capsule and even 
penetrate small fissures in the graphite walls. In no case, however, were 
either sulphide or silicate glass seen to make contact with the outer 
platinum capsule. Within the glass layer the globules are of circular to 
oval cross-section and the larger globules have crenellate margins with 
larger embayments of the order of 10 microns. The crenellations follow 
the internal quench texture of the sulphide and therefore may indicate 
that the sulphides start to crystallize before the solidification of the glass. 
The larger embayments could be of a similar origin. Within the 
peridotitic layer layer the sulphides are normally small (-1-2 microns) 
and rarely make contact with the equilibrium crystals except where 
equilibrium crystallization has reduced the interstitial space. 
2.3.2. Quenched Melt Compositions.  

At pressures of 20kbar and below the melt layer quenched to a 
glass,either partly or wholly . Analysis of these glasses was achieved by 
taking a number of broad area scans, care being taken to avoid overlap 
with either sulphide or quench crystals adjacent to the peridotite layer. 
Above 20kbar where the melt layer quenched to a matof quench crystals 
and modified glass the broad area scans showed a variation in 
compositions. To overcome this problem the method of Falloon and 
Green (1987) was employed as follows. The Mg number of the 
equilibrium melt was calculated from the composition of the equilibrium 
olivine using the expression for the (Mg/Fe) 01/(Mg/Fe)Liq=KD  
determined by Takahashi and Kushiro (1983). The oxide components 
were plotted against Mg number and the appropriate oxide concentration 
determined for the desired Mg number calculated for the liquid. 
2.3.3.Phase Compositions.  

The composition of equilibrium crystalline phases was determined 
for all parts of the charge. As Falloon and Green (1987) found, although 
phases within and adjacent to the melt layer were unzoned, phases far 
removed from the melt layer were not homogeneous. However, rim 
compositions from the peridotite layer were found to be of the same 
composition as rims and cores from the melt layer. Thus, although bulk 
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equilibrium was not achieved in the runs, a meaningful equilibrium 
assemblage is represented by the glass layer and phases adjacent to it. 
Equilibrium crystal compositions are presented in Table 2.4. The 
sulphide compositions are described more fully in a later section. 

Compositions and molecular norms of analysed glasses are 
presented in Table 2.3. Normative projections from diopside and 
plagioclase are presented in Figures 2.3 and 2.4 respectively. The 
algorithms for these projections were taken from Green (1970) and are 
the same as those used in Falloon and Green (1987) and Falloon and 
Green (1988). 
2.3.4 Normative Projections of Experimental Glass Compositions  
2.3.4.1 Projection from Diopside  

In the projection from diopside (Figure 2.3) compositions are projected 
onto the base of the 'basalt tetrahedron'. Cotectics traced by liquid 
compositions in equilibrium with lherzolite and harzburgite assemblages 
from 10,15 and 20 kbar are well defined whereas the position of the 
20kbar cotectic is more uncertain due to the fewer number of data points 
available. 
10kb ar 
At 1320°C the liquid composition is hypersthene normative, plots close to 
the olivine - plagioclase join and is in equilibrium with a siii phase 
assemblage consisting of olivine, orthopyroxene, clinopyroxene, spinel, 
plagioclase and an immiscible sulphide melt. As all these solid Phases are 
members of solid solution series melting is not eutectic. Instead, rising 
temperature gives rise to a progression of liquid compositions along a 
cotectic line. Thus with increasing temperature the liquid composition in 
equilibrium with thesegi,),--;: phases moves towards the plagioclase 
(Ab+An) - hypersthene join parallel to the Jd+CaTs - Qz join. By 
1350°C plagioclase has been eliminated leaving a sulphide-lherzolite 
residuum. Between 1380 and 1400°C clinopyroxene is eliminated and the 
cotectic bends sharply towards hypersthene and continues parallel to the 
plagioclase (Ab+An) - hypersthene join. Spinel is the next phase to be 
exhausted at —1460°C followed soon after by orthopyroxene at 1470°C 
leaving olivine and immiscible sulphide as the only liquidus phases. After 
the elimination of orthopyroxene the liquids move along an olivine 
control line towards the bulk composition. It is important to note that the 
position of the olivine control line is dictated by the bulk composition of 



Table 2.3 
Equilibrium Partial Melt Compositions 

Run No. 	T2579 T2567 T2583 
Temp(°C) 	1320 	1340 	1350 
Ilessure(kbar) 	10 	10 	10 

12565 
1360 

10 

12561 
1370 

10 

12519 
1380 

10 

12533 
1390 

10 

T2520 
1400 

10 

T2531 
1425 

10 

12521 
1450 

10 

12504 
1380 

15 

12501 
1400 

15 

T2491 
1420 

15 

12486 
1450 

15 

T2525 
1475 

15 

T2523 
1450 
20 

12502 
1475 
20 

12500 
1500 
20 

12550 
1600 
20 

12507 
1530 
25 

12506 
1550 
25 

12524 
1575 
25 

Si02 	50.33 	50.33 	50.14 50.68 50.69 50.17 51.09 51.28 51.23 50.58 48.53 48.60 48.10 48.88 49.32 47.19 47.25 48.50 49.08 46.57 47.24 47.50 
TiO2 	1.03 	0.73 	0.76 0.66 16.97 0.57 0.56 0.50 0.49 0.45 1.11 1.04 0.80 0.50 0.51 0.98 0.86 0.59 0.00 0.79 0.64 0.62 
ALA 	17.50 	17.96 	16.99 17.09 0.25 15.01 14.46 13.41 13.24 12.27 17.52 17.31 16.30 15.20 13.02 15.57 14.60 13.00 10.27 14.17 13.34 12.17 

0.08 0.25 0.55 0.59 0.63 0.65 0.70 - 0.18 0.35 0.59 0.18 0.37 0.57 0.69 0.00 0.50 0.60 
FeO 	8.35 	7.00 	7.11 7.06 7.18 6.96 7.27 7.24 7.20 7.75 8.16 8.08 8.33 7.74 7.95 8.96 8.78 8.15 8.18 9.22 8.57 8.68 
MgO 	8.97 	10.11 	10.83 10.22 10.28 12.71 12.61 14.65 15.23 17.29 10.69 11.36 12.41 13.30 16.56 13.75 14.86 17.67 22.85 16.91 17.19 19.20 
CaO 	10.30 	11.31 	11.91 12.00 12.32 12.31 11.91 10.81 10.51 9.59 10.59 10.34 11.31 12.04 10.62 10.58 11.00 9.84 7.63 10.84 10.68 9.53 
Na20 	3.37 	2.45 	2.13 2.09 1.93 1.59 1.38 1.30 1.27 1.16 3.26 3.13 2.39 1.81 1.23 2.58 2.07 1.42 0.99 1.30 1.60 1.46 

0.15 	0.12 	0.12 0.12 0.14 0.14 0.13 0.18 0.18 0.20 0.14 0.14 0.18 0.18 0.20 0.20 0.20 0.25 0.31 0.20 0.25 0.24 
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 TOTALS 	100.00 100.00 100.00 

CIPW NORM 
(MOLEC) 
Ne 	0.0 	0.0 - 	0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 1.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 
Ab 	25.1 	18.6 	16.1 16.1 16.2 12.2 10.5 9.5 8.1 9.4 20.4 19.1 20.1 13.1 10.4 15.7 14.2 10.1 6.5 9.7 10.8 9.7 
An 	27.1 	32.2 	30.9 31.9 37.5 29.0 28.4 25.3 23.1 28.4 24.1 23.8 33.7 26.9 29.9 23.6 23.3 22.2 18.6 23.6 22.0 19.9 
Di 	15.3 	15.3 	18.7 19.1 18.8 23.3 22.0 18.1 14.8 14.5 15.2 12.2 17.9 21.3 18.1 16.5 18.3 15.4 19.2 15.4 17.9 15.3 
HYP 	5.6 	16.2 	17.0 21.3 20.5 26.5 34.6 39.0 40.8 37.9 0.0 0.0 2.2 11.2 24.8 0.0 0.2 19.9 30.0 9.2 7.8 13.4 
01 	22.1 	14.1 	13.5 8.1 4.1 4.7 0.2 4.1 2.7 5.8 30.8 30.7 22.5 24.5 13.1 37.4 40.0 28.1 31.6 37.3 37.0 37.2 
Mt 	1.3 	1.1 	1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.3 1.1 1.3 1.2 1.3 1.3 1.3 1.2 1.2 1.3 1.3 1.3 
Chrom. 	0.0 	0.0 	0.0 0.0 0.4 0.9 0.9 1.0 1.2 1.2 0.0 0.0 0.3 0.0 0.9 0.3 0.3 0.8 0.9 0.6 0.7 0.8 
Ilro 	3.0 	1.4 	1.4 2.0 1.3 1.7 1.7 1.4 1.3 0.9 2.6 2.1 1.5 1.4 1.0 2.6 2.3 1.5 1.1 1.9 1.7 1.6 
Mg# 	68.0 	74.1 	75.1 74.1 73.9 76.9 77.4 80.7 81.6 81.6 72.2 73.2 74.9 77.3 80.5 75.3 77.0 81.0 84.7 79.8 79.9 81.4 

CALCULATED 
MODE OF MPY.90+0.25WT.% S 
COMPOSMON 
% MELT 	1 	7.9 	17.3 19.1 21.1 25.9 27.1 31.3 32.2 35.2 6.2 7.2 10.3 22.2 30.2 25.2 23.9 30.8 41.6 27.2 27.7 31.7 
a. 	58 	60.2 	62.8 66.4 67.5 66.99 68.3 66.9 66.6 63.3 57.2 61.4 60.1 56.4 59.1 62.4 60.2 61.8 55.6 59.0 59.4 56.7 
OPX 	21 	18.1 	12.9 8.3 7.3 6.2 3.4 0.7 0.1 21.3 13.2 15.08 7.9 9.2 11.9 13.8 4.8 0.0 13.5 11.2 9.1 
CPX 	19.3 	12.9 	5.3 4.6 2.8 0.0 0.0 0.0 0.0 0.0 13.1 15.5 12.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SP 	2.7 	1.3 	1.0 1.3 0.6 0.1 0.0 0.0 0.0 0.0 0.4 0.2 1.4- 0.3 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
FLAG 	<1 	0.1 	0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SULPHIDE 	<1 	0.3 	0.7 0.4 0.7 0.8 0.5 1.1 1.2 1.5 1.9 2.7 0.6 13.3 1.5 1.0 0.1 2.6 2.8 0.4 1.8 2.5 
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01 

Figure 2.3. Equilibrium glass compositions obtained from sandwich experiments plotted 
in the CIPW normative projection from diopside onto the base of the 'basalt 
tetrahedront.The abbreviations are : 01- Olivine; Qz - Quartz; Hy - Hypersthene; 
Jd+CaTs - Jadeite plus calcium Tschermaks molecule. Bars marked 'a' and 'b' indicate 
the range of bulk compositions used. MORB indicates the field of primitive MORB 
glasses 
Symbols: 

• - glass compositions from 10 kbar 	0. - MORB pyrolite 
• - glass compositions from 15 kbar 	4 - MORB pyrolite - 40% olivine 

	

- glass compositions from 20 kbar 	* - DSDP3-18-7-1 
• - glass compositions from 25 kbar 	* - MORP.90 
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Di 

Figure 2.4. Equilibrium glass compositions obtained from 'sandwich' experiments 
plotted in the CIPW molecular normative projection from plagioclase (Ab+An) onto the 
olivine-diopside-quartz face of the 'basalt tetrahedron'. Symbols, field and cotectics as 
for Figure 2.3. 
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the experimental charge. This causes liquids in equilibrium with only 
olivine and sulphide to plot off the olivine control line passing through 
the peridotite composition (MPY.90). This effect can be seen in both 
projections in the highest temperature compositions at 10 and 25 kbar. 
15kbar 
At 15kbar the lowest partial melt analysed was formed at 1380°C and co-
exists with an assemblage of olivine, two pyroxenes, spinel and 
immiscible sulphide.. This composition plots close to the nepheline side 
of the plagioclase-olivine join and has a higher normative olivine than 
those liquids in equilibrium with plagioclase at 10kbar. Unlike the case at 
10kbar the cotectic has no initial kink but continues at a slight angle to the 
plagioclase - hypersthene join until the olivine control line is reached. 
20 and 25 kbar 

Like those at 15 kbar the lowest degree partial melt compositions at 
20kbar are nepheline normative and lie close to the olivine-plagioclase 
join. However they are richer in normative olivine than any of the melts 
in equilibrium with two pyroxenes at 10 or 15kbar.  . Only three liquid 
compositions were obtained at 25kbar despite the apparently suitable 
alkali picrite composition used in the sandwich layer. At low 
temperatures the basalt layer crystallized to abundant olivine and 
orthopyroxene with no clinopyroxene evident. Thus the position and 
attitude of the cotectic at low degrees of partial melting has not been well 
constrained. 
2.3.4.2 Projection from plagioclase (Figure 2.4)  

The systematic movement of the cotectics with pressure evident in 
the projection from Di (Figure.2.3) is less obvious in the projection 
from plagioclase. As the projection point (Ab+An) is not an apex of the 
'basalt tetrahedron', nepheline normative liquids fall outside of the Di-
01-Qz space to the left of the 01-Di join. In this projection, liquids in 
equilibrium with olivine, orthopyroxene, clinopyroxene, sulphide and 
either of spinel or plagioclase fall in a narrow band at relatively constant 
normative Di content. This constancy is, however an artifice of the 
projection as at any given pressure the normative diopside content of a 
liquid increases with melting, until clinopyroxene is eliminated (Table 
2.3.). At this point the cotectics bend sharply downwards parallel to the 
diopside (Di)-hypersthene (Hy) join until the relevant olivine control line 
is met. Here the effect of pressure is more evident with cotectics moving 
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to progressively higher normative olivine contents with increasing 
pressure. 

Liquids in equilibrium with a lherzolite residue between 10 and 
15kbar lie very close to or within the primitive MORB field in the 
projection from diopside but lie just below the MORB field in the 
projection from plagioclase. Some diopside poor MORB glasses are 
potentially primary magmas leaving a lherzolite residue but majority of 
primitive MORB glass compositions have higher normative Di contents 
and require additional processes for their genesis. 
2.3.5 Comparison with Falloon and Green (1987) and Falloon and Green 
(1988)  
As the peridotite composition studied here was originally the subject of 
the studies of Falloon and Green (1987) and Falloon and Green (1987), a 
direct comparison of the sulphur bearing and sulphur free systems is 
possible. Figures 2.5. and 2.6 show the positions of the cotectics 
determined for MORB-pyrolite in the sulphur free and sulphide saturated 
systems. 

In the projection from Di (Figure 2.5) the cotectics for the two 
systems at respective pressures are almost coincident, the greatest 
discrepancy occurring at 10 and 15 kbar. 

At 10 kbar the sulphide saturated cotectic appears to cut across the 
sulphur free cotectic at low degrees of partial melting. It should be noted 
that the cotectic presented by Falloon and Green (1987) for MORB 
pyrolite at 10kbar is an 'average' of the results obtained from 
experiments on three different MORB pyrolite compositions of differing 
mg# and normative olivine content. The clinopyroxene 
cieiiciI ) 	by Falloon and Green (1987) for MORB pyrolite 
(mg#=90) at 10kbar is constrained by only one point which is consistent 
with the five such liquid compositions obtained in this study. Thus the 
discrepancy is result of the average nature of the sulphur free cotectic. 

At 15 kbar the sulphide bearing cotectic has higher normative 
olivine contents at low degrees of partial melting than that for the 
sulphur-free system.The position of the sulphur free cotectic at low 
degrees of partial melting is constrained by only one point close to the 
Plag-01 join and so the the position of the cotectic to nepheline normative 
compositions is uncertain. This difference between the two studies 
therefore could be the result of analytical uncertainty and is not thought 
to be significant. 
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In the projection from plagioclase (Figure.2.6) the cotectics in 
equilibrium with a lherzolitic residue have a slight but consistently higher 
normative Di content. As Falloon and Green (1988) determined the 
compositions of only three partial melts of MPY.90 in equilibrium with 
harzburgitic assemblages the positions of the cotectics after the 
elimination of clinopyroxene are not well constrained. However these 
three compositions plot close to the respective cotectics as determined in 
this study and so there seems to no significant differences in the 
conditions of the elimination of clinopyroxene. 

At all pressures Falloon and Green (1987) and Falloon and Green 
(1988) found a consistent order of elimination of phases during melting 
irrespective of the bulk composition used. Plagioclase, if present is 
eliminated first followed by spinel, clinopyroxene and orthopyroxene 
finally leaving olivine as the only liquidus phase. This order is observed 
in the present study with the exception of spinel which is eliminated after 
clinopyroxene. 
2.3.6 Sulphides  
Sulphides occur in the run products throughout both the glass layer and 
the crystal-rich peridotite layer. Within the glass layer there is a 
generally a wide range in globule size ranging from less than one 
micron up to 100 microns. Within the peridotite layer the sulphides are 
always small and rarely make contact with the equilibrium silicate 
crystals. Most frequently the globules show a circular to oval cross-
section (Figures 2.2a-e) except where crystallization has advanced to 
restrict the available inter-crystalline space. Where this has occurred the 
sulphides are forced into contact with the silicate phases in interstices and 
thus loose their globular form. When the sulphides are unrestricted their 
margins show crenellations of the order of one micron and embayments 
up to ten microns and within the larger globules silicate glass inclusions 
are common. Within the glass layer the sulphides do not always rest on 
the top of the peridotite layer but are dispersed through the glass. It is 
not unusual to find a sulphide globule 'wetting' the graphite roof of the 
capsule and even penetrating small cracks. However neither sulphide or 
silicate was ever observed to make contact with the outer platinum 
capsule. 
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2.3.6.1 Sulphide Mineralogy and Textures  
In every charge the sulphides are polyphase showing an assemblage 

of up to four phases. In the nickel-free runs T2557, T2559,T2562, 
T2594 and T2595 the sulphides are two-phase . In reflected light the 
more abundant phase is brownish yellow and is strongly anisotropic; 
features characteristic of pyrrhotite. This takes the form of an 
interdigitating net of fingers and lobes within and between which is a 
greyish phase of lower reflectance. Although too small for microprobe 
analysis this is thought to be magnetite. The texture is of a much smaller 
scale than the size of the globule and as a result broad area scans of the 
sulphide gives consistent bulk analyses. 

In the 'sandwich' runs the sulphides are also polyphase. However 
instead of the simple two-phase intergrowth described above, up to four 
phases are present in similar though much coarser texture. The dominant 
phase forms lobate masses within the blebs and has the characteristic 
features of pyrrhotite. Between the masses of pyrrhotite are small 
'stringers' consisting of intergrown assemblages of three phases. One of 
these is dull grey in colour and is interpreted as magnetite whereas the 
other two have higher reflectances and are less abundant. Microprobe 
analyses of these individual phases is difficult due to the lack of mean 
atomic number contrast and the fineness of the intergrowths. It is not 
possible to be certain of a 'clean' analysis though attempted analysis of the 
bright phases within the stringers gives nickel values up to 43wt.% with 
sulphur contents of approximately lOwt.%. The very high liquidus 
temperatures of Fe-Ni alloys would imply that under equilibrium 
conditions of the experiments, such a phase would take the form of 
crystals and thus would be randomly distributed throughout the sulphide 
blebs unlike the distribution in stringers as observed. It seems likely 
therefore that this phase is a quench product. 
2.3.6.2 Determination of Sulphide Bulk Compositions  

In the case of the nickel free runs the texture is sufficiently fine for 
area scans to give consistent analyses and thus are good indications of the 
true bulk composition. The determination of the bulk composition of the 
sulphide phase in the sandwich experiments however presents a special 
problem. The coarse texture relative to the size of the sulphide blebs in 
the sandwich runs renders the broad area scan method inaccurate in 
determining the bulk composition of the blebs. 
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01 

Figure 2.5. 
Cotectics for MORB pyrolite as defined in this study (solid lines) 
compared with those of Falloon and Green (1987) and (dashed lines) 
and Falloon and Green (1988) projected from diopside (Di) onto the 
base of the 'basalt tetrahedron', Olivine (OL) - quartz (Qz) - Jadeite 
plus calcium Tschermaks molecule (Jd+CaTs). Cotectic pressures are 
indicated by figures.as  shown. 

o - MORB pyrolite. 
• - MORB pyrolite - 40% olivine 
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Figure 2.6. Cotectics for MORB pyrolite as defined in this study (solid 
lines) compared with those of Falloon and Green 1987,Falloon 
and Green 1988 (dashed lines) projected from plagioclase 
(Ab+An) onto the face of the 'basalt tetrahedron' diopside(Di) - 
olivine(01) - quartz(Qz). Cotectic pressures are indicated by 
figures. 
o - MORB pyrolite. 
• - MORB pyrolite - 40% olivine 
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As much of the nickel content of the blebs is contained in small stringers 
of a nickel rich phase, area scans which include a disproportionate 
amount of this phase can give results grossly in error. In order to avoid 
this problem multiple area scans were taken which included variable 
amounts of the surrounding silicate phase, care being taken to analyse 
only mixture of the sulphide and a single host phase. These composite 
analyses were then regressed to 0 wt.% Si02 to remove the silicate 
components. A measure of the effectiveness of this method is the 
correlation coefficients of the sulphide components. Sulphur and Iron 
always show excellent linearity with coefficients rarely less than 0.99. 
The coefficients for nickel are generally less good though are never less 
than 0.85 and more commonly greater than 0.90. The uncertainty of the 
nickel data is probably due to its relatively low abundances in the area 
scans.The results for the experimental sulphides are given in table 2.5 and 
plotted in the system Fe-Ni-S in Figure 2.7. 

Even if this method is completely successful in determining the 
composition of the areas of sulphide intersected by the probe mount, the 
coarseness of the sulphide quench texture will cause a degree of apparent 
variability between different sections of a sulphide bleb. Generally only 
one or two sulphide blebs are intersected in the basalt layer of any one 
section of a charge and so it is not possible to reduce this variability by 
averaging. In run No.T2583 however,five blebs are intersected allowing 
some assessment of this variability. Compositions determined for all five 
blebs are plotted as open circles in Figure 2.7.If it is assumed that the 
sulphides in run No.T2583 are of identical bulk composition the spread in 
these points must be due to the compositional variability in the sections 
obtained. It can be seen that there is considerable variability in both the 
Ni content and the cation to anion ratio and that this variability is of the 
same order as that shown by the entire group. 

The sulphides from all temperatures and pressures form a group 
straddling the 1:1 stoichiometry condition (dashed line in Figures 2.7.) 
extending towards the NiS and contain up to a maximum of 10 wt% Ni. 
Within the scatter there does not seem to be any apparent grouping due to 
either pressure or temperature and therefore the methodKsiIiiii 
not appear to be accurate enough to separate any compositional trends if 
present. It does show, however, that the sulphide phase present at high 
temperature has a cation to anion ratio close to 1 and that up to 10wt% Ni, 
in solution has no effect on this condition. 
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Figure 2.7. Sulphide bulk compositions plotted in the system Fe-Ni-S. 
Dashed line indicates a cation to anion ratio of 1:1. 

• - 10 kbar 	- 15 kbar 	• - T2583 
o - 20 kbar 	•- 25 kbar 	- T2583 Average composition 

2.3.6.3 Possible improvements to the method to resolve sulphide 
compositional trends.  
If olivine/sulphide or silicate melt/sulphide distribution coefficients are 
to be determined then accurate analysis of sulphide bulk compositions 
must be obtained. Improvement of the method must either make the 
sections of sulphide exposed representative of the bulk sulphide 
composition or expose more sulphide so that meaningful area scans can 
be accumulated for averaging. 

The highly depolymerized nature of sulphide liquids implies that 
even if technically possible a faster quenching rate will not produce a 
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sulphide glass. Thus the solution to the analytical problem lies with 
achieving a larger area of sulphide for analysis.This could be achieved 
easily by increasing the proportion of sulphide in the experimental 
charge. However if a large proportion of sulphide is added to the basalt 
component it may form a layer on top of the peridotite assemblage and 
thus inhibit equilibration between the basaltic liquid layer and the crystal 
rich peridotitic layer reducing the effectiveness of the sandwich 
technique. Sulphide could be added to both the peridotite and basalt layers 
to minimize this effect. Alternatively the charge could be sectioned 
transversly through the glass layer to reveal more sulphide but this 
would necessarily expose less silicate glass and still less of the peridotitic 
assemblage for analysis. 
2.3.6.4 Quenching trends in Sulphide Liquids  

The origin of the phase assemblages in the sulphide blebs can be 
explained by reference to phase relations in the Fe-Ni-S system. This 
system has been the subject of many studies particularly those of 
Kullerud, Yund and Moh (1969) and Craig and Kullenid (1969) and has 
been summarized by Craig and Scott (1976). Phase relations of part of 
the liquidus range of this system are presented in Figures 2.8A-D. 

The highest thermal stability in this system is that of the sulphur-
free Fe-Ni gamma solid solution. In the sulphur bearing portion of the 
system this solid solution co-exists with a cation excess liquid which 
becomes more metal rich with increasing bulk Ni content. This liquid 
field is bounded on its sulphur rich side by a field of two immiscible 
liquids; one sulphur rich the other sulphur poor. With falling 
temperature the first solid sulphide to appear is a Ni-free pyrrhotite of 
approx. 51wt.% Fe at 1192°C. With cooling a solid solution (mss) 
volume expands into the Fe-Ni-S system being bounded by a forbidden 
region where mss co-exists with liquid (Figures 2.8A). By 1,000°C 
(Figures 2.8B) a NiS2 phase has joined the solid assemblage and the mss 
volume extends almost to the NI-S join.The liquid volume has contracted 
though still extends from the Fe-S join to the Ni-S join. 

By 900°C (Figures 2.8C) the mss field extends across the diagram . 
joining the two end-member sub-systems. Its sulphur poor edge is 
bounded by a straight line joining the two stoichiometric compositions 
FeS and NiS. The liquid field has contracted to the Ni-rich portion of the 
system and all composition are cation excess. At its most Fe-rich 
condition the liquid is in equilibrium with FeS and gamma Fe-Ni. 
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Figures 2.8.A,B Liquidus phase relations in the system Fe-Ni-S AT 
1100°C and 1000°C (taken from Kullerud, Yund and Moh, 1969). 
Hatched region shows the range in sulphide compositions determined in 
this study. 
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Figures 2.8.C,D Liquidus phase relations in the system Fe-Ni-S at 900°C 
and 650°C (taken from Kullerud, Yund and Mob, 1969). Hatched region 
shows the range in sulphide compositions determined in this study. 
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The system reaches the subsolidus condition at 635°C (Figures 
2.8D) where the final liquid composition lies on the Ni-S join at approx. 
22wt.% S. At this temperature the possible solid phases in the sulphur 
poor region of the system consist of an Fe-Ni solid solution, 
(Ni,Fe)3±-xS2 and mss. Below this temperature the nucleation and 
growth of phases must occur by solid state diffusion and so are not 
considered to be important in the time it takes for the charge to reach 
room temperature from 600 C (approx. 6 seconds). 

From the above summary it is clear that under the conditions of the 
experiments the sulphide phase must have been a homogeneous liquid and 
the textures and mineralogy now present are the result of crystal growth 
during quenching. The sulphide bulk compositions determined although 
not of high accuracy as noted above, do indicate that these liquids 
contained less than 10 wt.% Ni and were of approximately 1:1 cation to 
anion ratio (hatched area in Figures 8A-D.) 

Quenching of these compositions gives rise first to a Ni-poor 
pyrrhotite phase at about 1100°C leaving the residual liquid enriched in 
Ni Fe and oxygen and depleted in sulphur. It is likely that the 
interdigitating masses of the dominant pyrrhotite phase formed about this 
temperature. By 1000°C the Ni content of the crystallizing pyrrhotite will 
have increased slightly forcing the residual liquid occupying the 
interstices between the lobes of pyrrhotite to more metal and oxygen-rich 
compositions. Although not shown by the Fe-Ni-S system as considered 
here the magnetite component probably crystallized at this point. By 
900°C the crystallizing sulphide is Ni-free and is joined by a gamma-Fe-
Ni alloy and at some temperature between 900°C and 650°C the residual 
liquid finally crystallizes as an assemblage of FeS, gamma-Fe-Ni alloy and 
(Ni,Fe)3+xS2. 

Thus the assemblages and textures present in the sulphide blebs are 
consistent with rapid crystallization of a liquid with a cation to anion ratio 
slightly greater than one. If the equilibrium liquid was Ni-poor (<5wt% 
Ni) and cation deficient the products of quenching would be a simple Mss 
with little or no metallic phase present and so the ubiquitous presence of a 
metallic phase in the quenched blebs indicates cation-excess compositions 
of sulphides at high pressures and temperatures. 



RUN 
P(kbar) 
T(°C) 
PHASE 

12579 
10 
1320 
CL OPX CPX PL. 

12567 
10 
1340 

SP CC 	OPX CPX 

TABLE 2.4 
Equilibrium Phase assemblages 

T2583 
10 
1350 

SP 	PL 	OL 	OPX 	CPX 

12565 
10 
1360 

SP 	OL OPX CPX SP 

12561 
10 
1380 
OL OPX 

Si02  40.64 53.06 51.54 51.58 N.D.4.0.80 	5.3"d+V 53.40 50.15 51.57 41.03 54.57 51.68 N.D. 41.29 56.57 51.13 41.36 55.84 
TiO2  - 0.38 0.45 0.22 0.19 0.26 0.21 
M203 7.65 7.64 30.51 6.66 9.24 44.21 4.93 6.47 2.38 7.29 34.47 3.84 
Cr203  1.09 0.31 1.37 1.33 25.85 31.05 1.30 1.69 0.88 1.56 35.90 -0.31 1.43 
Fe0 11.40 6.07 4.81 0.47 10.41 	5.63 4.24 9.52 5.33 3.98 9.91 5.34 4.22 10.85 9.40 4.98 
MgO 47.47 29.99 19.55 0.34 48.53 	30.53 18.33 19.73 0.25 49.17 31.11 20.72 48.56 32.11 19.36 18.30 48.70 32.14 
Ca0 0.25 2.15 15.31 13.35 0.26 	2.40 15.85 0.20 13.84 0.28 2.75 14.88 0.25 2.72 15.94 0.24 1.77 
Na20 0.45 3.75 0.40 3.28 0.39 0.24 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.73 100.00 100.00 

Si 1.0022 1.8402 1.8459 2.3453 1.0019 	1.8521 1.8004 0.0000 2.3383 1.0030 1.8905 1.8498 1.0100 1.9549 1.8360 - 1.0100 1.9241 
Ti - 0.0104 - 0.0122 0.0045 0.0051 - 0.0071 0.0044 
Al 0.3127 0.3223 1.6350 0.2724 0.3908 1.4156 1.6596 - 0.2731 0.0971 0.3084 1.1550 0.0059 0.1559 
Cr 0.0298 0.0089 - 0.0375 0.0378 0.5493 0.0479 0.0240 0.0444 0.8070 0.0391 
Fe3+ - 0.0256 0.0287 
Fe2+ 0.2350 0.1761 0.1440 0.0179 0.2136 0.1634 0.1274 0.2001 - 0.1947 0.1545 0.1190 0.2027 0.1542 0.1266 0.2292 0.1910 0.1434 
Mg 1.7541 1.5500 1.0438 0.0229 1.7757 	1.5781 0.9808 0.7989 0.0170 1.7918 1.6066 1.1055 1.7708 1.6536 1.0362 0.7757 1.7726 1.6505 
Ca 0.0066 0.0798 0.5875 0.6505 0.0068 0.0894 0.6095 0..59 0.6726 0.0074 0.1021 0.5705 0.0064 0.1000 0.6133 0.0063 0.0655 
Na 0.0310 0.3310 0.0278 0.2885 - 0.0273 - 0.0171 
Total 2.9978 3.9886 3.9937 5.0026 2.9981 3.9929 3.9868 3.0000 4.9761 2.9969 3.9909 3.9982 2.9899 3.9845 3.9890 3.0000 2.9869 3.9784 
MG# 88.19 89.80 87.88 56.13 89.26 	90.62 88.50 79.97 100.00 90.20 91.23 90.28 89.73 91.47 89.11 77.19 90.23 92.01 



Table 2.4(continued) 
RUN N 
P(kbar) 
TrC) 
PHASE 

T2561(cont'd) 
10 
1380 
CPX 	SP 

T2533 
10 
1400 
CL OPX 

T2519 
10 

SP 	CL OPX SP 

T2520 
10 

CC OPX SP 

T2531 
10 

CL OPX 

T2521 
10 

CL 

12504 
15 
1380 
CC OPX CPX 

12501 
15 
1400 

SP CL OPX CPX 
Si02 51.03 41.86 55.80 41.22 55.59 41.53 56.23 41.70 55.60 41.77 41.2 53.18 51.04 n.d.41.04 53.7 50.38 
TiO2  0.33 0.29 0.23 0.27 0.37 0.00 0.34 0.43 
Al203  7.37 37.40 3.56 28.96 - 3.74 35.23 2.94 23.11 - 2.93 7.5 8.95 7.11 9.85 
Cr203  1.65 33.28 0.38 1.77 42.97 0.38 1.54 35.91 0.43 1.65 48.91 0.32 1.83 0.47 0.00 0.92 0.61 1.12 0.87 
Fe0 3.66 10.29 8.48 4.87 9.63 8.73 4.96 9.39 8.05 4.64 9.67 7.60 4.76 7.15 10.75 5.81 5.49 10.32 5.48 4.53 
MgO 17.73 18.58 49.09 32.36 18.21 49.47 31.93 19.20 49.79 33.08 17.78 50.19 33.44 50.43 47.82 30.22 20.43 48.44 30.21 18.5 
CaO 18.23 0.15 0.19 1.63 0.21 2.24 0.20 1.45 0.17 0.19 1.42 0.18 0.22 2.37 11.9 0.2 2.39 14.86 
Na20 0.72 0.58 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Si 1.8328 1.0171 1.9236 - 1.0045 1.9195 1.0085 1.9349 1.0100 1.9182 1.0098 1.0166 1.8428 1.8213 1.0085 1.8575 1.8026 
Ti 0.0090 0.0060 0.0051 0.0057 0.0082 0.0090 0.0116 
Al 0.3128 1.2350 - 0.1446 0.9895 0.1524 1.1687 0.1194 0.8094 - 0.1193 0.3062 0.3720 0.2897 0.4153 
Cr 0.0469 0.7373 0.0013 0.0482 0.9851 0.7200 0.0419 0.7991 0.0082 0.0450 1.1492 0.6100 0.0500 0.0090 - 0.0251 0.0222 0.0306 0.0246 
Fe3+ - 0.0153 - 0.0149 0.0204 0.0246 - 
Fe2+ 0.1102 0.2258 1.1723 0.1405 0.2186 0.1779 0.1432 0.2007 0.1635 0.1334 0.0246 0.1720 0.1374 0.1445 0.2208 0.1683 0.1374 0.2120 0.1585 0.1354 
Mg 0.9521 0.7760 1.7776 1.6627 0.7869 1.7968 1.6433 0.8054 1.8019 1.6968 0.7875 1.8118 1.7195 1.8175 1.7501 1.5610 1.0598 1.7740 1.5574 0.9864 
Ca 0.7037 0.0046 0.0051 0.0603 - 0.0054 0.0830 0.0053 0.0536 0.0054 0.0526 0.0526 0.0047 0.0058 0.0881 0.5325 0.0055 0.0887 0.5696 
Na 0.0364 0.0404 
Total 3.9729 3.0000 2.9793 2.9793 3.0000 2.9919 3.9833 3.0000 2.9874 3.9830 3.0000 2.9869 3.9971 2.9856 2.9883 3.9150 3.9907 3.0000 3.9823 3.9860 
MG# 89.63 77.46 60.26 92.21 78.26 90.99 91.98 80.05 91.68 92.71 96.97 91.33 92.60 92.64 88.80 90.30 88.50 89.32 90.80 87.90 



Table 2.4(continued) 
Run No. 12501 T2491 T2486 12525 T2523 12502 T2500 T2550 T2507 12506 12524 
P(kbar) 15 15 15 15 20 20 20 20 25 25 25 
T(° C) 1400 1420 1450 1475 1450 1475 1500 1600 1530 1550 1575 
PHASE SP OL OPX CPX SP OL OPX OL CL OPX SP CL OPX OL OPX OL OL OPX OL OPX CL OPX 
Si02 0.76 41.09 53.56 52.01 0.4 41.47 55.77 41.55 40.95 53.1 0.72 41.03 53.88 41.99 55.73 42.37 41.52 54.22 41.56 54.83 41.62 55.13 
TiO2  0.26 - - 0.19 - - - - - - - 
Al203  55.5 - 6.64 6.99 58.36 - 4.09 - - 7.47 56.49 - 6.92 - 4.61 - - 6.62 - 6.11 - 5.41 
Cr203 12.96 1.2 1.22 11.55 - 1.34 0.34 - 0.88 12.63 0.26 0.99 0.28 1.3 0.25 0.19 1.15 0.25 1.05 0.29 1.12 
FeO 9.03 9.88 5.86 4.39 8.38 8.8 4.55 7.81 9.53 5.72 8.16 9.09 5.38 7.55 4.48 6.11 8.45 4.90 7.96 4.79 7.24 4.50 
MgO 21.46 48.79 30.21 21.13 22.31 49.51 32.56 50.06 49.22 30.62 22.14 49.33 30.51 49.91 32.21 51.13 49.67 30.89 49.96 30.96 50.63 31.96 
CaO 0.16 0.25 2.53 13.78 - 0.22 1.7 0.25 0.3 2.21 0.14 0.29 2.32 0.28 1.68 0.15 0.16 2.22 0.27 2.25 0.22 1.89 
Na20 - - 0.29 - - - - - - - - - - - - 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00100.00100.00100.00 

Si - 1.0057 1.8583 1.8541 - 1.0093 1.9175 1.0078 1.0015 1.8392 - 1.0020 1.8620 1.0160 1.9141 1.0178 1.0090 1.869 1.009 1.888 1.007 1.895 
Ti 0.0051 - 0.0050 - - - - 
Al 1.6979 - 0.2716 Q.2937 1.7334 - 0.1656 - 0.3051 1.7139 - 0.2818 - 0.1864 - 0.269 0.248 0.219 
Cr 0.2659 - 0.0329 0.0343 0.2341 - 0.0364 0.0065 0.0240 0.2572 0.0050 0.0272 0.0053 0.0352 0.0047 0.004 0.031 0.005 0.029 0.006 0.030 
Fc3+ 0.0265 - - 0.0321 - - - 0.0286 - - - 
Fe2+ 0.1697 0.2022 0.1699 0.1308 0.1476 0.1792 0.1307 0.1584 0.1948 0.1657 0.1470 0.1855 0.1554 0.1528 0.1285 0.1228 0.172 0.141 0.162 0.138 0.146 0.129 
Mg 0.8302 1.7800 1.5625 0.1225 0.8527 1.7964 1.6685 1.8099 1.7941 1.5805 0.8495 1.7955 1.5714 1.8001 1.6491 1.8307 1.900 1.588 1.807 1.589 1.826 1.637 
Ca 0.0046 0.0064 0.0942 0.5264 - 0.0057 0.0627 0.0064 0.0079 0.0819 0.0038 0.0075 0.0858 0.0072 0.0618 0.0038 0.004 0.082 0.007 0.083 0.006 0.069 
Na - - - 0.0201- - - - - - - 
Total 3.0000 2.9943 3.9894 3.9870 3.0000 2.9906 3.9815 2.9889 2.9984 3.9963 3.0000 2.9955 3.9835 2.9813 3.9751 2.9798 2.990 3.980 2.990 3.97 2.99 3.98 
MG# 87.90 90.00 89.80 90.20 89.60 90.90 90.09 92.70 92.00 90.20 85.20 90.60 91.00 92.20 92.80 93.70 91.3 91.8 91.8 92.0 92.6 92.7 

All analy§ed normalized to 100% 
iSpinel Fe 

+/Fe3+ stoichiometry recalculated on the basis of 3 cations1; 



Table 2.5 
Immiscible Sulphide Analyses 

Run No. T2579 T2567 T2583 T2565 12561 T2519 T2533 T2520 T2521 T2504 T2501 T2491 
Temp(°C) 1320 1340 1350 1360 1380 1420 1420 1450 1480 1380 1400 1420 
Pressure(kbar) 10 10 10 10 10 10 10 10 10 15 15 15 
Fe 58.74 57.92 58.15 55.76 59.64 60.72 60.70 59.93 59.64 60.99 59.48 62.19 
Ni 4.61 6.24 6.36 8.81 4.90 4.31 0.54 3.33 4.90 1.52 2.74 2.49 

36.65 35.84 35.11 35.43 34.67 34.97 38.28 36.12 34.67 36.94 37.79 34.92 
Total 100.00 100.00 99.62 100.00 99.21 100.00 99.52 99.38 99.21 99.45 100.01 99.60 
Atom fractions 
Fe 0.4624 0.4587 0.4609 0.4430 0.4790 0.4830 0.4749 0.4756 0.4790 0.4790 0.4650 0.5242 
Ni 0.0348 0.0470 0.0517 0.0670 0.0372 0.0326 0.0039 0.0251 0.0372 0.0156 0.0204 0.0200 

0.5027 0.4943 0.4859 0.4904 0.4839 0.4845 0.5212 0.4992 0.4839 0.5054 0.5146 0.4559 
Total 	• 0.9999 1.0000 0.9985 1.0004 1.0001 1.0001 1.0000 0.9999 1.0001 1.0000 1.0000 1.0001 

Run No. T2486 T2525 T2523 T2502 T2500 T2550 12507 T2506 12524 
Temp(°C) 1450 1475 1450 1475 1500 1600 1530 1550 1575 
Pressure(kbar) 15 15 20 20 20 20 20 25 25 
Fe 62.44 58.11 57.55 62.44 61.86 58.30 60.75 63.19 60.19 
Ni 0.52 4.12 5.67 0.52 1.40 3.41 1.81 1.20 1.78 

35.5737.78 36.77 35.57 36.74 37.87 36.99 35.13 37.67 
Total 98.53 100.01 99.99 98.53 100.00 99.58 99.55 99.52 99.64 
Atom fractions 
Fe 0.5000 0.4546 0.4529 0.5000 0.4863 0.4572 0.4793 0.5034 0.4720 
Ni 0.0040 0.0307 0.0429 0.0040 0.0105 0.0254 0.0136 0.0090 0.0130 

0.4961 0.5147 0.5042 0.4961 0.5032 0.5174 0.5072 0.4856 0.5150 
Total 1.0001 1.0000 1.0000 1.0001 1.0000 1.0000 1.0001 0.9980 1.0000 
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2.4 Experimental Sulphur Solubilities and  
Implications for MORBs  

2.4.1 Sulphur solubilities in experimental melts  
The sulphur solubilities determined are plotted against temperature 

in Figures 2.9. The sulphur solubilities all lie between 0.1 and 0.3 wt.% 
despite the wide range of temperatures and pressures of the experiments. 
As all the melts are interpreted as being saturated under experimental 
conditions the plot represents the sulphur solubility at saturation of the 
melts as dependent on the integrated effects of temperature, sulphur and 
oxygen fugacities and composition. 

0.4- 

- Sulphur 0.3  
Solubility 	- 

(wt.%) 	0.2- 

0.1 - 

1 
• 10kb 
• 15kb 
* 20kb 
A 25kb 

0.0 	  
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Temperature (°C) 

Figures 2.9. Sulphur solubilities at saturation in glasses 
from 'sandwich experiments. 

The solubilities determined show a strong correlation with temperature 
but no pressure effect is resolvable within the accuracy of the data. 
Implicit in the data is a wide variation in composition of the silicate melt 
with increasing temperature and pressure and thus it is not possible to 
separate the individual effects of these intensive variables. Wendlandt 
(1982) found that temperature has a strong positive effect and pressure a 
strong negative effect on the sulphur solubility at saturation. An increase 
in temperature of 100°C increases the solubility by 0.05wt.% whereas an 
increase of 10 kb decreases the solubility by the same amount; both 
effects occurring irrespective of the melt compositions examined. This 
would seem to indicate that the decrease in solubility due to increasing .  
pressure is balanced by higher temperatures and a consequent change in 
composition. 
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Haughton et al.  (1974) and Wendlandt (1982) both found a strong 
correlation between the FeO content and the sulphur solubility at 
saturation. However in the melt compositions examined increasing FeO 
was generally accompanied by increases in Si02  and Al203. To test the 
effect of FeO content on the sulphur solubility independent of the mole 
ratios of the network forming components a series of five liquid 
compositions were examined in which the mole ratios of all the 
components except MgO and FeO were constant. The equilibrium melt 
composition from run T2504 (15 kbar/1380°C) was chosen as the melt 
composition from which the series of compositions of variable mg# was 
derived (Table 2.1). Five wt.% sulphide was added to each composition 
and the mixes run in furnace assemblies identical to the 'sandwich' 
experiments. The sulphur solubilities versus total iron as FeO are plotted 
in Figure 2.10. 

A similar positive relationship between the iron content and 
sulphur solubility to that found by Wendlandt (1982) is apparent and thus 
the increased solubility of sulphur does appear to be related directly to 
the FeO content. Although sulphur solubility correlates with the iron 
content of the silicate melt, the increase in FeO of approximately lOwt.% 
produces an increase of only 0.2 wt.% in sulphur solubility at saturation. 
This range in FeO contents far exceeds that shown by the picritic partial 
melts (7.0 - 8.9 wt.% FeO) and so the effect of variation in concentration 
of this component on the sulphur solubility in partial melts of mantle 
peridotite is probably minor. 

Figure 2.10. Sulphur solubilities versus total iron in Ni-free runs. 
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2. Sulphur Contents of MORBs  
Several workers have analysed suites of MORB glasses for sulphur 

contents (Moore and Fabbi,1971; Czamanske and Moore,1977; Moore 
and Schilling, 1973; Keays and Scott, 1976; Mathez,1976; 
McGoldrick, 1979). However several factors must be considered before 
accepting a reported sulphur content as the original sulphur content of the 
erupted magma. 

Moore and Fabbi (1971) have measured the sulphur contents of 
erupted basalts by x-ray fluorescence (XRF). They documented sulphur 
loss due to degassing in sub-aerial lavas but concluded that a water depth 
of >1000m is sufficient to maintain the juvenile sulphur content of a 
quenched glass. Even at depths greater than 1000m pillow interiors show 
sulphur depletion relative to their glassy rims. Thus the only reliable 
source of bulk sulphur contents of erupted MORBs lies in the analysis of 
glasses quenched at depths greater than 1000m. 
Other studies of sulphur relations in MORB s (Czamanske and Moore, 
1977; Mathez,1976) have used the electron microprobe to determine 
sulphur contents of quenched glasses. It is important, however, to 
recognize that if a glass is saturated in sulphide, the sulphur content of the 
glass does not represent the bulk sulphur content of the erupted magma. 
Both Mathez (1976) and Czamanske and Moore (1977) reason that the 
sulphur content obtained by microprobe analysis closely reflects the bulk 
sulphur content as the modal abundance of sulphide «1%. The 
petrographic descriptions of other studies (Keays and Scott,1976; 
McGoldrick et al.,1979), although not quantitative describe sulphide 
blebs as 'abundant' in some samples and so this assumption cannot be 
applied ubiquitously. Clearly the most reliable method of sulphur 
determination is analysis of a substantial amount of glassy material by 
XRF. 

Determinations for the sulphur contents of MORB s cover a range 
in values. In their studies using XRF analysis of bulk samples Moore and 
Fabbi (1971) found a range of 650-950 ppm whereas Keays and Scott 
(1976) found 950-1470ppm. In microprobe studies Czamanske and 
Moore found a range of 850-1370 ppm whereas Mathez (1976) reported 
concentrations between 1000 and 1800 ppm.The available data for 
sulphur contents of MORBs is plotted against Mg number in Figure 2.11. 
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Increasing sulphur contents correlate with decreasing Mg numbers 
showing that fractional crystallization is the dominant process affecting 
the sulphur content of erupted magmas. If the role of sulphur in the 
source region is to be assessed then only those magmas which can be 
considered primary should be examined. 

It is clear that many MORBs are sulphide saturated on eruption but 
this does not necessarily imply sulphide saturation prior to eruption, far 
less a sulphide saturated MORB source region. Timing of sulphide 
saturation in a magma prior to eruption will depend on the history of that 
magma. 
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Figure 2.11. Sulphur contents of sulphide saturated MORB glasses. 

2.4.3. Sulphur saturated Primitive Glass Compositions: a case study.  
Green (1971) established that potential primary magmas may be 

recognized by having Mg numbers appropriate to be in equilibrium with 
mantle olivine of Fo90±3 . Using this criterion only those glasses with Mg 
numbers > 0.68 can be considered as primary. 

Although a number of workers have analysed suites of glasses for 
their sulphur contents, the number of these glasses that fall within the 
primitive range of Mg numbers is very few. Amongst the studies of 
Mathez (1976), Keays and Scott (1976) McGoldrick et al,(1979), 
MacLean (1977) and Czamanske and Moore (1977) in which the sulphur 
contents have been determined only seven compositions fall in the 
primitive range: two from the study of Keays and Scott (1976) (T3-71- 
10C1, T3-71-10C4) and four from Czamanske and Moore (1977) (518- 
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1,519-4-1,519-4-2 and 522-2-1) and one from McGoldrick et al,(1979) 
(T3-72-17-35). These samples were dredged from several locations 
along the mid-Atlantic ridge from water depths from 1900 to 3500m. 
Analyses of these are presented in Table 2.6 along with their normative 
compositions and Mg numbers. Normative projections of these 
compositions are presented in Figures 2.12A and 2.12B. 

Table 2.6 
Primitive MORB Glass Compositions 

Sample 518-1 1  519-4-1 1  519-4-2 1  522-2-1 1  T3-71-10C12  T3-71- T3-72- 
No. 10C42  17-35 3  
Si02 	49.72 49.07 48.81 49.65 47.92 49.68 49.89 
TiO2 	01.02 00.74 00.73 00.87 00.98 01.02 00.88 
Al202 	15.80 16.44 16.13 16.05 14.64 14.97 16.59 
Cr203 	00.08 00.03 00.04 00.06 00.08 00.06 00.10 
MnO 	00.15 00.16 00.16 00.15 00.19 00.17 n.d. 
FeO 	09.02 08.86 08.89 08.72 10.01 09.45 07.59 
MgO 	09.68 10.15 10.32 09.82 12.69 11.07 09.32 
CaO 	11.52 11.65 11.56 11.76 10.93 11.02 12.20 
Na20 	02.69 02.13 02.15 02.25 02.41 02.40 02.31 
K20 	00.09 00.07 00.07 00.09 00.04 00.07 00.05 
P205 	n.d. n.d. n.d. n.d. 00.09 00.07 n.d. 

00.090 00.102 00.090 00.092 00.095 00.105 00.090 
Total 	99.86 99.40 98.95 99.51 100.08 100.09 99.02 
CIPW Norm 
(Molecular) 
Ab 	22.01 16.08 16.23 17.90 16.93 17.66 17.80 
An 	25.50 29.52 28.72 28.32 22.71 24.49 29.97 
Or 	0.44 0.35 0.35 0.40 0.18 0.34 - 
Di 	21.86 19.10 19.50 21.06 19.27 19.96 22.00 
Hyp 	7.33 13.63 12.61 14.44 2.08 13.01 15.28 
01 	20.02 17.31 18.61 14.43 34.18 19.65 10.42 
Mt 	1.45 1.44 1.45 1.43 1.52 1.50 1.26 
Chrom. 	0.12 0.05 0.06 0.03 0.11 0.05 0.16 
Ilm 	2.94 2.17 2.14 2.21 2.67 2.91 2.63 
Ap 0.09 0.07 - 
Mg# 	0.68 0.69 0.70 0.69 0.72 0.70 0.71 

Mg# and CIPW molecular norm calculated on the basis of 
Fe2+/( Fe2++ Fe3+)=0.9; n.d.- not determined. 
Data sources: 1 - Czamanske and Moore (1977); 2 - Keays and Scott 
(1976); 3 McGoldrick et al.,(1979) 

Although the Mg numbers of the compositions from Keays and 
Scott (1976) fall within the primitive range, Falloon and Green (1988) 
excluded them from their set of primitive compositions because of high 
iron contents. Even so, they considered the composition T3-71-10C1 a 
near primary melt as it falls not far from the olivine-orthopyroxene-
clinopyroxene cotectic for 20kbar. 



2.30 

Figure 2.12A,B Molecular normative projections of primitive sulphide 
saturated basalt glasses within the basalt tetrahedronA - projection from 
diopside, B - projection from plagioclase. 
Symbols: 

	

10C1 	o- 17-35 	- 518-1 

	

v - 10C4 	0- 519-4-1 	o - 519-4-2 
- 522-2-1 
- 518-1 +6wt.% olivine 

(dashed line indaicated the trace of olivine addition) 
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In the projection from plagioclase (Figure 2.12B) the seven of the eight 
compositions compositions fall within the the spread of experimental 
points for the olivine-orthopyroxene-clinopyroxene cotectics as 
determined in the present study. Only one (518-1) falls off the cotectic 
spread towards the centre of the MORB field. In the projection from Di 
(Figure 2.12A.) seven of the samples fall within the MORB field with 
only one (10C1) plotting at higher normative olivine contents. Thus these 
compositions can be considered as a group of four (10C4, 519-4-1, 519- 
4-2 and 522-2-1) and three distinct compositions (10C1, 17-35 and 518- 
1 ). 

In both projections the group of four is consistent with 10-20% 
melting on clinopyroxene bearing cotectic of between 12 and 14 kbar and 
thus are potential primary magmas of leaving lherzolitic residues. T3-71- 
10C1 also lies within the spread of clinopyroxene cotectics but in the 
projection from diopside it has a higher normative olivine content and so 
is consistent with melting on a cotectic of around 18kbar again leaving a 
lherzolitic residue. 

The remaining two compositions lie off the range of cotectics in the 
projection from plagioclase and therefore must be the products of olivine 
fractionation. In the projection from Di T3-72-17-35 lies close to 10kbar 
cotectic but in the projection from plagioclase it falls well above the 
cotectics at a high normative diopside content. Calculation of 6 wt.% 
olivine addition in 0.1% steps gives a composition which plots very close 
to T3-71-10C4 . However the calculated composition is lower in FeO 
than T3-71-10C4 and has a higher Mg number (0.75) and is therefore 
consistent with a similar genesis (-13kb120% melting) but from a source 
of higher Mg number (Mg= -0.90). A similar history is proposed for 
518-1 as again 6 wt.% olivine is required to bring the composition into 
the cotectic range in Figure 2.12B. Consequently the plotting position of 
this calculated composition in Figure 2.12A indicates the origin to be 15 
kbar at -15% melting. For clarity of plotting the results of olivine 
addition are shown in Figures 2.12A and 2.12B for 518-1 only. 

If it is assumed that no fractionation of sulphide has occurred in the 
geneses of these compositions then the experimental results can be used to 
infer the timing of sulphide saturation. 

Under the conditions inferred for the origin of the group of four 
compositions (10-20%melting, 12-14 kbar) sulphide saturation requires 
approximately 0.12wt% S in the partial melt. Thus a minimum of 120- 
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200 ppm sulphur is required for saturation in the source region of these 
melts. The sulphur contents of the group range from 0.088 to 0.105 wt.% 
and so are lower than that required for saturation in the source. 

As 10C1 is inferred to have a deeper origin (18 kbar; 20% melting) 
the sulphur solubility at saturation of the melt in the source region is 
higher (-0.18 wt.% S). Thus in this case 360 ppm sulphur is required for 
saturation of the source region. As the concentration of sulphur in 10C1 
is only 0.0953 wt.% it is likely that the melt was also sulphide 
undersaturated at the time of separation from its source region. 
The remaining two compositions 10C1 and 518-1 are also inferred to 
have originated from pressures greater than 10 kbar (10C1:15-20 
kbar/20% melting, 518-1:15kbar/15% melting) however these 
compositions appear to have fractionated olivine and so are not strictly 
primary. Both have low sulphur contents of (0.0953 and 0.0900 wt.% 
respectively) and so it is likely that they too were sulphur undersaturated 
when they separated from their source regions 

The experimental data obtained in this study combined with the 
data on the sulphur content of primitive glasses shows that with the 
exception of 10C1 and 518-1 the samples must be interpreted as primary 
magmas segregated from residual peridotite under sulphur 
undersaturated conditions. It follows therefore that the magmas attained 
sulphur saturation either during transport to the surface or on eruption. 

If the above petrogenetic histories are correct then the sulphur 
content of the source regions can be calculated. If the group of four 
compositions inferred to have originated at —12-14 kbar represent an 
average of 15% melting then their sulphur contents imply a source 
sulphur concentration in the source if 130 to 160 ppm. As 10C4 is the 
product of slightly higher degrees of melting the inferred source 
concentration of sulphur is also slightly higher at —210 ppm. It should be 
bourn in mind, however that the assumptions stated above are implicit in 
these estimates of the sulphur content of the MORB source region. 
2.4.4 Factors Affecting Sulphur Saturation During Ascent  

The only direct evidence that magmas are sulphur saturated at 
depth within the crust comes from two studies of sulphur saturated melt 
inclusions in phenocrysts (Anderson (1974) and Roedder (1981)). 
Anderson (1974) found 1800ppm S in glass from an inclusion in an 
olivine phenocryst. This value equals the highest concentration measured 
for any MORB glass, however unless the inclusion is the result of 
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heterogeneous entrapment the sulphur solubility in the original liquid 
may have been much higher. 

Wendlandt (1982) , Helz (1977) and Huang and Williams (1980) all 
described negative pressure effects on sulphur solubilities in natural 
compositions with sulphur saturation isopleths lying roughly parallel to 
volatile absent basalt liquidi. If a melt' is generated under sulphide 
saturated conditions and ascends adiabatically it may become 
undersaturated at some time before eruption. 

Implicit in the 'picritev model for MORB genesis, however, is an 
• episode of olivine fractionation (and therefore cooling) in the evolution 
of the majority of MORBs. These liquids are not primary and their ascent 
from the source region cannot have been adiabatic. How, then ,would a 
period of olivine fractionation affect the stability of an immiscible 
sulphide liquid? 

Many workers have described the dependence of sulphur solubility 
on temperature and the FeO concentration of the melt (e.g. Haughton et 
al. ,1974; Wendlandt,1982; Katsura and Nagashima ,1974). Fractionation 
of olivine from a picritic parent as the result of a drop in temperature 
will result in decreases in MgO and FeO and increases in silica and those 
other components not present in olivine. As there must also be an increase 
in sulphur concentration in the residual melt the result will be a tendency 
to maintain the stability of an immiscible sulphide phase. However there 
must be a pressure drop associated with the evolution of the magma: an 
effect that Wendlandt (1982) has shown to increase the sulphur solubility 
of any given composition.Thus the stability of an immiscible sulphide 
phase will depend on the history of an individual magma. 
5. Effects of Sulphide Saturation on Magma Chemistry  

As the presence of a sulphide phase has little effect on phase 
relations, the appearance or disappearance of a sulphide phase during the 
evolution of a magma batch will not be recorded in the major element 
chemistry of a cogenetic suit of glasses.The most obvious characteristic 
which will show evidence of sulphide saturation during the evolution of a 
magma will be the absolute and relative abundances of the chalcophile 
elements. This approach has been used to imply sulphur saturation in 
MORB source regions and sulphur undersaturation in the source regions 
of arc-rocks and magmas parental to precious metal bearing layered 
intrusions (Hamlyn and Keays,1986; Hamlyn et al.,1985). Both these 
studies concentrate on the group of chalcophile elements Pd, Ir, Au, Cu, S 
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and Se.The partitioning behaviour for these elements is still poorly 
known and so models considering them must be qualitative to some 
extent. Ni by contrast has received much more attention and though its 
partitioning behaviour is composition dependent data is available over a 
large compositional range allowing modelling to be done with more 
confidence (Takahashi and Irvine, 1981; Boctor,1982). Ni though not as 
strongly chalcophile as Pd or Jr will also be affected to some extent by the 
abundance of a sulphide phase. The question then is: are the known Ni 
abundances in MORB compatible with the hypothesis of a sulphur 
saturated source region? 

2.5. Modelling of Nickel Distributions During the Melting 
of the MORB source  

2.5.1 Estimates of Ni Abundance in MORB Source regions.  
To model successfully the effects of sulphur saturation on nickel 

distributions during melting of MORB source regions it is necessary to 
have reliable estimates of the abundance of the sulphide phase and the 
partitioning characteristics of the elements concerned between the 
sulphide phase and silicate assemblage. 

The abundance of sulphide phase in the upper mantle is not known 
but will depend directly on the sulphur content of the upper mantle. Two 
methods have been employed to estimate the sulphur content of the upper 
mantle: (1) by examining the sulphur abundances in basalts and and 
making an assumption about the degree of partial melting they represent; 
(2) by analysing the sulphur content of fresh and undepleted nodules of 
mantle origin. 

Sun (1982) employed the first technique to estimate the sulphur 
abundances in the source region of MORBs. Using the data of Keays and 
Scott (1976) and McGoldrick et al.,  (1979) he obtained a value of 350 
ppm for the MORB source region although he does not quote the degree 
of partial melting assumed in the calculation. It is within a factor of 2-3 of 
the estimates calculated for the source regions (130-210 ppm S) of the 
primitive compositions examined in this study assuming no fractionation 
of sulphide has occurred. 

The second technique has been used by Jagoutz et al.  (1979) to 
estimate the sulphur content of 'nearly undepleted mantle material'. This 
study was based on a suite of six nodules from a variety of locations 
around the world. Sulphides were observed in all the samples and the 
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sulphur content estimated at 22 and 44 ppm in two of the samples. 
Mitchell and Keays (1981) found similar values of between 17 and 46 
ppm S for material of similar origin. Thus it would seem that the source 
of MORBs is richer in sulphur by approximately an order of magnitude 
than the examples of the most undepleted mantles nodules yet analysed. 

In order to model Ni abundances during melting we must also have 
an estimate of the Ni concentration in the source. Jagoutz et al. (1979) and 
Sun (1982) give comparable values of 2108±84 and 2100±100 
respectively, for the bulk Ni content of undepleted upper mantle whereas 
Mitchell and Keays (1981) found a slightly larger range of 1732 to 2210 
ppm for spinel lherzolites from S.E Australia and New Mexico. Sato 
(1977) compiled compositions of olivines from a variety of mantle 
sources and found a remarkable uniformity in their Ni contents with a 
mean of 0.40 ±0.05wt.% NiO. 

The question then arises; in calculating the bulk composition of a 
peridotite, is sulphur added simply as S or should the sulphur be added as 
sulphide with consequent rises in bulk Ni and Fe? If sulphur alone is 
added, the Ni contents of the equilibrium olivine will fall whereas if it is 
added as the equilibrium sulphide the NiO content of the olivine will 
remain constant irrespective of the amount of sulphur added. Despite the 
small amount of sulphur to be added (of the order of 200ppm S) the 
method of calculation can affect the bulk Ni obtained e.g. if 200ppm S is 
added to a peridotite composition as sulphide in equilibrium with olivine 
of 0.4 wt.% NiO then the bulk Ni would be raised by approx 115ppm Ni. 
There are not sufficient data available on the equilibrium compositions of 
olivines and sulphides from sulphide bearing peridotites to asses this 
problem. 
2.5.2 Model Assumptions and Rationale  

If the behaviour of nickel during partial melting and fractionation 
is to be modeled a number of important factors must be known or at least 
reasonable values assumed. 
Assumptions  

1.The nickel concentrations in the melt and residue are governed 
wholly by partitioning between the olivine, sulphide and melt i.e. no 
other phase present is a significant host for nickel. 

• 2.The exchange coefficients remain constant during any changes of 
pressure and temperature implied by the r—r''jmodel. 
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3. The stoichiometry of the sulphide is constant at a cation to anion 
ratio of one. 

The Distribution of Ni Between Olivine and Melt 
The distribution of Ni between olivine and silicate melts has been 

the subject of many studies e.g. Irvine and Kushiro (1976), Arndt (1977), 
Hart and Davis (1978), Takahashi (1978), Takahashi and Irvine (1981). 
From these studies it is clear that there is a strong compositional and 
temperature dependence of the partitioning of Ni between olivine and a 
coexisting silicate melt. 

Takahashi and Irvine (1982) have shown that much of these 
dependences can eliminated by the use of a two element distribution 
coefficient . They found that over a wide range in melt composition 
acceptable results were obtained by the expression : 

01 	01 	Melt Melt 
(NNiO/NMg0)/(NNi0 iNMg0)  = 2'3 	(2.1) 

where N denotes mole fraction of the subscripted component in the 
superscript phase. Thus this expression has been used throughout the 
calculations to model the distribution of Ni between olivine and the melt 
phase. 

The Partitioning of Ni between olivine and a sulphide phase 
likewise have been the subject of a number of studies: Clark and Naldrett 
(1972); Fleet et al. (1977); Rajamani and Naldrett (1978) and Boctor 
(1981). There is however less consensus on the values of partition 
coefficients perhaps because of the wide range of experimental 
approaches and temperature/pressure ranges studied. Despite this lack of 
agreement it is clear that Ni partitions strongly into the sulphide phase 
and that the corresponding expression for the partition coefficient is at 
least one order of magnitude greater than that determined for the olivine-
liquid pair. Boctor (1982) determined the partitioning between 
forsteritic olivine (Fo 82-Fo87) and a sulphide melt at a temperatures of 
1400°C.The expression proposed by Boctor: 

[ Sulphide 
NNiS 	NNiS0.502  

Sulphide J [ 

Olivine 

 Olivine 
NFeS 	NFeSi 0 0.5 2 

where again N is the mole fraction of the subscripted component in the 

= 13.0 	(2.2) 
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superscript phase, describes lower distribution coefficient than the 
studies of Clark and Naldrett (1972) or Fleet et al. (1977) but is close to 
the observations of Dromgoole and Pasteris (1987) of naturally 
occurring sulphides in lherzolitic nodules. As Boctor's expression has 
been determined for appropriate temperatures and compositions it has 
been used to calculate the distribution of Ni between olivine and the 
sulphide phase. 

Using the 'expressions described above it is possible to calculate the 
equilibrium compositions of the major Ni-bearing phases. If we assume a 
bulk concentration of nickel in a system whose modal mineralogy can be 
determined (Table 2.4), we can calculate the concentration of nickel in 
the constituent phases. In this way we can model the Ni relations during 
melting without reference to measurements of Ni contents in 
experimental assemblages. 
2.5.3 Calculation Method.  
The Calculation procedure is as follows: 
1.An initial concentration of sulphide phase is fixed for the source 
region. 
2.An estimate is made for the Ni concentration in the sulphide phase. 
2. The equilibrium compositions of the coexisting olivine and melt are 
calculated using the expressions of Takahashi and Irvine (1982) and 

Boctor (1982). 
3.Using the modal data from Table 1.4 the Ni concentration for the bulk 
is calculated by summing the Ni held-in the sulphide, olivine and melt 
components . 
4. The total Ni in the bulk composition calculated in 3. above is compared 
with the actual bulk Ni concentration. If the calculated Ni content is too 
high then the estimated Ni abundance in the sulphide is reduced; if it is 
too low the estimate of the Ni content of the sulphide is increased. 
5. Stages 1. to 4. are repeated until the the calculated Ni content matches 
the starting Ni concentration. The results of the calculations for various 
starting conditions (i.e. concentrations of sulphur in the source region) 
are shown in Figure 2.13. 
2.5.4 Sulphur Undersaturated Melting 

As a reference , Figure 2.13 includes a curve (continuous line) 
which shows the evolution of the NiO concentration in a sulphide 
undersaturated partial melt of a source containing 2000 ppm nickel. At 
low degree of partial melting the NiO concentration in the melt falls as 
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the %melting rises, reaching a minimum at approximately 20% melting. 
After this it rises steeply for the remainder of the melting interval 
examined. This behaviour is due to the increasing modal abundance of 
olivine during the first 20% of melting which is most probably due to the 
incongruent melting of orthopyroxene. This process results in a NiO 
content in the melt which stays within a range of 100 ppm throughout the 
range of melting suitable for MORB parental liquids. 

250 	I 	I 	I 	I 	I 	I 	i 	I 

0 	5 	10 	15 	20 	25 	30 	35 	40 

Wt.% Melting 

Figure 2.13. NiO concentration in partial melts versus percentage 
melting for peridotite source regions containing 100, 300, 
500 and 700 ppm S respectively. 

2.5.5 Melting of a Source with Sulphur Added as S  
If sulphur is added to a source as S, a sulphide will be generated 

and so will become an additional sink for Ni. Thus, as increasing amounts 
of sulphur is added and and more sulphide stabilized the Ni 
concentrations in the equilibrium phases will fall. These effects are 
shown by the positions of the short dashed curves in Figure 2.13 where 
the sulphur concentrations are indicated. These curves demonstrate 
melting of a source of 2000ppm Ni and sulphur added as S in the amounts 
indicated. At low degrees of partial melting the NiO contents of the melts 
parallel the sulphide absent case. However, the NiO content of the melt 
eventually rises to join the sulphide undersaturated case as the sulphide is 
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finally consumed. This point occurs at progressively higher degrees of 
partial melting as the amount of S in the source increases. 
2.5.6 Melting of a Source with Sulphur Added as Sulph . de  
If sulphur is added to the source as equilibrium sulphide as opposed to S 
only, the Ni contents of the host phases will remain unchanged. Likewise, 
the NiO content of a low degree partial melt will be indistinguishable 
from a melt generated under sulphide undersaturated conditions. If only 
small amounts of sulphide are present (e.g. 270 ppm sulphide= 100 ppm 
S) the sulphide will be eliminated early on in the melting process and the 
melt will become enriched in Ni. However as the sulphide component is 
small the extent of the Ni enrichment must also be small; 270 ppm 
equilibrium sulphide would contribute only 50ppm Ni to the bulk Ni 
content. 

If the amount of added sulphide is larger (e.g.1000 ppm sulphide 
=380 ppm S) the potential Ni enrichment of the melt is larger (300 ppm 
Ni), however at this concentration sulphide undersaturation will not 
occur until more than 30% melting has occurred i.e. outside the range of 
potential MORB parental liquids. 

The evidence for the concentration of sulphur in the MORB source 
points to a much lower value (350 ppm S; Sun (1982), 100-200 ppm S; 
this study) thus it would appear that at current estimates of the 
composition of the MORB source, a sulphide phase will not have a 
dominating effect on either the major element or Ni geochemistry of 
MORB parental liquids. 
2.5.7 Fractionation of Sulphide Bearing MORB  
The picrite model for MORB genesis implies that olivine fractionation is 
necessary to explain the variation in composition observed in primitive 
MORB glasses. What, then, would the implications of such a process on 
the stability of a sulphide phase and consequently on the NiO 
concentration in the host magma? 

Using a calculation rationale similar to that described r in section 
/1<5.3 it is possible to calculate the variation in Ni contents of of a melt 
during olivine fractionation. As the sulphur solubility at saturation has 
been shown to vary by only 0.2wt.% over a temperature range of almost 
400°C it is assumed as a working hypothesis that the main factor inducing 
the separation of a sulphide phase is the fractionation of sulphur-free 
olivine. 
(1) A Ni concentration in the parent liquid is assumed. 
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(2) The equilibrium olivine composition is then calculated using the 
distribution coefficients olivine and a small fraction (0.1wt%) is 
subtracted from the liquid composition. 
(3) The new liquid composition is calculated and the excess sulphur over 
the original sulphur solubility calculated as Fe-Ni sulphide using an 
iterative procedure similar to that described in section 2.5.3. 
(4) Steps 1-3 are repeated to calculate the evolution of the Ni 
concentration in the liquid as successive fractions of olivine are 
'extracted'. 
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0 	1 	2 	3 	4 	5 	6 	7 	8 	9 	10 
Wt.% Olivine fractionated. 

Figure 2.14. NiO concentration in a melt versus percentage olivine 
fractionation. 

As an example the liquid composition from run No. T2567 (10 
kbar/1340°C; -8% melting) was taken as a starting composition 
containing 370 ppm NiO (Figure 2.13). The results are shown in Figure 
2.14 where the lower dashed line is the calculated concentration of NiO 
during the fractionation of olivine. For reference, the effects of 
fractional crystallization of olivine for a sulphide undersaturated liquid 
have also been shown (continuous line). The combined fractionation of 
both olivine and sulphide is to deplete the liquid in NiO more rapidly than 
in the case of olivine only fractionation. After 10% combined 
fractionation the liquid contains less than 50 ppm NiO - less than half the 
NiO concentration resulting from olivine only fractionation. 

The nickel concentrations in high-Mg number MORBs range from 
100-350 ppm (Frey et al.,1974) and as the Mg number drops the MORB 
array forms a broad trend to lower nickel values. This has been 
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attributed to the effect of olivine fractionation but it is possible that some 
of the broadness of this trend could be due to sulphide saturation. 
However it is clear that if sulphide saturation occurs the amount of 
sulphide fractionated must be very small or else much greater spread in 
nickel concentrations would be observed across the range of Mg numbers 
shown by MORBs. Thus it seems likely that most MORBs only become 
sulphide saturated a short time before eruption and thus do not 
fractionate substantial amounts of immiscible sulphides. 
2.5.8 Summary  

The evolution of the Ni contents of melts generated from sulphide 
bearing sources erupted at ocean ridges can be conveniently split into two 
stages : 
1. Melting of source and elimination or survival of a sulphide phase; 
2. Evolution of the magma after it has left the source region by processes 
such as fractional or equilibrium crystallization of olivine and a 
consequent separation of an immiscible sulphide melt. At current 
estimates of the sulphur and nickel concentrations in the MORB source, 
the presence or absence of a sulphide phase does not have a marked effect  c on the NiO contents of magmas generated b partial melting: Such effects 
will be of the same order of magnitude as tyi

i
those caused by the changes 

in modal mineralogy of the residue due to melting. By contrast evolution 
of the primary magmas by equilibrium or fractional crystallization of 
phases can have a much greater effect on the final NiO concentrations 
observed in erupted basalts. 

2.6 Conclusions  
1. The cotectic positions determined for 10, 15, 20 and 25 kbar are 
broadly consistent with those of Falloon and Green (1987) and Falloon 
and Green (1988) thus confirming the position and orientations detailed 
in these studies. On a more detailed scale there is a small but consistent 
difference in the position of the cotectics at lower degrees of melting. 
This consists of slightly higher normative diopside contents of liquids in 
equilibrium with clinopyroxene. Thus in the 'basalt tetrahedron' the 
projection of these cotectics from plagioclase shows that they fall close to 
the lower diopside boundary of the primitive MORB glass field. 
Therefore it is possible that High-Mg number glasses of low normative 
diopside content represent primary liquid compositions. The remaining 
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high Mg number glasses of high normative diopside content require 
additional processes for their genesis. 
2. Sulphur solubilities in partial melts of anhydrous peridotite are low 
compared to solubilities of other volatiles under similar conditions. The 
maximum sulphur solubility of 0.31 wt.% was observed in a liquid in 
equilibrium with olivine only at a 20kbar/1600°C; conditions not suitable 
for the production of any MORB parental liquid. The changing 
compositions produced during melting at a range of pressures does not 
produce a range in sulphur solubilities at any given temperature. Thus 
pressure and compositional effects on sulphur solubility are either 

• minimal or have opposing effects. The data available from these 
experiments do not allow an assessment of this aspect. 
3. Immiscible sulphide liquids do not quench to a sulphide glass but form 
a polyphase array of quench products. The coarseness of these products 
prevents accurate analysis of the bulk composition of the sulphide and so 
olivine /sulphide and silicate melt/sulphide distribution coefficients have 
not been determined. 
4. The sulphur contents of MORB glasses show an inverse correlation 
with Mg number; an effect most probably due to fractionation of sulphur 
free silicate phases. Among the High Mg number glasses five 
compositions plot in the cotectic array defined in this study and therefore 
are potential primary magmas from a sulphide bearing source. 
Consideration of the inferred for the pressure and temperature of origin 
of these magmas imply that they were sulphide undersaturated at the time 
of separation from the source region. Calculation of the sulphur 
abundance in the source regions of these five compositions gives values of 
between 130-210 ppm S. 
5. Modeling of Ni distribution between melt, olivine and sulphide shows 
that at the sulphur concentrations inferred for the MORB source region 
sulphide has only a minor effect nickel concentrations of the partial melt. 
The magnitude of the effect depends on the assumptions made about the 
incorporation of sulphur into the source region. 
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Part 3.  
The C-O-S-H System:  

A Theoretical Model of Component Species Distribution. 

• 	 3.1 Introduction  
Sulphur bearing volatiles are often important constituent of volcanic 
eminations in every tectonic environment. Although some of the sulphur 
is undoubtably of 'crustal' or biogenic origin the presence of primary 
sulphides in undegassed ocean floor basalts (Mathez, 1976) and in melt 
inclusions in phenocrysts from primitive basalts (Roedder,1979) shows 
that some of the sulphur in the volcanic environment is of mantle origin. 
The presence of sulphides as a common accessory phase in mantle 
xenoliths proves the existence of a mantle sulphide component. 

The question then arises; what is the role of sulphur in the upper 
mantle environment? Is it confined to the either solid or immiscible 
sulphide phase or is there a significant partitioning of sulphur into a fluid 
phase? The presence of immiscible sulphides in melt inclusions in 
phenocrysts from primitive basalts shows that an immiscible sulphide can 
exist within the upper mantle but the evidence for a sulphur component in 
upper mantle fluids is much less conclusive.The effect of such a fluid 
component on upper mantle processes may be significant as has been 
shown for other more widely recognized fluid components such as water 
and CO2 . Therefore it is important to identify the the abundance and 
speciation of sulphur species in the fluid phase under the range of 
conditions characteristic of the upper mantle. 

The purpose of this section is to formulate a model for C-O-S-H 
volatiles to examine the influences of pressure, temperature and oxygen 
and sulphur fugacities on the species distribution in a fluid phase. To do 
this a method similar in principle to that of Holloway (1977) has been 
used. This method consists of: 

(1) the choice of a suitable equation of state which will provide the 
best extrapolation of P-V-T characteristics to mantle pressures 
and temperatures; 

(2) collection of the available P-V-T data for the species to be 
considered; 

(3)the calculation of thermodynamic properties from the equation 
of state ; 
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(4) the calculation of species abundances from the thermodynamic 
data obtained in (3) above. 

3.2.Thermodynamic Properties from Volumetric Data:  
the Significance of Equations of State.  

Using Maxwell's relationships we may describe the effect of 
volume on the entropy and energy of a fluid system at constant 
temperature and composition. Using these equations the other properties 
may be expressed from their definitions (Beattie, 1955). 

This procedure produces an expression for the fugacity coefficient 
defined in terms of total pressure of the system (P), total volume of the 
system (V) and its composition (Prausnitz et al., (1986),p38.), for a 
component i we have: 

aP RT RRT1n0. = 	= 11()T  a v RT1nz 	(3.1) 
1 	x.P 	an' „ni 	

1 
 V 1 	V 

where z = PV/RT 
The key term in this equation is: 

ap 
k an. T V n. " 1 

(3.2) 

that is, the rate of change of pressure as a function of composition 
(changes in the mole fraction of component i in the mixture) at constant 
volume and temperature. Thus, if we have information on the volumetric 
behaviour of a composition of the form: 

P = F(T,V,ni ,....) 	 (3.3) 

it is possible to calculate all the thermodynamic properties of an ideal gas 
at a chosen standard state. Expressions of this type are commonly 
referred to as equations of state which are defined as '...a mathematical 
relation between volume, pressure, temperature and composition' 
(Prausnitzfi(1986,p94.)). An important feature of this definition is that no 
term in such an equation is explicitly related to any molecular or 
thermodynamic characteristic. 

Using Maxwell's relations in a similar manner we may express the 
thermodynamic properties as functions of any two of P, V, T, S as 
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independent variables. However)as most equations of state express 
pressure as a function of temperature, volume and composition, equation 
(3.1) is generally the most useful derivation. 

Therefore to be used effectively the equation of state must provide 
information on the volumetric behaviour of the composition at the 
temperature of interest as a function of composition and density from 
zero density (in practice very low pressures) up to the density of interest 
corresponding to the lower limit of the integral (V).in equation 3.1. 

It follows then that the effectiveness of this method for calculating 
thermodynamic properties of fluids depends directly on the effectiveness 
of the equation of state in describing the P-V-T relations of the fluid 
composition under consideration. The design of apparatus to measure 
'steady state' molar volumes of fluids is limited to pressures of about 8 
kbar and 900°C and barring advances in this field it seems unlikely that P-
V-T data at mantle pressures and temperature will be obtained using this 
technique in the near future. Potentially, shock wave techniques can 
provide measurement to pressures in excess of 100 kbar but are less 
precise than conventional methods. We must therefore rely on the 
equations of state for extrapolation into pressure/temperature regimes 
where no data are available. 

In order to calculate the thermodynamic properties of a fluid 
composition we require the P-V-T relations of that composition from 
very low densities up to the density of interest. Such data exists for only a 
limited number of pure species and fewer binary and higher order 
mixtures.and so we must apply some rational to combine the P-V-T data 
for pure species to calculate the volumetric behaviour of mixtures. 
3.2.1 Formulation of Equations of State  

There have been two approaches employed in formulating 
equations of state. The first involves fitting of,  a polynomial of an 
'arbitrary' form to the available P-V-T data. The final form of the 
equation chosen using this technique is determined only by closeness of fit 
and so this type of equation has no theoretical basis. Such equations are 
used most commonly in chemical engineering where the volume-
temperature relations of the molecular species under consideration are 
often known up to the limits of pressure and temperature of interest. As 
such this type of equation of state may not be effective in extrapolating 
beyond the known data range to higher pressures and temperatures. Also, 
in considering fluid containing more than one species the mixing rules 
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require all species to be described by equations of state of the same form 
(Kerrick and Jacobs,1981); there is no guarantee that such 'arbitrary' 
equations will fit all the species under consideration with the same degree 
of accuracy. 

A second approach is to formulate an equation in terms relating to 
intermolecular forces. This type therefore, has some theoretical 
foundation but as we are unable to relate directly physical molecular 
characteristics to the terms of these equations they must be only regarded 
as semi-empirical. The most familiar example of this type is the van der 
Waals equation : 

RT 	a P — 
V -b 	

(3.4) 
V

2 

This equation consists of terms corresponding to the intermolecular 
forces of attraction and repulsion. The equation therefore has two terms: 
a right hand 'a' or attractive term and the left-hand 'b' term referred to as 
the 'repulsive' or 'covolume' term. These terms are constants specific to 
molecular species and relate to physical characteristics and so we may 
expect that they will give better results on extrapolation to high 
press1/4\e-e-Tand temperature. However this is dependent on an secure 
understanding of the nature of molecular interactions. At present our 
knowledge of such interactions is not sufficient to allow calculation of the 
'a' and 'b' terms from measurable molecular characteristics. However the 
values obtained for the 'a' and 'b' terms by fitting such equations to P-V-
T data show significant correlations with molecular characteristics such 
as dipole moment,quadrupole moment and polarizability.The most 
commonly used variation of van der Waal's equation is a modification 
first proposed by Redlich and Kwong (1949): 

RT 	
1/2 

a P — 	 (3.5) 
Vm-b  T .Vm .(Vm+b) 

In this equation the left-hand 'b' term unchanged but the right-hand 'a' 
term is modified by the addition of a T 1/2  term. Van der Walls showed 
that at the critical point 

(

dP 
c if (cM:2 = o (3.6) 

Solving this condition for[ ,̀3 any equation of state leads to the general 
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result that if the equation of state is written in so called 'reduced co-
ordinates' for one fluid composition (i.e. V/V, T/T ch„ P/Pcrit) then that 
equation is valid for all other fluid compositions. This is an important 
result when considering the mixing of different fluid species in a complex 
fluid. Solution of equation (3.6) for the Redlich-Kwong equation (3.5) 
yields the universal functions: 

.2 	_1 	 cn  0.0866RT. t b(cmJ/mol ) — 	(3.7) 
Pcrit 

and 

Putt 
These two equations are useful as they provide a basis for estimating the 
P-V-T behaviour of species for which no measurements exist. 

Values for eleven C-O-S-H species are given in table 3.1. The 
constants obtained from equations 7 and 8 are simply a function of the 
critical temperature and pressure; they are not functions of any other 
physical characteristic of the molecules concerned. However if these 'a' 
and 'b' constants are compared with molecular physical properties (Table 
3.3) then their significance is apparent. 

Table 3.1 
Redlich-Kwong Coefficients 

Species b a110 8  
H20 21.16 1.429 
CO2 29.73 0.647 
CO 27.38 0.172 
F12 18.45 0.014 
CH4  29.87 0.322 
C2H6 45.18 0.989 
H2S 29.91 0.880 
CS 47.80 0.201 
CS2  50.33 2.66 
COS 45.96 1.361 
SO2  39.31 1.429 

3.3 Inter-molecular Forces  
Prausnitz et al. (1986) has described the dominant inter-molecular 

forces and has grouped them into four types: 
3.3.1.Electrostatic Forces.  
Electrostatic forces constitute those forces which arise between molecules 
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possessing either permanent or induced dipole (g) or quadrupole (Q) 
moments. A molecule will act as a permanent dipole or quadrupole if the 
arrangement of electrons about the constituent nucleii is uneven. This 
asymmetric distribution of charge about the molecule produces an 
electric field which attracts other polar molecules. Thus a fluid consisting 
of polar molecules will in general condense at a higher temperature than 
one consisting of a non-polar species.The greater the polarity moment the 
greater the 'range' of the attractive force and therefore the greater will 
be the deviation from ideal behaviour. Acting against this attractive force 
is the temperature of the system; at higher temperatures the increased 
kinetic energy of the molecules tends to disrupt any alignment between 
polar molecules and so the deviation from ideal behaviour due to polarity 
decreases with increasing temperature. 
3.3.2.Induction Forces.  

In a fluid consisting of both polar and non-polar species, a 
nominally non-polar molecule may have its electron arrangement 
displaced by the electric field of neighbouring polar molecules. The 
resultant induced dipole or quadrupole moment produces an attractive 
fore similar to that between permanent dipoles and quadrupoles. The 
strength of the induced moment is proportional to the applied electric 
field and the constant of proportionality (average polarizability (a)) is 
characteristic of the molecular species. 
3.3.3. Forces Between Non-Polar Molecules.  

Species which have no permanent pole moments and a low 
polarizability may still show attractive inter-molecular forces. The 
oscillations of electrons about the molecular nuclei of such species is 
symmetrical over relatively long time intervals, however over short 
times the electron distribution may be distorted producing 'momentary' 
pole moments. The resultant attractive forces are referred to as 
dispersive forces (the name arising from the relationship between 
refractive index and frequency) and are a function of ionization potential 
(I) and average polarizability (a). 
3.3.4.Chemical Forces.  
Forces between molecules leading to either complex formation and/or 

molecular association and may be conveniently classified in terms of 
association or solvation. Association refers to the tendency of some 
molecules to form polymers whereas solvation refers to the tendency of 
unlike molecules to form complexes. 
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3.3.5 Relative Magnitudes of Inter-Molecular Forces  
For fluids consisting of pure and mixed non-polar species dispersion 
forces and chemical forces will dominate. For fluids consisting of mixed 
polar and non-polar species electrostatic interactions will become 
important if the pole moments of the species are high.The relative 
magnitudes for dipole, induction and dispersion forces for a number of 
pure species is given in table 3.2 . It is clear that the contribution from 
induction and polar forces is small if the pole moment is less than 
1Debye. Even when the pole moments are large the dispersion moments 
are far from negligible. 

Table 3.2 
Relative magnitudes of inter-molecular forces for pure species at 0°C 

(adapted from Prausnitz et al. (1986)) 
Species Dipole moment 

(Debye) 	Dipole 
B(erg.cm -6 .1060) 
Induction 	Dispersion 

CO 0.1 0.0018 0.039 64.3 
0.42 0.550 1.92 380 

HG 1.08 24.1 6.14 107 
H20 1.84 203 10.8 38.1 

The molecular characteristics for eleven C-O-S-H species are presented 
in table 3.3. 

Table 3.3 
Molecular Characteristics 

Molecular Dipole Quadrupole Average Ionization Acentric Tait. Pcht 
Species Moment Moment Polarizability Potential 

ia/Debye 	Q.10 -26 	cc..10 -26  
Factor 

1/eV (K) bar 
H20 1.85 2 15.9 12.6 0.344 647 220 
CO2 0 4.1 26.5 13.7 0.225 304 73 
CO 0.11 1 19.5 14.1 0.049 133 35 
H2 0 0.63 7.9 15.4 - 33 13 
CH4  0 0 26.0 13.0 0.013 190 46 
C2H6 0 1.3 44.7 11.8 0.105 30 49 
H2S 0.978 10.5 0.100 373 89 
CS 1.97 11.3 - 375 58 
CS2  8•7 9.3 0.115 552 79 
COS 0.715 3.1 10.46 - 375 59 
SO2  1.63 4.4 37.2 11.72 0.251 430 79 

(data from Radzig and Smirnov, 1985; - values not available ) 
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3.4 Specific Equations of State  
The two parameter Redlich-Kwong equation can provide good 
representations of the volumetric behaviour of many species to pressures 
of -2kbar (Taylor,1985). It is, however, less successful for species 
possessing high dipole or quadrupole moments and for those species 
which show a tendency to form complexes at high pressures (Tarakad 
al.,1979). The upper limit of 2 kbar is clearly too low for consideration 
of many geological environments and so there have been a number of 
modifications to the original Redlich-Kwong equation.to  improve its 
extrapolation efficiency. Most of these equations retain the basic two 
term form of the original equation but include expressions for P and/or T 
in place of the 'a' and 'b' terms (Holloway,1977; Bottinga and 
Richet,1981; Kerrick and Jacobs,1981; Ferry and Baumgartner,1987 for 
review). 
3.4.1 Kerrick and Jacobs (1981)  

Perhaps the most successful of the above modifications has been 
that of Kerrick and Jacobs (1981) 

where 
y= b/4.V, a = c + d/V + e/V 2  

and c = c 1  + c2T + c3T2 , 	d = d 1  + d2T + d3T2 , 	e = e l  + e2T + 
e3T2  

This ten parameter equation incorporates a repulsive 'b' 
term of the form first proposed by Carnahan and Starling (1969) which 
was demonstrated to be more successful than the original Redlich-Kwong 
'b' term in fitting P-V-T data. Another major difference between 
Kerrick and Jacobs (1981) equation and other modifications of the 
Redlich-Kwong form is the type of mixing rules employed. For all 
empirical and semi-empirical equations of state the choice of mixing 
rules is arbitrary (Prausnitz (1986), p40.); there is no mixing rule for 
any empirical equation of state which can be considered theoretically 
correct. Prausnitz (1986;p41) states ".. our knowledge of molecular 
physics is, unfortunately, not sufficient to give us generally reliable 
methods for predicting the properties of mixture using only knowledge 
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of the pure components". Considering this, the assumption that the 
simple geometric mixing rules employed by Kerrick and Jacobs (1981) 
are valid seems entirely justified as they showed that their equations 
satisfy the Gibbs-Duhem relation and therefore are thermodynamically 
self-consistent. 
3.4.2 Taylor (1985)  

- Although Kerrick and Jacobs modification is successful 61r■-cier'cil c(3,-,a) 6ans 

it is still too restricted for a comprehensive consideration of mantle 
fluids. Moreover rthe isothermal data sets necessary for fitting of their 
ten parameter are unavailable for many potentially important fluid 
species. Recognizing these difficulties Taylor (1985) formulated a more 
simple five parameter equation 

RT(1+y+y
2 
 +y

3 
 )  a 1  + a2/V + a3/V2  

3 	1/2 
V.(1-y) 	T .Vm .(Vm+b) 

(3.10) 

where 	b = b 1  + b2/T, 
and 	y b/4V 

In his formulation Taylor (1985) has retained the basic form of the 
Kerrick and Jacobs (1981) equation (eqn.(9)) but has reduced the number 
of adjustable parameters to five.The repulsive term 'b' term is that of 
Carnahan and Starling (1969) modified by the incorporation of an 
inverse-T term. This is a desirable feature as Flowers (1979) in his 
correction of Holloway's (1977) equation has suggested that the 'b' 
parameter should decrease as a result of increasing 'molecular 
interpenetration' with increasing temperature.The 'a' term is a simple 
polynomial in Vm  thus dropping the complex T dependence of the 
Kerrick and Jacobs (1981) 'a' term. 

Kerrick and Jacobs (1981) showed that their equation provides 
activity coefficients satisfying the Gibbs-Duhem temperature 
independent integral test for self consistency (Prausnitz (1986,p.222)) 

x. d in a 1  = 0 
	

(3.11) 
i=1 

As Taylors (1985) equation involves modifications of only the 
temperature dependence of the 'a' and 'b' terms it must also satisfy the 
Gibbs-Duhem tests and therefore give internally consistent sets of activity 
coefficients. The simpler five parameter form of this equation allows 
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simultaneous regression of P-V-T data and so is more straight forward 
and widely applicable than the ten parameter equation form of Kerrick 
and Jacobs (1981). For these reasons Taylor's modification of the 
original Redlich Kwong equation has been used to model the behaviour of 
C-O-S-H fluids for a pressure and temperature range applicable to the 
upper mantle. 
3.4.3 Derivation of Parameters for Taylor's MRK Equation 
Taylor (1985) in his comprehensive study of the C-O-H system has 
reviewed the available P-V-T data for the molecular species of this 
system. In general data are available for the species H 20, CO2, H2,CH4 , 
C2H6  up to temperatures of -873K and pressures of -8-10 kbar. 

Despite a detailed manual and computer search for P-V-T data for 
sulphur bearing species, data was found for only H2S (Rau and 
Mathia,1982; Reamer et al.,1950; West,1948). These studies provide P-
V-T data from the critical conditions (1040°C1203 bar) up to a 
temperature of 1200°C and a pressure of lkbar. Using these data for H 2S 
values for b 1 , b2, a l , a2, a3  were obtained using the the regression 
program FUNFIT (Veng-Pederson, 1977). By setting appropriate 
parameter limits convergence was obtained with correlation coefficients 
better than 0.99. The parameter values obtained are given in table 3.4. 

In the absence of P-V-T data for SO2, CS2, CS and COS we have 
two alternatives for incorporating these species into the fluid model. The 
first is to assume that these molecules behave ideally both in interactions _ 
with molecules of their own species and with those of all other species 
present. Considering the generally high dipole moments, appreciable 
quadrupole moments and low ionization potentials (Table3.3) it is likely 
that the intermolecular forces will be appreciable causing their behaviour 
to be substantially non-ideal. Therefore it seems desirable to derive some 
way of estimating the degree of non-ideality in their molecular 
interactions. Ferry and Baumgartner (1987) have used the universal 
equations derived from the Redlich-Kwong equation to derive 'a' and 'b' 
parameters for COS for their equation of state. This method of estimating 
the adjustable parameters has been shown to work well to pressures of 
-2kbar for non-polar species but is known to less successful for 
molecules possessing high quadrupole or dipole moments. Bearing this in 
mind we may use this relationship to calculate P-V-T data sets for 
pressures up to the 2kbar. 



3.11 

Table 3.4 
values for Taylor's MRK equation 

b2 , 	a 1/107 	a2/109 	a3110 1°  

	

5420 	13.29 	2.541 	1.915 

	

10730 	12.87 	1.122 44.43 

	

3769 	3.869 	0.645 	0.8008 

	

3011 	0.4521 0.05734 0.1693 

	

7409 	6.742 	2.893 	9.749 

	

5605 	18.26 	5.332 14.17 

	

2198 	9.726 	0.1106 1.96 

	

15570 	19.238 	9.352 	1.9601 

	

15890 	21.61 	1.5633 0.5472 

	

9543 	33.81 	2.0738 2.0738 

	

2198 	9.726 	1.016 	1.960 

Parameter 
Species 	1) 1 , 
H20 
	

21.34 
CO2 	45.53 
Co 	40.11 
H2 	15.36 
CH4 	43.38 
C2H6 
	76.37 

H2S 
	

32.28 
SO2 	45.77 
CS 
	

34.25 
CS2 	63.50 
COS 
	

32.28 

This data may then be regressed to obtain the parameter values for any 
equation of state.provided it has been shown to be efficient at 
extrapolating P-V-T data to high temperatures and pressures. This has 
been done for the Taylor's five-parameter equation and the results 
presented in table 3.4. Thus this method provides an estimate of the 
probable non-ideal behaviour of these species giving perhaps higher 
confidence parameter values.than those obtained from the application of 
an equation of state using the universal constants of table3.1. It must be 
remembered however that this method produces estimates only and a 
more concise treatment must await the determination of the P-V-T 
behaviour of these species. 

3.5 Calculation of Fluid Compositions in the System C-O-S-H 
3.5.1 Choice of compositional variables  

Of the components of the C-O-S-H system the only solid phase that 
can exist at mantle pressures and temperatures is elemental carbon. Thus 
we may have either carbon undersaturated fluids or fluids saturated with 
either graphite or diamond depending on the pressure and temperature. 
Applying the phase rule v = c + 2 -p, to these two conditions of the C-0- 
S-H system it is evident that : 

C-O-S-H fluid + carbon; c=4, p=2, v=4 tetravariant, 
C-O-S-H fluid only 	c=4, p=1, v=5 pentavariant, 

Therefore, to fully describe the system under carbon saturated conditions 
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four variables must be specified while under fluid-only conditions 
specification of five is required. 

To simplify the consideration of the system it is convenient to fix 
pressure and temperature as two of these variables. This results in the 
carbon saturated and undersaturated conditions becoming pseudo-
divariant and pseudo-trivariant respectively i.e. in any isobaric, 
isothermal diagram the carbon saturated condition can be represented by 
a divariant surface while the carbon-undersaturated condition will be 
represented by a trivariant volume. Although this facilitates 
consideration of the system, representation requires three dimensions and 
so for a rigorous treatment in a two-dimensional diagram a further 
compositional variable must be specified. 

The most common treatment for isothermal, isobaric 
compositional data is to plot fluid compositions in a ternary diagram. For 
C-O-H fluids the apices are normally the end-member components C,0 
and H. For the four component C-O-S-H system a pseudo ternary 
diagram may be achieved by projection from the S apex onto the C-O-H 
plane. Fluid compositions may be of fixed sulphur contents or 
constrained to a constant sulphur fugacity. The resulting diagrams 
however are subject to the problems normally associated with projections 
and require at least two projections to fully constrain a fluid composition. 
The projection planes are either of variable bulk sulphur content (in the 
case of a fixed sulphur fugacity) or of variable implied sulphur fugacity 
(in the case of fixed sulphur content). Using this method of data 
presentation it is difficult to represent the effect of variations in intensive 
variables (e.g. sulphur and oxygen fugacities) on fluid composition and 
equilibrium fluid compositions tend to be restricted to the small region of 
the diagram bounded by the sub system H20-0O2-CH4 . 

Frost (1979) has developed an isobaric, isothermal diagram for C-
0-H fluids in which log(f02) is plotted against a compositional variable 
(Xc) defined as the mole fraction of carbon relative to H2 in the fluid. For 
pure species Xc  may be expressed algebraically 

XC = XC/(C+H2) = 1/3XCH
4
+2/5XC H +XCO +XCO (3.12) 

while for fluids composed of mixtures of species the bulk X c  is simply the 
sum of the Xc  values for all the pure components multiplied their mole 
fractions (x i) in the mixture: 
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bulk VI i 
Xc  =LAC  . Xi) (3.13) 

Because the bulk Xc  value of a mixture depends on the )Cc  values of the 
component species)fluids of the same overall oxygen, carbon and 
hydrogen content may have variable ) c  values. Conversely a single )Cc  
value does not imply a particular distribution of species in a fluid 
composition (Table 3.5) 

Table 3.5 
mole fraction of species 	bulk Xc  

H20 CO2  CO H2 CH4 
0.33 0.33 0.34 0.44 
0.33 0.33 0.34 0.44 

0.34 0.33 0.33 0.44 
0.4 0.6 - 0.40 

Thus the log(f02)-X diagram is especially effective in representing C-- 
0-H fluid relations: 
(1) it clearly shows the effect of variations in log(f02) on fluid 
compositions along the carbon saturation surface; 
(2) it clearly distinguishes the reduced and oxidized species distribution 
as a function of log(f0 2) and carbon content. 

By fixing an additional variable this treatment can be applied to the 
four component C-0-S-H system. As desired information is the 
composition of the fluid in response to intensive variables (e.g. fugacities 
of fluid components) it is convenient to choose the fugacity of sulphur as 
this additional factor. 

Most workers concerned with sulphide equilibria choose to 
define the fugacity of sulphur as specifically the fugacity of the diatomic 
sulphur. This is justified as the studies of sulphur vapour close to its 
critical point (1040°C/203 bar, Rau et at.,1973a,b) have found a decrease 
in the number of atoms per molecule towards an average of between two 
and three at the critical conditions (Fischer et al.,1982). Thus in this study 
sulphur vapour is considered as diatomic sulphur only. 
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3.5.2 Calculation Procedure for the pseudo-Divariant Carbon Saturation 
Surface in 1og(f02)2s2g(5.2):Xc ap_ace. 
The method of French (1966) modified to account for non-ideal 
behaviour of the fluid phase Alas been used to calculate the composition 
of fluids in equilibrium with elemental carbon. This method requires the 
selection of sufficient phase equilibria to describe uniquely the 
equilibrium between the fluid phase and elemental carbon(graphite or 
diamond). As long as the set of equations relates all the species under 
consideration the choice of the individual equilibria is arbitrary. Taylor 
(1985) has shown that high pressures promotes molecular components of 
low mass; C2H6 and molecules of higher masses are only very minor 
components of equilibrium fluids under mantle conditions. Therefore the 
set of simple sulphur bearing species analogous to the C-0-H species 
examined by Taylor (1985) were chosen (Table 3.4) to model the C-0-S-
H system. The equations used here are given below: 

K1 H2 402 = H20 KH20 = f(H20)/f(02).f(H2) 
K2 C + 02 = CO2 Kco2 = f(CO2)/f(02) 
K3 CO2 + C = 2C0 Kco = f(C0)2/f(CO2) 
K4 C + 2H2 = CH4 KcH4  = ACH4)/AH2)2 
K5 2CH4 = H2 + C2H6 Kc,H6 = f(C2H6).f(H2)/f(CH4) 2  
K6 H2+ 1 /2S2 = H2S KH2s = f(H2S)/f(S2) 1 /2 .f(H2) 
K7 1/2S2 + 02 =S02 K502 = f(S02)/f(02) 1(S2) 
K7 C + S2 = CS2 Kcs2 = f(CS2)/f(S2) 112  
K8 C + 1/2S2 = CS Kcs = ACS)/f(S2) 1/2  
K9 C+ 1/202+ 1 /2S2 = COS Kcos = f(COS)/f(S2) 1 /2 f(02) 1 /2  

Equilibrium constants were determined as a function of P and T from the 
thermodynamic data of Robie et al.(1978), Barin et al.(1973) and Mills 
(1974). Compressibi1ity(13) and thermal expansion (a) term have been 
included for graphite and diamond. Where Cp equations are not available 
to 1700K, data at lower temperatures were fitted to an equation of the 
form 

1 Cp = a + bT + cr2 + di- /2  
which gives a better extrapolation to higher temperatures 
(Holland,1981). Using the standard expression below Kp,T's were then 
calculated 
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For any chosen P, T and f(02) the fugacities of all the species may be 
calculated by substituting expressions of fugacities from K1.9 in the mass 
balance 
equation 

f(H2) 	f(CH4) 	f(C2H6) 

0
H2 	

0044 	0c2H6  

f(H2S) 	f(S02) 	f(CS2) f(CS) f(COS) 
+ - +    (3.15) 

0H2S 	0s02 	
Ocs 2 	Ocs 	Ocos  

Implicit in equation (3.15) is the assumption that the mole fractions of 
molecular oxygen and sulphur (x0 2  and xs2 respectively) are effectively 
zero. In the case of oxygen the fugacities of 'typical' mantle sensor 
reactions are low enough for us to assume that the mol fraction of 
molecular oxygen is negligible (log(f02)(IW)=-10.4 at 
P=30kbar,T=1500K). In the case of sulphur the fS2's of the equivalent 
mineral reactions have much higher absolute values For example, the 
reaction of iron to troilite at 1373K/1 bar occurs at a fS2 --6.0. Making 
the assumption that S2 acts as a perfect gas, these higher fugacities still 
imply very low partial pressures and so the assumption that x0 2  and xs2  
are negligible is valid. 

In equation (3.15) the terms f(i)/0, correspond to the partial 
pressure of the species (i) in the fluid. If this expression is rearranged in 
terms of f(H20) a cubic equation results: 
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P = f(H20)3 .1 

3 
K K C2rits. CH4  

312  420.f(02) 2  c2H6 

+ f(H20)2 . 1 KcH  
4 

A02) .KH22.0cH4  

1/2 

f(H20). 	
KH2S .f(S 2) 

f(02).KH2 2.0H2s  

1 
1/2 

0H20 f(02)  .KH 0* OH 2 	2 

1 
+ 	+ 

1/2 
I K01(O2)  K0.Kc021(02) 

1/2 	1/2 

+ KC0SM°2)  ' f(S2)  

  

0CO2 	 Oco 	 Ocos  

1 1/2 	 /2  Kc52  • S2) Kcs .f(S 2 ) 	K 0 -f(S2) . f(02) 
(3.16) 

Orc 	Oa 	Oso  
s-"2 	 2 

The equation can be0 solved numerically by takingo,estimate of 
f(H20)= f(H20)pure  and then iterating until convergence is achieved. As 
the fugacity coefficients are functions of the composition the (0i = 0i 
(P,T,xi,xk 	)) they must be calculated using equation (1) at each 
iteration. This method normally gives a solution to eight decimal places 
in Exi within -30 iterations. A listing of the program COSH.CARBON is 
given in appendix(1). 
3.5.3 Calculation procedure for fluids in the Pseudo-trivarient and  

Metastable regions.  
In the absence of carbon saturation the calculation of fluid 

compositions in the pseudo-trivariant and metastable volumes requires an 
alternative compositional variable. Taking Xc as this variable the system 
must again be uniquely described in terms of a set of equilibria: 
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K1 CO + 1/202 = CO2 KCO = f(CO2)/f(02) 1/2.f(CO) 
K2 H2 + 1/202 = 1420 KH20 = f(H20)/f(02) 112 •AH2) 
K3 2H2 + CO = CH4 + 1/202 Kai4  = 	f(CH4). f(02) 1/2/f(C0). f(142) 1/2  
K4 3H2 + 2C0 = C2H6 +02 KC2H6 = f(C2H6)1(02)/f(}12)31(C0)2  

K6 H2 + 1/2S2 = H2S KH2S = f(H2S)/f(S2) 1/2•AH2) 
K7 1/2S2 + 02 = SO2 K502 = f(S02)/f(02) 	S2) 
K7 CO + S2 = CS2 +1/202 KCS2 = f(CS2)1(02) 112/f(S2)1(C0) 
K8 CO + 1/2S2 = CS+ 1/202 KCS = f(CS)1(02) 1/2/f(S2) 1/2. f(CO) 
K9 CO + 1/2S2 = COS Kcos = f(COS)/f(S2) 1/2 .f(C0) 

Since 	Xc = xco2  + xco  + 1/3xcH4  + 2/5xc2H6  + xcs2  + xcs  + xcos 
and applying the mass balance constraint 

1  = xx2o + xco2  + xco  + xH2  + xcH4  + xc2H6  
+ xH2s  + X502  + Xc52  Xcs kos-I-XSO2  

we get 
(1-Xc) = xH20  + xH2  + 2/3xcH4  + 3/5xc2H6  + xH2s  + xso2  

Thus P can be expressed by two simultaneous equations in terms of 
fugacities and fugacity coefficients: 

f(CO2) 	f(CO) 	f(CH4) 	2.f(C2H6) 

	

P — 	 
Oco•Xc  0c0•Xc  3•0cH .4Xc  5.0 	•X c,H6.0  

f(CS 2) 	f(CS) 	f(COS) 	(3.17) 
Ocs  2 •Xc  Ocs .Xc  Ocos.; 

arid 
f(H20) 	f(H2) 	21(CH4) 	3.f(C2H6) 

	

P = 	 + 	+ 	 + 	  
0H20 . ( 1 -Xc) 	0H2(1 X) 5.00{4 . ( 1 -Xc) 	5 .0c2H6. (1 -Xc) 

	

• 	 f(H2S) 	f(S02) 
(3.18) + 	 + 

0H2s . (1 -Xc) 0 so2( 1-Xc) 

Substituting expressions for the fugacities of the species(K1-10) we have 
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P= 
L- 

1/2 
Kcof(02)  
0 .x CO2  C 

1 	Kc52 .AS2) 
1/2 + 

°C0•X.0 	°CS2 *XC'f(1
cl 	

2)  

1/2 
ICCOSAS2)  

0 X COS' C 

.f(C 

Kai  
4  +1 	1 .f(H2)2 .f(CO) 

3 .0CH4 .XC'f(02
)1/2 

2 'Kc.21/6  
+ { 	 } f(H2)3 .f(C0)2 	(3.19) 

5.0 c2H6.Xc .f(02) 

and 

1 	201(02)
1/2 	

1 	f(H2S) 
P = 

;  
 .f(H2) 

	

0/420 .(1-Xc) 	O H  .(1-Xc)
2s

.(1-X 

2.K ru  
•.o.• 14 

1/2 	 11(142)2 .ACO) 
+ 1  1 OS 

j ' x''CH4 * (1-XC) *A02)  

3.KC H 2 6  ±1 	1 .f(H2)3 .f(CO) 2 
5.0 c2}{6 .(1-Xc)1(02) 

K 	S 2)
1/2

.A02) so2 

0S0 2 
	 (3.20) 

Solving equation(19) for f(CO) by taking the positive root and 
substituting this value for f(CO) in equation(i20) a unique expression for 
f(H2) is obtained. Taking an initial estimate 

f(H2)= P.0H20.(1-Xc)/(KH201(02) 1/2 ) 	(3.21) 
the equation is solved by iteration as before and hence the other ft's 
calculated. Again, as the fugacity coefficients are dependent on the bulk 
composition of the fluid they must be calculated for each iterative cycle. 
The program COSH.FLUID has been written to perform these 
calculations and is listed in appendix 2. 

2 
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V • II • • I I • • 	• 	C5-Ilac& 
The two programs COSH.CARBON and COSH.FLUID allow calculation 
of fluid compositions for any given combination of log(f02), log(fS2) and 
bulk Xc value. If these intensive variables are also used as plotting 
parameters we may construct a three dimensional orthogonal diagram in 
these three variables for any given pressure and temperature (Figure 
3.1). 

Figure 3.1 Three dimensional, orthogonal diagram of the system C-0- 
S-H showing the projection points of the molecular species. 

Although in figure 3.1 the Xc axis by definition covers a finite 
range from zero to one the other two axes (log(f02) and log(fS2)) cover 
an infinite range and therefore have no limits. The diagram therefore can 
only represent a portion of the infinite log(02)-log(fS2)-Xc space for any 
given pressure and temperature. By definition the lower and upper XC 
extremes represent carbon free and hydrogen free conditions and so the 
Xc = 0 and Xc= 1 planes represent the H-O-S and C-O-S sub-systems 
respectively. As the fugacity axes are infinite the other three component 

sue.  • • 
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sub-systems (C-O-H, C-S-H,) cannot be represented by planes parallel to 
the Xc axes. In practice, however, it is possible to plot compositions in 
these sub-systems in log(02)-log(fS2)-Xc space by fixing the relevant 
fugacity at a suitably low value; 

fS2  0 ; C-O-H system 

f02 -> 0 ; C-S-H system 

For example, at 30kbar and 1500K (Figure 3.p the C-O-H sub-system 
may be satisfactorily approximated by a log(fS)2)-Xc plane at log(fS2)=-5 
as the sum of sulphur bearing species over the oxygen fugacities 
examined is less than lmol% (Table 3.6). 

As species components have non-finite intrinsic oxygen and 
sulphur fugacities their plotting positions lie off scale along the relevant 
axes. However it is possible to plot these components in the 'region of 
interest' by projecting in appropriate directions parallel to the log(02)- 
log(fS2) plane. 

For the purposes of projecting we can divide the eleven species 
considered here into three of the sub-system planes of the C-O-S-H 
system: 

(1) Species projecting along the C-O-H plane (low fSis); 
(a) the carbon free species H2 and H20 project along the Xc=0 

plane at the lower and upper log(f02) extremes respectively. 
(b) the carbon bearing, hydrogen-free species CO2, C and CO all 

project onto the Xc=1 plane; C and CO at the lower log(f02) 
extreme and CO2 at the upper. 

(c) the remaining carbon and hydrogen bearing species CH4 and 
C2H6 project onto their appropriate Xc values along the lower 
Xc axis. 

(2) Species projecting along the H-O-S plane; 
(a) H2S projects onto the lower extreme of the high fS2 log(f02) 

axis; 
(b) SO2 being being both hydrogen and carbon free plots in 

log(f02)-log(fS2) space which here is represented by the Xc=0 
plane. Therefore SO2 projects onto the upper extreme of the 
high fS2 lo(f02) axis; 

(3) Species projectintalong the C-O-S plane 
(a) The oxygen free species CS and CS2 project along the Xc plane 

onto the lower extreme of the high fS2 log(f02) axis. 
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(b) COS the only species containing all three components projects 
onto the upper extreme of the high fS2 log(f02) axis. 

3.6.1. The C-O-H Sub-System 
Carbon Saturated Fluids  

We can approximate the C-O-H system by taking a log(f02)-Xc 
slice through the C-O-S-H volume at a low f(S2)(Figure 3.2, table 3.6). In 
this case the carbon saturation surface is represented by a pseudo-
univariant line which terminates at the Xc=1 axis at a point 
corresponding to the graphite-CO-0O2 buffer condition. (point 'a'). 
With decreasing log(f02) the boundary moves rapidly to lower Xc values 
as the equilibrium fluid becomes increasingly water rich towards a 'water 
maximum' (point 'd'). This trend is reversed towards lower log(f02)'s by 
the appearance of substantial amounts of methane in the equilibrium fluid 
resulting in a shift in the curve to higher Xcvalues. This sequence 
produces a pronounced 'nose' on the curve at the position of the 'water 
maximum' condition (point 'd'). 
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Carbon Undersaturated Fluids  
Above the carbon saturation boundary in figure 3.2, to high 

log(f02)'s there is a continuum of possible pseudo-divariant equilibrium 
fluid compositions between Xc values of 0(H20 dominated) and 1(CO2 
dominated). At lower log(f02)'s the divariant region is restricted by the 
carbon saturation boundary to values 50.33 where compositions are 
mixtures of methane and water at log(f02)'s < water maximum or 
methane and hydrogen at 1og(f02)'s« water maximum. 

Below and to the right of the carbon saturation boundary fluid 
compositions are carbon supersaturated and so are metastable only. At 
low log(f02)'s such fluids are dominated by CO but with substantial 
amounts of C2H6. At higher log(f02)'s the abundance of C2H6 and CO 
drop off in favour of CO2. 

Table 3.6 
	e. 30k6o.r, 1":" 

1.Equilibrium, carbon saturated fluid compositions 
point Log(f02) Xc H20 CO2 CO H2 CH4 C2H6 H2S 
a 	-6.9 (GCO) 	1.0 	- 	99.2 0.8 
b 	-7.4 	0.4 59.3 39.3 0.7 
c 	-7.6 	0.23 76.6 22.0 0.6 
d 	-8.3(H20-max)0.03 95.3 1.7 0.1 

-10.4 (IW) 	0.30 21.6 	- 	- 
f 	-13.0 	0.32 	1.0 	- 	- 

	

0.60 0.1 	- 
0.94 0.31 - 
1.1 	1.72 	- 

	

6.0 66.3 	6.0 	0.1 
6.2 82.59 10.20 0.1 

2.Equilibrium carbon undersaturated fluid compositions 
g 	-10.4 	0.1 	77.0 5.5 2.7 9.4 	5.2 
h 	-13.0 	0.1 	16.3 	- 	0.1 53.7 29.7 
i 	-6.50.1 	89.9 	9.9 	0.1 0.1 	- 
j 	-6.50.5 	49.9 	49.6 0.4 0.1 	- 
k 	-6.50.9 	10.0 	89.1 0.9 - 	- 

0. 1 
0.3 
0.4 

3. Metastable carbon 
-8.3(H20-max) 0 
-8.3(H20-max) 0 
-8.3(H20-max) 0 
-10.4 (IW) 	0 
-10.4 (IW) 	0 
-13.0 	0 
-13.0 	0 

oversaturated fluid compositions 
.1 	85.8 	7.9 0.5 	1.0 	4.8 	- 
.5 	42.4 43.6 3.0 10.0 	0.3 
.9 	9.0 83.3 6.3 0.2 	1.2 	0.2 
.5 	0.7 9.2 13.3 0.2 47.2 29.4 	0.2 
.9 	0.2 36.6 48.0 0.1 10.3 	4.9 
.5 	- 	0.6 18.5 	- 	21.7 59.2 
.9 	- 	2.4 81.5 	- 	5.1 	11.0 

3.6.2 Fluid Compositions at High Sulphur Fugacities:the C-O-S-H System 
Just as the log(f02)-Xc diagram clearly represents the C-O-H 

system a log(fS2)-log(f02)-Xc plot is useful in the representation of 
complex fluids in the C-O-S-H system. 

The volume of log(fS2)-log(f02)-Xc is divided into two regions by 
a pseudo-divariant boundary along which fluid compositions are in 
equilibrium with elemental carbon. Above the carbon saturation 
boundary to high log(f02)'s and to low Xc values there is a continuum of 
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possible pseudo-divariant equilibrium fluid compositions. Below the 
saturation surface to high Xc values fluid compositions are carbon-
oversaturated and are metastable only. Although this diagram clearly 
separates fluid compositions it has the disadvantage of being three 
dimensional. However by examining planes at constant Xc, log(fS2) or 
log(f02) the effects of changing sulphur fugacity, oxygen fugacity or 
increasing carbon content can be demonstrated clearly. 

Table 3.7 
Equilibrium Carbon Saturated C-O-S-H fluid compositions (mole%), 

P= 30kbar, T=1500K 
a. Log(f02) = -13.0(-IW-3) 
Log(fS2) XC H20 	CO2 	CO H2 CH4 C2H6 H2S 

+1.0 0.16 0.8 	- 4.8 44.3 3.8 46.1 
-1.0 0.30 0.9 6.1 78.1 9.3 5.6 
-3.0 0.31 1.0 6.2 82.2 10.1 0.6 
-5.0 0.32 1.0 6.2 82.6 10.2 0.1 

b. Log(f02) = -10.40(IW) 
Log(fS2) 	Xc 	H20 	CO2 	CO H2 CH4 C2H6 H2S 

+1.0 0.13 16.4 	- 4.3 34.6 2.32 42.2 
-1.0 0.23 21.2 5.8 62.3 5.47 5.2 
-3.0 0.24 21.6 6.0 65.9 6.0 0.5 
-5.0 0.30 21.6 6.0 66.3 6.0 0.1 

c. Log(f02) = 'H20-maximum' 
Log(fS2) 1og(f02) 	Xc H20 CO2 CO H2 CH4 C2H6 H2S 

+2.0 -7.8 0.08 72.4 7.9 0.2 0.6 0.6 - 18.0 

+1.0 -8.0 0.04 87.3 3.9 0.2 0.8 1.1 6.8 -1.0 
-8.2 0.03 94.5 2.1 0.2 1.0 1.6 0.8 
-3.0 -8.2 0.03 95.2 2.0 0.1 1.0 1.6 0.6 
-5.0 -8.2 0.03 95.3 2.0 0.1 1.0 1.6 

d. Log(f02) = -7.4 
Log(fS2) 	XC H20 CO2 CO H2 CH4 	C2H6 H2S 

+1.0 0.25 72.0 22.6 0.6 0.4 0.3 3.8 
-1.0 0.23 76.2 22.1 0.6 0.4 0.3 0.4 
-3.0 0.23 76.6 22.0 0.6 0.4 0.3 
-5.0 0.23 76.7 22.0 0.6 0.4 0.3 

3.6.2.1 Carbon Saturated Fluids 
With increasing sulphur fugacities fluid compositions move into the 
log(f02)-log(fS2)-Xc volume of figure 3.i Figures 3.3a-c show the 
effect of increasing sulphur fugacity on the trace of the carbon saturation 
boundary in log(f02) -Xc space. As the f(S2) rises the limb of the 
saturation boundary below the 'water maximum' moves to lower Xc 
decreasing the prominence of the characteristic 'nose' feature'. Above the 
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water maximum the trace of the saturation surface appears to be 
unaffected.at  high fS2 values In table 3.7 fluid compositions at different 
oxygen and sulphur fugacities are compared. 

Under all these conditions the only sulphur species present in the 
carbon saturated fluid is H2S where it is most abundant at high sulphur 
fugacities and low oxygen fugacities (log(f02)). 
At low oxygen fugacities (log(f02)«IW) increasing f(S2) causes an 
increase in the H2S abundances at the expense of methane. This indicating 
the reaction 

CH4  + S2  = 2H2S + C 	 (3.22) 

At oxygen fugacities around IW (log(f02)--10.40) H2S abundance 
increases at the expense of both the methane and water components 
suggesting a combination of reaction (22) and 

H20 +1/2S2  = H2S + 1/202 	 (3.23) 

The condition of the 'water maximum' is moved to slightly lower oxygen 
fugacities as the sulphur fugacity rises. This occurs because between H20- 
maximum the reaction forming H2S may be written 

CH4 +1/202  +1/2S2  = H2S + 1420  + C 	(3.24) 

i.e. at constant f02 the abundance of H20 will be increased by an increase 
in sulphur fugacity thus moving the condition of maximum H20 stability 
to lower f02's. 

Above the 'water-maximum' condition the influence of increasing 
sulphur fugacity on the position of the carbon saturation curve is much 
less than at lower oxygen fugacities. This is a consequence of two factors: 

(1) in the dominant H2S forming reaction (reaction(23)) H2S is 
formed from H20. As both of these molecules have the same Xc 
value this reaction has no effect on the Xc of the bulk fluid; 

(2) as the carbon saturation curve moves to higher Xc values the 
abundance of hydrogen bearing species must by definition must -
decrease. Therefore as the Xc value of the bulk fluid approaches 
unity the H2S abundance must approach zero. Since no other 
sulphur species appears to be stable in significant amounts as the 

• Xc value rises the fluid composition will approach the carbon-
CO-0O2 condition of the C-O-H system. 
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Figure 3.3a Log(f02)-Xc plot for 30kbar/1500K showing carbon 
saturation curves for log(fS2)=-5 to +2 in unit increments. 
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Figure 3.3b Log(fS2)-Xc plot for 30kbar/1500K showing carbon 
saturation curves for 
log(f02)=-13, -10.4(IW), -8.2(—H20-maximum), -7.4. 
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Figure3.3c Net diagram of the carbon saturation surface in f02-fS2-Xc 
space for 30kbar/1500K. 
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3.6.2.2 Carbon Undersaturated.and Metastable Fluids  
Above and to the left of the carbon saturation curves in figure 3.3a 

fluid compositions are undersaturated with respect to carbon. In the 
absence of carbon saturation a further factor (e.g. Xc) must be 
constrained (in addition to the f02 and fS2) to describe a unique fluid 
composition. For the purposes of illustration a sulphur fugacity one log 
unit above the reaction of iron metal to stoichiometric iron sulphide 
(abbreviated here IT i.e. iron-troilite). This choice is somewhat arbitrary 
but has some significance in that it corresponds to a sulphur fugacity in 
equilibrium with pyrrhotite (the exact composition of the pyrrhotite will 
depend on the pressure and temperature conditions). 

Table 3.8 
Stable and metastable fluid compositions 

log(fS2) = IT+1(-1.1) 
P=30kbar, T= 1500K 

log(f02) XC H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS COS 
-13.0 	0.1 	5.6 	 36.8 	29.9 	0.1 	27.6 

0.3 	0.8 	- 	5.5 	85.8 	3.5 	4.4 
0.5 	- 	0.6 18.5 	- 	21.7 59.2 
0.7 	- 	1.6 49.8 	- 	12.3 36.34 

log(f02) Xc H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS COS 
-10.40 	0.1 50.7 	 10.9 	29.8 	0.2 	8.5 
(IW) 	0.3 7.8 0.2 	0.2 2.4 	80.6 	6.9 	2.0 

0.5 	0.7 9.2 	13.4 0.2 	47.0 29.3 	0.2 
0.7 	0.3 22.3 	31.2 0.1 	27.4 	18.6 	0.1 
0.9 	0.2 36.7 	48.0 0.1 	10.2 	4.8 	0.1 

log(f02) Xc H20 CO2 CO H2 CH4 C2H6 H2S 
-8.2 	0.1 85.2 	7.9 	0.5 	1.0 	4.7 	0.7 

	

(H20/flax) 0.3 61.7 25.1 	1.6 1.0 	9.7 	0.2 	0.8 

	

0.5 41.9 43.6 	3.0 0.8 	9.8 	0.2 	0.6 

	

0.7 24.9 63.3 	4.6 0.5 	6.1 	0.2 	0.4 
0.9 	8.8 83.3 	6.3 0.2 	1.2 	0.2 

CS2 CS COS 

log(f02) Xc H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS COS 
-7.4 	0.1 89.3 	9.7 	0.2 0.4 	0.2 	0.3 

	

0.3 69.1 29.2 	0.7 0.4 	0.3 	0.3 

	

0.5 49.2 48.7 	1.2 0.4 	0.3 	0.3 

	

0.7 29.4 68.1 	1.9 0.3 	0.2 	0.2 
0.9 	9.8 87.4 	2.6 0.1 	 0.1 
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Log(f02)-X space (constant fS2) ., 
Table 3.8 gives selected fluid compositions of fluids lying within 

an f02-Xc plane at a log(fS2) of IT+1. 
As can be seen from a comparison of table 3.8 and table 3.7 an increase in 
sulphur fugacity does not change the relative distribution of C-O-H 
species in log(f02)-Xc space. The major difference between the fluid 
compositions at high and low sulphur fugacities lies in the appearance of 
H2S at the expense of methane at low Xc values and low f(02)'s . This 
species is, however confined to these conditions and falls off in abundance 
towards higher oxygen fugacities. This log(f02)-Xc section approaches 
the C-O-H system under these conditions. 

Tables 3.9a-d 
Stable and metastable C-O-S-H fluid compositions 

Compositions marked with a star (*) are metastable (carbon 
oversaturated). 

Table 3.9a 
P=30kbar, T= 1500K 

Log(f02)=-13.0 
a. Xc=0.1 
log(fS2) H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS 
+3.0 * 	0.1 	0.1 	0.7 26.5 	2.7 	69.9 
+1.0* 	1.1 	- 	6.4 29.6 	0.4 	62.6 
-1.0 	5.4 	 34.9 29.9 	0.1 	29.7 
-3.0 	8.2 	- 	57.5 30.0 	4.3 
-5.0 	8.6 	- 	61.0 30.0 	- 	0.5 

b. Xc=0.5 

	

log(fS2) H20 CO2 CO H2 CH4 C2H6 H2S 	C52 CS 

	

+3.0 * 	- 	0.6 18.5 	- 	21.1 	55.6 	2.6 	0.3 	1.4 

	

+1.0 * 	- 	0.6 18.5 	- 	21.4 	56.9 	1.5 	0.2 	1.0 

	

-1.0 * 	- 	0.6 18.5 	- 	21.7 	59.2 

	

-3.0 * 	- 	0.6 18.5 	- 	21.7 	59.2 

	

-5.0* 	- 	0.6 18.5 	- 	21.7 	59.2 
c. Xc=0.9 
log(fS2) H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS 

	

+3.0 * 	- 	2.3 75.8 	4.9 	10.1 	0.7 	0.89 	5.5 

	

+1.0* 	- 	2.4 81.0 	- 	5.10 10.9 	0.1 	0.7 

	

-1.0 * 	- 	2.4 81.5 	- 	5.10 	11.0 	 - 	0.1 

	

-3.0 * 	- 	2.4 81.5 	- 	5.10 	11.0 

	

-5.0* 	2.4 81.5 	- 	5.10 11.0 



CO 
0.7 
1.0 
0.5 
0.5 
0.5 

CO 
2.1 
3.1 
3.0 
3.0 
3.0 

CO 
6.5 
6.4 
6.3 
6.3 
6.3 

H2 
0.6 
1.0 
1.0 
1.0 
1.0 

H2 
0.5 
0.7 
0.8 
0.8 
0.8 

H2 
0.1 
0.2 
0.2 
0.2 
0.2 

CH4 
0.6 
4.2 
4.7 
4.8 
4.8 

CH4 
2.2 
8.2 
9.8 
10.0 
10.0 

CH4 
0.2 
0.9 
1.2 
1.2 
1.2 
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Table 3.9b 
P=30kbar, T= 1500K 

Log(f02)=-10.4 
1. Xc=0.1 
log(fS2) H20 CO2 CO H2 cH4 C2H6 H2S CS2 CS 

+3.0* 36.2 
	

8.5 29.7 	0.2 
	

25.2 
-1.0* 49.8 	 10.8 29.8 	0.2 

	
9.4 

-1.0 

	

-3.0 	57.3 
	

11.7 29.8 	0.1 	1.0 

	

-5.0 	58.2 
	

11.8 29.8 	0.1 	0.1 
3. Xc=0.5 
log(fS2) H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS 

+3.0* 	0.5 13.2 18.3 0.2 
	

33.0 
	

18.6 
	

16.2 	0.1 
+1.0* 	0.6 9.7 14.0 0.2 45.3 

	
28.1 
	

2.1 
-1.0* 	0.7 9.2 13.4 0.2 47.0 

	
29.3 
	

0.2 
-3.0 * 	0.7 9.2 13.3 0.2 47.2 

	
29.4 
	

0.2 
-5.0* 	0.7 9.2 13.3 0.2 47.2 

	
29.4 
	

0.2 
3. Xc=0.9 
1og(fS2) H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS 

+3.0* 	0.1 38.1 48.8 0.1 
	

6.1 
	

2.2 
	

4.4 	0.2 
+1.0* 	0.2 36.8 48.1 0.1 

	
9.8 
	

4.5 
	

0.6 
-1.0* 	0.2 36.7 48.0 0.1 

	
10.3 
	

4.8 
	

0.1 
-3.0* 	0.2 36.7 48.0 0.1 

	
10.3 
	

4.8 
-5.0* 	0.2 36.6 48.0 0.1 

	
10.3 
	

4.9 

1. Xc=0.1 
log(fS2) H20 

+3.0* 40.0 
+1.0*  78.1 
-1.0* 	85.1 
-3.0 * 	85.8 
-5.0* 	85.8 

2. Xc=0.5 
log(fS2) H20 

+3•0 *  22.8 
+1.0*  37.1 
-1.0* 41.8 
-3.0* 42.3 
-5.0 *  42.4 

3. Xc=0.9 
log(fS2) H20 

+3.0* 	3.1 
+1.0* 	7.6 
-1.0* 	8.8 
-3.0 * 	8.9 
-5.0 * 	9.0  

Table 3.9c 
P=30kbar, T= 1500K 

Log(f02)=-8.2(H20-maximum) 

C2H6 H2S CS2 CS 

	

1.2 
	

57.6 
8.10 
0.8 
0.1 

C2H6 H2S CS2 CS 
45.22 

	

0.2 
	

6.6 

	

0.2 
	

0.7 

	

0.3 
	

0.1 
0.25 

C2H6 H2S CS2 CS 
6.8 
1.6 
0.2 
0.2 
0.2 

CO2 
8.9 
8.1 
7.9 
7.9 
7.9 

CO2 
27.2 
44.1 
43.6 
43.6 
43.6 

CO2 
83.5 
83.3 
83.3 
83.3 
83.3 



1. Xc=0.1 
log(fS2) 	H20 CO2 CO 
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Table 3.9d 
P=30kbar, T= 1500K 

Log(f02)=-6.0 

H2 CH4 C2H6 H2S CS2 CS 
+3.0 	83.7 10.0 0.1 0.1 - 	6.6 
+1.0 89.3 10.0 0.1 0.1 - 	0.6 
-1.0 89.3 10.0 0.1 0.1 - 	0.1 
-3.0 89.9 9.9 0.1 0.1 
-5.0 89.9 9.9 0.1 0.1 

2. Xc=0.5 
log(fS2) H20 CO2 CO H2 CH4 'C2H6 H2S CS2 CS 

+3.0 44.2 49.8 0.3 0.1 _ 	5.7 
+1.0 49.3 49.8 0.2 0.1 _ 	_ 	0.6 
-1.0 49.9 49.8 0.2 0.1 _ 	0.1 
-3.0 49.9 49.8 0.2 0.1 
-5.0 49.9 49.8 0.2 0.1 

3. Xc=0.9 
log(fS2) H20 CO2 CO H2 CH4 C2H6 H2S CS2 CS 

+3.0 8.6 89.3 0.5 1.4 
+1.0 9.8 89.2 0.5 0.4 
4.0 10.0 89.5 0.5 	- 
-1.0 10.0 89.5 0.5 	- 
-5.0 10.0 89.4 0.5 

Ug(fLS2U(c  space (constant f02,1  
Tables 3.9a-d gives the species distribution in log(fS2)-Xc sections at a 
variety of the oxygen fugacities. 
In the sections presented in tables 3.9a-d (parallel to the base of log(f02)- 
log(fS2)-Xc space in figure 3.1) the lowest sulphur fugacity(-5.0) gives a 
fluid composition that lies close to the C-O-H subsystem. However, with 
increasing fS2 the abundance of sulphur bearing species increases at all 
oxygen fugacities. At low oxygen and high sulphur fugacities H2S 
dominates at low Xc values however the abundance of this species 
decreases rapidly as the Xc value rises and the fluid composition moves 
into the metastable region. As H2S decreases it is replaced by CS and CS2 
(CS>CS2) though these species never become major components of the 
fluid. 

This general pattern is repeated in the log(fS2)-Xc sections at higher 
oxygen fugacities however with increasing f02 there is a overall decrease 
in the abundance of sulphur bearing species; at log(f02)'s above the 
carbon saturation curve CS and CS2 do not reach abundances greater 
than 0.05 mol% and very high sulphur fugacities are required for H2S 
abundances >lmol%. 

Therefore where fluid compositions are controlled by the intensive 
factors f(02), f(S2) and a component ratio (e.g. C/H), both equilibrium 
fluids and metastable carbon supersaturated fluid compositions lie close 
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to the C-O-H compositional plane except where the ratio of sulphur 
fugacity to oxygen fugacity is high. 

3.7 The effect of Pressure and Temperature Variation on the Carbon, 
Saturation Surface.  

The temperature and pressure dependence of the carbon saturation 
surface may be examined by comparing sections through the log(f02) -  
log(fS2)-Xc diagram determined for a variety of pressures and 
temperatures. Figure 3.4 shows the traces of four such curves for 
pressures of 30, 20, 10 and 5 kbar for a temperature of 1500K and a 
log(fS2) of -1.1(i.e. approximately IT+1). 

At 5kbar the carbon saturation surface rises from reduced 
conditions at an almost constant Xc value. With oxidation above the H20- 
maximum condition the Xc value increases rapidly and the surface 
extends towards the Xc=1 axis at a low slope. This general trend extends 
to higher pressures but with several important differences. With 
increasing pressure the reduced portion of the surface increases in Xc 
value while compositions at the H20 maximum become progressively 
poorer in carbon. These two effects combine to produce an Xc minimum 
in the curve (referred to by Taylor (1985) as the 'nose')which increases 
in amplitude with increasing pressure. 

As a consequence, at high pressure the field of carbon divides the 
divariant equilibrium fluid field into two portions; an upper oxidized 
field where fluids are dominated by mixtures of CO2and H20 and a 
lower reduced field where fluids are composed of CH4-H20 mixtures. 
Where the sulphur fugacity is high H2S may become a significant 
component but is always decreases in abundance with increasing oxygen 
fugacity at a given sulphur fugacity. The movement of the saturation 
surface towards the Xc=1 plane at low oxygen fugacities restricts the 
carbon carrying content of fluids; at very high sulphur fugacities the 
fluid compositions will be constrained close to the H-O-S sub-system. 

At oxygen fugacities above the GCO condition fluid compositions 
are unrestricted by the carbon saturation surface and may have Xc values 
from 0 to 1. However, as sulphur species are not abundant (H2S5_5mol%) 
even at high sulphur fugacities the fluid composition lies close to the C-0- 
H plane in this region. 
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Figure 3.4 Carbon saturation curves for the system C-O-S-H for 
pressures of 5, 10, 20, 30 kbar. All curves determined for a 
log(fS2)=-1.1.and a temperature of 1500K. The spot on each curve 
markes the itersection with the IW buffer condition. 
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Figure 3.5 shows the variation in position with temperature of the 
carbon saturation surface in log(f02)-Xc space at a constant log(fS2) of - 
1.1. Although the general shape of the saturation curve is maintained, 
increasing temperature greatly expands the stability field of carbon to 
higher log(f02)'s. At the same time there is a narrowing of the 'nose' and 
an increase in carbon content of the H20-maximum condition. 

3.7.1 Species Variation Along the Carbon Saturation Surface  
To illustrate the effects of pressure and temperature fluid 

compositions have been determined along the carbon saturation surface at 
the intersections with a log(fS2) one unit above the reaction: 

Fe + 1/2S2  = FeS 	 (3.25) 

and various commonly used oxygen buffering reactions. 

3.7.1.1. f02 = graphite-0O2-CO(Figures 3.6a and 3.6b) 
As discussed in section 3.6.2.2 the minimal stability of the 

species COS, CS and CS2 at f02's above the H20-maximum results in 
fluid compositions lying very close to the C-O-H subsystem. 
Consequently the only species present in the fluid under these conditions 
are CO and CO2. The governing equilibria are: 

C + 02 = CO2 	 (3.26) 
C + CO2 = 2C0 	 (3.27) 

At low pressure equilibrium (2-a) is dominant and CO is a significant 
species but decreases rapidly with increasing pressure at all temperatures. 
With increasing pressure equilibrium (26) dominates and the fluid 
approaches pure CO2. 
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Figure 3.6a Isothermal (1500K) log(xi) versus pressure plot for 
f02. GCO, log(fS2)= IT+1,(x 1=mol fraction). 
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Figure 3.6 Isothermal (1300K) log(xi) versus pressure plot for 
f02= IW, log(fS2)= IT+1,(x 1=mol fraction). 
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Figure 36( Isothermal (1500K) log(xi) versus pressure plot for 
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taphitti2.0-nwitnum, (Figures 3.7a and 3.7b) 
The major equilibria governing the species distribution at the water 
maximum are: 

C + H2 = H2 + CO 
	

(3.28) 
2C + 2H20 = C + CH4 	--z 	(3.29) 

The slopes of the xi curves in figures 3.7;cand 3.7d indicate the relative 
importance of these equilibria. At low pressure and high temperature 
equilibrium (28) dominates and lies well to the right giving fluid 
compositions of high Xc value . With increasing pressure equilibrium 
(29)becomes increasingly important causing fluids to become more water 
rich and consequently of lower Xc value. A further four equilibria relate 
minor species: 

C + 2H20 = 2H2 + CO2 	 (3.30) 
7/2C + 3/21-120 = 3/2CO2 + C2H6 	(3.31) 
H2 + 1/2S2 = H2S 	 (3.32) 
C + 1/2S2 = CS 	 (3.33) 

As all of these reactions are favoured at low pressure and high 
temperatures fluid compositions become less complex (i.e. have fewer 
major species components) as pressure increases and temperature 
decreases. The sulphur content is controlled by reactions (32) and (33) 
and so is greatest at low pressures and high temperatures; high pressure 
fluids are generally poor in sulphur bearing components. 

3.7,1.3 f02=graphite-iron-wustite (IW)  (Figures3.7e and 3.7,9) Cc /V 
The f02 conditions dictated by the synthetic metaTrfaid-e-gd-'i-ec iron- 
wustite shows much less pressure variation than equilibria involving 
carbon. Because of this the equilibria dictating the species distribution at 
this condition also change with pressure. Despite this a number of general 
observations can be made: 
(1) Above 5kbar the fluid compositions are essentially mixtures of CH4 
and H20 with only minor components of H2, H2S and C2H6. 
(2) At 1500K CO and CO2 dominate the fluid up to -3kbar but at 
successively higher pressures these are replaced by H20 then CH4 as the 
most abundant species. At both 1500 and 1300K CO and CO2 decrease in 
abundance rapidly as the pressure increases. 
(3) H2S is the only significant sulphur bearing species at both the 
temperatures considered reaching -8 mol% at 1500K and 3kbar. 
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Decreasing temperature reduces the stability of H2S as does increasing 
pressure but to a lesser extent. 
3.8 Contouring of Divariant Stable and Metastable Regions.  

Using the program COSH.FLUID fluid compositions may be 
calculated at any given pressure, temperature and fS2. For P=30kbar, 
T=1500K and log(fS2)=-1.1 three dimensional matrices of Log(f02)-Xc-
x1  were constructed containing 790 data points for each of the species(xi) 
H20, CO2, CO, H2, CH4, C2H6 and H2S. 

Contouring was performed using the program SURFACEII 
(Sampson, 1978) and combined with the relevant carbon saturation curve 
obtained by calculation using the program COSH.CARBON (section 3.5). 
The results are plotted in figure 3.9a-g. The contour intervals chosen are 
10 mol% from 90 mol% to 10 mol%. Additional contours at 5mol% and 
1 mol% are shown but their positions are less well constrained due to 
their wide spacings. Tn all the plots the graphite saturation trace dividing 
the fields of carbon oversaturated and undersaturated fluids is marked. 

For all the species the contours are roughly radial about a maximum 
corresponding to the projected plotting position of that species on the Xc 
axis. 

(1)xH20  isopleths(Figure3.9a) 
Above the carbon saturation curve the isopleths for H20 run 
almost parallel to the f02 axes. Comparison with contours for 
CO2 shows that these two species dominate the fluid in this region. 
Under more reduced conditions the contours show a rapid 
variation in mol% H20 with f02 while in the metastable region 
the H20 abundance falls off rapidly towards high Xc values. 

(2)xco2  isopleths(Figure3.9b) 
As noted above the CO2 isopleths above the carbon saturation 
surface are the exact compliment to the contours of H20 showing 
the binary nature of fluids in this region Below the carbon 
saturation surface the CO2 abundance falls off but remains 
important in the oxidized metastable region at high Xcvalues. 

(3)xco  isopleths(Figure3.9c) 
The isopleths for CO show that it is important only the the 
reduced portion of the metastable region.The greatest abundances 
in the stable region are attained where the carbon saturation 
surface intersects the Xc=1 axis (i.e.the GCO buffer condition). 
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(4)xH2  isopleths(Figure3.9d) 
H2 contours run parallel to the graphite saturation surface in the 
region below the H20-maximum. Towards very reduced 
conditions and low Xc values H2 becomes increasingly important 
as the fluid approaches the H-0 sub-system. 

(5),(0/4  isopleths(Figure 3.9e) 
The mol% methane in the fluid is at a maximum along the 
reduced portion of the carbon saturation surface. In this region 
the contours parallel the saturation curve and fall off towards 
both higher and lower Xc values. Towards increasing f02's the 
contours bend round to parallel the top surface of the saturation 
curve where methane < lmol%. 

(6),(c2H6 isopleths(Figure3.90 
The pattern of C2H6 contours resembles that of CI-I4 except that 
the C2H6 maximum occurs at a higher Xc value corresponding to 
the projection point of this species. Consequently C2H6 is only an 
important species in the metastable region. 

(7)xH25 isopleths(Figure3.9g) 
The contours for H2S are very similar to those of H2 and so like 
H2, H2S reaches a maximum at low f02's and low Xc values. 
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Figure 3.9a Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole 
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Figure 3.9b Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % 

Figure 3.9c Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % CO. 
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Figure 3.9d Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % H2. 
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Figure 3.9e Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % 
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Figure 3.9f Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % C21 -16. 
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Figure 3.9g Log(f02)-Xc diagram for the conditions log(fS2) = -1.1, 
1500K and 30kbar.contoured for mole % H2S. 
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3.9 Activity Composition Relationships in Systems Containing H2S  
Unfortunately the number of P-V-T data available for complex 

fluid mixtures is extremely limited and so the opportunities to test 
activity composition relationships calculated from equations of state are 
also limited. Only the H20-0O2 has been examined in sufficient detail to 
allow a comparison between calculated activity coefficients and those 
derived by the use of P-V-T data of pure species and an equation of state. 
Taylor (1985) has compared activity coefficient derived from his five 
parameter equation of state to those calculated from the available data. 
For H20-0O2 mixtures at moderate temperature and pressure 
(5kbar/873K) his formulation of an equation of state agrees to within 
15% over most of the compositional range. Only at low mole fractions of 
H20 does the equation of state overestimate the activity coefficient of the 
water component. 

Data for complex sulphur bearing systems at high temperature and 
pressure does not exist. However as it has been shown that the results 
obtained using a combination of the original Redlich-Kwong mixing 
rules with the modified Redlich-Kwong equation matches well the 
available experimental data available for polar-nonpolar mixtures we 
may examine some simple sulphur bearing binary and ternary mixtures. 
In this way we may gain some idea how H2S, for example, will affect the 
the activity-composition relationships (and thus mineral equilibria) in 
petrologically important fluid mixtures. 

Using the relationship 
mix 	&nix 

P,T 	 r  

	

a. = L oiloure 	= 	 (3.34) 
rpure 

1(ji 
I  i 

where yi  = activity coefficient 
xi = ni/(ni+ni+nk) 

= mols of species i 

the activity-composition relationships have been determined for the four 
binary systems H2S-H2, H2S-CH4, H2S-H20, H2S-0O2 and the pseudo 
binary systems H20-0O2-(20 mol%H2S) and H20-CH4-(20 mol%H2S). 
The conditions 30kbar and 1500K were chosen as they approximate a 
region of the solidus determined for the system pyrolite-C-O-S-H under 
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reducing conditions determined in Part 6. The binary systems illustrate 
the effect of H2S on the activities of the species identified in section 3.6 as 
the major C-O-H components stable at a range of oxygen fugacities 
appropriate for the upper mantle. The pseudo-binaries illustrate the 
effect of a proportion of H2S (arbitrarily fixed at 20 mol%) on the 
binaries H20-CH4 and H20-0O2 which have been shown to good 
approximations for high pressure, high temperature C-O-H fluids under 
relatively reduced and oxidized conditions respectively. 
3.9,1 Binaries containing H2S.(Figures 3.10a-d)  
In the four systems examined those containing H2, CH4 and CO2 show 
almost ideal mixing between the end member compositions. For these 
three systems the relative non-ideality of the mixtures H2S-H2> H2S-
CH4>H2S-0O2. Only mixtures containing H2S and H20 show a significant 
deviation from ideality. In this case the both components show 
approximately the same degree of deviation across the compositional 
join. The deviation for H2S is moderately asymmetric and occurs at -20 
mol% H2S whereas the deviation for H20 is less asymmetric the 
maximum occurring at -0.7 mol% H2S. 

Considered in the light of Prausnitz's concept of activity 
coefficients as indexes of molecular 'discomfort' (Prausnitz, 1969 p.155) 
it appears that H2S is more 'uncomfortable' (i.e. has a higher activity) 
when surrounded by polar H2O molecules. In the case of the weakly polar 
(CO2, H2) or nonpolar(CH4) molecules mutual solution causes little 
change in the activities of the two components. 
3.9.2 Pseudo-binaries containing H2S (Figures 3.11a,b)  
In figures 3.11a,b the true binaries CH4-H20 and CO2-H20 (solid lines) 
show similar nonideal characteristics. Across both joins the H20 
component shows significant, almost symmetrical deviations from the 
ideal mixing line. The deviations for CH4 and CO2 are similar in that they 
are asymmetric the maximum being skewed towards high fractions of 
H20. The system CH4-H20 shows a slightly greater overall deviation 
from ideal mixing behaviour. - 

The addition of 20 mol% H2S to both systems shows very similar 
effects. In the case of CH4 and CO2 the addition causes a reduction in the 
degree on nonideality the effect being more pronounced as the abundance 
of CO2 and CI-I4 increases respectively. The effect on the activity of the 
H20 component is smaller the effect being minimal at mol fractions of 
H2O less than 0.5. 
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Figure 3.10a Activity-composition diagrams for the binary H2S-H2 for 
P=30kbar,T=1500K 
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Figure 3.10b Activity-composition diagrams for the binary H2S-CJ4 for 
P=30kbar,T=1500K 
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Figure 3.10c Activity-composition diagrams for the binary H2S-0O2 for 
P=30kbar,T=1500K 
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Figure 3.11a Activity composition relationships for the binary pair CT-I4-
H20 (solid lines) and the pseudo-binary CH4-H20-0.2H2S (dashed lines). 
for the conditions 30kbar/1500K. 
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3.10 Summary  
By applying a suitable equation of state to P-V-T data it is possible to 
calculate the compositional dependency of activity coefficients for the 
range of temperatures and pressure appropriate for the upper mantle. 
Combining these with a set of equilibria uniquely defining carbon 
saturated or carbon undersaturated fluid system it is possible to describe 
the dependence of the fluid composition on intensive variable such as 
temperature, pressure, oxygen fugacity, sulphur fugacity and carbon 
saturation/undersaturation. 

The results of such computations show that7the all of these variables 
are important in determining the composition of a fluid phase. In 
particular, at the range of oxygen fugacities thought to be appropriate for 
the upper mantle, the fluid composition ranges from CH4-H20 mixtures 
under reduced conditions through H20-rich compositions to H20-0O2 
mixtures under more oxidizing conditions. The stability of carbon also 
shows a strong dependence on redox state. At oxygen fugacities above the 
CO2-CO-C reaction elemental carbon (graphite or diamond) is not stable 
while below its stability is dependant on the carbon content of the fluid. 
The sulphur content of the fluid is dependent mainly on the sulphur 
fugacity but is also dependent on the oxygen fugacity. In the mantle f02 
range H2S is the only significant sulphur bearing component and 
decreases with increasing oxygen fugacity at constant sulphur fugacity. 
There is no significant S component in fluids at f02 1s >MW, fS2-IT+1. 
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Part 4. 
Experimental Techniques for 

Fluid Saturated Experimentation. 

4.1 Introduction, 
Although it is possible, given a set of intensive variables, to 

calculate the compositions of phases in fluid-mineral assemblages our 
understanding of these equilibria is not sufficiently extensive to predict 
accurately phase stabilities and melting in complex systems.Thus 
experiments modelling these complex systems are required to both test 
and refine the theoretical approach and to provide a better understanding 
of natural systems. 

The thermodynamic modelling of C-O-S-H fluids (Part 3) shows 
that the composition of a fluid phase depends on the conditions of 
pressure, temperature, fS2, f02 and bulk composition (mole fractions of 
C,O,H and S). therefore, to examine fluid/solid phase stabilities and 
equilibria by experimentation it is essential that these intensive variables 
be maintained throughout the experiment. Microanalysis of solid and 
liquid run products (quenched glasses or crystal mats) has been the 
standard method of analysis since the invention of the electron 
microprobe but until recently the composition of the fluid phase has 
simply been assumed on the basis of estimated intensive conditions. 

Recent advances in experimental techniques (Taylor and 
Foley,1988) have allowed the examination of phase equilibria under fluid 
saturated conditions and retention and analysis of quench fluid 
components after the completion of the run. Taylor and Green (1988) 
have used these techniques to examine the melting behaviour and phase 
relations of a model peridotite at regulated conditions of pressure 
temperature and oxygen fugacity. In these studies the oxygen fugacity of 
the experimental charge was controlled internally by a buffer 
assemblage generated in situ. This section describes the extension of this 
technique to achieve combined sulphur and oxygen buffering allowing 
the generation and maintenance of C-O-S-H fluids in equilibrium with a 
complex oxide sample mix. 
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• 4.2 Buffering techniques  
Many years of empirical use of a variety of piston-cylinder cells and 
observation of the resultant oxidation state of charges by analysis of 
Fe203/Fe0 of charges, by mineral analysis and stoichiometric calculation 
of Fe3 4-/Fe2+ and by observation of mineral stabilities e.g. titano-
magnetite versus ilmenite has established considerable 'laboratory lore' 
concerning the intrinsic oxygen fugacities imposed by the available cell 
types. The experimental cell consists of an inner graphite sleeve 
surrounded by solid outer sleeve which ideally acts as a pressure medium 
of zero strength. The outer sleeve may be a simple sleeve of one material 
or may be composite and consist of nested sleeves of different materials: 

(1) Simple talc outer sleeves produce high fH2's by dehydration due to 
interaction with the graphite heater. The high hydrogen fu.gacities 
produced readily equilibrate through the high temperature part of 
the assembly and impose relatively reducing conditions in the 
interior of the sample capsule by hydrogen diffusion through the 
precious metal walls of the capsule. 

(2)The high hydrogen fugacities consequent on the use of talc sleeved 
assemblies may be countered to some extent by separating the 
graphite heater from the talc sleeve with a pyrex inner sleeve. This 
acts as a sink for H20 and so lowers the fH2 to some extent. 
However the sample still remains open to H2 diffusion and so 
reduction of the sample may still occur. 

(3)The use of talc and un-fired boron nitride (BN) sleeves will 
produce high fH2/low f02 conditions (by the formation of borate 
complexes) in the assembly and therefore also in the sample 

• charge. This effect may be lessened if, prior to use, the BN 
assembly components are fired in air to 'preform' borates in the 
BN components. 

(4)The closed approach to achieving 'closed system' sample capsule is 
the use of a simple salt or salt plus pyrex assembly. If used these 
must be dried and stored at temperature >120°C to minimize the 
water content adsorbed on the sat components. Calcium fluoride 
may be used to the same effect. These types ty-Os of assembly 
produce a low intrinsic fH2 and so will caus4minima1 reduction of 
the sample by H2 diffusion. However, the low melting point of 
NaC1 makes it unsuitable for experimental temperature above the 
NaCl melting curve.. 
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Considering the influence of cell type used on the oxidation state of the 
sample, the generation and maintenance of a constant fluid composition 
within a capsule throughout a protracted run (and consequently possible 
variation in external fH2) requires the use of some internal buffering 
technique. As discussed in Part 3 the calculation of invariant fluid 
compositions (Section 3.5), the C-O-S-H system is pentavariant and so 
requires five independent factors to be fixed for a unique fluid 
composition to be achieved. As experiments are generally run at constant 
pressure and temperature the experimental design must control a further 
three composition components to maintain an invariant fluid 
composition. In theory these three factors could be simply three 
component molar ratios from the C-O-S-H system. However the 
amphoteric nature of some of the major cation components of the sample 
mixes, hydrogen diffusion and the potential precipitation of sulphides, 
carbonates or carbon means that the molar ratios in the fluid phase may 
not be constant during the run time of the experiment and therefore may 
not have the desired buffering effect. A more feasible approach is the 
buffering of component fugacities by means of suitable mineral 
assemblages. Suitable assemblages exist for the buffering of both the 
sulphur and oxygen fugacities (sections 4.2.1, 4.2.2) and so there remains 
only one more compositional factor to be fixed for an invariant C-O-S-H 
fluid to be achieved. At oxygen fugacities below that of the GC0 buffer 
reaction elemental carbon is stable and may be used the remaining 
compositional constraint. At oxygen fugacities greater than the GC0 
buffer condition elemental carbon is not stable and so some other factor 
must be used. 
4.2 1 Oxygen Buffers  

There has been extensive discussion on the topic of the oxidation 
sate of the upper mantle (Arculus and Delano, 1981; Haggarty and 
Tomkins,1983). Consequently, there is a relatively large amount of 
information available on mineral reactions potentially capable of 
buffering the oxygen fugacity in an experimental charge. 

As a particular reaction imposes an absolute fugacity specific to a 
pressure and temperature (i.e. it describes a univariant line through P-T-
f02 space) it is a common practice to refer fugacity relative to a set of 
well-known buffer reactions (Lindsley,1976; Chou, 1978; 
O'Nei11,1986)(table 4.1). The choice of oxygen buffer assemblage will be 
dictated by the redox state desired and in theory any of the above 
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reactions could be used to buffer the oxygen fugacity. However, in 
practice the efficiency at which the oxygen fugacity will be maintained in 
equilibrium with a sample mineral assemblage has not been established. 
For example, IW has been shown to be weak in imposing an oxygen 
fugacity in the presence of competing,reactions despite the high buffer to 
sample mass ratios (Taylor and Foley,1988) and others remain 
unexamined in this respect. 

Table 4.1 
log(f02) = a + b/t +c(P/T) + e(P2/T) 

Buffer* a b c.10 d.10 e.10 
IW 6.736 -27403 0.0532 3.0 0 
WM 11206 -32982 0.0841 -1.0 0 
FMQ 8.746 -25035 0.0944 -2.2 -1 
NNO 9.466 -25025 0.0944 2.4 0 
HM 14.256 24949 0.0200 -4.8 0 

* - buffer abbreviations: 
Iron-Wustite (IW), Fe + 1/202 = FeO 
Wustite-Magnetite (WM); 3Fe0 + 3/202= Fe304 
Fayalite-Magnetite-Quartz (FMQ), 3Fe2SiO4+ 02= 2Fe304 + 3Si02 
Nickel-Nickel Oxide(NNO) Ni + 1/202 = NiO 
Magnetite-Haematite (MH) 2Fe304 + 1/202 = 3Fe203 
(adapted from Taylor, 1985) 

4.2.2 Sulphur Buffers  
The only extensive study of a metal/metal sulphide system of 

potential buffering capacity is that of Toulmin and Barton (1964) who 
examined the phase relations and thermodynamics of the Fe-S2 system. 
This system is the sulphur system analogous to the IW oxygen buffer and 
like its oxygen equivalent iron sulphide is only stoichiometric FeS 
(troilite) when in equilibrium with metallic iron. At higher sulphur 
fugacities the equilibrium sulphide phase becomes non-stoichiometric 
(pyrrhotite). Thus the assemblage iron-troilite can buffer the sulphur 
fugacity by the reaction: 

Fe + 1/2S2 = FeS 	 (4:6) 
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for which the equilibrium constant is: 
Troilite 

afes  KFeS — metal 1/2 	 (4:7) 
aFe .f S2  

By definition the activities of Fe and FeS in metal and sulphide 
respectively are both unity and so the sulphur fugacity can be expressed 
as 

1 fs _ 
2  KFeS 

where KFes may be found using the standard expression: 
AG°  = -RT1nK 

(4:8) 

(4:9) 

Similar reactions can be written for any metal species and the resultant 
sulphur fugacity calculated for any given temperature and pressure. 
Figure (4.1) shows the position of a number of metal/metal sulphide 
univariant curves in log(fS2)-T space. 

Unfortunately only the Fe/FeS reaction has been calibrated 
(Toulmin and Barton, 1964) and so determination of the positions of the 
other metal/metal sulphide reaction curves in fS2-T space is dependent on 
the quality of the thermodynamic data used. For many, data is only 
available over a limited temperature range and so extrapolation to the 
region of interest is required thus adding to the uncertainty of the 
position of the reaction curves.Frequently extrapolation above the 
melting point of the sulphide or metal and as the entropy and enthalpy 
data for the melt phases are either scarce or unknown additional 
uncertainty ensues. For these reasons(technical difficulties of reaction 
with the sample capsule apart) molten sulphides are considered unsuitable 
as buffer components. The sulphides of Fe, Mn and W having melting 
temperatures of 1196°C 1610°C and >1800°C respectively (Kullerud and 
Yoder,1959; Skinner and Luce (1971); Stemprok (1971)) are 
sufficiently refractory to be of use as buffer assemblage components for 
high temperature experimentation. 
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Figure 4.1 Univariant sulphur buffer reaction curves (1 bar) for 

refractory sulphides. All reactions are for metal + 
sulphur vapour= sulphide with the exception of the curve 
marked WC for which the reaction is WC+sulphur 
vapour = WS2+C. 

4.2.3 Combined Oxygen and sulphur Buffering 
The simplest approach to simultaneous buffering of both oxygen and 
sulphur fugacities is to use a metal oxide/sulphide assemblage of a single 
cation species. As experiments are conducted at constant temperature and 
pressure a f02-fS2 phase diagram serves to illustrate the buffer 
conditions. As an example the phase diagram for the iron sulphide/oxide 
assemblage is shown in figure 4.2. 

In figure 4.2. the field of metallic iron (marked Fe) lies at low 
oxygen and sulphur fugacities and the fields of oxide and sulphide 
(marked Fei..x0 and Fei_S respectively) lie to higher fugacities of oxygen 
and sulphur respectively . The oxide and sulphide fields adjoin along a 
univariant curve extending at approximately 45° to both axes. All three 
phase field meet at an invariant point at which the stoichiometric phases 
FeO and FeS co-exist with metallic iron. This point represents the buffer 
condition of the Fe-Fe0-FeS assemblage 
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Figure 4.2. The system Fe-S-0 in log(f02)-log(fS2) space 
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Figure 4.3. Plot of log(f02)-log(fS2) space at a temperature of 1261K 
and a pressure of 1 bar. Element symbols indicate the positions 
of the metal/oxide/sulphide invariant points.The hatched area 
represents an estimate of the f02/fS2ratios of a sulphide bearing 
region of the upper mantle. Arrows indicate fugacities greater 
than one bar at this temperature.(data after Arculus and 
Delano, 1981) 
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Analogous diagrams may be drawn for any cation and the 
buffering conditions determined for any condition of P and T. Figure 4.3 
shows the location of the invariant point for a variety of cation species at 
1 bar and 1261K (the temperature of the Fe-FeS eutectic at 1 bar). 
From figure 4.3 it would appear that Sn, Co, Ni, Mo, Fe and W produce 
suitable combinations of oxygen and sulphur fugacities for modelling of 
the upper mantle. However from a technical point of view not all of these 
assemblages are suitable for this purpose. The sulphides of tin and nickel 
have relatively low melting points (1000°C and 880°C respectively, Craig 
and Scott, 1976) and both the absence of thermodynamic data for these 
phases and their corrosive nature make them of limited use for buffering 
purposes. The sulphides of Fe and W have sufficiently high melting 
points (1190°C and -1800°C respectively)to be potentially useful 
oxygen/sulphur buffers for reducing and mildly reducing conditions 
respectively. For the purposes of examining the effect of sulphur bearing 
fluids on mantle mineral assemblages the assemblage W-W02-WS2 will 
be appropriate as it imposes conditions close to the iron assemblage triple 
point (i.e f02-IW) and fS2 sufficient to stabilize a H2S component. 

Molar volume data was combined with the thermodynamic data 
used to construct the WC/WS2 curve in figure 4.1 to construct a fS2-P-T 
data set. This was than regressed to give an equation for the tungsten 
carbide/tungsten sulphide assemblage (correlation coefficient(r). 
0.9999): 

log(fS2) = 9.53 - 20020/T +0.2716P/T 
Taylor and Foley have examined the corresponding WC/W02 assemblage 
and in a similar manner have derived an expression for the oxygen buffer 
reaction : 

log(f02) = -29105/T + 14.33 - 0.6781nT 
In both equations T is the temperature (K) and P is the pressure(bar). 

4.2.4 Buffering Using More Than One Cation Species.  
When combining sulphur and oxygen buffer assemblages care must 

be taken such that the system remains in thermodynamic equilibrium. For 
example for the desired experimental conditions of a sulphur fugacity 
corresponding to the Pt/PtS buffer and an oxygen fugacity corresponding 
to the IW buffer figure 4.4 shows that it would be inappropriate to use a 
mixture of platinum, platinum sulphide, iron metal and wustite. 
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Figure 4.3 Log(f02)-log(fS2) plot showing incompatibility 
between the Pt/PtS sulphur buffer and the IW oxygen 
buffer. 

In figure 4.3 the intersection of the Pt/PtS reaction boundary with the 
metastable extension of IW lies within the field of Fei- xS. Thus the 
assemblage Pt+PtS+Fe+Fe0 is not stable and will react according to the 
relative 'strength' of the separate buffer reactions. If the Pt/PtS buffer 
dominates over the Fe/Fe0 reaction both the metallic Fe and the FeO will 
be 'sulphidized' to Fei.„S and the conditions will lie somewhere below B 
along the line A-B. Alternatively, if the iron components dominate the 
PtS component will be consumed to form a FeS component giving the 
invariant assemblage at C+Pt. A third possibility is that the Pt/PtS 
assemblage causes the metallic iron to react to Fe l_„S giving the invariant 
assemblage of Fei_x0, Fei_„S, Pt and PtS at B. This last possibility is an 
example of the three possible sets of equilibrium assemblages involving 
two cation species. These are shown in log(f02)-log(fS 2) space in figures 
4.4a-c. In this discussion it is assumed that there is negligible alloying or 
complexing between the phases of the two cation species. 

The first (figure 4.4a) is where two metallic cations A and B have 
contrasting orders of increasing fugacities in their reactions to oxides and 
sulphides i.e. the fS2 of the reaction of B metal to B-sulphide is less than 
that of A metal to A-sulphide but the f02 of the reaction of B metal to B-
oxide is greater than that of A metal to A-oxide 
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Figure 4.4a. 
In addition to the two triple points for the two species (points 'x' and 'z') 
we have a further equilibrium assemblage consisting of a mixture of the 
two metals A and B, the oxide of A and the sulphide of B (point 'y'). This 
gives conditions corresponding to the lower  fugacity of each pair of 
reactions 

cn" 

  

   

log(f0 2  ) 

Figure 4.4b 
In figure 4.4b the fugacities of the reaction of the A cation to an oxide and 
a sulphide are lower in both cases than those for the reaction of B to its 
oxide and sulphide phases. In this case the ratio fS2/f02 of the two sets of 
reactions are the same and so the univariant reaction of oxide to sulphide 
are coincident. Therefore the only possible buffer assemblages are the 
two triple points in this case (points 'x' and 'y'). 
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Figure 4.4c 

In figure 4.4c the fugacities of the reaction of the A cation to an oxide and 
a sulphide are again lower in both cases than those for the reaction of B 
to its oxide and sulphide phases. However in this case the ratio fS2/f02 of 
the two triple point reactions are unequal and so the univariant oxide to 
sulphide reaction boundary of the A cation in this case crosses the B/BS 
reaction boundary. This gives an invariant assemblage of metallic B, B-
sulphide, A-sulphide and A-oxide at 'y'. The assemblage Pt-PtS-Fei_„S-
Fei_x0 (figure 4.3) is an example of this type of buffering reaction. Thus 
by careful choice of assemblage the buffered conditions are not restricted 
to the metal/oxide/sulphide triple points as displayed in figure 4.3. 
4.2.5 Carbon Saturated Reactions: Fluid Buffering 

As described in Part 3 and section 4.2 carbon saturation may be 
used to constrain the fluid composition in experimental designsdf 
elemental carbon is used for this purpose the phases of the buffer 
assemblage must also be stable with respect to elemental carbon. Most 
metals are unstable in the presence of carbon at high temperature and 
pressure and so the metallic component must be replaced by the metal 
carbide Although the carbide/sulphide/oxide assemblage will buffer the 
oxygen and sulphide fugacities at different values the difference in the 
case examined (WC-WS2-W02) is small (-1 log unit ). In all other 
respects, however, carbide/oxide/sulphide buffer assemblages may be 
devised with the same considerations as for metal/oxide/sulphide 
systems. For the purposes of examining sulphide peridotite-fluid 
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relations at upper mantle conditions the assemblage WC-W02-WS2-C is 
more appropriate than the W-W02-WS2 assemblage as the f02 imposed is 
—1 log unit higher than IW i.e. the lower limit of f02's currently though+ 
of as appropriate for the upper mantle (e.g. O'Neill and Wall, 1987; 
Taylor and Green 1988). 

4.3 Capsule Materials  
Wendlandt et 4(1982) define the 'ideal' capsule material as "..one 

that has a high thermal stability, is chemically inert with respect to 
experimental components, and comprises an impermeable membrane for 
both internally and externally originating components.". As no material 
yet tried has all of these characteristics a degree of compromise must be 
accepted; with careful consideration features normally though of as 
'draw-backs' can be used to advantage. 
4.3.1 Precious Metals  
In silicate experimental petrology precious metals are the most 
commonly used capsule material for high pressure runs. In most respects 
they are suitable but are subject to two major disadvantages 

(1) precious metal are permeable to hydrogen and so the capsule 
contents may be affected by either net hydrogen loss (oxidation) 
or gain (reduction). This effect may be minimal at short run 
times and low temperatures but becomes increasingly important 
at high run temperatures and where there is a strong contrast in 
hydrogen fugacity across the capsule walls. 

(2)Alloying between iron and the precious metal capsule results in 
loss of iron from the charge and oxidation due to the 
disproportionation of the iron oxides. 

x.Pt + (1-x).Fe0 = Ptx Fe(i-x)  + ,--1-0--(1- ,x)02 	(4.9) 

These effects are most severe at high temperatures and in those 
samples with high iron activities. 

Platinum is most subject to iron alloying whereas silver-palladium alloys 
and gold are less affected. However the relatively low melting points of 
gold (1063°C) and Ag-Pd alloys make them not suitable for high 
temperature studies. 

As the reaction of sulphur with gold to form gold sulphide occurs 
only at very high sulphur fugacities (fS2»Pt/PtS) gold is a particularly 
suitable capsule material for experiments involving sulphides. While 
these features make it suitable for experiments on hydrothermal and 
perhaps acidic melt compositions its relatively low melting point make it 
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unsuitable for experiments on more mafic compositions requiring higher 
temperatures. 
4.3.2 Non-metallic Materials  

If the characteristics of an experiment preclude the use of a 
precious metal capsule there a number of alternatives which may be 
suitable. Graphite, silica, boron nitride and alumina are all refractory 
materials which are potential capsule materials but each has a number of 
characteristics which restrict its use to a range of experimental 
conditions. Vitreous silica and alumina (corundum) are favoured capsule 
materials for experimental sulphide petrology as neither react to form 
sulphides at any reasonable temperature. Their use in silicate 
experimental petrology is however limited: silica devitrifies at -1100°C 
and forces silica saturation in the contained charge; alumina forces 
corundum saturation and resists compression in high pressure 
experiments. 

Boron nitride has been used in experiments involving sulphide 
saturation of silicate melts (Mysen and Popp, 1980) but Wendlandt 
21(1982) have been shown that it imposes very reducing conditions on 
the charge (f02 QIF). 

Although the range of oxidation state at which graphite is stable is 
limited f02's GCO it has many features which make it a particularly 
suitable capsule material. It is stable to high pressures and temperatures 
material and under reducing conditions (f02 H20-maximum) it is inert 
with respect to both silicate and sulphide assemblages. However over the 
comparatively narrow redox range between the H20-maximum and GCO 
carbon dioxide and/or carbonate become stable and so may appear in the 
sample assemblage. 

If redox conditions greater than the H20-maximum are desired 
and carbonate and CO2 are to be avoided then a mineral capsule(e.g. 
olivine) may be the only suitable alternative. However the experiments 
are constrained to saturation in the chosen mineral phase and so will not 
necessarily remain of constant composition. If the chosen mineral 
exhibits solid solution then it should be as close as possible to the 
composition of the corresponding phase of the experimental assemblage. 
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4.4 Fluid Saturated experiment design 
Taylor and Foley (1988) have recently described a capsule 

configuration in which experiments may carried out under buffered C-
0-H fluid saturated conditions and the fluid retained for subsequent 
analysis. This basic design has been adopted here for experiments 
involving a C-0-S-H fluid coexisting with a multi-oxide or mineral 
sample. 

A section of a capsule is shown in figure 4.5. 

Figure 4.5 Longitudinal section through a buffered fluid saturated 
experimental capsule. 

The capsule interior is divided into three sections: 
(1) an upper section consisting of 1/4 of the total buffer mixture 

and a solid organic fluid source (stearic acid) sufficient to 
generate - 2mg of C-0-H fluid; 

(2) a central section consisting of components of the sample 
separated from the buffer assemblage by either graphite 
spacers (Part 5) or a graphite capsule (Part 6); 

(3) a lower section containing the remaining mass of the buffer. 
This design allows physical separation of the buffer assemblage from the 
sample mix while permitting the fluid phase to permeate and equilibrate 
with all sections of the capsule interior. Thus the buffer assemblage 
influences the sample mix via the fluid composition without physical 
contact and so direct reaction between the buffer assemblage and the 
sample are prevented. The graphite components isolate the sample from 
the the outer precious metal capsule and so prevent iron loss. The outer 
capsule forms the outer wall of the capsule assembly and retains all the 
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experimental components except hydrogen. Any fluid phase is therefore 
retained within the capsule after quenching and may be analysed by a 
piercing /mass spectrometry technique (section 4.5) 

4.5 Fluid analysis by Capsule Piercing/Mass Spectrometry  
4.5.1 Fluid Release and Analysis  
Following a fluid saturated experiment the quenched fluid phase may be 
analysed by mass spectrometry. The capsule piercing device consists of a 
modified regulating valve (Whitney #SS-1VS6; Figure 4.6) 

The capsule is loaded into a holding cradle at the base of the valve 
body and the the valve stem (modified to include the piercing needle) 
screwed down to retain the capsule in place. The assembly is then 
connected to the ion source of a VG-micromass 7070F double focusing 
mass spectrometer. The piercer is then evacuated to —10 4  ton and 
'baked out' at 150°C to eliminate volatile species adsorbed on the exterior 
of the capsule and the interior of the piercer assembly. After a stable 
background response is obtained the capsule is pierced and the released 
gasses analysed by repeated scans of — 2 seconds duration over the mass 
range 10-100. Typically, non-polar species (e.g. CO2,CH4,C2H6) are 
released quickly but H20 is held back by adsorption on the capsule 
interior and on the metal surfaces piercer assembly. Thus spectra are 
accumulated until the ion response returns to the 'pre-pierce' background 
level and the final uncalibrated species ratios obtained by integration over 
the collection interval. As the masses of molecular ions and ionic 
fragments of different species may coincide at a particular mass number 
(e.g. CO=z= 28 overlaps N2=mass number 28) the following 
unambiguous mass number combinations were used to calculate the 
uncalibrated species distribution: H20-17+18; CH4 - 13+15+16; C2H6 - 
26+28+29; CO2 - 44. The ambiguous masses not present in these 
combinations are accounted for by reference to standard spectra for pure 
gases. 

Figure 4.7a,b shows the instrumental response measured for fluid 
analysis of run No.T2576 (WC-W02-WS2-C buffers; 25kbar/1175°C; 
Part 6) which is typical of a reduced capsule fluid analyses. Having 
established a stable background signal level for the capsule and piercer 
assembly the capsule is pierced and the released gases admitted to the ion ,  
source of the mass spectrometer. The masses characteristic of CH4 
(m=13,15,16) are released quickly reaching a maximum soon after 
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piercing (-60 seconds). By contrast the molecular fragments of H20 
(m=17,18) are released more slowly producing a more gradual release 
profile requiring - 800 seconds to reach a maximum and approximately a 
further half hour to return to background levels. Figures 4.8b and 4.8c 
show individual spectra at the time of maximum release of the two 
species. 

Teflon Seal 
Capsule 

Mass 
Spectrometer 

Needle 

Figure 4.6 Cross-Section of capsule piercing device (partly 
schematic; length of capsule -10mm). 

4.5.2 Calibration of Results  
In addition to the ratios of the species present in the fluid the ion 

count measured by the mass spectrometer is a function of the ionization 
cross section of the species in the sample and the response of the primary 
sensing device (conversion dynode) to the chemical and physical state of 
the incoming ions. To achieve an absolute result the data must be 
calibrated against a suitable range of known gas mixtures. Taylor and 
Foley(1988) used a series of 'fluid only' experiments to calibrate the 
7070F mass spectrometer at the University of Tasmania and account for 
any non-random quenching effects in the experimental assembly. 



4.17 

a 

CH 

Time 

Time 

Capsule 
pierced 

Figure 4.7 Simultaneous fluid release profiles for run 
No.T2576. 
The points 'A' and 'B' indicate the positions of the 
sample spectra presented in figures 4.8a,b. 

They formulated an expression relating the measured to theoretical 
CH4/H20 ratio: 

f = 	= 2.3(±0.2) - 1.11(±0.18).(R m/(1+Rm)) (4.10) 

where 
Rt  = (CH4/F120)theoretical and Rm  = (CH4/H20)measured  

The CO2/CI-14 ratio was calibrated using a standard gas mixture and was 
found to show an insignificant calibration factor. C2H6/CH 4 was assumed 
to be similar to the CO2/CH4 ratio and also have a negligible calibration 
factor. 

This expression has been used to calculate absolute ratios for the 
species in the analysis of fluids presented in this study (Parts 5 an 6). 
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Figures 4.8a,b. Sample spectra from from the fluid released 
from run No. T2576 

4.6 Summary and Conclusions  
The theoretical study of Part 3 has shown that fluid compositions in the 
C-O-S-H system are pentavariant and so require five compositional 
factors to be fixed for invariance to be achieved. Under the isobaric, 
isothermal conditions of an experimental run, therefore, three 
compositional factors of the fluid phase must be maintained for the 
mineral -fluid equilibria to be investigated. As the precious metal 
capsules are permeable to hydrogen and complex oxide mixes contain • 

amphoteric oxides, simple molar ratios of C-O-S-H volatile sources 
added to the mix cannot be regarded as constant throughout the run times 
and so are not suitable as buffering factors. A more robust method of 
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maintaining a constant fluid composition during an extended 
experimental run is to buffer the fugacities of sufficient of the fluid 
components to give invariance. 

Using the design of Taylor and Foley (1988) as a basis a technique 
has been developed by which a C-O-S-H fluid phase may be maintained in 
equilibrium with a complex oxide mix. This method consists of an 
internal solid tungsten carbide/sulphide buffer assemblage which 
compensates for loss or gain of any of the volatile components due to 
hydrogen diffusion or precipitation of volatile bearing phases. Carbon 
saturation combined with the buffer assemblage controls the oxygen and 
sulphur fugacities and is sufficient to regulate fully the fluid composition 
at oxygen fugacities below GC0 (log(f02) IW+1). 

Other buffered conditions may be achieved by a buffer assemblage 
based on either 
(1) carbides and sulphides of a single metallic species or 
(2) carbides and sulphides of two different species. 
Care should be taken in case (2) to maintain thermodynamic equilibrium. 

By use of the capsule piercer/ mass spectrometry technique it is 
possible to analyse the composition of the quench fluid phase from the 
capsule of the design described above. Such studies are necessary to test 
and refine the theoretical models of the dependence of the fluid 
composition intensive variables such as pressure, temperature, carbon 
saturation/undersaturation and fugacities of volatile components 
described in Part 3. 

To this end a combination of carbon saturation, and oxygen and 
sulphur fugacities buffered by a WC-W02-WS2 assemblage has been 
devised to examine the fluid saturated relations in simple and complex 
systems. The results of these studies are presented in Parts 5 and 6. 
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Part 5.  
The Synthesis of Fluid Inclusions Under Upper 

Mantle Conditions: Analysis and Implications for 
the Mantle Sample.  

5.1 .Introduction 
The presence of small liquid and/or gas filled voids within the phases of 
mantle xenoliths has long been recognized (Roedder, 1965; Roedder and 
Kopp,1975; Pasteris,1986). Despite this, the origin and interpretation of 
these fluid inclusions is still a matter of debate and many problems still 
exist. 

At room temperature most fluid inclusions in material of mantle 
origin are two-phase and contain only liquid and gaseous CO2 . Green and 
Radcliffe (1975) and Green (1988) have interpreted these inclusions as a 
result of exsolution of carbon and oxygen from the host mineral structure 
though the solubility of carbon in silicate minerals is still itself 
controversial (Mathez et al.,1982). A more commonly accepted 
interpretation is that these inclusions represent samples of a fluid phase 
present in the upper mantle. Potentially therefore, they provide evidence 
of the composition of mantle fluid phases. 

Most inclusions of this type form planar arrays and are interpreted 
as products of imperfect fracture annealing events rather than 
entrapment of the primary growth medium of the host phases. The 
common association of hydrous phases and planes of fluid inclusions have 
led to suggestions that the inclusions contain samples of residual fluid 
after reactions producing hydrous phases i.e. residual fluid components 
of an original metasomatic fluid. To date, however, most analysis of 
mantle derived fluid inclusions has revealed only pure CO 2  compositions 
of varying densities. If, however, the redox state of the upper mantle 
extends over a range of oxygen fugacities equivalent to the range between 
the mineralogical buffers >IW and <FMQ as proposed in some current 
models (Taylor and Green,1987) equilibrium fluid compositions will 
vary between CH4-H20 mixtures at low f02  to H20-0O2  mixtures at the 
higher oxygen fugacities. If the observations of fluid inclusions in mantle 
nodules are representative of the mantle fluid inclusion population then 
this model of variable f02 and H20-rich fluids receives little support 
from the fluid inclusions themselves. The discrepancy between the simple 
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CO2-rich fluid inclusions and and the complex CH4-H 20 or H20-0O2 
fluids expected from mantle f02 models requires further study. 

One way to examine the relationship between a parent fluid and 
daughter fluid inclusions is to induce the formation of inclusions in a pre-
existing crystal under known conditions. The manufacture of synthetic 
fluid inclusions has been explored by several workers but as yet there has 
been no study employing the technique at the temperatures and pressures 
appropriate for the upper mantle. Shelton and Orville (1980) formed 
inclusions in quartz at 2 kbar and 600°C from a pure water fluid and 
found that the density of the trapped fluid was the same as the 
homogeneous fluid phase present under the experimental conditions. 
Stemar and Bodnar (1984) have developed this approach and applied it to 
C-O-H fluids at pressures and temperature of 7kbar and 800°C. In this 
study fractured quartz was annealed in a hydrothermal bomb with an 
acetic acid solution. CO2/CH4/H20 ratios of these inclusions are not 
known and subsequent analysis of the inclusions (Seitz et al.,1987) has 
shown that the ratios vary between inclusions from a single run. Clearly 
the variation in composition of the inclusions generated from a single 
entrapment event can have serious practical implications for the 
interpretation of inclusions in geological environments. Unfortunately, 
due to the experimental technique no unique interpretation of these 
variations is possible as the variation in inclusion bulk compositions can 
arise as a consequence of two factors: 

(1) variation in the fluid composition may occur during the run time 
and therefore be different at the times of individual inclusion 
entrapment. This may occur as a result of hydrogen diffusion 
either in or out of the capsule due to relative variations in fl-I2  in the 
experimental assembly; 

(2) interaction of the fluid with the host crystal after entrapment 
may cause selective losses of fluid components e.g. absorption of 
components on dislocation sites and/or fractionation of inclusion 
fluids due to contrasting diffusion rates of volatile components in 
the host crystal lattice. 

The first of these effects is a function of the experimental assembly used 
and so is an artifact of the approach but the second is an effect that Will be 
common to episodes of inclusion formation and so is of potential 
significance in the interpretation of natural samples. 

A solution to this problem is to regulate the fluid composition 
during the experimental run time so that the inclusions formed have a 
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common parental fluid composition. This may be achieved by the use of 
an internal mineral assemblage buffer to control fluid compositions as 
described in a recent study Taylor and Foley (1988). This approach could 
in theory be applied to any fluid saturated experiment, however the 
kinetics of fluid/buffer reactions may prevent its use in experiments 
below -900°C. At the temperatures appropriate for the upper mantle 
however the reactions have been shown to control fluid compositions 
successfully. 

This approach has been used in this study to generate low-f02C-0- 
S-H fluid inclusions in olivine under conditions appropriate for the upper 
mantle. Various techniques have been used to examine the inclusion 
characteristics and also search for any compositional effects which may 
occur due to post entrapment fluid/host mineral interactions. 

5.2. Aims and Rational  
The aim was to develop a method by which fluid inclusions are formed in 
a suitable mineral host from a fluid of constant composition which can be 
sampled after the completion of the experiment. Described in Taylor and 
Foley (1988) and in Part 4. is a technique by which fluid saturated 
experiments can be run and the quench fluid analysed. As this technique 
allows both explicit control of the fluid composition during the run and 
containment of the fluid for analysis after quenching it is ideally suited to 
the comparison between parent fluid composition and daughter fluid 
inclusion composition. 
Two types of fluid inclusion were required : 

(1) methane dominated C-H(-0) fluids; 
(2) moderately reduced C-O-S-H fluids. 

The first type of fluid requires a strongly reducing buffer which has the 
ability to remove the atmospheric oxygen trapped in the charge during 
loading. The second type of fluid requires a less reducing oxygen buffer 
and an additional compatible assemblage to buffer the sulphur fugacity. 
5.2.1 C-H-(0) Fluids : the Aluminium assemblage buffer 
The reduced conditions necessary for methane dominated fluids can be 
produced by an assemblage of aluminium oxide, carbide and carbon in 
the reaction: 

Al4C3-@02 = 2Al203 + 3C 	 (5.1) 
At high temperature and pressure the equilibrium for this reaction lies 
towards the right and so a low oxygen fugacity (f02) is imposed. The 
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presence of free carbon in hydrogen bearing fluids constrains the fluid 
composition by the reaction: 

C + 2H2 = CH4 	 (5.2) 
and so at equilibrium the fluids will be dominated by a mixture of 
methane and hydrogen with negligible oxygen bearing components. 
5.2.2 C-O-S-H Fluids the Tungsten Buffer Assemblage  
As discussed in Parts 3 and 4 the buffering of a fluid composition in the 
four-component C-O-S-H system requires the control of five intensive 
variables. As pressure and temperature are fixed in experimental runs we 
require only three of f02, fS2, fH2 and acarbon  for the system to become 
invariant. The fugacities of the volatile components may be controlled by 
suitable mineral assemblages while the activity of carbon in the system 
may be fixed at unity by imposing graphite saturation. As carbon is 
relatively inert with respect to the non-fluid components of the charge it 
may be used to separate the charge components. This is particularly 
desirable as any molten sulphide produced by reaction from iron-bearing 
silicates may alloy with the precious metal of the capsule and/or the 
buffer assemblage causing failure of the run. 
5.2.2.1 Oxygen and Sulphur Fugacities (f02_  and_ta2), 
As discussed in Part 4 a tungsten cabide/oxide/sulphide assemblage is an 
effective means of buffering both the oxygen and sulphur fugacities at 
moderately reduced levels. Thus the equilibrium assemblage 

WC + 02 = WO2 + C 	 (5.3) 

was used to buffer the oxygen fugacity of the fluid phase. 
The choice of a suitable sulphur buffer assemblage is constrained by a 
number of factors as dicussed in Part 4. In addition to buffering the 
sulphur fugacity at a suitable level the assemblage must be refractory and 
be compatible with both the oxygen buffer assemblage and the other 
components of the capsule assembly. For these reasons the assemblage 

WC + S2 = WS2 + C 	 (5.4) 
was used to buffer the sulphur fugacity. 

5.3 Experimental Method  
In all but one experiment olivine was used as the inclusion host 

material as it is dominant in the mineralogy of the upper mantle and is 
likely to be stable in conjunction with a range of fluid compositions over 
the range of temperatures, pressures appropriate for the upper mantle. 
Quartz was used in one experiment (T2360) but with only limited 
success. From an analytical point of view quartz presents fewer problems 
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as it is colourless and has no cleavage but it is of limited stability at the 
high temperatures and aH20  of the water-bearing fluid saturated 
experiments. It is, of course, unstable in mantle peridotite compositions 
and therefore is not a host of mantle fluid inclusions. 

A methodology similar to Sterner and Bodnar (1984) was 
employed to prepare both olivine and quartz host crystals. Disks 3mm 
diameter and 0.75mm thickness were cut from single natural crystals of 
olivine (Fo91) and quartz and polished on both sides. The disks were then 
repeatedly heated to 600°C in air and quenched in double de-ionized 
water to induce closely spaced fracturing. These conditions were arrived 
at empirically: in olivine, higher temperatures induced visible oxidation 
on surfaces whereas lower temperatures did not give sufficient 
fracturing. This treatment produces a set of closely spaced perpendicular 
fractures of orthorhombic symmetry interpreted as the [010] and [100] 
cleavage partings. Individual fractures do not terminate abruptly but 
'merge' into unfractured olivine indicating a wedge-like form. Where the 
two fracture sets intersect significant voids are created. The fractured 
disks were dried at 220°C prior to use. 

Buffer 
Mix 

Figure 5.1. Schematic cross-section of a sample capsule showing the 
internal arrangement of component parts. 

The arrangement of components within the capsule consists of three 
sections as shown in figure 5.1. The top of the capsule is occupied by 50 
mg of buffer mixture and 2.5 mg of a graphite/stearate fluid source 
mixture. Below this are placed the three 'sample' fractured olivine disks 
separated from each other and the surrounding buffer mixtures by 
graphite wafers. The remaining bottom portion of the capsule is taken up 
by 150 mg of buffer mixture. 
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The arrangement described above was designed with regard to a 

number of necessary or desirable experimental characteristics: 
1.The upper buffer layer was kept thin so as to minimize the distance 

between the thermocouple and the olivine disks.This reduces the 
probability of a temperature contrast between the sample and the 
thermocouple and hence a temperature control point different to 
that measured; 

2.Extreme care was taken to remove all traces of buffer mixture 
from the capsule walls adjacent to the sample olivine disks. Thus 
the carbon wafers isolating the olivine disks prevent reaction of 
the olivine with the buffer assemblage but allows fluid to permeate 
throughout the entire capsule. It is probable that the graphite, 
being easily deformed, has a 'cushioning' effect preventing 
excessive fragmentation during the early stages of pressure 
increase in the experiment. 

3. Three mineral disks were used as this is the maximum amount of 
sample which can be accommodated within the 'hot spot' of the 
high-pressure apparatus. 

TABLE 5.1 
Quench Fluid Compositions of Experimental Runs as Analysed by 

capsule piercing/Mass-spectrometry. 

Run No. Pressure Duration Temperature Fluid Composition. 
(kbar) (Hours) 	(°C) (mol%) 

H20 CH4  CO2  
A14C3/Al203  Buffer 
T2425 	15 24 1200 n.d. 	100 	n.d. 
T2360 	15 24 1200 n.d. 	100 	n.d. 

WC/W0/2WS2/C Buffer 
T2391 	15 24 1075 18 	82 	n.d. 
T2383 	15 24 1175 47 	52 	1 
T2462 	15 72 1175 - 	- 	- 
T2397 	25 24 1150 64 	36 	n.d. 
T2401 	35 24 1200 59 	41 	n.d. 

n.d. - 	indicates species below detection; 
indicates fluid composition not determined. Capsule was 

'puffed' after experiment but burst before fluid analysis. 
Fluid component ratios calibrated using the expression of Taylor and 
Foley (1988)(Part 4,equation 4.10). 
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The capsule along with boron nitride components was then loaded 

into a 'talc-only' assembly with a graphite heater. This maximizes the 
external fH2 environment and thus inhibits potential oxidation of the 
capsule interior by H2 diffusion out through the capsule walls. The 
thermocouple entered the assembly via a twin bore mullite sleeve and was 
separated from the top of the capsule by an alumina disk. The 
experiments were performed in 0.5 inch piston cylinder apparatus as 
used in Taylor and Foley (1988). The temperature was controlled to 
within ±5°C of the desired value though due to the large size of the 
capsule the temperature uncertainty is probably nearer ±10°C. A piston 
in technique with a -10% friction correction was used giving a pressure 
uncertainty believed to be ± 1 kbar. details of the experiments are given 
in table 5.1. After the completion of the runs and removal from the 
assembly components the capsules often 'puffed up' due to the high 
internal fluid pressure. Capsules which did not show 'puffing' invariably 
had cracks round the crimped ends and most likely 'failed' during the 
run. 

5.4 Fluid Analysis and Petrography  
5.4.1 Mass Spectrometry of Quench fluids  

Bulk fluid analysis was achieved by the capsule piercing/mass 
spectrometry technique described in Part 4. Only H 20, CI-1and CO 2  
were found in significant amounts (i.e. >-0.5 mole%).The mass numbers 
characteristic of H2S (HS-  - 33 a.m.u.) and S02  (S02-  - 48 a.m.u.) were 
monitored in every run but were never found to rise above background 
levels. Five of the six experiments described here produced a high total 
ion count on piercing. The remaining capsule (T2462) gave only a low 
response and probably fractured at some time before piercing. However 
after completion of the run this capsule was 'puffed' and thus it is likely 
that the capsule burst after the completion of the run possibly due to too 
high a fluid content. The calibrated results are presented in Table 5.1. 
5.4.2 Preparation and Petrography of Mineral Disks  
After piercing the capsules were opened and the contents separated into 
buffer and sample components. The buffer component was examined by 
X-ray diffraction to confirm the presence of the buffer assemblage 
phases. The mineral disks were mounted in acetone soluble resin and 
polished on both sides the resin being removed by multiple soaking in 
acetone before analysis. 
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Petrography  
AliCa/Al2%  Buffered Experiments  
In both the aluminium assemblage buffered experiments the inclusions 
produced contained either single colourless phase or were two-phase 
consisting of an opaque daughter phase together with a colourless fluid 
phase. Where quartz was used as the host mineral host 
(T2425;15kbar/1200°C) several types of inclusion habit are present 
indicating that annealing was still in progress at the time of quenching. 
The form and distribution of the inclusions are directly related to their 
size and form a sequential transition along a plane of a pre-annealing 
fracture. The smallest type (<51am) are the most numerous and consist of 
arrays of negative euhedra aligned parallel to the host crystals symmetry. 
Laterally these grade upwards in size becoming elongated to form planar 
groups of sinuous tubular inclusions up to 10's of wn in length. These 
grade into the largest type which consists of large planar inclusions of 
irregular outline often having tubular terminations. Graphite is abundant 
along the sites of healed fractures. 

In contrast, where olivine was used as the host mineral (T2360; 
15kbar/1200°C) the inclusions formed are rare and small (<51.tm) and 
often associated with metallic blebs and fine laths of a birefringent 
mineral. The birefringent laths are too small for electron microprobe 
analysis but may be orthopyroxene formed by the reduction of the host 
olivine: 

Fe2SiO4 = FeSiO3 + Feo + 1/202 	(5.5) 

Experiments buffered by WC/W0/ 2WSz/C Buffer 
The petrographic characteristics of these runs fall into two groups 

according to the run conditions. In those run at >1175°C the surfaces of 
the olivine disks in experiments were covered by a mat of opaque blebs 
and laths of a deep-red bladed phase of high birefringence and inclined 
extinction (figure 5.2c). Electron microprobe analysis of these phases 
shows the blebs to be composed of an Fe-Ni sulphide phase whereas the 
laths show peaks at energies consistent only with tungsten. The inclusions 
formed are generally larger and more abundant than in the carbide/oxide 
buffered runs and consist of negative euhedra of 10-20gm average size 
but isolated inclusions up to 5011m occur in some samples (Figure 5.2a) 
All inclusions are polyphase and consist of an assemblage of a colourless 
gas bubble (component '1', figure 5.2a) suspended within a liquid 
(component '2', figure 5.2a) which also contains up to two solid daughter 
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phases (components '3' and '5', figure 5.2a). The first daughter phase has 
a weakly bladed habit and has otherwise identical characteristics to those 
shown by the bladed laths found covering the exterior of the olivine 
disks. In some inclusions a second daughter phase is present and consists 
of aggregates of small opaque spheniles (<1 lam diameter; component '3' 
in figure 5.2a) suspended within the liquid phase. These spherules are 
very similar in appearance to a daughter phase described by Sternar and 
Bodnar (1984, figures 22,23) which they identified as disordered 
graphite in their case. 

The products of those experiments run at <1175°C (e.g. run No. 
T2391 15kbar/1075°C - figure 5.2b) show slightly different 
characteristics to those described above. The exteriors of the olivine disks 
do not show the development of the orange coloured laths though blebs of 
sulphide do occur. The inclusions formed are similar in most respects to 
those described above but have two important differences. Firstly, they 
do not contain the orange coloured phase and secondly, the shape of the 
inclusions are often much more irregular than the higher temperature 
inclusions. The margins of the inclusions often terminate in tubes 
extending towards planes of smaller inclusions showing that at the time of 
quenching the larger inclusions had not attained the stable euhedral shape 
and were still undergoing annealing. This observation has important 
consequences regarding the relative time of entrapment and equilibration 
of the fluid. In experiments using quartz Smith and Evans (1984) 
observed annealing in samples which had been quenched immediately 
after reaching the run conditions (-15-45 minutes). This effect was, 
however confined to fracture tips and produced only very small 
inclusions. If, in this study inclusions formed before the fluid fully 
equilibrated with the buffer assemblage then some variation might be 
expected. The presence of only partially annealed inclusions in the lower 
temperature run products shows that the annealing rate ,for the larger 
inclusions at least, is slower than the equilibration of the fluid (estimated 
at -0.5 hours). In the higher temperature experiments the presence of 
tungsten bearing daughter crystals implies equilibration of the fluid with• 
the tungsten buffer assemblage. 



Figure 5.2a Inclusion in olivine plug from run No.T2383 
(15kbar/1175°C). Length of inclusion 45p.m. Plane 
polarized light. 
Inclusion components: 
1. - methane-rich vapour bubble; 
2. - H20-rich liquid phase; 
3. - granular opaque material suspended in H20-rich liquid 

phase (2); 
4. - decoration on interior of the inclusion; 
5. - tungstate daughter phase. 

Figure 5.2b. Array of inclusions in olivine from run No.2391 
(15kbar/1075°C). Long dimension of photograph 100gm. 

Figure 5.2c. Surface of olivine plug from run No.T2397 
(25kbar/1150°C) showing mate of quench tungstate crystals. 
Long dimension of photograph - 100gm. 
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5.5. Laser Raman Microanalysis  

5.5.1 Limitations to Quantitative Laser Raman Analysis  
Wopenka and Pasteris (1986), Seitz et al. (1987) and Pasteris et al. 

(1988) have considered the practical aspects of LRM of quantitative 
determination of fluid compositions in inclusions and detailed discussions 
of the associated problems may be found in these works. Only a broad 
outline of the analysis of inclusions will be given here. 

The aim of any analysis of a fluid inclusion is to identify the 
number and relative proportion of species present within any given 
phase. Raman spectroscopy has several advantages over more commonly 
applied analytical techniques in that it is relatively fast and non-
destructive and may be applied to solid, liquid and gaseous phases. 

In the LRM technique a mono-chromatic laser is focused on the 
inclusion phase of interest and the scattered Raman radiation collected 
and analysed by conventional spectroscopic techniques. The area (A) 
under a Raman peak between two wavenumbers (v1 — v2) can be 
described in terms of Stokes scattering: 

v2 
A = IE(vo-vvib ;v)dv 

vi 
v2 

oc a(v 0—v vib ;v ) dv N(V) I(v0)  fIc 	(5.6) 
vi 

where; 
vo = wavelength of the exciting laser line; 

vvib = vibrational frequency expressed in wavenumbers; 
E(vo - vvib ; v) = energy of Raman scattered light at a wavenumber v; 

aa(vo - vvib ; v) = absolute Raman scattering cross-section per molecule; 

at a wave number v; 
N(V) = number of molecules of the species of interest in the scattering volume; 
I(v0)= irradiance of the specimen (units of power/area); 

f2c  = solid angle of light collection. 

Thus the area of a peak in a Raman spectrum is dependent on the 
number of molecules emitting the Raman radiation within the sample 
volume targeted by the laser radiation, and a number of factors specific 
to the microprobe assembly (I(v0), 	). In theory, the absolute 
concentration may be calculated from the Raman peak areas if the sample 
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volume is known and values for the Raman scattering cross-section and 
instrumental factors are available. 

There are two reasons why this 'absolute' approach is not feasible 
for the practical analysis of fluid inclusions: 
(1) The irradiance intensity has been shown to vary as a function of the 

depth and shape of the inclusion sample. These factors cause 
absorptions and reflections specific to the the geometry of the 
alignment and make calculation of the energy reaching the sample 
volume impossible; 

(2) The volume of sample exited by the laser radiation cannot be 
measured precisely for the present experimental arrangement 
although it is believed that the scattering volume is of the order of 

These difficulties are generally overcome by using a ratio type of 
analysis. If a single phase of an inclusion is being measured the irradiance 
power, scattering volume and angle of collection of the Raman radiation 
are the same for all the components. Therefore the ratio of species within 
the phase may calculated from the resultant peak areas,provided the 
relevant Raman scattering cross-sections are known. Here again the 
absolute scattering cross-sections are difficult to determine and cross-
sections relative to N2 are used in practice (Touret et al.,1985; Schroter 
and Klockner,1979; Bernstein,1982). The relative Raman scattering 
cross sections (a) may be used to calculate the mole proportions of the 
components 'a' and 'b' etc. within the phase(A) provided calibrations of 
instrumental efficiencies (TO are available for the specific instrument 
being used. 

The equation (5.7) above reduces to the relationship: 
Aa/Ab = (Ca/Cb).(aa/ab). (Ti a/ib) 	- (5.7) 

where the subscripts indicate the component within the phase A. 
If it is assumed that the instrumental efficiencies are the same for 

inclusions within a single crystal, the the expression further simplifies to: 

Aa/Ab = (Ca/Cb).(Galab) 
	

(5.8) 

This assumption obviously cannot be applied without discretion. Pasteris 
et al.(1988) consider that several sample specific factors may affect the 
quantitative analysis of inclusions: 
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(1) The focusing effect of most inclusion shapes may cause 

depolarization and dispersion between the different wavelengths 
of the Raman radiation and so result in wavelength dependent 
losses; 

(2) Fluorescence of the host mineral can be a major problem as it 
may exceed the Raman 	by several orders of 
magnitude.; 

(3) Absorption of the incident laser light by the host matrix may 
severely attenuate the Raman effect or may cause heating of the 
inclusion contents and so cause unwanted phase changes. 

In the cases considered here neither the quartz nor the olivine samples 
were found to fluoresce and as both are relatively transparent to the laser 
radiation employed, the energy losses due to matrix absorptions are 
thought to be low. In most cases the gas phase occupies a central position 
within the inclusion and so margin effects are not thought to be 
significant. Thus in the interpretation of the LRM results it has been 
assumed that the instrumental factors effectively cancel out when 
inclusions from a single crystal are considered 
5.4.2 Techniques of LRM Analysis  
The contents of the inclusions formed during the experiment were 
analysed by laser Raman microanalysis (LRM) using a DILOR 
MICRODIL-28 microprobe at the Bureau of mineral Resources, 
Canberra, Australia. 

This instrument uses an Ar ion laser producing laser radiation at 
514.53 nm. The laser light is passed into a reflecting light microscope via 
a beam splitter and focused on the region of interest by a X100 
microscope objective (0.95 numerical aperture). The volume of sample 
excited is unknown but believed to be of the order of 11= 3 . The induced 
Raman scattered radiation is collected by the same objective and relayed 
to the spectrometer via the beam splitter. An array of 512 photo-diodes ° 
allows a range of wave numbers to be examined simultaneously. Spectral 
ranges 200 to 300 cm-1  wide were examined in the regions of known low 
pressure Raman scattering for the molecules CH4(2800-3050cm -1 ), 
H2(4050-4250cm -1 ), H20(3500-3750cm -1 ), graphite (1400-1750cm -1), 
H2S (2500-2750cm -1), CO (1750-2000cm -1 ) and CO2(1200-1550cm -1 ). 
For quantitative measurements the the band intervals used were H 2 :4145- 
4165cm -1 , CO2:1380-1395cm -1  and CH4 : 2890- 2930cm -1 . 

This instrument has several operating features which make it 
particularly suitable for the analysis of the high density inclusions 
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described here. As high density inclusions have high internal pressures it 
is important to avoid possible heating by the laser radiation during 
analysis as the consequent rise in pressure may be sufficient to cause 
decrepitation. This can be achieved by using the lowest laser powers that 
give acceptable signal to background ratios and by using a stepped 
analysis/background monitoring sequence. 

The analysis procedure consists of a succession of alternate data 
collection and background monitoring time segments. This has two 
important consequences: 
1. the background radiation levels are monitored throughout the analysis 

allowing an effective elimination of non-constant background levels; 
2. as the laser is 'off during monitoring of background light levels, any 

heat generated in the inclusion as a consequence of the laser irradiation 
is allowed to dissipate. 

The duration and number of individual integration time segments was 
varied between individual inclusions but were typically of the order of 
ten five-second integrations. 
5.5.2 Results  

• 	Spectra were scanned for the volatiles listed above and the areas 
under the peaks calculated. These areas were multiplied by the relevant 
Raman scattering cross-sections (Touret et al.,1985) and the resultant 
figures normalized to 100%. The results are presented in table 5.2. It is 
tempting to regard these normalized figures as mole percents but in view 
of the difficulties summarized above this may be too optimistic. However 
as the inclusions from each run are hosted in a single crystal, many of the 
possible sample specific effects will 'cancel out'. Thus each set represents 
an internally consistent data set in which comparisons may be made with 
some confidence. 
The experiments can be split conveniently into two groups: 
(1) two experiments using quartz and olivine hosts and fluid buffered by 
an A14C3/Al203  assemblage (T2425,T2364); 
(2) a group of five experiments using olivine host and a fluid buffered by 

the tungsten buffer assemblage (T2391, T2383, T2462, T2397, T2401). 
5.5.2.1 Al 4CiAlz_03  Buffered Experiments. 

Sections of a Raman spectrum obtained from an inclusion from run 
No.T2425 is shown in figure 5.3. The spectra of these single phase 
inclusions from both olivine and quartz hosts show sharp peaks at 
4154cm-1  and 2913cm-1  characteristic of supercritical H2 and CH4  
respectively. A third peak at 1565cm-l was observed in samples in which 
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some opaque material was present; this is close to the characteristic 
wavenumber of well-ordered graphite and so may indicate the presence 
of this as a daughter phase. 

The consistent observation of these bands in the Raman spectra 
shows the presence of a methane rich fluid phase within the inclusions. 
Thus the inclusion fluid is consistent in this respect with the analysis by 
mass spectrometry of the fluid released from the capsule on piercing. The 
instrument used for mass spectrometry was unable to analyse 
quantitatively for hydrogen and so the peak at 4154cm -1  confirms the 
presence of molecular hydrogen as a component of the fluid in 
equilibrium with methane as predicted by the reaction (5.2). 
The well ordered nature of the carbon within some of the inclusions 
suggests equilibrium crystallization and so it is not likely that it is derived 
from the quenching event. Reaction (5.2) explains the presence of well-
ordered graphite by deposition from the fluid but as it is not present in all 
inclusions it must have formed prior to annealing of the fractures. 
5.5.2.2 Tungsten Assemblage Buffered Experiments  

All of the inclusions formed during these experiments are poly-
phase and consist of liquid and gaseous phases with solid daughter phases 
being present in some cases. The liquid phase in all the inclusions showed 
a broad absorption at 3450 cm-1  characteristic of H20 with no resolvable 
peaks for any other species. The gaseous bubble usually occupies a 
central position within the inclusions and so presents an ideal target for 
LRM. Examples of spectra obtained from run No.s T2383 and T2462 are 
shown in figures 5.4 and 5.5 respectively. The gaseous phase in all five 
experiments showed a sharp peak at -2910 cm-1  indicating that methane is 
the major component. In the lower temperature experiments 
(T2391,15kbar/1075°C; T2397,25kbar/1150°C) a hydrogen peak at 
-4150cm -1  is present in some spectra but is commonly weak or not 
resolvable. This result is hard to interpret in the absence of an 
independent method of analysis for hydrogen. However the generally 
lower H2/CH4  compared with the methane dominated inclusions (T2425, 
T2464) from the A1 4C3/Al203 buffered experiments are consistent with 
the less reducing conditions imposed by the tungsten assemblage buffer. 
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Table 5.2 

Analyses of the gaseous phase of inclusions by Laser Raman 
Microanalysis 

T2425, Quartz Host: 
A14C3/Al203  Buffer 
15kbar/1200°C 
Inclusion 	laser 	Integration scans 

No. 	power(mW) time(s) 
1 	600 	1 	10 
2 	400 	1 	10 
3 	400 	1 	10 
4 	200 	5 	10 

Corrected 
Peak areas* 

CH4 H2 CO2  Total 	graphite 
peak counts# 

93 	7 	1230 
90 	10 	640 
93 	7 	1050 
89 	11 	1130 

T2360, Olivine Host: 
A14C3/Al203  Buffer 
15kbar/1200°C 

400 5 10 100 - - 1330 
T2391 ,Olivine Host: 
W buffers 
15kbar/1075(°C) 

1 	400 1 10 90 10 1000 
2 	400 5 10 93 7 1400 
3 	200 5 10 100 1400 
4 	200 5 10 100 700 
5 	200 5 10 100 200 
6 	400 5 20 98 2 1895 ,  
7 	400 5 20 97 3 770 
8 	400 5 20 100 1120 
9 	400 1 20 98 2 530 

T2383,01ivine Host: 
W buffers 
15kbar/1175(°C) 

1 	200 5 10 79 21 - 940 
2 	200 5 10 58 21 21 808 
3 	400 5 50 49 14 37 670 
4 	400 5 50 54 26 20 480 
5 	400 5 50 61 21 18 475 
6 	400 5 50 71 17 12 1120 
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Table 5.2 cont'd. 

T2462,01ivine Host: 
W buffers 
15kbar/1175(°C) 
Inclusion 	laser 	Integration scans 

No. 	power(mW) time(s) 
CH4 H2 CO2  Total 	graphite 

peak counts# 
1 	200 5 10 62 24 14 505 
2 	200 5 10 54 18 28 530 
3 	200 5 10 72 16 12 460 
4 	200 5 10 90 10 310 
5 	100 5 10 68 12 16 145 
6 	400 5 50 72 12 16 860 
7 	400 5 50 57 20 23 680 
8 	400 5 50 52 32 16 370 
9 	400 5 50 90 8 2 1510 

T2397,01ivine Host: 
W buffers 
25kbar/1150(°C) 

1 	100 5 10 100 - 190 
T2401 ,Olivine Host: 
W buffers 
35kbar/1200(°C) 

1 	200 5 10 61 19 20 356 
2 	200 5 10 100 - 240 
3 	200 5 50 72 28 1400 
4 	400 5 50 73 14 11 480 
5 	400 5 50 88 8 4 955 

* Corrected peak areas indicate the areas under the Raman scattering peak multiplied 
by the the appropriate Raman scattering cross-section from Touret et al. (1985). 

C denotes a peak at 1580cm4  indicating he presence of disordered graphite. 
- denotes no discernable peak at the position in the spectrum for the relevant species 
# Total peak area' gives the total number of counts in the peak areas measured and 

thus indicates relative signal strength. 
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Inclusions of the remaining higher temperature experiments show 

a wide variety of gas bubble compositions which differ markedly from 
those of the lower temperature experiments. The H 2/CH4  of these 
inclusions are both higher and more variable, and like hydrogen, CO2  is a 
common but variable constituent. An estimated CO 2/CH4  of 0.76 occurs 
in one inclusion from T2383 but in general the observed ratio is nearer 
0.3-0.4 The presence of CO2  in such significant amounts in the inclusions 
is surprising as in only one experiment (T2383) was CO 2  above the 
detection limit in the capsule gases measured by mass spectrometry 
(Table 5.1). There can be little doubt therefore that the presence of CO2  
in these inclusions is significant. Wopenka and Pasteris (1986) and 
Fastens et al. (1988) have found that under ideal conditions the precision 
of the LRM technique may be as good as ±2 relative mol%. Because the 
results obtained here depend on the relative Raman cross-sections used it 
is difficult to assess their accuracy. However if we assume that the 
inclusion specific factors are negligible then uncertainty in the Raman 
cross sections used will result in systematic errors only i.e. they will be 
the same for every inclusion within a single crystal. It is likely, therefore, 
that the variation in CO2  observed is significant and cannot be ascribed 
solely to uncertainties in the measurement technique. 

5.6 'Infra -Red Spectroscopy of 
Fluid Inclusion and Host minerals  

Infra-red spectra of inclusions and their mineral hosts were obtained 
using a Digilab fourier transform infra-red (FTIR) spectrometer fitted 
with a Digilab microscope attachment using a liquid nitrogen cooled 
infra-red detector. The combination of a FTIR instrument with a 
microscope attachment is particularly suited to the analysis of synthetic 
and natural inclusions and their host minerals. The fourier method of 
spectroscopic analysis allows the accumulation of large numbers of 
individual scans over a range of frequencies resulting in significant 
improvements of signal to noise ratios over conventional grating 
instruments. The microscope attachment allows analysis of areas as small 
as 51=2  to be examined and thus allows spectra to be obtained from 
individual inclusions and restricted areas of the host mineral. 

The method adopted here was to acquire data from 100 to 500 
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scans over a frequency range of 4000-1000 cm-11  from a sample area and 
reference the spectrum obtained against a spectrum of the atmosphere 
acquired immediately afterwards. This removes most of the absorbencies 
due to atmospheric CO2 and water vapour. However several of the 
spectra show 'noise' in the 3500-4000cm -1  region and either positive or 
negative peaks at 2359cm -1  and 2339cm-1  indicating that the levels of 
atmospheric CO2 and water vapour were fluctuating during the 
acquisition of the scans and so cannot be 'referenced out' completely. All 
spectra show evidence of CO2  but as the peaks are of varying intensity 
and sign they cannot be used to infer the presence of CO 2  in the sample. 
Another instrumental problem was the gradual build up of ice on the 
liquid-nitrogen cooled infra-red detector. Differences in ice' 
concentrations' between sample and reference spectra result in either 
negative or positive ice peaks in the resultant sample spectrum. 
Fortunately ice has a distinct broad absorbence at 3200cm -l and can be 
separated from the broad absorbence of liquid water centred at 3400cm -1 . 
For reference figures 5.6A and 5.7A are spectra of ice caused by such a 
build-up during the acquisition of several samples. Positive ice bands can 
be seen in figures 5.6B1 and 5.7B1,E1 and E2 whereas negative ice bands 
are apparent in figure 5.6E1 and E2. 

In order that spectra may be compared directly, sample spectra 
were scaled to an equivalent thickness of 0.75mm by reference to the 
integral of the tetrahedral harmonic bands in the region 1600-2000cm -1  
for olivine and 2110-2176cm -1  for quartz. 'Untreated' olivine and quartz 
spectra are shown in figure 5.6B and D respectively. Olivine has a 
relatively flat spectrum at high wavenumbers but towards lower wave 
numbers the absorbence rises towards a harmonic frequency of the 
tetrahedral 'cage' vibrations at around 2000cm -1 . Similarly, quartz has a 
low absorbence at high wave numbers which increases with decreasing 
wavenumber. The harmonic of the tetrahedral cage vibration occurs at a 
higher wavenumber than that in olivine and causes the intense bands at 
2300cm -1  and 2150cm -1 . 
5.6.1 Al4C2/Al2,01 buffered experiments(Figure 5.6.)  
Olivine  
(figure 5.6: Cl- olivine area containing inclusions; C2-olivine area with 
no visible inclusions). 

1  In infra-red spectroscopy it is a common practise to refer to the described of features 
within a spectrum in terms of frequency. Thus a wavenumber scale is used (cm -1 ) is 
used and is defined as the reciprocal of the wavelength in cm. 



5.23 
Compared with the spectrum of 'untreated' olivine both spectra are 

uneven but have no distinct peaks. A weak peak may be present at 
3568cm-1  and may be the same feature as the prominent peaks near these 
frequencies in spectra of tungsten assemblage buffered olivines (Section 
5.6.2). 
Quartz T2425  
(Figure 5.6: El-quartz area containing inclusions; E2-quartz area 
containing no visible inclusions). 
In contrast to the olivine of T2360 spectra of both inclusion bearing and 
inclusion -free quartz show the the enhancement of a strong peak at 
3379cm -1  and weaker peaks at 3317cm -1  and 3429cm -1  while a peak in the 
quartz starting material at 3483cm -1  is completely absent. A pronounced 
negative ice band is present in the spectrum of inclusion free area of 
quartz (E2). 
5.6.2 Tungsten assemblage buffered experiments(Figure 5.7: B-F)  
Spectra of olivine crystals from tungsten assemblage buffered 
experiments show a common set of sharp bands superimposed, in some 
spectra, on a broad higher absorbence occurring between -3100cm -1  and 
-3700cm -1 . The sharp bands occur at 3612cm -1 , 3568cm -1 , 3352cm -1 , 
3329cm-1  as two doublets in which both the absolute and the relative 
intensity of the component peaks is specific to an individual spectrum. 
There is no distinct difference between the spectra of inclusion bearing 
and inclusion free spectra except perhaps a slightly stronger broad band 
absorption centred around -3500cm -1 . The lowest overall intensity 
occurs in the lowest temperature run (T2391) but the data is insufficient 
to test for a correlation of band intensity with pressure or temperature. 
The two experiments T2383 and T2462 (figure 5.6 D1,2 and E1,2 
respectively) were run under the same conditions but for differing 
durations. Both experiments show peaks occurring at the same positions 
and at the same relative intensities showing that the bands may be 
characteristic of the conditions of equilibration. No peak was observed at 
the frequency characteristic of C-H stretching mode(-2900cm4). As the 
presence of methane in inclusions in all of the samples has been 
confirmed by LRM the absence of an absorption peak at -2900cm-1  must 
be an instrumental effect. 



Figure 5.6. Infra-red spectra of olivine and quartz single crystals 
annealed in the presence of a C-H(-0) fluid 

A - spectrum of ice caused by accumulation of ice-crystals on liquid N2-cooled infra-
red detector. 

B - spectrum of natural olivine crystal (Fo91) used as starting material. 
Cl- spectrum of inclusion bearing area of olivine from run No.T2360 

(15kbar/1200°C) equilibrated with a methane dominated fluid. 
C2- spectrum of inclusion free area of olivine from run No.T2360. 
D - spectrum of natural quartz used as starting material. 
El- spectrum of inclusion bearing area of quartz from run No.T2425 

(15kbar/1200°C) equilibrated with a methane dominated fluid. 
E2- spectrum of inclusion free area of quartz from run No.T2425. 



A 

T2360 
02 

C 1 

3568 

34t1 33 

T2425 
El 

5.24 

) c 1  3429 3379 3317 , 
41.0 	3500 	 36 00 	22313 	2000 

WA VENUMBERS 
( CM- 1 ) 



Figure 7. Infra-red spectra of single crystals of olivine 
equilibrated with C-O-S-H fluids buffered by a WC-W02-WS2- 
C assemblage. Spectra indicated by '1' indicate inclusion bearing 
areas: '2' indicates .spectra of inclusion fre_e areas. 	 
A - reference ice spectrum similar to figure 6A 
B - T2401; 35kbar/1200°C 
C- T2397; 25kbar/1175°C 
D - T2462; 15kbar/1175°C (72 hours) 
E - T2383; 15kbar/1175°C (24 hours) 
F - T2391; 15kbar/1075°C 
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5.6.3 Infra-red band assignments and interpretation  
5.6.3.1 A Short Review of occurrence of 0-H in quartz and Olivine 

The major change in the spectra of both the olivine and the quartz 
due to the experiments is the development of a combination of broad and 
sharp features in the region 3000- 3700cm -1 . Absorptions in this range 
are typical of minerals containing 0-H groups and have been the subject 
of a number of recent studies (Aines and Rossmann,1984; Kirby et 
all 984; Freund and Oberheuser,1986) ) 
The infra-red characteristics of such occurrences stem from the three 
fundamental vibration modes of the water molecule. 
(1)v1 and v3; symmetric stretch and asymmetric stretch vibration giving 
rise at room temperature to a strong, broad absorption between 3000cm -1  
and 3700cm -1 . 
(2)v2 ; a bending motion causing an absorption at 1630cm -1 . This is 
specific to molecular water (and so is absent from samples containing 
only hydroxyl groups) but can rarely be observed in 0-H bearing 
silicates due to interference by the tetrahedral cage vibrations of the 
silicate lattice at this frequency. 
The frequency of polarized infra-red radiation absorbed by a water 
molecule depends on the orientation of the constituent 0-H bonds. vi  and 
v2 will absorb the radiation if it is polarized in the direction of the two- 
fold symmetry axis of the H 20 molecule. v3 will absorb only if the 
polarization direction is in the plane of the molecule and perpendicular to 
the two-fold axis. 

The 0-H species can occur in a mineral lattice in a number of 
forms each having distinct infra-red absorption characteristics. 
1.Molecular H20. 

Molecular water can occur as either isolated molecules occupying 
distinct crystallographic sites as in hydrous minerals such as Ca 2SO4 .H20 
or as groups of molecules occupying voids in the crystal structure. 
Visible fluid inclusions are familiar examples of these intra-lattice voids 
containing large numbers of water molecules. It is certain, however, that 
there is a continuum in size between visible inclusions down to voids 
containing only a small number of molecules. Sub-microscopic 
inclusions containing >1000 molecules may be identified by the 
formation of an ice band at 3200cm -1  at low temperatures but where the 
number of molecules falls below about 1000, molecular interactions may 
prevent the formation of ice even at the temperature of liquid nitrogen 
(77K). The vibrations of isolated molecules occupying distinct 
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crystallographic sites (e.g. gypsum) are modulated by the silicate lattice 
and consequently show a sharpening and displacement to higher 
frequencies of the symmetric and asymmetric bands relative to the 
corresponding vibrations in liquid water. 
2.Hydroxyl groups. 

'Water' is commonly is-c-efftmeritly encountered in silicate 
minerals as hydroxyl where it forms an essential component of the 
mineral lattice e.g. in amphiboles and micas. 

Spectra of nominally anhydrous minerals e.g. quartz and olivine, 
often show broad and sharp features in the region 3100-3700cm -1  (Miller 
et al.,1988). In these cases it is clear that water occurs both as inclusions 
of molecular H20 and as O-H groups integral to the lattice. As these 
minerals contain no formal sites for either form, a number of models 
have been formulated proposing lattice irregularities and both solid and 
fluid inclusion as the water bearing sites (McLaren et al.,1983; Freund 
and Oberheuser,1986; Aines and Rossmann,1984; Kitamura et al. ,1987; 
Miller et al., 1987). 
O-H absorptions in Quartz.  
In pure quartz, cation point defects can take two forms. The first is a 
silicon vacancy leaving a 'hole' in the structure with an effective 4- 
charge. If hydrogen is absorbed directly on the vacancy to maintain 
charge balance, four O-H groups are formed constituting a hydro-garnet 
substitution (Aines and Rossmann,1986). The second occurs if the silicon 
cation is replaced by a cation of lesser charge e.g. Al 3+. If this occurs the 
local negative charge imbalance may be compensated again by absorption 
of hydrogen resulting in an O-H group (Kats,1962 as reported in Aines 
and Rossman,1986). The formation of these two types of defect require 
only hydrogen input as the oxygen of the O-H groups originates from the 
host crystal lattice. 

Brunner et al.,(1961) suggested that if water is available then the 
shared oxygen of the lattice may be replaced by a hydrolysis reaction: 

Si-0-Si + H20 = Si-OH:HO-Si 	 (5.9) 
However McLaren et al.(1983) consider this substitution unlikely as there 
will not be sufficient space to accommodate the extra oxygen and two 
hydrogens in a normal Si-0-Si linkage. 

The result of absorption of hydrogen on both types of defect is the 
formation of O-H bonds with specific orientation relative to the host 
lattice. As the absorption of polarized IR radiation is dependent on 
orientation of the O-H bond such O-H associations are pleochroic. i.e. the 
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'set' of IR bands shown depend on the polarization direction of the IR 
light used and the orientation of the crystal relative to that polarization. 
OH in Olivine. 	• 
The structure of olivine consists of approximately hexagonal close 
packed oxygens in which one half of the octahedral interstices occupied 
by (Fe,Mg) atoms and one eighth of the tetrahedral interstices occupied 
by Si atoms. Thus there are a large number of possible positions and 
orientations for the charge compensating O-H groups, however based on 
geometrical and electrostatic considerations not all of these sites are _ 
'available' for occupancy (Beran and Putnis (1983)). There is 
disagreement between Freund and Oberheuser (1986) and Beran and 
Putnis (1983) on the specific interpretation of the pleochroic schemes 
shown by single crystals of olivine from Zabargad which exhibit identical 
spectra. Beran and Putnis (1983) favour compensation on Si vacancies 
only whereas Freund and Oberheuser (1986) suggest that octahedral 
vacancies (i.e. the M1 and M2 sites) will predominate. 

If x is the fraction of water taken up the compensation reactions 
can be written as follows: 

octahedral substitution; 

(Mg,Fe)2SiO4 + xH20 = (tAg,Fe)2_„SiO4-2x(OH)2x + x(Mg,Fe)0 (5.10) 
tetrahedral (hydrogarnet) substitution; 

(Mg,Fe)2SiO4 + xH20 = (1:1g,Fe)2Si1-x/204-2x(OH)2x + x/2 Si02 (5.11) 

As both of these substitutions result in O-H occupying distinct 
crystallographic sites pleochroisim can be predicted and is observed. 
Beran and Putnis (1983) have described the pleochroic schemes of a 
Zabargad olivine at room temperature and on the basis of these they 
proposed four alignments of the O-H bond relative to an implied Si 
vacancy. Two bands at 3570cm -I  and 3230cm-I  are consistent with an 
alignment parallel to the edges of the tetrahedral site while bands at 
3590cm-I  and 3520cm1 I  extend either into the tetrahedral site or if an 
octahedral vacancy is assumed, outwards towards the adjacent octahedral 
M sites. By collecting infra-red spectra of the same material at -80°K 
Freund and Oberheuser (1986) were able to resolve the four bands 
described by Beran and Putnis (1983) into two sets of triplets which 
exhibit identical pleochroisim and two non-pleochroic bands (Figure 
5.8). At 80°K the first triplet (termed group A) has components at 
3614cm-1 , 3591cm-I  and 3567cm-I  . At the same temperature the second 
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triplet (group B) has components at 3576cm-1, 3530cm-l and 3485cm-1 . 
In both triplets the bands decrease in intensity towards lower wave-
numbers in the proportion 10:5:1 so that at room temperature only the 
most intense members of the triplets (i.e. peaks occurring at -3600cm -1  
and 3570cm-1) are obvious. 
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Figure 5.8. Infra-red spectra of Zabargad olivine, unpolarized parallel to 
the [100], [010] and [001]. Temperatures as indicated. (from Freund and 
Oberheuser (1986)). 

Based on the pleochroic scheme Freund and Oberheuser propose that the 
group A bands are due to 0-H associated with octahedral vacancies while 
group B are the result of 0-H associated with tetrahedral vacancies. 
3. Hydrous Mineral inclusions 

In addition to the hydrogarnet and octahedral substitutions 
described above, 0-H groups may be incorporated in the olivine lattice as 
inclusions of a hydrous magnesian silicate phases (Miller et al.,1987; 
Kitamura et al.,  1987). This process is identified because the distinct 
crystallographic orientation of the 0-H within the included phase results 
in absorptions at characteristic frequencies. Within natural olivine the 
submicroscopic development of talc, serpentine and humite group 
minerals have been recently identified in mantle derived olivine by their 
characteristic spectra (Kitamura et al.;1987) Talc and serpentine are 
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familiar O-H bearing alteration products but have absorptions between 
2650cm-1  and 3700cm-1  and are not easily confused with 0-H charge 
compensating groups of high pressure/temperature origin.The structure 
of the humite group of minerals consists of alternate domains of olivine 
and brucite-like structures whose compositions may be expressed as 
Mg2n-1Sin04n-2 and 2Mg(OH)0 units respectively where 'n' indicates the 
relative abundance of the two types (Fujino and Takenouchi,1978). The 
O-H vector in this structure is oriented subparallel to [100] and causes a 
distinct doublet absorption around 3550cm-l with a further moderate 
band at -3400cm-1  if titanium is present in the structure(Miller et 
al.,1988) 

5.6.3.2 Band Assignments and Interpretation  
In this study spectra were obtained at room temperature using 
unpolarized infrared radiation on crystals of variable crystallographic 
orientation. Thus direct comparison with published spectra is difficult. 
However, as peak 'sharpness' and intensity decrease with increasing 
temperature the presence of sharp peaks in spectra obtained at room 
temperature is especially significant. 
_AllCa/Al2,02  Buffered Experiments  
1. Quartz  

The development of the three sharp bands at 3429cm -1 , 3379cm -1  
and 3317cm-1  in both inclusion bearing and inclusion-free quartz shows 
that the quartz lattice has been modified by the process of equilibration 
with the methane-rich fluid. Kats (1962; reported in Aines and Rossman 
(1984) ) has attributed three peaks measured in quartz at room 
temperature occurring at 3432cm -1 , 3383cm -1  and 3318cm -1  to H+ 
occurring in a charge compensating role for Al 3+ in an Si4+ site. The 
close agreement in position of these peaks with those observed here 
indicates that H+ may be playing a similar role in both cases. 

The very reducing conditions of the equilibrium methane-
hydrogen fluid of the experiment may induce silicon vacancies to form 
within the quartz lattice especially where fractures have annealed to form 
fluid inclusions. As in the case of Al 3+substitution for Se+ such vacancies 
require charge balance which may be provided by the formation of 
hydrogarnet tetrahedral unit . This 'reaction' may be written formally 

Si02+ CH4 = Si + C + 2H20 	(5.12) 
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or in structural units 

4- 	 2- 
SiO4  + CH4 	z = 2H-02  + C + Si 

	
(5.13) 

Similar reactions can be written for H2 in place of CH 4  the products being 
simply O-H units and elemental silicon. 
Thus 'water units' may be formed within the lattice from a water-free 
fluid. 
2.0livine (Figure 5.6: Cl .C2)  

In contrast to the characteristics described above for quartz, 
olivine equilibrated with a methane rich fluid does not acquire sharp 
bands anywhere in the region 2500-4000cm -1 . There is however a very 
weak peak at -3560 which is common to both spectra and may indicate a 
small amount of crystallographically bound O-H. It is clear then that 
under these same conditions abundant O-H groups form in quartz but not 
in olivine. A reaction analogous to (5.12) above can be written for 
olivine 

Mg2SiO4 + CI-14 = (2N-1202 + Si + C 	(5.14) 
which is the same hydrogarnet charge balance substitution of four 1-1+ for 
one Si4+ as in reaction (5.13) above. In this case however the lower 
activity of Si in olivine relative to quartz means that a higher fugacity of 
CH4  is required for the hydrogarnet substitution. Thus it seems that under 
the conditions of these experiments the methane fugacity was sufficient to 
form O-H groups in quartz but not in olivine. 
Tungsten Assemblage Buffered Experiments(Fig,ure 5.7: B-F)  

The four sharp bands in the spectrum of the tungsten assemblage 
buffered olivine contrast with the weak spectra of olivine equilibrated 
with a methane-rich fluid. In view of the similarity of the bands to those 
described by Beran and Putnis (1983) and Freund and Oberheuser (1986) 
it is clear that in all cases O-H groups have formed extensively within the 
lattice of the olivine. A weak broad band centred round 3500cm -1  shows 
the existence of 1-120 in both inclusions and areas free of visible 
inclusions. Miller et al.  (1988) present spectra of seventeen olivines from 
various localities throughout the world (reproduced here as figure 5.9). 
These show a great variety in both peak intensity and position although no 
single spectrum is exactly similar to the spectra obtained here. Despite 
this, all of the experimentally induced peaks can be found as prominent 
features amongst the spectra of the natural samples. 
With the present data it is not possible to discern between water present as 
sub-microscopic fluid inclusions and isolated molecules within the lattice. 
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As the experimental conditions exceed the stability field of both talc and 
serpentine minerals their development within the olivine would have to 
be confined to the quenching phase and so the absence of their 
characteristic peaks at wavenumbers between 2650cm -1  and 3700cm-1  is 
not unexpected. 

Taylor and Green (1988) have identified titano-clinohumite as a 
stable phase in fluid saturated peridotite at water activities<1. Thus 
humite group minerals could develop along annealing grain boundaries 
and give rise to O-H bands. Miller et al. (1988) present spectra for humite 
group minerals which show absorbences at 3580cm -1 , 3559cm -1 , 3558cm -
1 , 3568cm-1  and 3391cm -1 . With the exception of the 3568cm -1  band none 
of these bands correlate with those found in this study. Therefore it is 
probable that the sharp bands are due to O-H groups occupying distinct 
crystallographic sites within the olivine lattice. 

The absence of these sharp bands in the olivine equilibrated with 
methane dominated fluid implies that the development of the O-H groups 
is related solely to the water component of the fluid: 

Mg2SiO4 + H20 ---,CMg(OH)2 + Si02 	(5.15) 
or in terms of structural units: 

4+ 	4- 
SiO4 +2.H20 = H404 + SiO2 	(5.16) 

The formation of O-H groups to maintain charge balance on tetrahedral 
silicon vacancies thus forms brucite-like units and excess silica which 
may combine with unaffected forsterite units to form pyroxene. Using 
TEM methods Kitamura et al.(1987) have described the existence of such 
brucite-like units along planar defects in mantle olivine. However these 
units were shown to be present as components in clinohumite layers and 
have spectra unlike those described here. Within the clinohumite layer 
the O-H groups occupy octahedral sites and thus may be expected to have 
absorption frequencies different to the hydrogamet substitution 
suggested here. 
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Figure 5.9. Infra-red spectra of olivines from a variety of localities. All 
spectra polarized, parallel to {100} and normalized to 1 cm thickness. 

Localities: (a) ICimbertOj(S.A.); (b) Winburg; (c) Norway; (d) China; (e) Kenya; (f) 
Mexico; (g) Vesuvius; (h) Tanzania; (i) Sri Lanka; (j) Madagascar; (k) E. Africa; (1) Sri 
Lanka; (m) Zab*ad; (n) Cheviot Hills, Australia; (o) Toowoomba Hills, Australia; 
(p) San Carlos; (q) Angola. Adapted from Miller et al.(1988). 
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5.7.Discussion and Model  
The combined methods of mass spectrometry, laser Raman 

microanalysis and IR spectrometry have allowed the characterization of 
the compositions of the parent fluid, daughter fluid inclusions and changes 
in the host mineral. The process of annealing of olivine in a C-O-S-H 
fluid saturated environment has resulted in the following effects: 
(1) Formation by entrapment of fluid inclusions of minimum dimensions 
much greater than the original crack width; 
(2)The fluid compositions as measured by LRM indicate significant 
variation of fluid compositions in inclusions within a single olivine 
crystal from a experimental run. At all temperatures variation occurs in 
the methane to hydrogen ratio. In high temperature runs CO2  appears in 
varying amounts; 
(3)The host olivine crystal acquires O-H absorption bands in the infra-
red spectrum even in areas devoid of visible inclusions. 
It thus appears that the formation of fluid inclusions from a high pressure 
and temperature C-O-S-H fluid of a specific composition does not result 
in a single population of fluid inclusions of constant composition. As the 
fluids in the experiments were buffered by an internal solid mineral 
assemblage the change in composition must occur by interaction with the 
host mineral and be confined to the post-entrapment stage of annealing. 
The question then is: what is the nature of this interaction and what 
implications do these results have for the study of fluid inclusions formed 
within the upper mantle? To assess the implications it is necessary to 
formulate a model which describes the processes which give rise to the 
results described. 
5.7.1 Fluid Inclusion Formation Model 

The crystalline structure of minerals dictates that there is a 
characteristic stable form for which a mineral species has a minimum 
inter-facial energy. This form is shown by crystals which are allowed to 
crystalize unimpeded in their growth medium. Departure from the state 
of minimum surface energy (e.g. by brittle or plastic deformation) is 
caused by processes creating disequilibrium and on cessation of such 
processes the system will attempt to revert to its equilibrium state of 
minimal energy. This reversal is termed annealing and consists of 
preferential degradation and growth of the lattice in areas of high and 
low surface energy respectively 

Fluid inclusions may arise by two means: 
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(1) Irregularities in the growth of a crystal face causing entrapment of 
small pockets of the growth medium; 
(2) Imperfect 'healing' of fractures in a pre-existing crystal. 
Deformation of a crystal by fracturing results in ether a single crystal of 
very high surface area or if the fracturing is severeit results in a group of 
adjacent grains with a parallel or near parallel crystallographic 
alignment. Nichols (1976) has examined the process of fracture annealing 
and concluded that in such a state the crystal(s) will tend to anneal to 
regain a euhedral form by diffusion on three different pathways: 
(1)intra-lattice diffusion; 
(2)diffusion along the surfaces of the fracture; 
(3)diffusion via the fluid occupying the fracture cavity. 
Non planar surfaces give rise to chemical potential gradients and so 
induce mass transport by diffusion (Nichols and Mullins, 1965). Thus 
non-planar fractures or fractures which terminate in a strained lattice 
will be unstable and change their shape by a combination of the three 
diffusion paths. Smith and Evans (1984) have examined the annealing 
process in quartz under both 'dry' and fluid saturated conditions. They 
found that as the tip of a fracture is a region of high surface curvature it is 
unstable and diffusion occurs, initially to form tubular voids then isolated 
pores filled with pore fluid. Thus a fracture tip migrates away from its 
termination in a crystal towards its emergence at a grain boundary 
leaving planes of inclusions along the trace of the former crack. The 
presence of a pore fluid was shown to accelerate this process as diffusion 
rates in the fluid are very much greater than either surface or intra-lattice 
diffusion. Shelton and Orville (1980) showed that the inclusions formed 
have minimum dimensions greater than those of the fracture from which 
they formed. Thus the annealing process involves dissolution of the host 
crystal as well as transport of material to the inclusion site and shows that 
inclusions are not simply accidental fracture fillings. 

In relation to the experimental formation of inclusions in olivine 
we can divide the inclusion into three phases: 
(1) a pre-entrapment phase where the fluid occupying the fracture 
exchanges freely with the rest of the charge; 
(2) an entrapment phase in which the fluid occupying the fracture is 
isolated from the main mass of the fluid; 
(3) a post-entrapment annealing phase when diffusive transport converts 
the annealing fracture to a state of minimal surface energy. 
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The Pre-entrapment Phase  
During the initial stages of the experiment equilibrium fluid will 
percolate throughout the charge and penetrate the fractures in the olivine. 
These fractures will start to modify their shape in response to the effects 
described above. Freund and Oberheuser (1986) considered that the 
olivine precipitating from a hydrous melt will contain some 0-H 
absorbed on both octahedral and tetrahedral vacancies. As the annealing 
material in this case is being precipitated from a fluid with a much higher 
activity of H20 we might expect that many more defect sites may be 
formed by reactions (5.15) and(5.16). These reactions consume H 20 and 
so deplete the fluid in this component, however as the fluid is circulating 
and thus still in contact with the buffer the fluid composition will be 
maintained. 
The Entrapment Phase  
Although in ideal situations fractures anneal outwards from their tips, the 
particular annealing behaviour of a fracture will depend on its geometry. 
Thus variations in the curvature of the crack will induce uneven 
precipitation along the crack length. By this process large sections of a 
crack and its pore fluid may be isolated from the main fluid system and 
the buffering effects of both the rest of the fluid and the buffer 
assemblage. At this point any chemical interaction with the host phase 
becomes a potential source of chemical change for the trapped fluid. 
The Post entrapment phase 	, 
As shown above, the entrapment of fluid in a volume other than the 
equilibrium form must lead to dissolution/precipitation reactions. Most 
fractures are limited in width but are irregular in both lateral extent and 
form and so the extent to which these reactions occur will depend on the 
the amount of annealing required to bring the inclusion to its equilibrium 
form. Defect structures formed by reactions (5.15) and (5.16) will be 
common in the 'healed' material precipitating from the fluid and will 
deplete the inclusion fluid of its water component. Hydrogen, too, will be 
lost by diffusion out through the walls of the annealing inclusion into the 
surrounding olivine lattice. At entrapment the rate of hydrogen loss will 
be high but will decrease as annealing reduces the surface area of the 
inclusion. This process will continue until the chemical potential of 
hydrogen in the lattice is equal to that in the inclusion. Net  flux of 
hydrogen will cease when the hydrogen 'diffusion front' extending out 
from the inclusion meets a similar front extending inwards from the 
exterior of the olivine crystal. 



5.37 
Mackwell et al.(1985) have estimated a lower limit for the 

diffusion coefficient of hydrogen through the olivine lattice at 10 -10m2s-1  
at 1100°C. As the olivine disks are 0.75mm thick the maximum distance 
an inclusion can be from an exterior surface is -0.4mm. Using Frick's 
second law: 

D 	X2/t 	 (5.17) 
where D is the diffusion coefficient 2, x is the diffusive path length and t is 
the maximum time, the time taken for hydrogen to migrate from an 
internal inclusion to the surface of the crystal is -1/2 hr. As the 
experiments were run for between one and three days more than 
sufficient time was available for the olivine crystals and fluid inclusions 
to attain a stable state with respect to the hydrogen -rich buffered fluids. 

The selective loss of fluid components particularly H2 from the 
fluid inclusions will cause an increase in the CH4/H20 and CH4/H2 ratios 
and so drive the fluid composition out of equilibrium. As the kinetics of 
fluid reactions are much more favourable than reactions involving solid 
phases we might expect that this departure from equilibrium to be 
quickly minimized by a reaction involving the excess CH 4  component to 
produce hydrogen: 

CH4 + 2H20 = CO2 + 4H2 	 (5.18) 
There are several important consequences of this reaction: 
(1) CO2  is a product and the reaction can explain the presence of CO2 in 
the inclusions formed at high temperature and reconcile this with the 
much lower CO2 contents in the original, buffered fluid; 
(2) the reaction maintains the fH2 within the inclusion thus countering the 
loss of hydrogen by diffusion; 
(3) The amount of CO2 produced is dependent on the amount of hydrogen 
lost and so will be specific to an inclusion and thus variable amounts of 
CO2 in inclusions from a single olivine crystal may be expected. 
(4)If hydrogen is lost to the olivine lattice by diffusion then the reaction 
represents a negative change in volume for the fluid. 

On the basis of the very fast rate of hydrogen diffusion within the 
< olivine lattice it would seem plausible that complete equilibration should 

2  The temperature dependence of D may be described by an Arrhenius equation of the 
type: 

D = Doexp(-Q/RT) 
where Do is the pre-exponential factor (D at 1/T=0); 

Q is the activation energy; 
R is the gas constant. 
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take place within the time scale of the experiments i.e. inclusions which 
have lost hydrogen to the olivine lattice should regain it by diffusion 
from the buffered fluid. The presence of CO2 in the inclusions from the 
high temperature experiments shows that re-equilibration has not been 
achieved on the time scale of the experiments even in the three day run 
time of run No.T2462. 

Many workers have shown that the deformation of olivine under 
'wet' conditions occurs at more than twice that of the equivalent 'dry' 
state (e.g. Chopra and Patterson, 1984; Mackwell et al.,1985). This, 
coupled with the relatively weak nature of olivine under mantle 
conditions suggests that if the pressure in an annealing inclusion drops 
due to hydrogen diffusion, the walls of the inclusion will collapse inwards 
to maintain Pfluid = Ptotal• This deformation will take the form of glide- 
planes and dislocations around the margins of the inclusion and may 
provide additional pathways enhancing hydrogen diffusion into or out of 
the inclusion. If reaction (5.18) results in a pressure reduction and 
consequent volume reduction in an inclusion the reverse reaction (i.e. re-
equilibration reaction with the external CO2, H2-rich fluid) must result in 
a pressure increase.  Thus re-equilibration will require the fluid to either 
increase its pressure or to expand the inclusion walls to maintain Pfluid = 
Ptotal • Both of these alternatives require an increase in the total energy of 
the inclusion and so will be inhibited if the total system remains at 
constant pressure and temperature. Therefore, reaction of the inclusion 
fluid back towards its original composition will not occur unless the 
external fugacity of hydrogen is increased above the original level. In this 
case the back-reaction is an equilibration to a new set of conditions and is 
not a simple re-equilibration. 
5.7.2 Implications for Mantle inclusions  
The above interpretation of the sequence of events leading to the 
observed characteristics of the synthetic populations of inclusions may 
help in the interpretation of the 'mantle sample' of fluid inclusions within 
peridotite nodules of mantle origin. To date studies of such nodules have 
identified only pure CO2  in fluid inclusions (Pasteris,1987) whereas the 
presence of amphibole, phlogopite, clinohumite, sulphides and diamond 
attest to the activity of a range of fluid compositions of other than pure 
CO2  in the upper mantle. If such a variety of fluids exist at depth why do 
we not observe a corresponding variety of fluid inclusion populations as 
varied as the hydrated assemblages observed in mantle nodules? The 
results obtained here may indicate that complex fluids particularly those 
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containing reduced species (CH4 and H2) may be very transient and 
therefore rare in the 'mantle sample'. 

The development of relatively CO2  rich fluid inclusions from CO 2  
poor or CO2-absent parent fluids in experimental assemblages shows that 
the process of inclusion formation is not necessarily iso-chemical. If we 
consider a hypothetical metasomatic event caused by a moderately 
reduced fluid composed of a methane-water mixture, what evidence will 
survive after the fluid activity has fallen back to the 'normal' fluid under-
saturated conditions? 

Metasomatic events are commonly envisaged as episodes of high 
fluid activity in which a host material is altered by the addition of 
volatiles carrying varying amounts of dissolved oxide components. If 
these events occur within the lithosphere and are accompanied by 
deformation as may be expected near areas of diapiric rise, then brittle 
deformation will result in a degree of fracturing. Such fractures being 
areas of low pressure will be occupied by the fluid phase and as 
demonstrated in this and other studies, annealing will rapidly 'heal' the 
fracture resulting in planar arrays of fluid inclusions. 

Clearly in this situation the fluid inclusions will behave in the same 
way as the those produced under experimental conditions if the host 
olivines contain negligible hydrogen. The fluids will be buffered by the 
mass of the fluid while fractures remain open. However, after 
entrapment, and therefore isolation from the buffering effect of the main 
mass of the fluid, the effects of hydrogen diffusion and defect structures 
formation during annealing will become dominant in controlling the 
composition of the developing fluid inclusion. As shown by the 
experiments the fluid inclusions formed will develop a CO 2  component 
even if the parent fluid is CO2  free. These inclusions of variable CO2 
content may then undergo further modification as the metasomatic event 
wanes and the host rock is subjected to different P,T regimes. 

Once the metasomatic event has subsided the activity of fluid 
components will returned to 'vapour undersaturated' levels. Any 
decrease in hydrogen fugacity will result in renewed hydrogen diffusion 
out of the fluid inclusions resulting in production of CO 2  in the inclusion 
by reaction (5.18). 

The end-point of this process for a C-O-H fluid will depend on the 
composition of the parent fluid. Reaction (5.18) will cease formally when 
one of the components is exhausted and at this point the fluid will be 
composed of a mixture of CO 2 , H2 and one of CH4  and H20. For mixtures 
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of CO2,H20 and H2 continued hydrogen diffusion will lead to the eventual 
loss of H20 by disproportionation leaving only CO 2-02  mixtures while 
for mixtures of CO2, CH4 and H2 the end point will be a C-0O2  
assemblage. The formation of CO2-02  mixtures by this process will 
imply increasing oxygen fugacities in the fluid and will result in either 
diffusion of oxygen out of the inclusion or oxidation of Fe 2+ in the 
surrounding olivine lattice. Although oxygen diffuses more slowly than 
hydrogen in olivine its diffusion rate is still rapid in geological terms. 
Reddy et al.(1980) have reported oxygen diffusion rates comparable to 
those of Fe and Mg. Considering the diffusion rates of hydrogen these 
processes will take place very rapidly and the end points may be reached 
in time scale of the order of years. Thus for an inclusion population of 
complex fluids to be preserved the xenolithic material must be 
undergoing metasomatic change at the time of entrainment in the host 
magma. Such events will obviously be rare and so the apparent monotony 
of fluid inclusion populations does not necessarily reflect a similar 
restricted range in fluid compositions in mantle fluids. On the other hand 
this model does not imply that all fluid inclusions are derived from 
complex fluids; the mechanism for formation of inclusions by 
entrapment of a pure CO2  fluid is still entirely viable. 

5.8 Further Work  
5.8.1 O-H Absorption Bands in Olivine  

To date the only study specifically considering the the distribution 
of O-H bands in olivine as a result of fluid saturated experimentation has 
been that of Miller et al.(1987). In a single annealing experiment these 
authors found that the range in induced bands is not duplicated in any 
single natural olivine though each band has been observed in olivines 
from different localities. This may indicate that the range and proportion 
of bands shown by an olivine is characteristic of its provenance and may 
be regarded as the 'signature' of the conditions of its source region. If 
experiments can reproduce the observed range of these bands in natural 
olivines by differing oxygen fugacity and/or water activities we may have 
a simple tool which can characterize the most recent redox state of the 
source region of an olivine in the absence of f02 monitoring mineral 
assemblages such as that described recently by O'Niell and Wall (1987). 
5.8.2 Chemical Effects of Inclusion Formation  

The observation made here that the formation of fluid inclusions at 
high temperature is not an isochemical process may explain the absence to 
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date of any report of multi-component fluid inclusions in mantle olivines. 
The rapid diffusion of hydrogen in olivine under mantle conditions• 
means that this process will modify fluid inclusion compositions very 
quickly. The appearance of variable amounts of CO2  in experimentally-
produced inclusions indicates that this process is rapid enough to be 
observed on the laboratory time-scale and so will be virtually 
instantaneous in geological terms. 

The inferred presence of hydrogen within the olivine lattice has 
important implications for redox state determinations. The technique of 
intrinsic fugacity measurements on mineralogical materials has been 
frequently debated recently (e.g. Ulmer et al.,1987) and both the validity 
of the approach and the role of sub-microscopic inclusions in such 
measurements are in question. The technique described here provides 
material equilibrated under known conditions and could be used to study 
the effects of both visible and submicroscopic inclusions and associated 
lattice defects intrinsic fugacity measurements. Comparisons between 
unfractured material and material containing inclusions could test the 
technique for reliability and accuracy and could perhaps isolate the 
effects of fluid inclusions in such studies. 
5.8.3 Laser Raman Studies  

At present the technique of quantitative analysis of fluid inclusions 
using laser Raman is still in its infancy and the accuracy of measurements 
depends on a combination of instrumental and sample specific factors. 
Clearly 'standard' fluid inclusions of known composition are required 
for calibration of individual instruments. Synthetic fluid inclusions have 
been made (Sterner and Bodnar,1984) but have been found to be of 
variable composition within a single crystal host and therefore are poorly 
constrained compositionally. Microthermometry has gone some way to 
constraining the compositions of these synthesized inclusions however the 
data available on the more complex fluid systems of interest to geologists 
is restricted. 

The combination of fluid buffering and mass-spectrometry allows 
us to sustain a fluid at a known composition within an experimental 
environment . Although it is suggested here that hydrogen diffusion can 
alter the composition of inclusion at high temperature it may become 
negligible at lower temperatures allowing the synthesis of inclusion of 
known bulk compositions. These effects may be examined may by 
crushing aliquots of the inclusion bearing material to release the fluids 
for analysis by either a gas chromatography or mass spectrometery. The 
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use of a combination of carbon saturation and mineralogical buffers 
allows us to buffer fluids at a variety of compositions. Changing pressure 
and temperature will allow not only, the generation of inclusions of 
differing densities but also gradual changes in their chemistries. If the 
abundance of minor components can be measured by mass spectrometry 
or gas chromatography then the detection efficiency of LRM may be 
assessed. 

Material suitable for all the purposes described above could be 
produced using the techniques described here. Carbon saturated fluids 
buffered by the tungsten assemblage , carbon-water maximum or carbon-
carbonate assemblages will produce fluid inclusions of a variety of 
chemical compositions suitable for LRM standards. Depending on 
successful analysis of the capsule' fluids or direct analysis of partial fluid 
inclusion populations the levels of minor components should be suitable 
for detection limit studies. 

To test the hypothesis of non-reequlibration of inclusions 
inclusions-rich material may be re-run under different hydrogen 
fugacities. The fast rate of hydrogen diffusion in olivine means that such 
effects may be easily studied within the 'time frame' of laboratory 
experiments. If suitable analysis techniques can be devised this technique 
could be also be used to study isotopic exchange between inclusions and 
their host minerals. 
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Part 6 
Pyrolite-C-O-S-H phase relations 

and the 
Formulation of a Sulphur/Oxygen Sensor Reaction 

6.1. Introduction  
The results of the thermodynamic study of C-O-S-H fluids in Part 4 

show that for a given sulphur fugacity the abundance of sulphur bearing 
components in the fluid phase is strongly dependant on the redox state and 
increases towards lower oxygen fugacities. Although there is still debate 
on the redox structure of the upper mantle there is sufficient evidence for 
the existence of reduced regions (log(f02)-IW+1) in the upper mantle to 
warrant the investigation of the phase relations and melting behaviour of 
peridotite under suitable reduced conditions. Part 4 and other studies 
(Taylor and Green,1988, Woermann and Rosenhauer,1985) have shown 
that the redox state will be crucial in determining the compositional 
character of a fluid phase. With the exception of Taylor and 
Green(1988), studies of melting in peridotite+volatile systems have 
examined only relatively oxidized conditions (f02GC0) where the fluid 
phase is dominated by CO2-H20 mixtures. Under more reducing 
conditions the fluid will be dominated by CH4-H20 mixtures and thus it is 
important to determine the the melting conditions and phase relations of 
peridotite under reduced conditions. To date there has been no study 
under either reduced or oxidized conditions of fluid saturated phase 
relations of a sulphide bearing peridotite composition. 

In order to maintain a sustained invariant C-O-S-H fluid 
composition in equilibrium with a peridotite sample mix under reducing 
conditions it is necessary to buffer the sulphur fugacity in addition to the 
oxygen fugacity. The combined buffering also allows a rigorous 
examination of sulphide-silicate relationships and therefore the 
formulation of a model relating the intensive variables f02, fS2, P and T 
to the composition of co-existing solid sulphide and silicate phases. 

The aims of this study are therefore; 
(1) to determine the position of a reduced, fluid-saturated solidus 

for the Hawaiian pyrolite model peridotite composition using 
the WC-W02-WS2-C buffer assemblage; 
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(2) to formulate a model relating the composition of co-existing 
sulphide and silicate phases and the extensive conditions P,T, 
f02 and fS2. 

6.2 Buffer Conditions  
6.2.1 The WC/W02.  Oxygen Buffer 
As shown in Parts 3 and 4 the use of an internal buffer assemblage allows 
control of the fluid composition at any pressure and temperature. The 
combination of an oxide buffer and carbon saturation leads to a 
significant but controlled variation in fluid composition throughout PIT 
space. In the case of the tungsten carbide/oxide/carbon buffer, the 
relative movement of the carbon saturation surface and the f02 buffer 
component of the tungsten assemblage causes the fluid CH4/H20 ratio to 
decrease with increasing temperature; a pressure effect is most evident at 
high temperatures and changes sign at -12kbar (figure 6.1) . At low 
temperatures the CI-L4/H20 isopleths are approximately independent of 
pressure. 

For these reasons any set of phase relations determined under such 
buffered conditions do not apply to fixed bulk composition. Instead the 
buffer assemblage acts to maintain the fluid composition throughout the 
growth of volatile bearing crystalline phases (e.g. phlogopite or 
amphibole) and thus the ratio of the C-O-S-H fluid to the oxide 
components in the fluid-oxide mix system may vary throughout the PIT 
space represented in phase diagrams. 
6.2.2 The WC/WS2 Buffer 

As discussed in Part 4. the addition of WS2 to the carbide/oxide 
assemblage buffers the sulphur fugacity approximately one log unit 
above the reaction of iron metal to stoichiometric iron sulphide (IT). 
Using the program COSH.Carbon (Part 3; appendix 1) we may calculate 
the theoretical speciation in fluids buffered by this assemblage.and as 
shown in Part 3 H2S is the only significant sulphur bearing species under 
the f02 conditions imposed by the tungsten carbide/tungsten oxide 
assemblage. Figure 6.1b shows mole% isopleths of H2S in a 
pressure/temperature projection for the WC/W02/WS2/C buffer. The 
abundance of H2S at all pressures increases with increasing temperature 
but decreases towards higher pressures. The overall abundances are low 
and never exceed 7 mol%; in the region of the mantle peridotite solidus 
(see section 6.3) the calculated abundance is around 1-2 mol%. 
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Figure 6.1a,b. a - calculated CI-L4/H20 ratios for the buffer 
assemblage WC-W02-WS2-C. 

b - calculated mol% H2S in the fluid for the buffer 
assemblage WC-W02-WS2-C. 
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6.2.3 Quench Fluid Phase Analysis  
Although it is possible to calculate the theoretical species 

distribution for any given combination of pressure temperature, f02 and 
fS2 it is obviously desirable to obtain direct measurements of the fluid 
phase. Using the technique described by Taylor and Foley(1988) and in 
Part 4 the quench fluid phase from eaCh run has been analysed and the 
analysis corrected for instrumental effects. 

Time 

Time 

Capsule 
pierced pierced 

Figure 6.2a Simultaneous fluid release profiles for run 
No.T2576. 
The points 'a' and 'b' indicate the positions of the 
sample spectra presented in figures 6.3b,c. 

Figure 6.2a shows the fluid analysis from run No.T2576 
(25kbar/1175°C) which is typical of capsule fluid analyses The basic 
feature of the capsule piercing/mass spectrometric technique has been 
described in Part 4, however the the fluid release profiles and sample 
spectra for run No.T2576 presented in Part 5 are reproduced here for 
convenience. Although all the calculated fluid compositions for all the 
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pressure/temperature conditions examined, have a small but significant 
percentage of H2S, molecular fragments of masses specifically 
characteristic of H2S (m=33) were never observed in the measured fluid 
analysis. Either the fluid calculation method is in error or some aspect of 
the measurement technique has prevented the detection of the H2S 
fraction. As the starting pyrolite mix composition contained no sulphide 
component the presence of sulphides in the charge after the completion of 
the experiments (Section 6.3.3) shows the efficiency of the fluid as a 
carrier of sulphur i.e. sulphur has passed through the fluid phase from 
the buffer assemblage to the inner sample capsule. 
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Figures 6.2b,c. Sample spectra from from the fluid released 
from run No. T2576 
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The absence of tungsten phases in the mineral assemblage of the sample 
generated during the runs precludes the development of sulphides by 
some mechanical contamination by the tungsten multiple buffer. 
Therefore it is accepted that H2S was present at the run conditions its 
absence in the mass spectra must be due either to a quenching effect or an 
instrumental effect. In section 6.6 evidence is presented for the solution 
of significant amounts of oxide components in the fluid at all the pressure 
and temperature conditions examined. It is possible that during 
quenching the sulphur component of the fluid may condense out as a 
sulphide phase leaving the fluid apparently sulphur free. The opaque 
daughter phases described in Part 5 may arise by such a process. 

H2S may be present in the quench capsule fluid but as it has similar 
molecular characteristics to those of H20 it is likely that it will be 
adsorbed onto the interior surfaces of the capsule and be likewise released 
only slowly. If the rate of release is too slow for it to register above the 
background then its presence will not be recorded in the overall ion count 
and the fluid will appear to be H2S-free. 

Temperature(°C) 
Figure 6.3 Fluid compositions analysed by mass spectrometry plotted in 

terms of CH4/(CH4+H20) for pressures of 10-35kbar. The 
hatched area indicates the calculated range in CH4/(CH4+H20). 

Figure 6.3 shows the calibrated CH41(CH4+H20) fluid ratios from 
experimental runs plotted against temperature. Although some variation 
in CH4/(CH4+H20) at any given temperature is expected(as the isochores 
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are not exactly isothermal, figure 6.1) there is considerable variation in 
the CH4/(CH4-1-H20) values towards lower run temperatures. Without 
further analysis these data would seem to indicate that either the buffer 
assemblage has been ineffective in controlling the fluid composition or 
that in some experiments quenching has seriously modified the fluid in 
favour of the H20 component. This problem can be further addressed by 
data obtained from run No. T2391 which includes the 'pump-down' 
sequence shows that these are not the only possibilities. Figure 6.4 shows 
the fluid species analysis collected from T2391. The uppermost trace 
shows the ion count for mass numbers characteristic of H20(17+18) The 
trace decreases roughly logarithmically as baking-out at 150°C under 
vacuum progressively removes the moisture adsorbed on the interior 
surfaces of the capsule piercer assembly. However before background 
levels were reached there is a small but sharp rise in the ion count (point 
'A') showing that there was a sudden release of a small amount of H20 
into the system at this point. 

H 2 0 

-Time_ ' 

Figure 6.4 Fluid release profiles for run No.T23-91. Point 'A'.-
capsule failure during pump-down sequence. Point 'B' 
- intentional piercing of capsule. Hatched areas show 
the areas used for integration. 

a 

I 
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The trace continues to drop and attains a background level after a short 
time. After this the capsule was deliberately pierced (point 'B') releasing 
a large quantity of H20. 

The lower trace shows the same pump-down time segment but for 
the masses characteristic of CH4 (z=13, 15, 16). At the beginning of the 
pump-down sequence the levels of CH4 are already low, however at the 
time of the sharp rise in the water trace there is a dramatic rise in the CH4 
level. This drops back to the background level by the time of the piercing 
when again there is a sharp rise in the amount of CH4 measured after 
which the level drops back to background levels in a relatively short time. 
The early release of fluid during the bake-out period is undoubtably due 
to failure of the capsule caused by the increase in temperature during the 
baking out sequence. It is significant that the fluid released at this point is 
dominated by methane; the amount of methane released on failure is 
approximately equal to the amount released on intentional piercing of the 
capsule. By contrast the amount of water released on failure is small 
relative to the total mass of water measured overall. If the failure had 
occurred before the data acquisition was started then the measured 
CH4/H20 ratio would have been erroneously low. Most probably this is 
the reason for the wide range in fluid analysis data and it is significant 
therefore that the scatter in the data in figure 6.3 is towards low CH4/H20 
ratios rather than a random scatter. 

6.3 Phase Relations  
The run details are given in table 6.1 and the experimental results 

for the Hawaiian pyrolite-C-O-S-H system are presented in figure 6.5. 
The lherzolite assemblage olivine, orthopyroxene and clinopyroxene 
dominates over the pressure temperature range investigated. 
The subsolidus region, however, may be subdivided on the basis of the 
stability of the minor phases spinel, garnet, hydrous and Ti phases.At 
pressures to -20kbar spinel and amphibole are the stable aluminous 
phases . Above this pressure garnet replaces spinel as the major 
aluminous phase and garnet peridotite assemblages persist to above 
35kbar. Amphibole stability extends at low temperatures to 30 kbar 
however with increasing temperature the amphibole phase field decreases 
to terminate at the solidus at -25 kbar. 

Phlogopite appears at 25 to -28 kbar depending temperature and 
extends above the limit of amphibole stability to be the only hydrous 
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phase observed at high pressures. Over most of the subsolidus range the 
two titanates rutile and ilmenite occur as spacially associated phases 
within the charges. Ilmenite appears to be unstable at temperatures above 
1150°C leaving nitile as the only stable oxide phase close to the solidus at 
high pressures. 

Table 6.1 
Experimental Run Conditions; Hawaiian Pyrolite-C-O-S-H 

Run No. Temp. 
(°C) 

Pressure Run Time Assemblage 
(kbar) 	(hrs) 	( + 01. Opx. Cpx.Sulphide;C) 

T2332 1100 5 24 sp,melt 
T2389 1050 10 24 amph,rut,ilm,sp,melt 
T2394 1075 10 24 sp,melt 
T2168 1050 15 24 amph,rut,ilm,sp 
T2274 1075 15 24 sp,melt 
T2129 1100 15 26 sp,melt 
T2310 1050 17.5 28 amph,sp,ilm,nit 
T2283 1075 17.5 27 sp,melt 
T2369 1050 20 48 amph,sp,ilm,rut 
T2271 1075 20 24 amph,sp,ilm,rut 
T2164 1100 20 30 sp,melt 
T2162 1150 20 30 sp,melt 
T2356 1100 22.5 24 sp,melt 
T2318 1050 25 48 amph,gnt,ilm,rut 
T2109 1100 25 24 amph,gnt,ilm,rut 
T2250 1125 25 24 amph,gnt,ilm,rut 
T2339 1150 25 24 amph,gnt,ilm,rut 
T2576 1175 25 24 melt 
T2299 1075 27 25 amph,phlog,gnt,ilm,rut 
T2306 1140 27 24 amph,phlog,gnt,rut 
T2297 1075 28 25 amph,phlog,gnt,ilm,rut 
T2210 1050 30 48 amph,phlog,gnt,ilm,rut 
T2120 1100 30 24 amph,phlog,gnt,ilm,rut 
T2170 1150 30 24 phlog,gnt,rut 
T2255 1165 30 24 phlog,gnt,rut 
T2202 1200 30 27 melt 
T2286 1125 32 24 phlog,gnt,rut,ilm 
T2232 1150 32 24 phlog,gnt,rut 
T2372 1175 32 24 phlog,gnt,rut 
T2181 1100 35 25 phlog,gnt,rut,ilm 
T2194 1150 35 26 phlog,gnt,rut 
T2328 1175 35 24 phlog,gnt,rut 
T2353 1200 35 24 phlog,gnt,rut 

01-olivine, Opx-orthopyroxene, Cpx-clinopyroxene, sp-spinel, 
gnt-garnet, phlog-phlogopite, amph-amphibole, rut-rutile, ilm-ilmenite 
Phase compositions of the experimental runs are presented in appendix 5. 
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Thus the subsolidus region is divided into a series of lherzolite 
assemblage fields(temperature dependent); 

Assemblage 	 Pressure range (kbar) 
Amphibole spinel lherzolite - -20 
Amphibole garnet lherzolite 20 -28 
Amphibole phlogopite garnet lherzolite 25 - 30 
Phlogopite -garnet lherzolite 27 - >35 

6.3.1 The solidus (figure 6.6a)  
The solidus is generally recognized as the loci of 

pressure/temperature conditions at which a discrete melt phase first 
appears. In this study the appearance of a melt phase appears to coincide 
with the disappearance of the stable hydrous phase and Ti-oxide(s). At 
low degrees of partial melting the melt phase exists as a film concentrated 
at grain boundaries and junctions. On quenching the melt undergoes 
partial crystallization to a combination of glass, discrete crystals and 
overgrowths on existing equilibrium crystals. Consequently meaningful 
analysis of partial melts by direct microprobe analysis of glass in probe 
mounts is not practical. In spite of this the position of the solidus in P/T 
space can be placed accurately by the disappearance of Ti-oxides and the 
hydrous phase. 

With increasing pressure the trace of the solidus extends almost 
isothermally from low pressure to about 20kbar where rapid increases in 
dP/dT (to - 15°C/kbar)takes the solidus to higher temperatures. At 
-27kbar this trend is reversed and the solidus bends back to lower dP/dT 
towards higher pressures. Above 20kbar the pyrolite-C-O-S-H solidus 
under the WC-W02-WS2 buffered conditions lies parallel but 50°C 
below the pyrolite-C-O-H solidus at WC-W02 buffered conditions (C-O-
H solidus'). Below 20 kbar the sulphur present solidus changes slope 
more sharply and crosses the 'C-O-H solidus' (Taylor,1988) at 
-14kbar/1060°C to become almost isothermal at pressures below -12 
kbar. In contrast the 'C-O-H solidus' approaches isothermal character at 
P at P >30kbar and<10kbar but maintains a dT/dP of -15°C/kbar over the 
10-20 kbar range. 

6 
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Hawaiian Pyrolite-C-O-S-H Solidus 
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Figure 6.5 Experimental details defining the solidus of the model 
peridotite Hawaiian Pyrolite in the presence of a C-0-S-
H'filtiid15tifferia ,Wtheassemblage--WC+WO2-_t_WS2+C. 
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6.3.2 Above Solidus Assemblages  
The experiments are fluid saturated and H20 is a major component in the 
fluid. It is noted that the degree of partial melting (estimated from the 
relative stability of the above solidus phases) increases rapidly above 
thesolidus and in this sense the charges resemble those of vapour 
saturated melting in the pyrolite-H20 system rather than those of 
dehydration melting of pyrolite+0.2-0.3%H20 (Green,1973). 

Although only nine experiments were run under above solidus 
conditions it appears that an aluminous phase field extends not more than 
20°C above the solidus. At pressures below 20kbar the aluminous phase is 
a chrome-rich spinel which contrasts strongly with the highly aluminous 
subsolidus spinel. At higher pressures no above solidus garnet was 
identified leaving a simple lherzolite assemblage of above solidus phases. 

6.3.3 The Sulphide Phase  
As the starting mix is composed exclusively of oxide components 

the development of a sulphide phase within the silicate assemblage during 
the run must come about by equilibration of the fluid phase with both the 
buffer assemblage and the sintered oxide mix. The ubiquitous presence of 
a sulphide phase in all of the runs therefore presents good evidence of the 
sulphur bearing capacity of the fluid phase and of interaction between the 
fluid phase and the buffer assemblage. 

The composition and abundance of the sulphide phase varies 
across the pressure/temperature range examined. Below the solidus the 
sulphide phase consists of rare,very small (-11.1m) grains arranged in 
groups within the charges. Although these groups may consist of 
separate grains it is more likely that they consist of an interconnected 
'honeycomb' of sulphide interstitial to the silicate phases. Because of their 
small size in this region accurate analysis of the sulphide is not possible. A 
regression technique was applied but the correlation statistics showed a 
poor correlation resulting in a high degree of uncertainty. Qualitatively 
however when the electron probe beam is placed on the sulphide the 
resultant x-ray energy distribution shows that the sulphide is rich in 
nickel (estimate 5_25wt% Ni). 

With increasing temperature towards the solidus the sulphide phase 
increases in modal abundance and tends to occur as larger (101.tm), 
more isolated single grains within the silicate assemblage. As a result 
analysis of the sulphide is possible without recourse to regression 
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techniques. Analyses of sulphides are presented in table 6.2. The sulphur 
content of the sulphide phase remains relatively constant throughout the 
pressure/temperature range examined varying only between 37.1 and 
38.9 wt.% S. By contrast the cation distribution shows significant 
variation. In six of the samples chromium is present up to a maximum of 
0.9 wt.%. This is probably due to the relatively low oxygen fugacity 
stabilizing Cr2+ allowing CrS solid solution in the Fe-Ni sulphide mono-
solid solution. Ni also shows substantial variation up to a maximum of 
9.01 wt.%. There appears to be a correlation between the nickel content 
of the sulphide and the run conditions relative to the solidus. Thus the 
highest nickel contents in sulphide occur in the subsolidus runs where the 
modal abundance is low. At higher temperatures where the sulphide 
phase is more abundant the nickel concentration in sulphide decreases. 

, Table 6.2 
Sulphide analyses of experimental sulphides 

Run T2331 
P 	5 

T2389 
10 

T2416 
10 

T2420 
15 

T2310 
17.5 

T2164 
20 

T2162 
20 

T2356 
22.5 

T2576 
25 

T 	1100 1050 1100 1075 1050 1100 1150 1100 1150 
S 	38.9 37.79 37.85 37.11 37.68 37.85 38.00 37.00 38.20 
Cr 	0.0 0.34 0.23 0.90 0.00 0.23 0.70 0.00 0.76 
Fe 	56.0 55.48 52.92 55.28 56.47 52.92 56.20 54.27 54.90 
Ni 	5.20 6.39 9.01 6.71 5.85 9.01 5.10 8.73 6.14 
Tota1100.00 100.01 100.00 100.00 100.01 100.00 100.00 100.00 100.00 
Atoms 
S 	0.5265 0.5153 0.5164 0.5079 0.5141 0.5164 0.5172 0.5074 0.5195 
Cr 0.0000 0.0029 0.0019 0.0076 0.0000 0.0019 0.0059 0.0000 0.0064 
Fe 	0.4351 0.4343 0.4145 0.4343 0.4423 0.4145 0.4391 0.4272 0.4286 
Ni 	0.0384 0.0476 0.0671 0.0502 0.0436 0.0671 0.0379 0.0654 0.0456 
T 	1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

Below the solidus the composition of the silicate components of the 
assemblage are similar to those synthesized under sulphide 
undersaturated conditions. However as the solidus is crossed there is a 
dramatic rise in the Mg# of all phases as the modal abundance of the 
sulphide phase rises. Run No.T2576 represents an extreme example of 
this trend. In this run the olivine, orthopyroxene and clinopyroxene have 
Mg# > 99. This is undoubtedly due to the formation of large amounts of 
sulphide depleting the silicates of their iron component. 
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6.3.4 The Position of the Solidus  
The shape of the solidus is broadly similar to that determined for 

the reduced pyrolite-C-O-H solidus determined by Taylor and 
Green(1988). As the oxygen buffer used was the same as used here a 
general similarity is not surprising. However there are significant 
differences. It is generally recognized that for a given bulk composition 
under fluid saturated conditions the position of the solidus in 
pressure/temperature space is controlled by the nature of the fluid phase. 

More specifically, Taylor and Green(1988) have suggested that the 
position of the solidus is a function of the activity of H20 in the fluid 
phase and have presented a series of solidi based on the the calculated ax2o 
along their pyrolite-C-O-H solidus. 

Using the calculation procedure described in Part 3 the variation in 
the composition of the fluid phase in the C-O-S-H system has been 
calculated for the conditions imposed by the tungsten buffer assemblage. 
In figures 6.6a-c the pressure/temperature grid has been contoured for 
aH20 and CH4/H20 in both C-O-H and C-O-S-H systems and mol% H2S 
for the C-O-S-H system alone. 

Mol% 1-12S in the C-O-S-H System (tungsten buffers): figure 6.1b  
The isopleths for H2S form a monotonous series increasing towards 

high temperatures and low pressures. The range of assemblages up to low 
degrees of partial melting falls below the 3 mol% isolpleth and the solidus 
above 10kbar is confined between the one and two percent H2S isopleths. 

CRI1j120 and al:12Q  Isopleths in the C-O-H and C-O-S-H Systems: figures  
6.6b.c  

The CH4/H20 isopleths for the two systems are almost identical 
with only slight differences in isopleth positions occurring at high 
temperature and low pressure, well away from the position of the solidus. 
Thus, along the solidii the CI-L4/H20 ratio differs between the two systems 
up to a maximum of 0.25 at -23kbar where H20>C11.4 in both systems and 
at -10 kbar where the ratio is about unity for the C-O-S-H system and 
CH4>H20 for the C-O-H system. 

Despite the similarity of the C1-14/H2O-P-T relations between the 
two systems the isopleths for water activity (alto) show significant 
differences in position for the two systems. 
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Figure 6.6a Calculated CH4/H20 ratios for C-O-H and C-O-S-H systems 
buffered by WC-W02-C and WC-W02-WS2-C assemblages 
respectively. 

In the high pressure/low temperature region there is no difference 
between the positions of the aH2o isopleths for the two systems. With 
increasing temperature however, the two systems diverge with the C-0- 
S-H system isopleths falling at higher pressures for any given 
temperature. This is what might be expected as the mole% H2S increases 
with increasing temperature (figure 6.6a) diluting the CH4-H20 mixtures 

The positions of the two solidi with respect to the relevant sets of 
isopleths show that the pressure/alto variation along the two solidi do not 
correspond (figure 6.6). Above —15kbar for a given pressure the water 
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Figure 6.6b. Figure 6.6a Calculated H20 activities for C-O-H and C-0- 
S-H systems buffered by WC-W02-C and WC-W02-WS2-C 
assemblages respectively. 

activity along the C-O-S-H solidus is lower than that along the C-O-H 
solidus; below 15kbar this situation is reversed with water activities along 
the C-O-S-H solidus exceeding those along the C-O-H solidus. If the 
calculation method for the fluid characteristics is accurate it is evident 
that the position of the solidii are not simply functions of alto alone. The 
similarities between the CH4/H20 ratios in the 
two buffered systems means that the observed differences in the solidus 
position must be a function of the presence of H2S and the consequent 
change in alto. The contrasting relative positions of the solidi above and 
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below 15 kbar may indicate a pressure dependent role for H2S. Above 
15kbar the depression of the solidus below that of the C-O-H system is 
consistent with a fluxing effect similar to that seen for water. This would 
be consistent with the polar nature of H2S but would also indicate 
significant solubility levels in the near solidus liquids produced at higher 
pressures. 

Temperature (°C) 

Figure 6.7 Projected solidi for the system peridotite-C-O-S-H (carbon 
saturated) Solidi are plotted on the basis of water activities 
calculated along the peridotite-C-O-S-H solidus determined by 
experimentation (C-O-S-H solidus) and are therefore valid for 
fluids containing a small fraction of H2S (1-2 mol%). Water 
activities are as shown. G - graphite; D - diamond; CO - 
continental geotherm (Boyd and Gurney(1986)); SEAG - 
southeastern Australian geotherm (Griffin et al.,1984). 
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Conversly , below 15 kbar H2S appears to play the role of a dilutant in the 
fluid phase and is relatively insoluble in low pressure melts. Such data is 
not yet available but the results from Part 2 indicate that under dry 
conditions at least sulphur does not achieve high solubilities at high 
pressures even at very high temperature. It should be noted however that 
these results do not necessarily preclude significant solubilities at high 
pressures under fluid saturated conditions. 

Below 15kbar the C-O-S-H solidus crosses the C-O-H solidus to lie 
at slightly higher temperatures. This behaviour is consistent with a low 
sulphur solubility in partial melts at low pressure where the H2S 
component of the fluid acts simply as a diluting component . This will 
lower the water activity as shown in figure 6.7c and move the solidus to 
higher temperatures. 

Using the approach of Taylor and Green (1988) a series of solidi 
may be placed using the calculated water activities along the pyrolite-C-
0-S-H solidus (figure 6.7). As the pyrolite-C-0-S-H solidus lies close to 
the pyrolite-C-0-H solidus both sets of solidi will be very similar, 
however as the pyrolite-C-0-S-H solidus has less overall temperature 
variation in the pressure range examined the projected solidi will form a 
tighter group closer to the water saturated solidus. Thus the overall 
conclusions reached by Taylor and Green (1988) are still valid in the 
light of this study. However the tighter bunching of the solidi for high 
water activities (aH 20_0.6) nearer the water saturated solidus will mean 
that for a given geothermal gradient melting will be initiated at lower 
temperatures (5_50 0 , figure 6.6a) in sulphide-bearing regions than in 
sulphide-free mantle. 

The above discussion assumes that the fluid phase is dominated by 
the volatile components of the C-0-S-H systems; the calculation of the 
activity of water in the fluid takes no account of any solubility of oxide 
components in the fluid phase. The results of a fluid inclusion study run 
in conjunction with the examination of the solidus (section 6.6) shows that 
at pressures above -15kbar there is considerable solubility of other 
components in the fluid phase. It is likely therefore that the aH20 in such 
fluids may be very different to that calculated on the basis of a pure C-0- 
(S)-H system. 
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6.4 Combined Oxygen/Sulphur Buffering; 
Implications for mineral equilibria 

6.4.1. Sulphide-silicate Relations  
To achieve an invariant fluid composition in this series of experiments 
the conditions of carbon saturation and combined buffering of the 
sulphur and oxygen fugacities has been employed. Obviously the buffer 
assemblages will control not only the fluid equilibria but also those 
mineral equilibria involving oxygen and/or sulphur and so will have a 
direct influence on the stability and compositions of the phases in the solid 
assemblages. 

Where solid sulphides and silicates coexist the equilibrium may be 
written; 

silicate(1) + sulphur = sulphide + oxygen + silicate(2) 

From this it follows that the intensive factors controlling the equilibrium 
will be the sulphur and oxygen fugacities. In the case of a peridotite 
assemblage there are several reactions of this kind which may be 
formulated to describe the inter-relationship of oxygen and sulphur 
fugacities and the composition of solid phases. However if the 
relationship is to be considered in quantitative terms it is necessary to 
have a good understanding of the activity-composition relationships of 
the phases involved. In many geologically important assemblages the 
silicate phases show complex solid solution behaviour for which the 
activity-composition relationships are poorly understood and so a 
quantitative treatment is limited to a relatively small number of phases. 

6.4.1 Thermodynamics of Silicate /Sulphide Relations  
In peridotites the silicate mineralogy is dominated by the lherzolite 
assemblage of olivine, orthopyroxene and clinopyroxene. Because of the 
ubiquitous occurrence of these phases in mantle xenoliths and their use in 
geothermometers and geobarometers, the activity-composition 
relationships of these phases have received much attention. Therefore, 
the simplest and most easily described reaction controlling the 
sulphide/silicate relationships in most mantle assemblages will be that 
relating olivine, orthopyroxene and a sulphides phase; 

FeMgSiO4 + 1/2S2 = FeS + MgSiO3 + 1/202 	(6.1) 

for which the equilibrium constant is 
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K — 

op x 	sulph 	1/2 a(Mg,Fe)SiO3'aFeS .f02  
(6.2) o 1 	1 /2 a(Fe,Mg)2SiO4 . fS 2 

As iron sulphide is stoichiometric only when it is in equilibrium with 
metallic iron, the above reaction applies only if metallic iron is present in 
the assemblage. 
Therefore, a more general equation is; 

x.FeMgSiO4 + 1/2S2 = Fe x  S + xMgSiO3 + x1202 	(6.3) 

for which the equilibrium constant is 
Sulphide Opx 	x 	x/2 

aFeS 	* (aMgSiO3) .(f02)  
K — 01 	x 1/2 

(aFeMgS102) S  

(6.4) 

When the above reactions are considered in log(f02)-10g(fS2) 
space (figure 6.8), it is clear that reaction (6.3) is a member of a number 
of reactions related by the activity of silica. The two bounding reactions 
are; 

Fe2S104 + S2 = 2FeS + Si02 + 02 	(asio2  = 1) 	(6.5) 
and 

FeO + 1/2S2 = FeS + 1/202 	(asio2  = 0) 	(6.6) 
It is clear therefore, that the activity of silica in the system has a strong 

influence of the position in log(f02)-log(fS2) space of sulphide-silicate 
reactions 

As reaction 6.5 (which may be abbreviated to troilite-quartz-
fayalite (TQF)) involves a silica component we may use it to describe the 
general case with an equilibrium equation 

sulphide 2 quartz 
f°2* (aFeS 	) aSi02 K— 	(6.7) olivine 

fS2'aFe2Si04 

Substituting expression (6.7) into the standard relationship 

AG°  = -RT1nK 	 (6.8) 
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gives an expression relating the inter-dependence f02, fS2, the free 
energy of the reaction and the activities of the solid phases: 

sulphide 	quartz 
log(f02) = log(fS2) - 2log(aFes  ) - log(asio  ) 

2 

+ 10 olivine Ad(TQF)  
g(aFe,sio) 	2.303RT 

(6.9) 

For assemblages containing free quartz the activity of Si02 is, by 
definition, unity however in assemblages in which quartz is not a stable 
phase the silica activity falls below unity and must be calculated by 
reference to a suitable phase equilibrium (section 6.4.5). Thus for any 
given pressure and temperature we may calculate the oxygen fugacity 
given the free energy of the TQF reaction, activities of the FeS, Si02 and 
Fe2Sia4 in the relevant phases and the fugacity of sulphur. Alternatively 
any of these variables may be calculated if values for the remaining five 
are known. 

a 	o • sio2 .  

IQF 	IW 
Log(f0 2 ) 

Figure 6.8 Schematic plot in log(f02)-log(fS2) space showing the 
influence of asio2  on the position of the sulphide-
silicate/oxide reactions. 

6.4.3 The Free Energy of the Reaction Troilite-Quartz-Fayalite(TQF)  
The most usual method of calculating the free energy of a reaction is to 

use the standard expression ; 
AG°  = 	- TAS 	 (6.10) 
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The success of this approach relies entirely on the accuracy of 
the thermochemical data of the phases involved and so amore reliable 
method is to recast the equilibrium in terms of mineral equilibria for 
which the thermodynamic relations have been specifically examined. 
Equation 6.9 may be considered as a combination of the two reactions: 

3Fe2Sia4 + 02 = 2Fe304 + 3Si02 	 (6.11) 
3/2FeS + 02= 1/2Fe304+ 3/4Sr  	 (6.12) 

Equation 6.11 is the familiar buffer reaction quartz-fayalite-magnetite 
(QFM) which has been calibrated using a solid electrolyte 
electrochemical technique (O'Neill and Seifert,1985). The free energy of 
this reaction (T in Kelvins) is given as 

AG°(0,T)(QFM) = -587474 + 1584.427T - 203.3164T1nT 
+ 0.092710T2 	 (6.13) 

This equation is valid over the temperature range 900-1420K 
Equation 6.12 (magnetite-troilite; MT) has not been examined and 

so the therrnochemical data for the phases must be used to calculate the 
free energy of the reaction. Using data from Robie et al.(1978) the 
calculated energies of this reaction have been fitted to an equation of the 
form a + b/T + cT1nT + dP/T to give an expression : 

AG°(0,T)(MT) = -188340 - 66276000/T + 0.9119T1nT 
+0.5038P1T 	 (6.14) 

Combining expressions we can calculate the free energy of reaction (6.9): 
AG°(TQF) = (AG°(QFM)-4.AG °(MT)) 	 (6.15) 

6.4.4 Activity of FezSiOLin Olivine 
O'Neill and Wall(1987) in their consideration of the activity-

composition relationships in olivines state that the close agreement 
between experimental studies and theoretical simple solution models 
justifies the use of a simple regular solution model. Thus an expression 
for the activity of fayalite component in the olivine solid may be written 
as 

olivine 	 ol 	ol 	ol 2 
2RT1n aFe2s = RT1n XFe  + 2Wmg_Fe(Xmg) io4  

The term W is a temperature independent factor accounting for a 
pressure effect on the deviations from ideality in the olivine solid 
solution; its value is given as 5000+10.8P (P in bar). 

(6.16) 
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6.4.5 Silica Activity  
Where an assemblage is saturated with respect to silica a is by 

defmition unity. However where silica is not a stable phase (asio 2<1) the 
activity of silica may be calculated by reference to a equilibrium 
involving Si02 as a component. As lherzolite and harzburgite 
assemblages are of interest here the olivine-orthopyroxene equilibrium 

Fe2SiO4 + Si02 = Fe2Si206 	 (6.17) 

serves this purpose. O'Neill and Wall(1987) have used this equilibrium 
in their formulation of a mantle oxygen geobarometer. Based on entropy 
and enthalpy data they give an expression for the free energy of reaction 
(6.17) in Jmo1 -1 , 

AG°01-opx) = 6710.0 + 0.31T - 0.375P 	(6.18) 

which when combined with an ideal two-site mixing solution model for 
the end-member components in orthopyroxene solid-solution; 

opx 	1 M2 
aMg2S1.206 = 	g* Mg .  (6.19) 

where 

	

MI 	Nmg 

mg 
— Nmg+NFe•(1-1/2(NA1+Ncr)-NTi) 

and 

M2 NMg  
X

mg 
— 

N +NFe. 
(1-NCa-NNa-NMn) 

Mg 
 

gives an expression for the silica activity; 
0 

AG(ol-opx) 	opx 	 ol 
Log(a„ ) — 	+ logam 	n  - ) 	 ) (6.20) 

	

•31`-'2 	2.303RT 	 1°g(ame 10 —2S  4 

6.4.6 The Sulphur Fugacity and the Activity of FeS in Pyrrhotite  
Using the electrum tarnish method Toulmin and Barton(1964) 

determined the variation in pyrrhotite as a function of sulphur fugacity 
and temperature. From this study they derived an expression relating the 
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sulphur fugacity to the mole fraction of FeS in pyrrhotite(NFes) in the 
system FeS-S2: 

_10T  log(fS) = (70•03-85•83NFes)( 00  1)+39.3\/1-0.9981NFes  -11.91 	(6.21) 

Thus for a given pyrrhotite composition the sulphur fugacity may 
be calculated if the temperature is known. As this expression is derived 
from data from evacuated silica tube experiments the expression contains 
no pressure dependent term. The change in sulphur fugacity at pressures 
greater than 1 bar may be estimated (at least to a first approximation) by 
assuming the difference to be equal to that shown by the reaction 

Fe + 1/2S2 = FeS 	 (6.22) 
Thus the pressure term to be added to the right-hand side of equation 6.21 
is; 

(P-1)V  
2.303.R.T 

where AV is the change in molar volume of reaction (6.22). 

FeS activity in Pyrrhotite  
There are a large number of solid solutions possible between FeS 

and other chalcophile elements (e.g. Ni,Cu, Zn). The presence of other 
metallic cations in the pyrrhotite solid solution will affect the activity of 
the FeS component and therefore also the composition of the pyrrhotite 
stable at any given sulphur fugacity. The mineralogy of sulphides in 
mantle xenoliths is dominated by Fe-Ni-Cu species and so a consideration 
of sulphides in the Fe-Ni-Cu-S system serves to model the mantle 
assemblage very closely. 
1.FeS Activities in the Fe-S System 

Whitney(1984) in his examination of magnetite-pyrrhotite 
assemblages considered that to a good approximation aFeS  may be 
replaced by the mole fraction of iron in the iron site(NFe); 

NFe 	Po 
aFes — N 	— XFe 

Cations 
(6.23) 
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To date there have been no studies specifically examining the 
mixing behaviour of the system Fe-S and so Whitney's approximation has 
been used to model the FeS activity. Craig and Scott (1976) in their study 
of aFes in pyrrhotite were not able to identify any discernable pressure 
effect. Therefore in this study it has been assumed that pressure has.nera 
negligible effect on aFes  in pyrrhotite of a given composition. 
2. Effect of Ni on FeS Activities in Pyrrhotite. 

Scott, Melton and Gasparrini(1974) found that Fei,S and Nii_„S 
mix ideally at 950°C for any given mole% S thus justifying the 
approximation of aFes made in equation 6.23. However if the sulphur 
fugacity is calculated (equation 6.21) using this assumption then 
increasing Ni contents in the sulphide phase will imply lower sulphur 
fugacities towards the limiting case where NFes = 0 and the implied fS2 
would also be 0. Clearly, the sulphur fugacity of this limiting case is not 0 
but that of the reaction of Ni plus sulphur to form Ni-sulphide. To 
circumvent this problem the aFes term has been replaced by a more 
general acations  term. This assumes that the identity of the cation in the 
cation sites is not a function of the sulphur fugacity and that mixing on 
thse sites is ideal. In calculating the sulphur fugacity the further 
assumtion is made that the acitivity of the cations is realted directly to the 
mole fration of cation in the pyrrhotite phase (i.e.its degree of non-
stoichiometry): 

acations = Ncations 
In mantle sulphides the solid solution is dominated by Fe and so the errors 
introduced by these approximations are thought to be small. 

Using the formulations described above it is possible to calculate 
the equilibrium between sulphide and silicate components and to calculate 
the fugacities of sulphur and oxygen for that assemblage. A computer 
program PERID2.F77 has been written to do this using the rational 
outlined above and is presented in appendix 3. 

6.4.7 Sulphides in the System Peridotite-C-O-S-H: a Test Case  
As the experiments on the model peridotite Pyrolite-87 were 

constrained by both oxygen and sulphur buffers the composition of the 
solid sulphides give an opportunity to test the accuracy of the model 
presented above. Using the conditions of the experiments and the 
compositions of the silicate and sulphide assemblages the fugacities 
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Figure 6.9a,b. Comparisons of buffer fugacities versus fugacities 
calculated using the model. Solid line indicates equality 
between buffer and calculated fugacities; dashed lines 
indicate equality ±1 log unit. 

calculated using the model may be compared to those of the tungsten 
buffer assemblage (figure 6.9a,b). 

The calculated sulphur fugacities lie within ±1 log unit of the 
buffer values, though there appears to be a tendency for the points to lie 
below the equality line i.e. calculated values tend to be slightly lower than 
the corresponding buffer fugacities. The plot of calculated versus buffer 
oxygen fugacities shows a similar trend of points falling slightly below 
the equality line. In this case there is more scatter to the points with one 
lying outside the ±1 log unit bounds. From these results we may expect 
that any calculated fugacities to slightly under estimate both the sulphur 
and oxygen fugacities though the values should be within a log unit of the 
true values. 

Figure 6.10 shows the calculated versus buffer' values of figure 
6.9a,b plotted in log(f02)-log(fS2) space. The 'buffer' points give the 
positions of the WC/W02/WS2 triple points for the respective 
pressure/temperature conditions and as can be seen in figures 6.9a,b and 
figure 6A0 cover some 2-3 log units in absolute f02 and four log units in 
fS2. In general the combined difference in fugacity between the buffer 
and calculated values is less than one log unit and is often less than 0.5 log 
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unit. The close agreement between the calculated and 'buffer' values in 
figures 6.9a,b and 6.10 shows that where the sulphide composition can be 
measured accurately this method should produce reliable values for the 
oxygen and sulphur fugacities at least where the f02 lies between 1W and 
WM. Extrapolations outside of this range may be made but ideally would 
require experimental verification. 

-3 	• 	 I• 
-14 	-13 	-1 2 	-11 	- 	-9 

Log (f0 2  ) 

Figure 6.10 Poly-thermal,polybaric plot of calculated versus buffer 
values of sulphur and oxygen fugacities in log(f02)- 
log(fS2) space. Lines connect corresponding 'calculated' 
and 'buffer' values. 

6.5 The Eucumbene Tunnel Sample: A Mantle Pilot Study  
In order to apply the rationale to a natural sample, four xenoliths 

of mantle origin were examined. These xenoliths were collected from a 
dyke intrusion intersected by tunneling operations of the Snowy 
Mountains hydro-electric scheme N.S.W. The xenoliths collected consist 
mainly of lherzolitic material with some granulite material. 

In addition to the olivine-orthopyroxene-sulphide assemblage 
necessary for the application of the sulphur/oxygen sensor samples 
containing clinopyroxene and spinel were selected in order that the two-
pyroxene thermometer of Wells (1978) may be applied and a comparison 
with the O'Neill and Wall (1987) sensor be carried out. From the sample 
suite four samples were found to have the necessary assemblages. These 
consist of medium to fine grained equilibrium mosaic textured lherzolites 
that show no evidence of melting or contamination by the host basalt. 
Representative analysis of the constituent silicate phases are given in 
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appendix 4. Selected thermodynamic data and calculated temperatures 
and oxygen fugacities are given in table 6.3 

Table 6.3 	. 
01 Cpx 	Opx Assemblage Temp #  log(f02) *  

Sample Mg# 1n(amgsio3) ln(amgsio3) asio2 (°C) 
N26 90.9 -0.328 	-2.934 -1.34 900 -11.75 
N3 85.4 -0.391 	-2.914 -1.35 910 -11.65 
N24 88.1 -0.328 	-2.934 -1.37 900 -11.91 
UM 87.9 -0.304 	-2.825 -1.32 920 -11.42 

# - temperature calculated using the method of Wells(1977) 
* - log(f02) calculated using the method of O'Neill and Wall(1987). 

6.5.1 Petrography of the Sulphide Phase  
The sulphide phases occur within the silicate assemblage as 
(1) Interstitial irregular grains of the order of tens of p.m in 

diameter possessing triple junction boundaries similar to the 
annealed texture of the silicate assemblage. 

(2) Smaller globular shaped grains totally enclosed in silicate phases. 
This mode of occurrence is less common than the interstitial type. 

(3) Rarer strings of type (1) grains giving a vein-like appearance. 
The three types show similar mineralogical and textural features.All the 
sulphide grains are poly-mineralic and consist of two main regions. The 
first occurs as a cuspate band at the margin of the sulphide grain taking up 
on average 10% of the exposed section of the sulphide grain. It is bright 
yellow in reflected light and shows a very fine (<11.tm)net exsolution 
texture. Microprobe analysis shows this assemblage to be close to 
chalcopyrite in composition.The second region makes up the remaining 
area of the sulphide grains and is dominated by pyrrhotite. Around the 
margins of the pyrrhotite, especially at the junction with the chalcopyrite 
solid solution, pentlandite occurs as irregular masses and as exsolution 
'flames'. These features are consistent with the features described in 
other studies of sulphides in mantle xenolith materials (Drumgoole and 
Pasteris,1987, De Waal and Calk,1975) 

6.5.2 Chemistry of Sulphide phases  
The composition of the individual phases in the sulphide grains 

were determined by electron microprobe using an accelerating voltage of 
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20kv and an absorbed current of 200na. Average bulk compositions of 
Cu-rich and Cu-poor regions of the sulphides obtained by broad area 
scans are given in table 6.5.The analyses obtained are plotted in 
projections within the Fe-Cu-Ni-S system (figures 6.10,6.11). 

Table 6.5 
Average Analyses of Sulphide components 

from the Eucumbene Suite of Xenoliths 
Fe Ni Cu 5 Total 

N26(2)* Cu-poor 31.01 0.91 33.01 35.07 100.00 
Cu-rich 37.83 9.35 0.00 38.80 100.00 

N3(9)* Cu-poor 31.43 0.96 32.46 35.15 100.00 
Cu-rich 55.28 5.35 0.00 38.80 100.00 

UM(10)* Cu-poor 31.30 0.85 32.78 35.07 100.00 
Cu-rich 52.93 7.81 0.00 39.26 100.00 

N24(8)* Cu-poor 31.16 7.81 26.26 34.76 100.00 
Cu-rich 53.91 7.89 0.00 38.20 100.00 

* - number in brackets indicates the number of sulphide grains aveaged. 

Fe-Ni-S (figure 6.11)  
In this projection the analyses are grouped into three distinct areas falling 
close to end member mineral compositions. Both the pyrrhotite analyses 
and the pentlandite composition show substantial variation in Fe/Ni ratios 
but little variation in sulphur content. As much of this variation occurs 
along a tie line between the two fields it is difficult to distinguish the 
effects of unintentional overlap in the mineral analyses from 'real 
variation in the analysis. Unlike the pyrrhotite and pentlandite fields the 
analyses of the chalcopyrite solid solution shows only a small amount of 
variation although some spread towards the two other groups is evident. 
Although an exsolution texture can be distinguished optically in the 
chalcopyrite solid solution phase it is clear that the microprobe technique 
does not have the precision to separate the two component phases. 
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Figure 6.11 Composition of sulphide phases in the Eucumbene 
samples in the projection Fe-Ni-S. The projected 
positions of chalcopyrite (CuFeS2) and a member of the 
pentlandite solid solution series (Ni4.5Fe4.5S,13)  are marked 
as shown. 

Fe-Cu-S (figure 6.12)  
As in the Fe-Ni-S projection the analyses are again grouped into three 
distinct areas close to the end-member mineral compositions. In this 
projection there is a clear separation between the Ni-Fe bearing 
pyrrhotite-pentlandite association and the chalcopyrite solid solution 
series. It is clear from the textures of the sulphide grains that they have 
undergone some textural and chemical re-equilibration. The presence of 
pentlandite shows that the final re-equilibration temperature was below 
610°C (Craig and Scott, 1976) whereas the two pyroxene thermometer of 
Wells(1977) gives temperatures around 900°C (table 6.4). If we take the 
higher temperature as the temperature of the equilibrium assemblage 
prior to the xenolith being entrained in the host magma, then the sulphide 
assemblage must be adjusted to this temperature if the sulphur/oxygen 
sensor reaction is to be applied. 
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Figure 6.12 Ecumbene sulphide components plotted in the 
system Fe-Cu-S. 

To do this it must be assumed that any change in sulphide grains 
must be isochemical i.e. textural only. If the sulphide assemblages have 
lost or gained components during transport of the xenoliths to the surface 
then the sensor reaction will give spurious results. 

Kullerud et al.(1969), in their study of the Fe-Ni-Cu-S system 
showed that at -900°C the degree of solution of Cu in pentlandite and 
pyrrhotite is very limited (<7wt.%) and so as an approximation we may 
consider each sulphide grain to consist of two solid solutions at 900°C: 
one a Cu-rich chalcopyrite solid solution, the other a Cu-poor Ni-rich 
pyrrhotite solid solution. It is the composition of the latter that should be 
used to calculate the fugacities of sulphur and oxygen. 

As the sulphur contents of the exsolved pentlandite and the residual 
Ni-pyrrhotite are different it is important to combine the two phases in 
the correct proportions to determine the correct degree of non-
stoichiometry in the original pyrrhotite solid solution. To do this area 
scans were taken of the pyrrhotite-pentlandite portions of the sulphide 
grains assuming that the sections exposed of the sulphide grains are 
representative of their bulk compositions. Using these compositions and• 
the temperature as calculated from the two-pyroxene thermometer of 
Wells (1977) the log(f02) and log(fS2) were calculated for the available 
olivine-orthopyroxene-sulphide assemblages. The results obtained are 
plotted in polythermal log(f02) and log(fS2) space. 
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Figure 6.13 Polythermal log(f02)-log(fS2) plot of the 
calculated fugacities of the Eucumbene samples. The 
line indicates the 'best fit' line through the data 
(r=1.00). 

In Figure 6.13 the calculated f02 and fS2 values form a single linear array 
with a slope very close to unity. Calculation of the best fit' line gives an 
equation of 

	

log(fS2) = 1.03log(f02) + 12.49 	 (6.24) 
with a correlation coefficient of 1.00. If the olivine-orthopyroxene-
sulphide assemblages are in equilibrium for individual samples then the 
spread in values are unreasonable and the variation must be a result of 
either the analysis method or a result of subsolidus re-equilibration. 

6.5.3 Variation in the calculated fugacities of oxygen and sulphur 
1. Variation as a result of the method of analysis or calculation. 

All of the four samples considered here have similar Mg# and silica 
activities (table 6.4) and have been assumed to have originated from 
similar depths in the upper mantle (-15kbar). Under these conditions the 
sensor reaction (equation 6.3) may be simplified to a general form of 

sulphide 

	

log(f02) = log(fS 2) - 2log(aFes 	) + constant 	(6.25) 

As a result the respective silicate/sulphide reaction boundaries for the 
three samples lie close to each other in log(f02)-log(fS2) space. As 
log(fS2) is a function of the activity of the FeS component in the sulphide 
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shown in figure 6.13 ?;.- I i t s evident that the accuracy of the calculated 
value of log(f02) is dependent on the accuracy of the sulphide analysis. 
As the sulphide compositions used in this case are 'reconstructions' of the 
original homogeneous pyrrhotite, the observed variation may be due to 
uncertainties in the analysis method. Consequently it may be that the area 
scan method is not sufficiently accurate for the purposes of calculation of 
fugacities. 
2. Variation as a Result of Post Entrainment Alteration 

It is clear that sulphide assemblages of mantle origin are not as 
robust as silicates in maintaining their original compositions during 
transport to eruption. The presence of low temperature phases such as 
pentlandite shows that substantial exsolution occurs at temperatures 
below 600°C. It would appear therefore that sulphide exsolution will 
occur during cooling, after extrusion of the host basalt. 

As sulphides adjust so quickly to changes in the ambient conditions 
the variation seen in figure 6.13 may be due at least in part to a true 
variation in the S/(Fe+Ni) ratio. For example, if the magma which 
transported the xenoliths to the surface was poor in sulphur then the 
sulphide grains may have readjusted to a lower ambient sulphur fugacity. 
As the silicate component is less affected by short term changes 
in the temperature and oxygen fugacity the result will be to spread the 
calculated oxygen and sulphur values as seen in figure 6.13. It would 
seem therefore that analysis of the sulphide phase is not a particularly 
reliable method of calculating the sulphur and oxygen fugacities of the 
source region. 

In spite of the difficulties regarding the analysis and alteration of 
the sulphide phase we may still use equation 6.3 in some cases to calculate 
the ambient sulphur fugacity of the sulphide bearing peridotites. 

As the calculation of the sulphur fugacity depends on the degree of 
non-stoichiometry in the sulphide phase, the terms for activity of FeS in 
sulphide and log(fS2) in equation 6.9 are not independent. It follows that 
for sulphide saturated conditions at a given oxygen fugacity the sulphur 
fugacity is fixed. Therefore, if an oxygen fugacity may be calculated for 
the assemblage (e.g. O'Neill and Wa11,1987) then the sulphur fugacity 
may be calculated without reference to the composition of the sulphide 
phase. Using this approach the sulphur fugacities for the Eucumbene 
samples lie between about 0 and +0.7 log units i.e. approximately 6.6 log 
units above the Fe-FeS reaction at 900°C. 
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Using the methods described in Part 3 it is possible to calculate the 
composition of a fluid phase in equilibrium with the Eucumbene sample 
at the assumed equilibrium condition of -15kbar, 900°C, log(fS2)= +0.7 
and log (f02)=-11.5. Because this set of conditions are not sufficient to 
impose a unique fluid composition a range of fluid compositions of 
varying C/H ratios are possible equilibrium fluids . Selected fluids from 
this range are presented in table 6.6. 

Table 6.6 
Selected Fluid Compositions for 

15kbar, 900°C, log(f02)=-11.5,log(fS2)=0.7 
Xc 

C/(C+H2) 
Mole % Species in Fluid 

H20 	CO2 	CO 	H2S 
Molar Volume 

cc/mol 
0.1 80.2 10.0 0.0 9.7 21.45 
0.3 59.49 29.9 0.1 10.4 24.63 
0.5 41.0 49.8 0.2 8.9 27.45 
0.7 23.9 69.74 0.3 6.0 30.09 
0.9 7.8 89.6 0.4 2.2 32.63 

As the samples N26 and N24 do not contain hydrous silicates or 
carbonates it is probable that they equilibrated under conditions of low 
volatile activities. The sample UM contains both amphibole and 
phlogopite and N3 contains amphibole and carbonate so their genesis 
must involve the action of volatiles. The origin of these assemblages is 
currently being examined by M.E.Wallace as part of a Ph.D. studentship. 

The fluid compositions possible under these conditions range from 
water dominated H20-0O2-H2S mixtures at low Xc values to CO2-H20-
H2S mixtures at high values of Xc. Although the compositions of table 
6.6 are equilibrium fluids for the estimated conditions of the Eucumbene 
samples it does not necessarily follow that .these compositions may exist 
in equilibrium with the mineral assemblages of the xenoliths. As the 
estimated conditions of 15kbar/900°C lie above the carbonation reaction 
(Wallace and Green, 1988) fluids rich in CO2cannot co-exist with 
forsteritic olivine. Therefore fluid of high Xc values will not be stable. 
Water rich compositions are viable as the conditions are below the water-
saturated solidus. H2S is a substantial,component of the water rich fluids 
and so may play a important role in determining the position of the 
solidus under these relatively oxidized conditions. Taylor and 
Green(1988) have highlighted the dangers of extrapolating phase 
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relations from oxidized to reduced conditions and so until data becomes 
available the role of H2S in such oxidized conditions cannot be assessed. 
However considering the apparent strong effect of 1-2mol% H2S in a 
reduced fluid it seems reasonable to suggest that the phase relations and 
solidus of a peridotite in equilibrium with a fluid composed of 
H20:CO2:H2S ( mol ratios -80:10:10; Xc-0.1) may be significantly 
different to the sulphur-free system at the same oxygen fugacity. 

6.6 Synthetic Flui Inclusions  
6.6.1 Synthesis Method  
During the course of the experiments examining the solidus and phase 
relations of the pyrolite-C-O-S-H system a technique was devised by 
which fluid inclusions are induced to form in a single crystal of olivine 
situated within the sample capsule. In this case, therefore the inclusions 
are formed from a fluid phase which is in equilibrium with not only 
olivine and the buffer assemblage but also a sample mix containing a 
range of oxide components. 

The internal arrangement of the olivine plug within the capsule 
assembly is shown in figure 6.14. Olivine plugs of a diameter to fit into 
the inner carbon capsules were cut from the natural olivines and treated 
as described in Part 5. these were placed in the base of the capsule as 
shown in figure 6.14. In this position the lower surface of the plug is in 
contact with the graphite lid while the top is covered by a layer of very 
fine graphite deposited from a colloidal solution. The sides of the plug 
are surrounded by the sintered oxide mix. 

Pt Capsule 

Inner Carbon Capsule 

Layer of fine grained graphite powder 

Fractured olivine plug 

Carbon Lid_ 

Figure 6.14 Partly schematic section of a capsule showing the relative 
positions of the olivine plug and the sample mix. 
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After completion of the experiment and fluid analysis (Part 4; this 
chapter section 6.1) the sample charge including the olivine plug were 
removed from the inner carbon capsule. In most cases the carbon layer 
on the top surface of the olivine plug caused the olivine plug to break 
away from the rest of the charge making preparation a relatively simple 
operation. For detailed examination of the olivine plug interiors the plugs 
were polished on both sides as described in Part 5 
6.6.2 Results  
Inclusions formed within the olivine plugs at all the pressure/temperature 
conditions examined and there appears to be a broad relationship between 
the type of inclusion and the pressure/temperature conditions. Typically 
the inclusions are more numerous towards the margins of the olivine 
plugs whereas the central portion of the plug appears to anneal almost 
perfectly (figure 6.15a). 
1.Inclusions formed in the subsolidus range at high temperatures  
Inclusions formed under these conditions are large (up to 3011m; figure 
6.15b-e) and at room temperature contain three phases; a vapour, a liquid 
and a heterogeneous solid phase. Both the liquid and the vapour phases 
are colourless whereas the solid component is made up of a network of 
interlocking crystals in a colourless matrix material adhering to the walls 
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Figure 6.16 Internal capsule arrangement in run No. T2306 
(27kbar/1140°C) showing isolation of the olivine plug 
from the sample mix. 

of the inclusion. Many of these crystals show inclined extinction but the 
matrix material has never been observed to show any birefringent 
characteristics and therefore may be glassy in nature. 



Figure 6.17a Scanning electron microscope (SEM) photograph of melt 
inclusions formed in an olivine plug from run No.T2416 
(10kbar/1100°C). Note absence of quench crystal in the 
inclusions Bar scale 10011m. 

Figure 6.17b SEM of a melt inclusion formed in an olivine plug from run 
No.T2255 (30kbar/1160°C). Note dendritic quench crystals 
and vesicular 'ground mass'. Bar scale 10p.m. 

Figure 6.17 c-f SEM photographs of textures developed on the surfaces 
of olivine plugs. 
c - T2331 (5 kbar/1100°C) bar scale 1001.tm; 
d - T2310 (17.5 kbar/1050°C) bar scale 100gm; 

• e - T2356 (22.5 kbar/1100°C) bar scale 1012m; 
f - T2328 (25 kbar/1175°C) bar scale 101.1m; 
g - T2307 (30 kbar/1160°C) bar scale 1011m; 
h - T2353 (30 kbar/1200°C) bar scale 10p.m. 
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In order to eliminate the possibility that the solid material in the 
inclusions formed from low degree partial melts one experiment was run 
in which the olivine plug was completely isolated from the oxide mix as 
shown in figure 6.16'The inclusions formed in run No.T2306 (figure 
6.15e) showed identical characteristics to those formed in other runs 
under similar conditions using the internal arrangements as shown in 
figure 6.14. As the olivine plug in run No.T2306 was not in physical 
contact with the oxide mix (and therefore any small degree partial melt). 
This implies that the solid material originates in the fluid phase 
2.Inclusions formed in the subsolidus range at low temperatures  

Inclusions formed at low temperature tend to be small (<511m) and 
within the limit of optical resolution appear to be two-phase at room 
temperature (gas+liquid, figure 6.150. It is possible that this type of 
inclusion also contains isotropic solid material coating the interior of the 
inclusions. If so, it is beyond the range of optical resolution. 
3.Inclusions formed in the above solidus range (figures 6.17a.b).  

The inclusions from the liquidus range are dominated by solid 
daughter material similar to the glass+crystal material found in the 
inclusions from the high temperature subsolidus range. It consists of 
clusters of small acicular crystals in a non-birefringent (glassy?) matrix, 
but unlike the 'subsolidus' inclusions the matrix material often contains 
numerous spherical cavities (-1gm) giving it a spongy appearance. Many 
of the crystals show dendritic habits characteristic of quench growth 
(figure 6.17b). 

Although these three regions have been identified as regions 
producing distinctive inclusion types it must be emphasized that at high 
pressures (>10kbar) there are no sharp boundaries at which the 
inclusions change character abruptly. There is a continuum between the 
different types of inclusion.In this range of conditions only one 
population of inclusions was present in each experiment and the different 
types described were never seen to coexist. In only one experiment at 
low pressure and high temperature (T2332, 5kbar/1100°C; figures 
6.15g, 6.17c) was a vesicular texture observed in the melt phase. 
6.6.3 Olivine Plug Exteriors (Figures 6.17c-h).  

After extraction from the capsule assembly the top and bottom 
surfaces of the olivine show a distinctive coating. The textural 
characteristics of this coating are the same as those of the inclusions in the 
interior of the olivine. 



Figure 6.15a. Section of olivine plug from run No.T2271 
(20kbar/1075°C) showing development of inclusions in the 
olivine plug. Long dimension of photograph lmm 

Figure 6.15b-d Inclusions showing development of quench daughter 
crystals. b - No.T2286 (32kbar/1125°C) length of larger 
inclusion 2012m; 
c - No.T2250 0 length 221.im ; 
d - No.T2283 (17.5kbar/1075) diameter 181.tm. 

Figure 6.15e Inclusion (length 5012m) formed in olivine plug from run 
No. T2306 (27kbar/1140°C) in which the olivine plug was 
isolated from the sample charge (see figure 6.17). 

Figure 6.15f Plane of inclusions (inclusion diameter_- 1 gm) in olivine 
from run No.T2394 (10kbar/1075°C) 

Figure 6.15g Surface texture on olivine plug from run No.T2331 
(5kbar/1 100°C). This texture is interpreted as vesicles in a 
glassy film covering the surface of the olivine plug. Long 
dimension of the photograph 200gm.(reflected light) 
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At high pressures the coatings have a fibrous texture and contain 
numerous globules of sulphide. In one experiment at low pressure and 
high temperature (P2332; 5kbar/1100°C, figure 6.17c) the coating is 
optically isotropic and has distinctive globular cavities perhaps indicating 
immiscible melt and fluid phases. 
6.2.4 Discussion  
The technique of fluid inclusion formation in a host crystal in an 
experiment containing a multi-component mix serves as a useful 
extension to the study of high pressure/temperature fluid by the technique 
of capsule piercing as described in Part 4. The capsule piercing/mass 
spectrometry technique has been shown to be useful in examining the 
volatile  components of a fluid phase equilibrated with multi-oxide 
samples at high temperature and pressure. The data obtained by this 
method so far has shown gas components confined to the C-O-H system. 
There has been no indication from the spectrometric results that the 
quenched fluids contain any cation components. This is not surprising as 
at room temperature the solubility of the oxide components in either gas 
phase dominated by CH4 or liquid water is very low. Thus if the fluid 
phase present at high temperature and pressure contains appreciable 
dissolved oxide components it will undoubtedly exsolve these as glass or 
crystalline phases during the quench phase of the experiment and these 
components will not be analysable by the mass spectrometry technique. 
Only the volatile C-O-H component will be sufficiently mobile to be 
released on piercing of the capsule. 

In fluid inclusions formed at the run conditions the quenching 
effects are confined to the interior of the inclusion and so if substantial 
amounts of oxide components are exsolved during quenching they will be 
visible as glass and/or crystals accompanying the C-O-H volatile 
Considering the results obtained in this study it seems entirely plausible 
that the solid material contained in the inclusions formed in the subsolidus,_ 
region originates in this way. 
The Nature of the High pressure. High Temperature Fluid Phase.  
If the fluid inclusion contents are derived by quenching of a 
homogeneous fluid from high temperature and pressure then the 
presence of substantial amounts of solid daughter phases in the inclusions 
at room temperature shows that the equilibrium fluids are not confined to 
the C-O-S-H system. Instead, the fluids are complex supercritical 
mixtures of oxide components and volatiles in the C-O-S-H system. 
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As at pressures above 5kbar only one population of inclusions was 
identified in the the olivine plugs, there is no field of immiscible melt and 
fluid phases at high pressures. With increasing temperature the amount of 
solid quench material increases until at the point of disappearance of the 
titanate phases (one of the criteria for recognizing the solidus) the 
inclusions are dominated by the solid quench material. In this case, 
therefore the concept of the solidus as a discrete boundary at which the 
solid silicate phases fuse to produce a melt phase does not fit the 
characteristics of inclusions produced. Instead, there is a continuum of 
fluid compositions varying from a low density fluid at low temperature 
to a high density 'melt-like' fluid at high temperature. 

Taylor and Green (1988) have speculated on the relationship 
between the redox state of the upper mantle (and hence the character of 
an equilibrium fluid phase) and the genesis of volatile rich magma types 
of high pressure origin. In their model the genesis of the melt requires 
some process (either high heat flow or depression of the solidus by 
oxidation of reduced fluids) in which the solidus is depressed to intersect 
the relevant geotherm. The results described here show that reduced 
fluids ascending from depth can cause significant movement of oxide 
components under geothermal gradients which do not intersect fluid 
saturated solidi. Recently Navon et al.(1988) have described a population 
of fluid inclusions in diamonds from Zaire and Botswana which contain 
solids broadly kimberlitic in composition. It is feasible therefore that this 
may be a natural example of such a 'subsolidus' fluid. 

Attempts to determine the solute components from high pressure fluids  
The ratio of volatile components, pressure and temperature are all 

likely to influence both the bulk percentage of oxide in solution and the 
inter-element ratios and so it will be important for further study to 
characterize the relationship of these factors. The analysis of the bulk 
composition of the inclusions present a problem for which there is as yet 
no simple solution. 

Using laser Raman and infra-red spectroscopy it is possible to 
characterize the individual phases present at room temperature (Part 5) 
but these techniques cannot give the ratios of these components and so are 
unsuitable for the analysis of bulk compositions. Results of laser Raman 
trial analysis of the gas phase in selected inclusions using the instrument 
and methods described in Part 5 are presented in table 6.7. 
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Table 6.7 
Run No. 	P 

(kb ar) 
T Laser Power Int.Time 

(° C ) 	(mW) 	(sec.') scans 
Relative 
CI-14.12___QanLtu 

Peak area Total 

T2394 10 1075 200 5 10 100 250 
T2271 20 1075 200 5 10 100 450 
T2372 32 1175 200 5 10 100 1050 
T2307 30 1160 200 5 10 85 15 670 
T2353 35 1200 200 5 20 100 620 

The analyses in table 6.7 contrast with those described in Part 5 in that in 
only one case was hydrogen detected above background levels and in no 
case was CO2 found to be a constituent of the inclusions. The analyses 
obtained show low overall total counts and so the absence of H2 and CO2 
in the analyses may be due to too weak a signal. The analyses in table 6.7 
were carried out as a 'trial' and cannot be regarded as exhaustive. It 
would be premature, therefore, to draw conclusions from this data. 
Further study is required to examine the inclusions formed in the two 
types of experiments described here and in Part 5 and determine if the 
there are significant differences in the quenched volatiles in each case. 

Electron microprobe analysis may be suitable for obtaining the 
composition of the solid daughter phases but is obviously unsuitable for 
analysing the volatile components and therefore also the bulk 
composition. 

If a sufficient density of inclusions within the olivine plug can be 
achieved then neutron activation analysis may give quantitative analysis 
of the ratios of the oxide components within the inclusions. However the 
use of olivine as a host crystal will interfere with the analysis of Fe, Mg 
and Si. and so be unsuitable for the analysis of these elements. 

6.7 Summary  
An experimental method has been devised and demonstrated, by 

which the fluid saturated phase relations may be determined under 
buffered oxygen and sulphur fugacities. Using this technique the phase 
relations for the system pyrolite-C-O-S-H under reducing conditions and 
at moderate sulphur fugacities have been determined. A capsule 
piercing/mass spectrometric technique has shown the fluid phase to be 
composed of CH4-H20 mixtures but has failed to identify any H2S as . 
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predicted by thermodynamic calculation (Part 3). The presence of a 
sulphur bearing component in the fluid phase is implied by the 
development of a sulphide phase in all the run products 

Although the overall phase relations show similarities to the 
reduced pyrolite-C-O-H system studied by Taylor and Green (1988) the 
solidus of the sulphur bearing system is lower by -50 0  above 15kbar and 
higher by approximately the same amount below 15kbar. As the 
buffering conditions in both studies give rise to fluids of very similar 
CH4/H20 ratios it appears that the differences in the positions of the two 
solidi is due to the sulphur component in the fluid and therefore indicate 
significant sulphur solubilities in partiaTuat higher pressures. Even though 
the solidus of the sulphur bearing system is lower by -50° it is still 
substantially higher than a continental geotherm. Thus the presence of a 
sulphide phase alone is not sufficient to initiate melting beneath a stable 
continental area. However under higher geotherms, influx of fluids will 
induce melting in sulphide bearing areas of the upper mantle at lower 
temperatures than in sulphide free mantle. 

The combined buffering of sulphur and oxygen fugacities in the 
experiments has allowed a rigorous thermodynamic examination of the 
sulphide-silicate relations. The reaction 

FeMgSiat +1/2S2= FeS + MgSiO3+1/202 

has been used to examine the sulphide-silicate equilibrium and using the 
calculated fugacities of the buffer assemblage, the sulphide-silicate 
equilibrium has been calibrated as a combined oxygen/sulphur fugacity 
sensor. This has been applied to a series of four xenoliths obtained from• 
the Eucumbene Tunnel excavations. The rapid response of the sulphide 
phase to post eruptive cooling means that sulphide-olivine-orthopyroxene 
assemblages are not particularly reliable in determining the fugacities of 
oxygen and sulphur in the source region. However, if an independent 
means of determining the oxygen fugacity is available (e.g. that of 
O'Neill and Wall, 1987) then the sulphur fugacity of the source region 
may be calculated without reference to the composition of the sulphide 
phases. 

During the course of the investigation of the fluid saturated phase 
relations of pyrolite a method was developed where fluid inclusions may 
be formed from the equilibrium fluid in a suitable host crystal. 
Examination of quenched inclusions formed throughout the 
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pressure/temperature range examined shows development of variable 
amounts of solid daughter material. At low temperatures the inclusions 
show little development of solid phases whereas at high temperatures 
closer to the solidus the abundance of solid daughter material increases 
dramatically. Above the solidus the inclusions are dominated by solid 
material and resemble closely melt inclusion found in phenocrysts in 
primitive lavas. At no point were two distinct populations of melt and 
fluid inclusions seen. This may imply complete miscibility to relatively 
low pressures between the melt and and fluid phases in this system. In this 
case the concept of the solidus as the condition at which a discrete melt 
phase is developed cannot be applied. Instead, with increasing 
temperature there appears to be a rapid rise in the dissolved components 
in the fluid phase at the point at which the hydrous phase becomes 
unstable. 

This technique holds promise for tackling several significant 
problems 

(1) If a suitable method can be devised to measure the bulk 
composition of the inclusions it will be possible to 
determine the solubilities of the oxide components in a fluid 
of a known volatile ratios. Such a study would lead to a 
better understanding of oxide transport via a fluid phase of 
known composition. 

(2) the development of melt inclusions may allow the 
measurement of low degrees of 'partial melting' without 
recourse to the sandwich technique. 
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Appendix 1. 
A FORTRAN77 Program to calculate the composition of carbon saturated Fluids. 

C---- COHS.CARBON : A PROGRAM TO CALCULATE THE CARBON SATURATION 
SURFACE IN TERMS OF Xc - MOLE FRACTION OF CARBON IN THE FLUID 

LOGf02 - LOG OF OXYGEN FUGACITY 
LOGfS2 - LOG OF SULPHUR FUGACITY 

AT GIVEN P,T CONDITIONS 
REACTIONS SPECIFYING THE EQUILIBRIUM ARE :- 

1/ H2 + 02 = H20 K1 = fH20/(FH2*F02**0.5) 
2/ C + 02 = CO2 K2 - FCO2/F02 
3/ C + 	02 = CO2 1(3 = FC0/F02**0.5 
4/ C + 2H2 	= CH4 1(4 	= FCH4/FH2**2 
5/ 2CH4 = C2H6 + H2 1(5 	= FC2H6*FH2/FCH4**2 
6/ H2 + 1/2S2 = H2S K6 = FH2S/FH2*FS2**0.5 
7/ 1/2S2 + 02 = SO2 1(7 	= FS02/FS2**0.5*F02 
8/ C + S2 = CS2 1(8 	= FC2S/FS2 
9/ C + 1/252 = CS 1(9 	= FCS/FS2**0.5 

10/ C + 1/202 + 1/252 = COS 1(10= FC0S/F02**0.5*FS2**0.5 

C --- DECLARE ARRAYS 
REAL EQK(11),CINT(11,11),EINT(11,11),DINT(11,11),CSTAR(11), 
*DSTAR(11),ESTAR(11),B1(11),B2(11),C(11),D(11),E(11),B(11), 
*COEF(10,10),LNOPUR(11),LNOMIX(11),XNEW(11),XOLD(11), 
*V(11),Y(11),Z(11),FUGP(11),FUGM(11), 
*X(11),XXX(9,70),XM(11),DIFF(11),PKB,CONT(70,11), 
*P,T,S,F02MIN,F02MAX,STEP,LFUG02,FH2OP,FH20M,SUMDIF,IX,NX,CSAT 
INTEGER M,K,J,ERR,ER,Q 
CHARACTER*5 CHAR(11) 
COMMON P,T 
OPEN(5,FILE='IN2') 
OPEN(6,FILE='OUT') 
OPEN(7,FILE='OUT1') 
OPEN(8,FILE='COSH2APLOT') 
OPEN(9,FILE='CSAT') 

C --- ASSIGN VALUES FOR MRK PARAMETERS --- 
C 

DATA B1 /21.34,45.53,40.11,15.36,43.38,76.37,32.28,45.770, 
• 63.50,34.25,55.87/ 
• B2 /5420,10730,3769,3011,7409,5605,2198,15570,9543.,15890, 
• 6545./ 
• C /1.329E8,1.287E8,3.869E7,4.521E6,6.742E7,1.826E8,9.726E7, 
• 1.9238E8,3.3811E8,2.161E8,1.909E8/ 
• D /2.541E9,1.122E9,6.450E8,5.734E7,2.893E9,5.332E9,1.106E8, 
• 9.3524E9,5.939E9,1.5633E9,1.722E9/ 
• E /1.915E10,4.443E11,8.008E9,1.693E9,9.749E10,1.417E11, 
• 1.96E10,1.9601E10,2.0738E10,5.472E9,5.3943E10/ 

DATA COEF / -3.943750E+5,0.290000E+1,-0.236580E+2,.515100E-3, 
• 408900E+5, 
*+4.541000E+2,-0.807900E-6,-5.298000E-1,-1.510993E-5,+1.589400E-6, 
*+1.200330E+5, 0.175810E+3,-0.595200E-2,+1.391797E-2,-1.290800E+5, 
*+1.201780E+3, - 1.807900E-6,-5.298000E-1,-1.510993E-5,-1.589400E-6, 
* -2.285690E+5, - 0.444250E+2,-0.242330E-2,+1.610600E-2,+3.763500E+4, 
*+1.619000E+2, - 3.421800E-6,+0.000000E-1,+0.000000E+0,+0.000000E+0, 
*-5.070800E+4,-0.808400E+2, 0.931200E-0,+3.124000E-2,+2.156350E+6, 
* - 1.108240E+3,-9.626100E-6,-5.298000E-1,-1.510993E-5,-1.589400E-6, 
*+6.848800E+4,-0.124200E+2, 0.549604E+2,-5.432000E-2,-1.114010E+6, 
*-3.069300E+2,+1.980610E-5,+0.000000E-1,+0.000000E+0,+0.000000E-6, 
*-7.326950E+4,-3.896500E+1,-4.620900E-0,+1.651290E-2,+7.877195E+5, 
* - 3.381090E-2,-4.981520E-6,+0.000000E-1,+0.000000E09,+0.000000E04, 
* - 3.398960E+5,-7.101550E+1,+1.436650E-1,-1.893030E-3,+6.977950E+4, 
* - 3.501800E+2,-3.470200E-7,+0.000000E-1,+0.000000E09,+0.000000E04, 
* -3.516150E+4, - 0.825750E+2,+6.066100E+1,+2.818990E-2,-1.426671E+6, 
*+1.263540E+3,-6.154540E-6,-5.298000E-1,-1.510993E-5,-1.589400E-6, 
*+1.276450E+5, 0.906350E+2,-5.731050E+1,-2.183900E-2,-9.229510E+5, 
*+1.263540E+3,-4.540320E-6,-5.298000E-1,-1.510993E-5,-1.589400E-6, 
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*-1.710940E+5, 0.897500E+1,-6.344950E±3, +2.226580E-2,.-1.752065E+6, 
*+1.358250E+3,-2.154920E-6,-5.298000E-1,-1.510993E-5,-1.589400E-6/ 

DATA CHAR/H20, 'CO2', 'CO', 'H2', 'CH4', .C2H6', 'H2S . , 'S02', 'CS2', 
'CS','COS . / 

READ(5,.(F7.0/F5.0/F5.1,P5.1,F4.2)')P,T,F02mIN,F02MAX,STEP 
wRITE(1,'(" ENTER DESIRED PRESSURE IN KHARs")') 
READ(1,.(P4.1)')PRS 
P = PKB*1000.0 
wRITE(1,'(" ENTER DESIRED TEMPERATURE (K)") . ) 
READ(1,'(F6.1)')T 

C --- Calculate equilibrium coefficients for the reactions 
DO 15 J=1,10 
CALL LNKCAL(J,COEF,EQK(J)) 

15 CONTINUE 

• C --- Calculate interaction parameters 
DO 17 J=1,11 

B(J) = B1(J) + B2(J)/T 
17 CONTINUE 

CALL PINTCA(C,CINT) 
CALL PINTCA(D,DINT) 
CALL PINTCA(E,EINT) 

C --- Calculate molar volumes for pure species 
DO 20 J=1,11 
CALL VOLCAL(B(J)/4+1,C(J),D(J),E(J),B(J),V(J),Z(J),Y(J)) 

20 CONTINUE 
WRITE(1,'(" PURE VOLS = ",11(F8.4))')(V(J),J=1,11) 

C --- Calculate LN PHI(J) for pure species 
DO 25 J=1,11 
CALL LNOPRC(B(J),C(J),D(J),E(J),V(J),Y(J),Z(J),LNOPUR(J)) 

25 CONTINUE 

WRITE(1,'(" ENTER DESIRED log(fS2) '1 'C 
READ(1,'(F4.1)')S 
S = -1.1 

C 	WRITE HEADINGS TO OUTPUT FILES --- 
WRITE(6,'("1P(KBAR)=",F6.3,3X,"T(K)=",F5.0)')PKB,T 
WRITE(6,'(" LOG(fS2)=",F8.5,16X,"MOLE FRACTIONS OF SPECIES", 
*" IN FLUID",45X,"MOL.")')S 
WRITE(6,'(" LOG(f02)",4X,"H20",7X,"CO2",8X,"CO", 

8X,"H2",7X,"CH4",6X,"C2H6",7X,"H2S",7X, 
'S02",7X,"CS2",8X,"CS",7X,"COS",5X, 
'C/C+H") , ) 

WRITE (6, ' 	' " ,106 ( " -' ) ) 
WRITE(7, ' ("1P(KBAR)=",F6.3,3X, "T(K)=",F5.0)')PKB,T 
WRITE (7, ' ( " LOG ( fS2) =" , F8.5,8X, "FUGACITIES OF SPECIES IN 

FLUID",29X,"MOL.")')S 
WRITE(7,'(" LOG(f02)",4X,"H20",7X,"CO2",8X,"CO", 

8X,"H2",7X,"CH4",6X,"C2H6",7X,"H2S",7X, 
"S02",7X,"CS2",8X,"CS",7X,"COS",5X, 
"fH20/f02**0.5")') 

WRITE(7,'(" ",128(" - "))') 

********** START MAIN  Loop *************************************** 

DO 69 LFUGO2 =-16,-5,0.2 
WRITE (1, ' ( ' 'LOG (f02) =" ,F8.2,2X, " LOG ( fS2) = " , F8.2) ' ) LFUGO2 , S 

C --- Solve cubic equation in fH20 

CALL SOLH20(EQK,LNOPUR,FH2OP,LFUG02,ERR,S,XXX) 
IF(ER.EQ.-1) THEN 

GOTO 70 
ENDIF 
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C --- Calculate mole fractions 
CALL MOFRAC(FH2OP,EQK,LNOPUR,X,LFUG02,ER,FUGP,S,XXX) 

IF(ER.EQ.0) THEN 
GOTO 70 

ENDIF 

C --- Now start a loop to check for convergence in the 
calculations. 

C 	Solve cubic eqn. in f02 (gives a value for fH20). 

C ***** *********** Loop to check for convergence.*** ************ ****** 

DO 40 J=1,11 
XNEW(J)=0.0 

40 	CONTINUE 
DO 45 L = 1,11 

XOLD(L)-X(L) 
45 	CONTINUE 

DO 35 N=1,40 

Calculate sum of B parameter interactions - 
= sum [B(J) + X(J)] 

CALL BMIXCA(B,XOLD,BMIX) 

Calculate interaction parameters for C,D and E MRK 
parameters. Sum (PINT(I,J) * X(I) * X(J)] 

CALL PMIXCA(CINT,CMIX,XOLD) 
CALL PMIXCA(DINT,DMIX,XOLD) 
CALL PMIXCA(EINT,EMIX,XOLD) 

C*****************LOOP TO CALCULATE PSTAR PARAMETERS************ 

DO 50 J=1,11 . 
CALL PSTARC(J,CINT,CMIX,O,CSTAR(J),XOLD) 
CALL PSTARC(J,DINT,DMIX,1,DSTAR(J),XOLD) 
CALL PSTARC(J,EINT,EMIX,2,ESTAR(J),XOLD) 

50 	CONTINUE 

Calculate molar volumes using CMIX,DMIX,EMIX 
CALL VOLCAL((BMIX/4+1),CMIX,DMIX,EMIX,BMIX,VMIX, 

ZMIX,YMIX) 

C 
	

Calculate fugacity coefs for non-ideal mixtures. 

DO 55 J=1,11 
CALL LNOMXC(J,BMIX,CMIX,DMIX,EMIX,VMIX,YMIX, 

ZMIX,B(J),CSTAR(J),DSTAR(J),ESTAR(J), 
LNOMIX(J),B) 

55 	CONTINUE 
C 	Solve cubic equation using LNOMIX's 

CALL SOLH20(EQK,LNOMIX,FH20M,LFUG02,ERR,S,XXX) 
IF(ER.EQ.-1) THEN 

GOTO 70 
ENDIF 

Calculate mole factions using Ln(PHI)'s 
CALL MOFRAC(FH20M,EQK,LNOMIX,XM,LFUG02,ER,FUGM,S,XXX) 

IF(ER.EQ.0)THEN 
GOTO 70 

ENDIF 

Test for convergence. 
SUMDIF = 0.0 
DO 61 J = 1,11 

DIFF(J) = 	ABS(XOLD(J)-XM(J)) 
SUMDIF = SUMDIF +DIFF(J) 

61 	CONTINUE 
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IF(SUMDIF.LE.1.1E-8) THEN 
XC = XM(2)+XM(3)+(0.33*XM(5))+(0.4*XM(6))+ 

XM(9)+XM(10)+XM(11) 
WRITE(6,'(13(F8.4,2X))')LFUG02,(XM(J),J=1,11),XC 
GOTO 69 

ELSE 
DO 65 M-1,11 

XOLD(M)=XM(M) 
65 CONTINUE 

END IF 
C 60 CONTINUE 
C --- End of current iteration loop --- 

35 CONTINUE 
C --- End of current f02 loop --- 

69 CONTINUE 
70 STOP 

END 

C###################################################################### 
c...................sugRouTINEs......... ******* ........................ 

C###################################################################### 
SUBROUTINE LNKCAL(J,COEF,EQK) 
COMMON P,T 
PARAMETER (R=8.3143,TR=298.15) 
REAL COEF(10,10),DELTAG,EQK,ENTHIN,ENTINT,VOLINT,A,B,C,D,E,F,G,H 
A = T - TR 
B = T**2 - TR**2 
C = 1./T - I./TR 
D = T**0.5 - TR**0.5 
E = T**3 - TR**3 
F = LOG(T/TR) 
G = 1./T**2 - 1./TR**2 
H = 1./T**0.5 - 1./TR**0.5 
ENTHIN = COEF(3,J)*(A) + (COEF(4,J)/2.)*(B) 

- COEF(5,J)*(C) + 2.*COEF(6,J)*(D) 
+ (COEF(7,J)13.)*(E) 

ENTINT = COEF(3,J)*(F) ,+ COEF(4,J)*(A) 
- (COEF(5,J)12.)*(G) 
- 2.*COEF(6,J)*(H) 
+ (COEF(7,J)/2.)*(B) 

voLINT = (COEF(8,J) + cOEF(9,J)*(A))*P -0.5*COEF(10,J)*(P**2) 
DELTAG = COEF(1,J) - COEF(2,J)*(A) + ENTHIN -T*ENTINT + VOLINT 
EQK 	= EXP(-DELTAG/(R*T)) 
RETURN 
END 

C --- Subroutine to solve the cubic equation in H20 
SUBROUTINE SOLH20(EQK,LNO,FH20,LFUG02,ERR,S,XXX) 
COMMON P,T 
REAL X,G,FH20,EQK(10),LN0(11),LFUG02,XXX(9,70) 
NOTE: EQK Nos are NOT equivalent to LNO Nos. 
INTEGER J,H20,CO2,CO,H2,CH4,C2H6,H2S,S02,CS2,CS,COS,ERR 
DATA H20/1/, CO2/2/, C0/3/, H2141, CH4/51, C2H6/6/ 

H2S/7/, S02/8/, CS2/9/ ,CS/10/, COS/11/ 
FUG02=10.0**(LFUG02) 
FS2=10.0**(5) 
COEFA=(EQK(5)*(EQK(4)**2))/((EQK(3)'*3)*(FUG02**1.5)* 

EXP(LNO(C2H6))) 
COEFB=EQK(4)/(FUG02*(EQK(3)**2)*EXP(LNO(CH4))) 

+((EQK(10)*FS2)/(FUG02*(EQK(4)**2)*EXP(LN0(11)))) 
COEFC=1./(EQK(3)*(FUG02**0.5)*EXP(LNO(H2))) + 1./EXP(LNO(H20)) 

+(EQK(6)*FS2**0.5)/(EQK(3)*FU002**0.5*(EXP(LNO(H2S)))) 
CONST=(EQK(1)*FUG02)/EXP(LNO(CO2))+ 

(EQK(2)*EQK(1)*FUG02)**0.5/EXP(LNO(C0))+ 
HEOK(7)*(FS2**0.5)*FUG02)/EXP(LNO(S02)))+ 
((EQK(8)*F52)/EXP(LNO(Cs2)))+ 
((EQK(9)*(FS2**0.5))/EXP(LNO(CS)))+ 
HEQK(10)*FS2**0.5*FUG02)/EXP(LNO(COS))) 
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IF (CONST.LE.P) THEN 
FH20=P/COEFC 

ELSE 
WRITE(1,'(" GRAPHITE STABILITY EXCEEDED AT LOG(F02) = " 

F6.2)')LFUGO2 
ERR=-1 
GOTO 10 

END IF 
PES-COEFA*(FH20**3) + COEFB*(FH20**2) + COEFC*(FH20) + CONST 
G-0. 
X=0. 
J=-1 

WHILE(ABS(PES-P).GT.1.0E-7) DO 
J=J+1 
G= 10.0**(-J) 

WHILE( (PES-P).LE.0.0) DO 
FH20=EXP(ALOG(FH20)+G) 
PES=COEFA*(FH20**3) + COEFB*(FH20**2) + 

COEFC*(FH20)+CONST 
X=X+G 

ENDWHILE 
WHILE((PES-P).GT.0.0) DO 

FH20=EXP(ALOG(FH20)-G) 
PES=COEFA*(FH20**3)+COEFB*(FH20**2)+COEFC*(FH20) + 

CONST 
X=X-G 

ENDWHILE 
ENDWHILE 

10 RETURN 
END 

SUBROUTINE MOFRAC(FH20,EQK,LNO,XOUT,LFUG02,X,FUG,S,XXX) 
REAL FUG(11),EQK(10),XOUT(11),LN0(11),FUG02,LFUG02,SUM,XXX(9,70) 
INTEGER X 
COMMON P,T 
FUG02=10.0**(LFUG02) 
FS2=10.0**(S) 
FUG(1)=FH20 
FUG(2)=EQK(1)*FUGO2 
FUG(3)=(EQK(2)*FUG(2))**0.5 
FUG(4)-FUG(1)/(EQK(3)*(FUGO2**0.5)) 
FUG(5)=EQK(4)*(FUG(4)**2) 
FUG(6)=(EQK(5)*FUG(5)**2)/FUG(4) 
FUG(7)=EQK(6)*FUG(4)*(FS2**0.5) 
FUG(8)=EQK(7)*FS2**0.5*FUGO2 
FUG(9)=EQK(8)*FS2 
FUG(10)=EQK(9)*(FS2**0.5) 
FUG(11)=EQK(10)*(FUG02**0.5)*(FS2**0.5) 
SUM = 0.0 
DO 90 J=1,11 

XOUT(J)=FUG(J)/(EXP(LNO(J))*P) 
SUM = SUM + XOUT(J) 

90 CONTINUE 
IF(ABS(SUM-1.0).GT.1.0E-4) THEN 

X = 0 
WRITE(6,'(" SUM OF MOLE FRACTIONS =",F8.6)')SUM 

ELSE 
X =100 

ENDIF 
RETURN 
END 

C 	i.e. mol fraction = f(i)/(Ioni(i).2) 

SUBROUTINE BMIXCA(B,X,PMIX) 
REAL PMIX,B(11),X(11) 

PMIX=0. 
DO 40 J=1,11 
PMIX=PMIX + (B(J)*X(J)) 
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40 	CONTINUE 
RETURN 
END 

SUBROUTINE PINTCA(PARAM,PINT) 
REAL PARAM(11),PINT(11,11) 

DO 50 1=1,11 
DO 55 J-1,11 

PINT(I,J)=(PARAM(I)*PARAM(J))**(0.5) 
55 	CONTINUE 
50 	CONTINUE 

RETURN 
END 

SUBROUTINE PMIXCA(PINT,PMIX,X) 
REAL PINT(11,11),PMIX,X(11) 

PMIX-0 
DO 60 1=1,11 

DO 65 J=1,11 
PMIX=PMIX + PINT(I,J)*X(I)*X(J) 

65 	CONTINUE 
60 	CONTINUE 

RETURN 
END 

SUBROUTINE PSTARC(J,PINT,PMIX,TYPE,PSTAR,X) 
INTEGER J,TYPE 
REAL PMIX,PSTAR,PINT(11,11),X(11) 

PSTAR=0. 
DO 70 N=1,11 

PSTAR=PSTAR + 2.*PINT(J,N)*X(N) 
70 	CONTINUE 

PSTAR=PSTAR + TYPE*PMIX 
RETURN 
END 

SUBROUTINE VOLCAL(VI,CI,DI,EI,BI,VOUT,ZOUT,YOUT) 
PARAMETER (R=83.143) 
REAL VI,CI,DI,EI,BI,VFIND,INC,VOUT,ZOUT,YOUT 
COMMON P,T 

IF(P.LT.1000.) THEN 
VFIND = 100.*VI 

ELSE 
VFIND=VI 

ENDIF 
INC=0. 
CALL ASMBLV(VFIND,CI,DI,EI,BI,INC) 
DO 80 J=0,15 

INC=10.**(-J) 
CALL ASMBLV(VFIND,CI,DI,EI,BI,INC) 

80 	CONTINUE 
VOUT=VFIND 
YOUT=BI/(4.*VOUT) 
ZOUT=(P*VOUT)/(R*T) 

RETURN 
END 

SUBROUTINE ASMBLV(VFIND,CI,DI,EI,BI,INCRMT) 
REAL PES,INCRMT 
SAVE PES 
COMMON P,T 

IF (INCRMT.LT.1.0E-10) THEN 
PES=PESTIM(VFIND,CI,DI,EI,BI) 

ELSE 
WHILE (PES.GT .P) DO 

PES=PESTIM(VFIND+INCRMT,CI,DI,EI,BI) 
VFIND=VFIND+INCRMT 
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ENDWHILE 

IF(PES.LT .P) THEN 

PES=PESTIM(VFIND-INCRMT,CI,DI,EI,BI) 

VFIND=VFIND-INCRMT 

END IF 

END IF 

WRITE(1,'(" PES =",F25.12)')PES 

RETURN 

END 

FUNCTION PESTIM(VX,CI,DI,EI,BI) 

PARAMETER (R=83.143) 

REAL YI,AI 

COMMON P,T 

YI=8I/(4*VX) 

AI=CI + DI/VX + EI/VX**2 

PESTIM=(R*T*(1.+YI+(YI**2)-(YI**3)))/(VX*(1.-YI)**3) 

-(AI/HT**0.5)*VX*(VX+BI))) 

RETURN 

END 

SUBROUTINE LNOPRC(BI,CI,DI,EI,VI,YI,ZI,LNO) 

PARAMETER (R=83.143) 

REAL BI,CI,DI,EI,VI,YI,ZI,LNO,RT32 

COMMON P,T 

RT32=R*(T**1.5) 

LN0=((8*YI)-(9*YI**2)+(3*YI**3))/(1-YI)**3 

-LOG(ZI) 

-CI!(RT32*(VI+BI)) 

-DI!(RT32*VI*(VI+BI)) 

-El!(RT32*(VI**2)*(VI+BI)) 

+(Cl/(RT32*BI))*LOG(VI/(VI+BI)) 

-DI!(RT32*BI*VI) 

+(DI/(RT32*(BI**2)))*LOGUVI+BI)/VI) 

-El!(RT32*2*BI*(VI**2)) 

+EI/(RT32*(BI**2)*VI) 

-(EI/(RT32*(BI**3)))*LOG((VI+BI)/VI) 

RETURN 

END 

SUBROUTINE LNOMXC(J,BM,CM,DM,EM,VM,YM,ZM,BI,CS,DS,ES,LNO,B) 

PARAMETER (R=83.143) 

REAL BM,CM,DM,EM,VM,YM,ZM,BI,CS,DS,ES,LNO,RT32,VB,B(11) 

INTEGER j 

COMMON P,T 

RT32=R*(T**1.5) 

VB=(/M+BM)/VM 

LNO= (4.*YM-3.*(YM**2))/(1.-YM)**2 

+(B(J)/BM)*((4.*YM-2*(YM**2))/(1.-YM)**3) 

-(3(J)*C4)/(RT32*BM*(BM+VM)) 

+((B(J)*CM)/(RT32*(BM**2)))*LOG(VB) 

-(CS/(RT32*BM))*LOG(VB) 

-DS/(RT32*BM*VM) 

+(DS/(RT32*(BM**2)))*LOG(VB) 

+(3(J)*DM)/(RT32*VM*BM*(VM+BM)) 

+(2.*B(J)*DM)/(RT32*(BM**2)*(VM+BM)) 

-((2.*B(J)*DM)/(RT32*(BM**3)))*LOG(VB) 

-ES/(RT32*2.*BM*(VM**2)) 

+ES/(RT32*(BM**2)*VM) 

-(ES!(RT32*(BM**3)))*LOG(VB) 

+(B(j)*EM)/(RT32*2.*BM*(VM**2)*(VM+BM)) 

-(3.*B(J)*EM)/(RT32*2.*(BM**2)*VM*(VM+BM)) 

+((3.*B(J)*EM)/(RT32*(BM**4)))*LOG(VB) 

-(3.*B(J)*EM)/(RT32*(BM**3)*(VM+BM)) 

-LOG(ZM) 

RETURN 

END 
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Appendix 2 

A program to calculate the composition 
of a carbon under saturated fluid 

for given values of log(f02), log(fS2) and C/C+H2 ratio 
C---- COHS.FLUID : A PROGRAM TO CALCULATE THE FLUID COMPOSITION 

IN TERMS OF Xc - MOLE FRACTION OF CARBON IN THE FLUID 
LOGf02 - LOG OF OXYGEN FUGACITY 
LOGES2 - LOG OF SULPHUR FUGACITY 

AT GIVEN P,T CONDITIONS 
FS2 VALUE IS INPUTED FROM THE TERMINAL 
XC IS INCREMENTED BY THE PROGRAM 
A FILE CONTAINING CONTOUR DATA FOR CONTOURING PROGRAM 'SURFACE2' 
PROGRAM. 
REACTIONS SPECIFYING THE EQUILIBRIUM ARE :- 

1/ CO + 1/202 = CO2 
	

K1 = fCO2/(FC0*F02**0.5) 
2/ H2 + 1/202 = H2O 
	

K2 = fH20/(fH2*F02**0.5) 
3/ 2H2 + co 

	
= CH4 + 1/202 

	
1(3 = fC0/f02**0.5 

4/ 3H2 + 2C0 = C2H6 + 02 
	

1(4 = fCH4/fH2**2 
5/ H2 + 1/252 = H2S 
	

1(6 = fH2S/fH2*fS2**0.5 
6/ CO + 	S2 = CS2 + 1/202 

	
1(8 = fC2S/fS2 

7/ CO + 1/252 = CS 	+ 1/202 
	

1(9 = fCS/fS2**0.5 
8/ CO + 1/252 = COS 
	

1(10 = fC0S/f02**0.5*fS2**0.5 

C --- DECLARE ARRAYS 
REAL EQK(10),CINT(10,10),EINT(10,10),DINT(10,10),CSTAR(10), 
*DSTAR(10),ESTAR(10),31(10),B2(10),C(10),D(10),E(10),B(10), 
*COEF(10,8),LNOPUR(10),LNOMIX(10),XNEW(10),XOLD(10), 
*V(10),Y(10),Z(10),FUGP(10),FUGM(10), 
*X(10),XXX(9,70),XM(10),DIFF(10),PKB, 
*P,T,S,F02MIN,F02MAX,STEP,LFUG02,FH2P,FH2M,FC0P,FCOM,SUMDIF,XC, 
*MOL(10,20,9),CONT(3,1500,10) 
INTEGER J,K,L,ERR,N,ER,Q,COUNT, 
*H20,CO2,CO,H2,CH4,C2H6,H2S,CS2,CS,COS 
CHARACTER*5 CHAR(10) 
COMMON P,T,CONT 
OPEN(5,FILE='INFLUID') 
OPEN(6,FILE='OUT') 

C --- ASSIGN VALUES FOR MRK PARAMETERS --- 
DATA 31 /21.34,45.53,40.11,15.36,43.38,76.37,32.28, 

63.50,34.25,55.87/ 
32 /5420,10730,3769,3011,7409,5605,2198,9543.0,15890, 

6545./ 
C /1.329E8,1.287E8,3.869E7,4.521E6,6.742E7,1.826E8,9.726E7, 

3.3811E8,2.161E8,1.909E8/ 
D /2.541E9,1.122E9,6.450E8,5.734E7,2.893E9,5.332E9,1.106E8, 

5.939E9,1.5633E9,1.722E9/ 
E /1.915E10,4.443E11,8.008E9,1.693E9,9.749E10,1.417E11, 
1.96E10,2.0738E10,5.472E9,5.3943E10/ 

DATA CHARPH20','CO2','CO','H2','CH4','C2H6','H2S','CS2', 
'CS','COS'/ 

COUNT=0 

C --- Assign parameters for COEF(10,8) 
DATA COEF/ 
*-2.5720400E+5,-8.6455000E+1,+1.7931000E+1,-2.2014250E-3, 
*-2.0590500E+5,-3.7384000E+2,+0.0000000E+0,+0.0000000E+0, 
*+0.0000000E+0,+0.0000000E+0,-2.2856900E+5,-4.4425000E+1, 
*-2.4233400E+1,+1.6106660E-2,+3.7635000E+4,+1.6190000E+2, 
*-3.4218000E-6,+0.0000000E+0,+0.0000000E+0,+0.0000000E+0, 
*+8.6463000E+4,-1.7019500E+2,+4.2520200E+1,+1.9523455E-2, 
*+2.4913350E+6,-1.9361800E+3,-7.8182000E-6,+0.0000000E+0, 
*+0.0000000E+0,+0.0000000E+0,+2.4141400E+5,-3.5274000E+2, 
*+1.4000100E+2,-1.5273090E-2,+3.8686600E+6,-4.1792900E+3, 
*+4.1697000E-6,+0.0000000E+0,+0.0000000E+0,+0.0000000E+0, 
*-7.3269500E+4,-3.8965000E+1,-4.6209000E+0,+1.6512900E-2, 
*+7.8771950E+5,-3.3810900E-3,-4.9815200E-6,+0.0000000E+0, 
*+0.0000000E+0,+0.0000000E+0,+1.0194000E+5,-1.7942000E+2, 
*-1.9093000E+1,+4.5640000E-3,-4.9169000E+5,+4.3560000E+2, 
*+4.3466000E-5,+0.0000000E+0,+0.0000000E+0,+0.0000000E+0, 
*+2.6488300E+5,-1.1515000E+1,-6.2050000E+0,+1.0162000E-2, 

9928500E+5,+3.1998000E+2,-2.7320000E-6,+0.0000000E+0, 
*+0.0000000E+0,+0.0000000E+0,+3.0826500E+5,-8.7860000E+1, 
*-2.1860000E+1,+1.0941000E-2,-1.4170800E+6,+5.3031000E+2, 
*+3.4702000E-7,+0.0000000E+0,+0.0000000E+0,+0.0000000E+0/ 
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• ENTER P,T, 
WRITE(1,'(" ENTER P(BAR),T(K) - ONE PER LINE")') 
READ(1,.(F6.1/F6.1) . )P,T 
PKB = P11000.0 

• Calculate equilibrium coefficients for the reactions 
DO 15 J=1,8 
CALL LNKCAL(J,COEF,EQK(J)) 
WRITE(1,'(A5,3X,E17.5)')CHAR(J),EQK(J) 

15 CONTINUE 

• Calculate interaction parameters 
DO 17 J=1,10 

B(J) = Bl(J) + 32(3)/T 
17 CONTINUE 

CALL PINTCA(C,CINT) 
CALL PINTCA(D,DINT) 
CALL PINTCA(E,EINT) 
WRITE(1,'("PINTCA COMPETED")') 

• Calculate molar volumes 
DO 20 J=1,10 
CALL VOLCAL(B(J)/4+1,C(J),D(J),E(J),3(J),V(J),Z(J),Y(J)) 

20 CONTINUE 
• Calculate LN PHI(J) for pure species 

DO 25 J=1,10 
CALL LNOPRC(B(J),C(J),D(J),E(J),V(J),Y(J),Z(J),LNOPUR(J)) 

25 CONTINUE 

C --- Fix current fS2 value 
WRITE(1,'(" ENTER LOG(fS2) VALUE (F5.1)")') 
READ(1,'(F5.1) ')S 

C --- ENTER DESIRED XC VALUEXC i.e. mol. fraction of C in fluid. 
WRITE(1,'(" ENTER DESIRED XC VALUE (F5.1)")') 
READ(1,'(F5.1)')XC 

C --- ENTER MAXIMUM AND MINIMUM F02 VALUES AND DESIRED STEP SIZE 
WRITE(1,'(" ENTER MAXIMUM AND MINIMUM F02 VALUES AND STEP", 

'SIZE - ONE PER LINE")') 
READ(1,.(F6.2/F6.2/F4.2)')F02MAX,F02MIN,STEP 

• WRITE HEADINGS TO OUTPUT FILES --- 
WRITE(6,'("1P(KBAR)=",F6.3,3X,"T(K)=",F5.0,3X,"XC = ' 

*F3.1)')PKB,T,XC 
WRITE(6,'(" LOG(fS2)=",F8.4,16X, 

"MOLE FRACTION SPECIES IN FLUID",45X,"MOL.")')S 
WRITE(6,'(" LOG(f02)"," 	H20 	"," 	CO2 	"," 	CO 	", 

" 	H2 	"," CH4 	"," C2H6 "," 1125 	" 
" CS2 	"," CS 	"," COS 	", 
" 	VOL.(CC)")') 

WRITE(6,'(" ",106("-"))') 

c ********** START MAIN Loop ******=**.****************************** 
DO 69 LFUGO2 =F02MIN,F02MAX,STEP 
WRITE(1,'("LOG(f02)=",F4.0) ')LFUGO2 

C --- Solve cubic equation in fH20 

CALL SOLH2(XC,EQK,LNOPUR,FH2P,FC0P,LFUG02,ERR,S,XXX) 

C --- Calculate mole fractions 

CALL MOFRAC(FH2P,FC0P,EQK,LNOPUR,X,LFUG02,ER,FUGP,S,XXX) 
IF(ER.EQ.0) THEN 

GOTO 100 
ENDIF 

• Now start a loop to check for convergence in the 
• calculations. 

Solve cubic eqn. in f02 (gives a value for fH20). 

• **************** Loop to check for convergence.********************* 

DO 40 J=1,10 
XNEW(J)=0.0 

40 
	

CONTINUE 
DO 45 L = 1,10 
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XOLD(L)=X(L) 

	

45 	CONTINUE 
DO 35 N=1,40 

Calculate sum of B parameter interactions - 
= sum (B(J) + X(J)] 

CALL BMIXCA(B,XOLD,BMIX) 
Calculate interaction parameters for C,D and E MRK 
parameters. Sum (PINT(I,J) * X(I) * X(J)) 

CALL PMIXCA(CINT,CMIX,XOLD) 
CALL PMIXCA(DINT,DMIX,XOLD) 
CALL PMIXCA(EINT,EMIX,XOLD) 

C********** ****** *LOOP TO 	CALCULATE ?STAR PARAMETERS 

DO 50 J=1,10 
CALL PSTARC(J,CINT,CMIX,O,CSTAR(J),XOLD) 
CALL PSTARC(J,DINT,DMIX,1,DSTAR(J),XOLD) 
CALL PSTARC(J,EINT,EMIX,2,ESTAR(J),XOLD) 

	

50 	CONTINUE 

Now calculate molar volumes using CMIX,DMIX,EMIX 
CALL VOLCAL((BMIX/4+1),CMIX,DMIX,EMIX,BMIX,VMIX, 

ZMIX—YMIX) 
WRITE(1,'("VOLCALMIX")') 

C 	Calculate fugacity coefs for non-ideal mixtures. 

DO 55 J=1,10 
CALL LNOMXC(J,BMIX,CMIX,DMIX,EMIX,VMIX,YMIX, 

ZMIX,B(J),CSTAR(J),DSTAR(J),ESTAR(J), 
LNOMIX(J),B) 

	

55 	CONTINUE 
WRITE(1,'("LNOMIX")') 

C 	Solve cubic equation using LNOMIX's 
CALL SOLH2(XC,EQK,LNOMIX,FH2M,FCOM,LFUG02,ERR,S,XXX) 

Calculate mole factions using Ln(PHI) s 
CALL MOFRAC(FH2M,FCOM,EQK,LNOMIX,XM,LFUG02,ER,FUGM, 

S,XXX) 
WRITE(1("MOFRACMIX")') 

IF(ER.EQ.0)THEN 
GOTO 100 

END IF 

Now test for convergence. 
SUMDIF = 0.0 
DO 61 J = 1,8 
DIFF(J) = 	ABS(XOLD(J)-XM(J)) 

SUMDIF = SUMDIF +DIFF(J) 

	

61 	CONTINUE 
WRITE(1,'("SUMDIF 	= ",E15.5)')SUMDIF 
IF(SUMDIF.LE.1.1E-8) THEN 

WRITE(6,'(12(F8.3))')LFUG02,(XM(I),I=1,10),VMIX 
GOTO 69 

ELSE 
DO 65 M=1,8 

XOLD(M)=XM(M) 

	

65 	 CONTINUE 
END IF 

	

C 60 	CONTINUE 
C --- End of current iteration loop --- 

	

35 	CONTINUE 
C --- End of current f02 loop --- 

WRITE(1,'(" F02 = ",E15.5)')LFUGO2 

	

69 	CONTINUE 

	

100 	CONTINUE 

	

70 	STOP 
END 

C######################################################################## 
C* ** ********** ******suBRouTINEs ********** *************************** 
C######################################################################## 

SUBROUTINE LNKCAL(J,COEF,EQK) 
COMMON P,T,CONT(3,1500,10) 
PARAMETER (R=8.3143,TR=298.15) 
REAL COEF(10,8),DELTAG,EQK,ENTHIN,ENTINT,VOLINT,A,B,C,D,E,F,G,H 

A = T - TR 
B = T**2 - TR**2 
C = 1./T - 1./TR 
D = T**0.5 - TR**0.5 
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E = T**3 - TR**3 
F = LOG(T/TR) 
G = 1./T**2 - 1./TR**2 
H = 1./T**0.5 - 1./TR**0.5 
ENTHIN = COEF(3,J)*(A) + (COEF(4,J)/2.)*(B) 

- COEF(5,J)*(C) + 2.*COEF(6,J)*(D) 
+ (COEF(7,J)13.)*(E) 

ENTINT = COEF(3,J)*(F) + COEF(4,J)*(A) 
- (COEF(5,J)/2.)*(G) 
- 2.*COEF(6,J)*(H) 
+ (COEF(7,J)12.)*(B) 

VOLINT = (COEF(8,J) + COEF(9,J)*(A))*P -0.5*COEF(10,J)*(P**2) 
DELTAG = COEF(1,J) - COEF(2,J)*(A) + ENTHIN -T*ENTINT + VOLINT 
EQK 	= EXP(-DELTAG/(R*T)) 
WRITE(6,'(5F20.8)')ENTHIN,VOLINT,DELTAG,EQK 

RETURN 
END 

C --- Subroutine to solve the cubic equation in H20 
SUBROUTINE SOLH2(XC,EQK,LNO,FH2,FCO 3 LFUG02,ERR,S,XXX) 

COMMON P,T,CONT(3,1500,10) 
REAL XC,X,G,EQK(10),LN0(10),LFUG02,XXX(9,70), 

* ROOT1,ROOT2,COEFA,COEFB,COEFC,COEFD,COEFE,COEFF 
IttlIt 	III!! 	IllIttItItIIIIIIIIIIIIIIIITItIt  

NOTE: EQK Nos are NOT equivalent to LNO Nos. 
cliitttitilirtir  

INTEGER J,H20,CO2,CO,H2,CH4,C2H6,H2S,CS2,CS,COS,ERR 
DATA 	H20/1/, CO2/21, C0/3/, H2/4/, CH4/51, C2H6/6/ 

H2S/7/, CS2/81 ,CS/9I, COS/10/ 

FUG02=10.0**(LFUG02) 
FS2=10.0**(S) 
COEFA=(3.*EQK(4))/(5.*EXP(LNO(C2H6))*(1.-XC)*FUG02) 
COEFB-(EQK(2)*FUG02**0.5)/(EXP(LNO(H20))*(1.-XC)) 

+1.0/(EXP(LNO(H2))*(1.-XC)) 
+(EQK(5)*FS2**0.5)/(EXP(LN0(H2S))*(1.-XC)) 

COEFC=(2.*EQK(3))/(3.*EXP(LNO(CH4))*(1.-XC)*(FUG02**0.5)) 

COEFD=(EQK(1)*FUG02**0.5)/(EXP(LNO(CO2))*XC) 
+1./(EXP(LNO(C0))*XC) 
+(EQK(6)*F52)/(EXP(LNO(C52))*XC*FUG02**0.5) 
+(EQK(7)*FS2**0.5)/(EXP(LNO(CS))*XC*FUG02**0.5) 
+(EQK(8)*FS2**0.5)/(EXP(LNO(COS))*XC) 

COEFE=EQK(3)/(3.*EXP(LNO(CH4))*XC*(FUG02**0.5)) 
COEFF=(2.*EQK(4))/(5.*EXP(LNO(C2H6))*FUG02*XC) 

Initial estimate for FH2 
FH2 = P/COEFB 

ROOT1 	(-(COEFD+COEFE*FH2**2) + SQRTHCOEFD+COEFE*FH2**2)**2 
,-(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 

ROOT2 	(-(COEFD+COEFE*FH2**2) - SQRTHCOEFD+COEFE*FH2**2)**2 
+(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 

IF(ROOT1.LT.O.AND.ROOT2.LT.0) THEN 
WRITE(1,'(" Both roots negative at these conditions") 
CALL ERROR(ERR,LFUG02,S,XXX) 

ELSE IF(ROOT1.GT.ROOT2) THEN 
FCO = ROOT1 

ELSE 
FCO = ROOT2 

END IF 

PES = COEFB*FH2 + COEFC*FC0*(FH2**2) + COEFA*(FC0**2)*(FH2**3) 

G=0. 
X=0. 
J=-1 

WHILE(ABS(PES-P).GT.1.0E-3) DO 
J=J+1 
G= 10.0**(-J) 

WHILE( (PES-P).LE.0.0) DO 
FH2=EXP(ALOG(FH2)+G) 
ROOT1 = (-(COEFD+COEFE*FH2**2) 

+ SQRT((COEFD+COEFE*FH2**2)**2 
+(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 
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ROOT2 = (-(COEFD+COEFE*FH2**2) 

- SQRT((COEFD+COEFE*FH2**2)**2 
+(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 

IF(ROOT1.LT.O.AND.ROOT2.LT.0) THEN 
CALL ERROR(ERR,LFUG02,S,XXX) 

ELSE IF(ROOT1.GT.ROOT2) THEN 
FCO = ROOT1 

ELSE 

ENDIF 
FCO = ROOT2 

PES = COEFB*FH2 + COEFC*FC0*(FH2**2) 
+ COEFA*(FC0**2)*(FH2**3) 

X=X+G 
ENDWHILE 
WHILE((PES-P).GT.1.0E-3) DO 

FH2=EXP(ALOG(FH2)-G) 
ROOT1 = (-(COEFD+COEFE*FH2**2) 

+ SQRT((COEFD+COEFE*FH2**2)**2 
+(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 

ROOT2 = (-(COEFD+COEFE*FH2**2) 
- SQRT((COEFD+COEFE*FH2**2)**2 
+(4.*COEFF*(FH2**3)*P)))/(2.*COEFF*FH2**3) 

IF(ROOT1.LT.0.AND.ROOT2.LT.0) THEN 
CALL ERROR(ERR,LFUG02,S,XXX) 

ELSE IF(ROOT1.GT.ROOT2) THEN 
FCO = ROOT1 

ELSE 
FCO = ROOT2 

ENDIF 
PES = COEFB*FH2 + COEFC*FC0*(FH2**2) 

+ COEFA*(FC0**2)*(FH2**3) 
X=X-G 

ENDWHILE 
ENDWHILE 

RETURN 
END 

SUBROUTINE MOFRAC(FUGH2,FUGCO,EQK,LNO,XOUT,LFUG02,X,FUG,S,XXX) 
REAL FUG(10),EQK(10),XOUT(10),LN0(10),FUG02,LFUG02,SUM, 

* XXX(9,70),FUGH2,FUGC0 
INTEGER X 
COMMON P,T,CONT(3,1500,10) 
FUG02=10.0**(LFUG02) 
FS2=10.0**(S) 
FUG(4)=FUGH2 
FUG(3)=FUGOO 

FUG(1)=EQK(2)*FUG(4)*(FUG02**0.5) 
FUG(2)=(EQK(1)*FUG(3)*(FUG02**0.5)) 
FUG(5)=(EQK(3)*(FUGH2**2)*FUGC0)/(FUG02**0.5) 
FUG(6)=(EQK(4)*(FUGH2**3)*(FUGC0**2))/FUGO2 
FUG(7)=EQK(5)*FUGH2*(FS2**0.5) 
FUG(8)=(EQK(6)*FUGCO*FS2)/(FUG02**0.5) 

FUG(9)=(EQK(7)*FUGC0*(FS2**0.5))/(FUG02**0.5) 
FUG(10)=(EQK(8)*FUGC0*(FS2**0.5)) 

SUM = 0.0 
DO 90 J=1,10 

XOUT(J)=FUG(J)/(EXP(LNO(J))*P) 
SUM = SUM + XOUT(J) 

90 CONTINUE 
IF(ABS(SUM-1.0).GT.1.0E-1) THEN 

X = 0 
CALL ERROR(X,LFUG02,S,XXX) 
WRITE(1,'(" SUM OF MOLE FRACTIONS =,F8.6) ')SUM 
WRITE(6,'(" SUM OF MOLE FRACTIONS =",F8.6)')SUM 

ELSE 
X =100 

ENDIF 
RETURN 
END 

i.e. mol fraction = f(i)/(Phi(i).P) 

SUBROUTINE BMIXCA(B,X,PMIX) 
REAL PMIX,B(10),X(10) 
PMIX=0 
DO 40 J=1,10 
PMIX=PMIX + (B(J)*X(J)) 
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40 	CONTINUE 

RETURN 
END 

SUBROUTINE PINTCA(PARAM,PINT) 
REAL PARAM(10),PINT(10,10) 
DO 50 1=1,10 

DO 55 J=1,10 
PINT(I,J)=(PARAM(I)*PARAM(J))**(0.5) 

55 	CONTINUE 
50 	CONTINUE 

RETURN 
END 

SUBROUTINE PMIXCA(PINT,PMIX,X) 
REAL PINT(10,10),PMIX,X(10) 
COMMON X(10) 

PMIX=0 
DO 60 1=1,10 

DO 65 J=1,10 
PMIX=PMIX + PINT(I,J)*X(I)*X(J) 

65 	CONTINUE 
60 	CONTINUE 

RETURN 
END 

SUBROUTINE PSTARC(J,PINT,PMIX,TYPE,PSTAR,X) 
INTEGER J,TYPE 
REAL PMIX,PSTAR,PINT(10,10),X(10) 
PSTAR=0 
DO 70 N=1,10 

PSTAR=PSTAR + 2*PINT(J,N)*X(N) 
70 	CONTINUE 

2STAR=PSTAR + TYPE*PMIX 
RETURN 
END 

SUBROUTINE VOLCAL(VI,CI,DI,EI,BI,VOUT,ZOUT,YOUT) 
PARAMETER (R=83.143) 
REAL VI,CI,DI,EI,BI,VFIND,INC,VOUT,ZOUT,YOUT 

COMMON 2,T 
IF(P.LT.1000.) THEN 

VFIND = 100.*VI 
ELSE 

VFIND=VI 
ENDIF 
INC=0. 
CALL ASMBLV(VFIND,CI,DI,EI,BI,INC) 

DO 80 J=0,15 
INC=10.**(-J) 
CALL ASMBLV(VFIND,CI,DI,EI,BI,INC) 

80 	CONTINUE 
VOUT=VFIND 
YOUT=BI/(4*VOUT) 
ZOUT=(P*VOUT)/(R*T) 

RETURN 
END 

SUBROUTINE ASMBLV(VFIND,CI,DI,EI,BI,INCRMT) 
REAL PES,INCRMT 
SAVE PES 
COMMON P,T,CONT(3,1500,10) 

IF (INCRMT.LT.1.0E-10) THEN 
PES=PESTIM(VFIND,CI,DI,EI,BI) 

ELSE 
WHILE (PES.GT .P) DO 

PES=PESTIM(VFIND+INCRMT,CI,DI,EI,BI) 
VFIND=VFIND+INCRMT 

ENDWHILE 
IF(PES.LT .P) THEN 

PES=PESTIM(VFIND-INCRMT,CI,DI,EI,BI) 
VFIND=VFIND-INCRMT 

END IF 
END IF 
WRITE(1,'(" PES =",F25.12)')PES 
RETURN 
END 

FUNCTION PESTIM(VX,CI,DI,EI,BI) 
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PARAMETER (R=83.143) 
REAL YI,AI 
COMMON P,T,CONT(3,1500,10) 
YI=BI/(4*VX) 
AI=CI + DI/VX + EI/VX**2 
PESTIM=(R*T*(1+YI+(YI**2)-(YI**3)))/(VX*(1-YI)**3) 

-(AIMT**0.5)*VX*(VX+BI))) 
RETURN 
END 

SUBROUTINE LNOPRC(BI,CI,DI,EI,VI,YI,ZI,LNO) 
PARAMETER (R=83.143) 
REAL BI,CI,DI,EI,VI,YI,ZI,LNO,RT32 
COMMON P,T,CONT(3,1500,10) 
RT32=R*(T**1.5) 
LN0=((8*YI)-(9*YI**2)+(3*YI**3))/(1-YI)**3 

-LOG(ZI) 
-Cl/(RT32*(VI+BI)) 
-DI!(RT32*VI*(VI+BI)) 
-EI/(RT32*(VI**2)*(VI+BI)) 
+(Cl/(RT32*BI))*LOG(VI/(VI+BI)) 

-DI/(RT32*BI*VI) 
+(DI/(RT32*(BI**2)))*LOG((VI+BI)/VI) 
-El!(RT .32*2*BI*(VI**2)) 
+EI/(RT32*(BI**2)*VI) 
-(EI/(RT32*(BI**3)))*LOG((VI+BI)/VI) 

RETURN 
END 

SUBROUTINE LNOMXC(J,BM,CM,DM,EM,VM,YM,ZM,BI,CS,DS,ES,LNO,B) 
PARAMETER (R=83.143) 
REAL BM,CM,DM,EM,VM,YM,ZM,BI,CS,DS,ES,LNO,RT32,VB,B(10) 

INTEGER J 
COMMON P,T,CONT(3,1500,10) 
RT32=R*(T**1.5) 
VB=(VM+BM)/VM 
LNO= (4.*YM-3.*(YM**2))/(1.-YM)**2 

+(B(J)/BM)*((4.*YM-2*(YM**2))/(1.-YM)**3) 
- (B(J)*CM)/(RT32*BM*(BM+VM)) 
+((B(J)*CM)/(RT32*(BM**2)))*LOG(VB) 
-(CS/(RT32*BM))*LOG(VB) 
-DS!(RT32*BM*VM) 
+(DS/(RT32*(BM**2)))*LOG(VB) 
+(B(J)*DM)/(RT32*VM*BM*(VM+BM)) 
+(2.*9(J)*DM)/(RT32*(BM**2)*(VM+BM)) 
-((2.*B(J)*DM)/(RT32*(BM**3)))*LOG(VB) 
-ES/(RT32*2.*BM*(VM**2)) 
+ES/(RT32*(BM**2)*VM) 
-(ES!(RT32*(BM**3)))*LOG(VB) 
+(B(J)*EM)/(RT32*2.*BM*(VM**2)*(VM+BM)) 
- (3.*B(J)*EM)/(RT32*2.*(BM**2)*VM*(VM+9M)) 
+((3.*B(J)*EM)/(RT32*(BM**4)))*LOG(VB) 
-(3.*B(J)*EM)/(RT32*(BM**3)*(VM+BM)) 

-LOG(ZM) 
RETURN 
END 

SUBROUTINE ERROR(X,LFUG02,S,XXX) 
REAL LFUG02,XXX(9,70) 
INTEGER X,Y 

WRITE(6,'(" GRAPHITE STABILITY EXCEEDED AT LOG(f02) = ",F6.2 

)')LFUGO2 
ELSE IF(X.EQ.0) THEN 

WRITE(6,'(" MOLE FRACTIONS DO NOT SUM TO 1.00")') 
END IF 
RETURN 
END 
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Appendix 3. 
A FORTRAN77 Program to calculate the fS2 and f02 from olivine-orthopyroxene- 

sulphide assemblages. 

C --- A PROG. TO CALCULATE FUGACITIES OF S2 AND 02 FROM PERIDOTITES 
• CONTAINING AN ASSEMBLAGE OF OLIVINE, ORTHOPYROXENE AND Fe—Ni 
• SULPHIDES 

COMMON P,T 
REAL P,T,PKB,LOGFS2,LOGF02,LOGSIO2,LOGFEOL,AFES,LUMGOL,LNFEOL, 

LNOPX,DELTAG,LNSIO2 
CHARACTER*10 IDENT 
OPEN(6,FILE='PERID.OUT') 

C --- ENTER EXTENSIVE CONDITIONS 
WRITE(1,'("ENTER I.D. UP TO 10 CHARATERS")') 
READ(1,'(A10)')IDENT 
WRITE(6,'("#### ",A10,"####")')IDENT 
WRITE(1,'(" ENTER TEMPERATURE IN K")') 
READ(1,'(F6.1)')T 
WRITE(1,'(" ENTER PRESSURE IN KB")') 
READ(1, 1 (F4.1) 1 )PKB 
P = PKB*1000.0 
WRITE(6, 1 (" PRESSURE= ",F4.1,"Kb")')PKB 
WRITE(6,'(" TEMP  

C --- START MAIN PROGRAM 
CALL SULPHIDE(LOGFS2,AFES) 
CALL AOL(LNMGOL,LNFEOL) 
CALL AOPX(LNOPX) 
CALL ASIO2(LNOPX,LNMGOL,LNSIO2) 
CALL DELTA(DELTAG) 
LOGFEOL = LNFEOL/2.303 
LOGSIO2 = LNSIO2/2.303 
LOGF02 = LOGFS2 — 2.0*AFES — LOGSIO2 + LOGFEOL 

— DELTAG/(2.303*8.3143*T) 
WRITE(1,'("LOG(F02) = ",F15.6) 1 )LOGF02 
WRITE(1,'(" OUTPUT FILE = PERID.OUT")') 
WRITE(6,'(50("="))') 
WRITE(6,'(" IMPLIED LOG(f02)")') 
WRITE(6, 1 ("LOG(F02) = ",F15.6) 1 )LOGF02 
WRITE(6, ' (50("="))') 
CALL WCWS2 
STOP 
END 

• ################################################################# 
• ++++++++++++++++++++ SUBROUTINES ++++++++++++++++++++++++++++++++ 
• ################################################################# 

' SUBROUTINE SULPHIDE(LOGFS2,AFES) 
COMMON P,T 
REAL ELWT(5),ELPROP(5),ELAB(5),ATFRAC(5),X,CATIONS,IONS,N, 

LOGFS2 
CHARACTER*2 ELEM(5) 
DATA ELEM /' S','Cr', 1 Fel,'Ni','Cus/ 
DATA ELWT/32.06,52.01,55.85,58.71,63.54/ 
WRITE(1,'(" ENTER WT% ELEMENT IN ORDER :S,CR,FE,NI,CU",/, 

" F6.2")') 
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READ(1, 1 (5(F6.2/)) 1 )(ELAB(I),I=1,5) 
WRITE(6, 1 (50( 1 1 ="))') 
WRITE(6, 1 (" SULPHIDE DATA'') t) 
DO 5 I = 1,5 

WRITE(6, 1 (A2,1X,"=",1X,F6.2) 1 )ELEM(I),ELAB(I) 
5 CONTINUE 

C 	CALULATE ATOM PERCENT 
DO 10 I = 1,5 

ELPROP(I) = ELAB(I)/ELWT(I) 
SUMPROP = SUMPROP + ELPROP(I) 

10 CONTINUE 
DO 15 I = 1,5 

ATFRAC(I) = ELPROP(I)/SUMPROP 
IONS 	= IONS + ATFRAC(I) 

15 CONTINUE 
CATIONS = IONS - ATFRAC(1) 

C --- CALCULATE ACTIVITY OF FeS,NON-STOICHIOMETRY(X),N,LOGFS2 
AFES = ATFRAC(3)/CATIONS 
AFES = CATIONS/IONS 
X = CATIONS/ATFRAC(1) 
N = (2.0*X)/(1.0+X) 
LOGFS2 = (70.03 - 85.83*N)*(1000.0/T - 1.0) 

+ 39.3*(SQRT(1.0 - 0.9981*N)) - 11.91 

C --- CALCULATE PRESSURE EFFECT ON Fe + 1/2S2 = FeS 
DELFS2 = ((P-1)*1.111)/(2.303*8.3143*T) 
LOGFS2 = LOGFS2 + DELFS2 

C --- WRITE OUT RESULTS 
WRITE(1, 1 (" 	X 	# 	N 	#ACT(FES)#LOG(fS2)#P EFFECT'')') 
WRITE(1, 1 (4F7.3) 1 )X,N,AFES,LOGFS2,DELFS2 
WRITE(6, 1 (" 	X 	# 	N 	#ACT(FES)#LOG(fS2)#P EFFECT") 1 ) 
WRITE(6, 1 (4F7.3)')X,N,AFES,LOGFS2,DELFS2 
WRITE (6, ' (50 ("=") ) 1 ) 

RETURN 
END 

SUBROUTINE AOL(LNMGOL,LNFEOL) 
C --- SUBROUTINE TO CALCULATE ACTIVITIES IN OLIVINE 

COMMON P,T 
REAL WOL,P,T,MGOL,LNMGOL,LNFEOL,LOGMGOL,LOGFEOL 
PKB = P/1000.0 
WRITE(1, 1 ("ENTER MG#1100.0 OF OLIVINE")') 
READ(1, 1 (F5.3) 1 )MGOL 

C --- PRESSURE COMPONENT OF OLIVINE SS 
WOL = (5000.0 + 10.8*PKB) 

C --- CALCULATE LOGS OF OLIVINE COMPONENTS 
LNMGOL = (2.0*8.3143*T*LOG(MGOL) + 2.0*WOL*((1.0-MGOL)**2))/ 

(8.3143*T) 
LNFEOL = (2.0*8.3143*T*LOG(1.0-MGOL) + 2.0*WOL*((MGOL)**2))/ 

(8.3143*T) 
LOGMGOL = LNMGOL/2.303 
LOGFEOL = LNFEOL/2.303 
WRITE (1, (" LNMGOL = ",F7.4)')LNMGOL 
WRITE(1, 1  (" LNFEOL = ",F7.4)')LNFEOL 
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WRITE(6, 1 (50( 11 ="))') 
WRITE(6,'(" OLIVINE ACTIVITIES")') 
WRITE(6,'(" OLIVINE MG#/100 = ",F5.3)')MGOL 
WRITE(6,'(" LOG ACTIVITY(Mg2Si02) = ",F7.4)')LOGMGOL 
WRITE(6,'(" LOG ACTIVITY(Fe2Si02) = ",F7.4)')LOGFEOL 
WRITE(6,'(50("="))') 
RETURN 
END 

SUBROUTINE AOPX(LNOPX) 
C --- A SUBROUTINE TO CALCULATE THE ACTIVITIES OF OPX COMPONENTS 
• a(MG2SI206) = X(MG)M1 * X(MG)M2 

CHARACTER*2 CAT(6) 
REAL LNOPX,MGOPX,CATION(6) 
DATA CATPA1','Ti','Cr','Ca','Na','MnI/ 
WRITE(1,'(" PLEASE ENTER OPX MG#/100,F6.4")') 
READ(1,'(F6.4)')MGOPX 
WRITE(1,'(" OPX COMPONENT CALCULATION:",/," PLAESE ENTER ", 
*"CATION VALUES FOR THE FOLLOWING OXIDES")') 
WRITE(6,'(50("="))') 
WRITE(6,'("ORTHOPYROXENE MG#/100 = ",F5.3)')MGOPX 
WRITE(6,'(" ORTHOPYROXENE CATIONS '')') 
DO 5 I = 1,6 

WRITE(1,'(A2,"2")')CAT(I) 
READ(1,'(F7.4)')CATION(I) 
WRITE(6, 1 (A2,1X,"=",1X,F7.4) 1 )CAT(I),CATION(I) 

5 CONTINUE 

C --- CALCULATE ACTIVITIES OF COMPONENTS 
XMGM1 = MGOPX*(1.0 - 0.5*(CATION(1) + CATION(2)) - CATION(3)) 
XMGM2 = MGOPX*(1.0 - CATION(4) - CATION(5) - CATION(6)) 
AENS = XMGM1*XMGM2 
WRITE(1,'(" ENSTATITE ACTIVITY = ",F7.4)')AENS 
WRITE(6,'(" ENSTATITE ACTIVITY = ",F7.4)')AENS 
WRITE(6, 1 (50("="))') 
LNOPX = LOG(AENS) 
RETURN 
END 

SUBROUTINE ASIO2(LNOPX,LNMGOL,LNSIO2) 
C 	ASUBROUTINE TO CALCULATE SILICA ACTIVITY 
• LOG(aSIO2) = DELTA(G)/(2.303RT) + LOG(aMG2SI206)OPX 

- LOG(aMG2SI04)0L 
COMMON P,T 
REAL P,T,LNOPX,LNMGOL,DELTAG,LNSIO2,LOGSIO2 
PKB = 2/1000.0 
DELTAG = 6710.0 + 0.31*T - 375.0*PKB 
LNSIO2 = DELTAG/(8.3143*T) + LNOPX - 2.0*LNMGOL 
LOGSIO2 = LNSIO2/2.303 
WRITE(1,'(" LOG ACTIVITY OF SILICA = ",F 9.4)')LOGSIO2 
WRITE(6, 1 (50("=")) 1 ) 
WRITE(6,'(" LOG ACTIVITY OF SILICA = ",F 9.4)')LOGSIO2 
WRITE(6, 1 (50("=")) 1 ) 
RETURN 
END 

SUBROUTINE DELTA(DELTAG) 
C --- A SUBROUTINE TO CALCULATE DELTA(G) OF REACTION: 
• Fe2S104 + S2 = 2FeS + 02 + SiO2 
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• DELTA(G) = 1/3*(4*DELTA(G)TROI/MAG - DELTA(G)(QMF)) 
• NOTE: USING THIS CONSTRUCTION FE2SIO4+02 IS A PRODUCT AND 

THEREFORE DELTA (G) FORTHE ABOVE MUST BE MULTIPLUIED BY -1 
COMMON P,T 
REAL P,T,DGTM,DGQFM,DGFATR 
DGTM = -0.18834E6 - 0.66276E8/T + 0.9119*T*ALOG(T) + 0.5038*P/T 
DGQFM = -587474 + 1584.427*7 - 203.3164*T*ALOG(T) + 0.09271*T**2 

+ 2.0822*P/T 
DELTAG = (4.0*DGTM - DGQFM)/(-3.0) 
WRITE(1,'("P = ",F7.1,4X,"T(K) = ",F7.1)')P,T 
WRITE(1,'("DELTA(G) TROILITE/MAGNETITE = ",E15.5)')DGTM 
WRITE(1,'("DELTA(G) QUARTZ/FAYALITE/MAGNETITE = ",F15.5)') 

DGQFM 
WRITE(1,'("DELTA(G) FAYALITE/TROILITE = " 1 E15.5)')DELTAG 
RETURN 
END 

SUBROUTINE WCWS2 
C 	ASUBROUTINE TO CALC. LOG(fS2) AND LOG(f02) FOR W ASSEMBLAGES 
• EQUILIBRIA : 

W + S2 = WS2 	1 
W + 02 = WO2 	2 
WC + 02 = WO2 + C 	3 

COMMON P,T 
REAL LOGFS2,LOGO2W,LGO2WC,LFS2WC,T,P 
LOGFS2 	= 9.5309 - 20020.0/T + 0.27157*P/T - 0.30871E-7*T 

+ 0.41968E-7*(P**2)/T 
WRITE(1,'(" LOG(fS2)(W/WS2) = ",F7.3)')LOGFS2 
LOGO2W 	= -31169.0/T +15.675 - 0.829*LOG(T) + 0.0891*P/T 
WRITE(1,'(" LOG(f02)(W/W02) = ",F7.3)')LOGO2W 
LGO2WC = -29105.0/7 + 14.33 - 0.678*LOG(T) + 0.066*P/T 
WRITE(1,'(" LOG(f02)(WC/W02) = ",F7.3)')LGO2WC 
LFS2WC = LOGFS2 - LOGO2W + LGO2WC 
WRITE(1,'(" LOG(fS2)(WC/WS2) = ",F7.3)')LFS2WC 
WRITE(6,'(" LOG(fS2)(W/WS2) = ",F7.3)')LOGFS2 
LOGO2W 	= -31169.0/T +15.675 - 0.829*LOG(T) + 0.0542*P/T 
WRITE(6,'(" LOG(f02)(W/W02) = ",F7.3)')LOGO2W 
LGO2WC = -29105.0/T + 14.33 - 0.678*LOG(T) + 0.066*P/T 
WRITE(6,'(" LOG(f02)(WC/W02) = ",F7.3)')LGO2WC 
LFS2WC = LOGFS2 - LOGO2W + LGO2WC 
WRITE(6,'(" LOG(fS2)(WC/WS2) = ",F7.3)')LFS2WC 
RETURN 
END 



N26 N3 N24 UM 
Olivines 
(4 oxygens) 
Si02 41.46 39.97 40.66 40.46 

NiO 0.33 	 0.36 
Totals 100.00 100.00 100.00 100.00 
Si 	1.0089 1.0020 1.0025 1.0004 
Ti 
Al 
Cr 

Fe 	0.1793 0.2919 0.2371 0.2410 
Mg 	1.7964 1.7041 1.7578 0.0072 
Ca 
K 	- 
Na 
Ni 	0.0066 	 1.7510 
Totals 2.9911 2.9980 2.9974 2.9996 
Mgit* 90.9 	85.4 	88.1 	87.9 
Mg# = 100.(Mg/(Mg+Fe)) 

TiO2 
Al203 
Cr203 

- 
FeO 8.81 
MgO 49.46 
CaO 21.75 

Na20 

13.91 
45.80 
0.31 

11.50 
47.84 
21.36 

11.66 
47.52 
0.35 

Appendix 4 
Silicate and oxide phase compositions of the Eucumbene Tunnel 

xenolith suite samples N26, N3, N24 and UM. 
(structural formulae on the basis of the number of oxygens stated) 

N26 
Cpx 	Opx 
(6 oxygens) 

N3 
Cpx Opx 

N24 
Cpx 	Opx 

UM 
Cpx 	Opx 

N26 	N3 
Spine! 
(4 oxygens) 

N24 UM UM 	N3 	N3 
Amph Amph Phlog 
(23 oxygens) (22 oxygens) 

54.04 	57.20 51.99 55.16 52.52 55.60 53.89 56.61 43.26 44.17 41.34 
0.23 0.71 0.00 0.48 0.23 0.31 2.26 0.72 1.49 
4.26 3.16 2.80 1.92 4.26 3.16 2.80 1.92 40.40 59.26 50.67 26.46 14.88 13.23 17.14 
0.70 0.22 1.15 0.28 0.70 0.22 1.15 0.28 26.67 4.92 14.35 34.95 0.39 1.75 1.29 

3.99 4.68 5.05 8.57 
2.16 5.51 3.75 8.96 3.06 7.53 3.04 7.61 11.11 12.08 10.70 17.13 5.76 4.87 4.66 
16.02 24.39 14.86 31.66 15.75 33.08 16.18 33.21 12.08 19.15 12.59 16.56 17.69 23.80 
22.59 0.39 22.06 33.21 22.59 0.39 22.06 11.27 11.65 

0.29 1.40 9.76 
0.64 0.88 0.64 0.88 3.33 2.52 0.53 

0.00 0.49 0.35 
100.00 100.00 100 00 100 00 100 00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 98.00 98.00 100.00 
1.951 1.961 1.892 1.922 1.910 1.928 1.957 1.961 6.1545 6.3044 5.5845 
0.006 0.000 0.019 0.000 0.013 0.000 0.005 0.007 0.2416 0.0770 0.1515 
0.154 0.094 0.241 0.159 0.183 0.129 0.120 0.078 1.327 1.808 1.588 0.949 2.4946 2.2256 2.7283 
0.031 0.007 0.015 0.000 0.020 0.006 0.033 0.008 0.588 0.101 0.302 0.841 0.0442 0.1972 0.1377 

0.083 0.091 0.101 0.196 
0.065 0.158 0.114 0.261 0.093 0.218 0.092 0.220 0.259 0.262 0.238 0.436 0.6854 0.5819 0.5264 
0.863 1.758 0.806 1.644 0.854 1.709 0.876 1.715 0.741 0.728 0.759 0.571 3.5121 3.7632 4.7927 
0.842 0.011 0.832 0.013 0.880 1.709 0.858 0.014 1.7173 1.7810 0.0000 

0.0520 0.2551 1.6816 
0.094 0.000 0.084 0.000 0.045 0.062 0.9172 0.6894 0.1376 

0.010 0.007 - 
4.006 3.990 4.003 3.999 3.998 4 005 3.988 3.996 3.000 3.000 3.000 3.000 15.819 15.884 15.741 
0.929 0.918 0.876 0.863 0.902 0.887 0.905 0.886 74.1 73.6 76.1 56.71 83.87 86.61 90.01 

_ 

, Fe3+  in spinel calculated by change bal ance on the basis of a total of three \ 

cations. 
- -- -_,  • 



Appendix 5 
Mineral Analyses from experiments in the system 

Hawaiian Pyro1ite t7  C-O-S-H (tungsten buffers) Part 6. 
(numer of oxygens used in structural formulae in brackets, Mg# = 100 . (Mg2-1-/Mg2+ Fe2+) 

Olivines (4 oxygens) 
RUN 12389 12394 T2416 T2168 12420 12274 T2129 12310 12283 T2369 12271 T2164 12162 T2356 T2318 T2109 T2250 T2339 12576 12299 
Mbar) 10 	10 	10 	15 	15 	15 	15 	18 	18 	20 	20 	20 	20 	22.5 25 	25 	25 	25 	25 	27 
T(°C) 1050 1075 1100 1050 1075 1075 1100 1050 1075 1050 1075 	1100 1150 1100 1050 1100 1125 	1150 1175 	1100 
Si02 	40.55 41.27 41.63 n.d. 	42.69 43.59 42.52 41.31 41.31 n.d. 	40.25 41.43 41.76 n.d. 	40.52 n.d. 	40.83 40.52 43.57 40.26 
FeO 	13.00 11.21 9.23 	5.27 	1.21 	4.64 	10.61 9.77 	12.82 9.06 	7.14 	12.56 	12.10 12.38 0.52 	12.22 
MgO 46.45 47.52 49.14 	52.04 55.20 52.84 48.08 48.91 	46.83 49.64 51.10 	46.59 	47.07 47.10 55.90 47.04 
sum 	100.00 100.00 100.00 	100.00 100.00 100.00 100.00 100.00 	100.00 100.00 100.00 	100.00 	100.00 100.00 100.00 100.00 
/v11 1# 86.40 88.30 90.50 	94.60 98.80 95.30 89.00 89.90 	86.70 90.70 92.70 	86.90 	87.40 87.20 99.50 87.30 

Si 	1.0062 1.0143 1.0140 	1.0204 1.0228 1.0144 1.0129 1.0094 	0.9989 1.0061 1.0083 	1.0051 
Fe2 ' 	0.2697 0.2305 0.1879 	0.1053 0.0238 0.0923 0.2175 0.1997 	0.2661 0.1845 0.1443 	0.2605 
Mg2 . 	1.7180 1.7409 1.7840 	1.8538 1.9307 1.8787 1.7567 1.7814 	1.7361 1.7947 1.8390 	1.7229 
total 	2.9938 2.9857 2.9860 	2.9796 2.9772 2.9856 2.9871 2.9906 	3.0011 2.9909 2.9916 	2.9949 

RUN. 12306 T2297 T2210 12120 12170 12307 12255 12201 12191 12286 12232 12372 T2181 12194 T2328 12353 
P(kbar) 27 	28 	30 	30 	30 	30 	30 	30 	30 	32 	32 	32 	35 	35 	35 	35 
T(°C) 1140 	1075 	1050 	1100 	1150 1160 	1175 	1200 	1200 	1125 	1150 	1175 	1100 	1150 	1175 	1200 
Si02 	40.76 42.76 40.19 40.93 40.61 nA 	n.d. 	n.d. 	41.93 40.55 40.63 41.34 40.62 40.65 41.12 41.05 
FeO 	11.61 7.38 	12.69 10.54 11.85 	 8.32 	12.73 10.37 11.25 11.39 11.58 11.34 10.63 
MgO 47.63 49.37 47.19 48.53 47.54 	 49.75 46.72 49 	47.41 47.64 47.77 47.54 48.31 
sum '100.00 100.00 100.90 100.00 moo 	 100.00 mom 100.00 100.00 mom 100.00 moo 100.00 
Mg# 	88.0 	92.3 	87.0 	89.10 87.7 	 91.4 	86.7 	89.4 	88.3 	88.2 	88.0 -88.2 	89.0 

Si 	1.0049 1.0294 0.9969 1.0043 1.0028 	 1.0167 1.005 0.9972 1.016 1.0026 1.0026 1.0117 1.0074 
Fe2 " 	0.2394 0.1487 0.2617 0.2163 0.2448 	 0.1687 0.2639 0.2128 0.2312 0.2351 0.2388 0.2333 0.2182 
Mg2+ 	1.7507 1.7715 1.7445 1.775 1.7496 	 1.798 1.7261 1.7927 1.7368 0.7526 1.756 1.7432 1.767 
total 	2.9950 2.9636 3.0031 2.9956 2.9972 	 2.9833 2.995 3.0027 2.984 2.9974 2.9974 2.9882 2.9926 

1.0086 1.0030 1.0198 0.9988 
0.2500 0.2562 0.0103 0.2535 
1.7329 1.7377 1.9502 1.7394 
2.9914 2.9969 2.9802 3.0012 



Appendix 5.(continued) 
Orthopyroxenes (6 oxygens) 
RUN. T2389 12394 12416 T2168 12420 T2274 12129 12310 12283 12369 T2271 T2164 T2162 12356 12318 T2109 12250 12339 12576 12299 12306 
P(kbar) 10 	10 	10 	15 	15 	15 	15 	17.5 	17.5 	20 	20 	20 	20 	23 	25 	25 	25 	25 	25 	27 	27 
T(°C) 1050 1075 1100 1050 1075 1075 	1100 1050 1075 	1050 1075 	1100 	1150 1100 	1050 1100 	1125 	1150 1175 	1100 	1140 
Si02 55.25 55.44 53.88 56.12 55.99 56.65 55.90 53.94 54.81 55.07 54.96 55.38 54.25 54.31 55.60 55.49 55.81 55.03 56.45 55.46 56.23 
TiO2 	0.48 0.35 0.57 0.37 	0.55 	0.44 	0.46 	1.07 	0.48 	0.37 	0.47 	0.40 	0.45 	0.68 	0.24 	0.41 	0.41 	0.47 	0.40 	0.47 	0.26 
Al203 4.41 3.75 4.95 2.62 	4.06 	5.26 	4.19 	5.79 	4.21 	3.92 	4.22 	4.25 	5.46 	4.97 	2.72 	4.05 	2.90 	3.75 	5.92 	4.34 	2.22 
Cr203 0.38 0.43 1.23 0.50 	0.86 	0.31 	0.91 	0.49 	0.63 	0.52 	0.62 	0.60 	0.95 	0.57 	0.54 	0.48 	0.52 	0.53 	0.19 	0.71 	0.22 
FeO 7.60 7.48 6.45 7.14 3.45 2.82 7.29 7.39 7.28 6.87 5.56 5.61 7.60 7.65 7.79 7.55 7.65 0.30 7.51 7.55 
MgO 30.00 31.34 31.38 32.36 34.15 36.54 34.76 29.24 31.50 31.77 31.98 33.82 32.61 31.63 32.51 31.76 31.54 34.47 35.56 31.56 32.85 
CaO 1.88 1.20 1.53 0.89 0.94 0.80 0.96 2.17 0.99 1.07 0.87 0.99 1.00 1.13 0.73 0.86 1.28 1.09 1.18 0.95 0.67 
Na20 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Mg# 87.6 88.2 89.7 89.0 	94.7 100.0 	95.7 	87.7 	88.4 	88.6 	89.2 	91.3 	91.1 	87.6 	88.3 	87.9 	88.2 	88.0 	99.4 	88.2 	88.6 

Si 	1.9212 1.925 1.8726 1.9445 1.911 	1.8995 1.9037 1.8782 1.9040 1.9119 1.9043 1.9073 1.8725 1.8950 1.9322 1.912 1.9393 1.9140 1.8952 1.8946 1.9499 
Ti 	0.0124 0.0092 0.0149 0.0096 0.0142 0.011 0.0118 0.028 0.0124 0.0096 0.0123 0.0102 0.0116 0.0123 0.0063 0.011 0.0107 0.0124 0.0100 0.0123 0.0086 
Al 	0.1808 0.1536 0.2028 0.1068 0.1633 0.2078 0.1682 0.2377 0.1723 0.1604 0.1723 0.1727 0.222 0.1614 0.1115 0.164 0.1187 0.1537 0.2344 0.1780 0.0906 
Cr 	0.0105 0.0119 0.0337 0.0137 0.0231 0.0083 0.0246 0.0135 0.0172 0.0142 0.017 0.0164 0.0258 0.0159 0.0149 0.013 0.0142 0.0145 0.0051 0.0195 0.0061 
Fe 	0.2209 0.2171 0.1874 0.2069 0.0986 - 	0.0802 0.2122 0.2148 0.2113 0.1992 0.1603 0.1619 0.2324 0.2224 0.225 0.2193 0.2226 0.0084 0.2185 0.2188 
Mg 	1.5546 1.6217 1.6257 1.6712 1.7372 1.8262 1.7646 1.5176 1.6309 1.6438 1.6513 1.6845 1.6612 1.6449 1.6837 1.632 0.1634 1.6313 1.7796 1.6361 1.6978 
Ca 	0.0702 0.0447 0.0571 0.033 0.0395 0.0287 0.035 0.081 0.0370 0.0398 0.0324 0.0365 0.0370 0.0423 0.0273 0.032 0.0475 0.0408 0.0423 0.0352 0.0249 
Na 	- 	 - 
Total 3.9707 3.9831 3.9942 3.9857 3.9833 3.9815 3.9881 3.9682 3.9888 3.9911 3.9887 3.9879 3.9920 4.0041 3.9983 3.9880 0.3988 3.9894 3.975 3.9942 3.9949 



Appendix 5(continued) 
Orthopyroxenes(cont'd) 
RUN. 	12297 72210 12120 T2170 
P(kbar) 28 	30 	30 	30 
T(°C) 	1075 	1050 	1100 	1150 
Si02 	57.00 	55.29 	56.37 	56.29 
TiO2 	0.27 	0.30 	0.31 	0.32 
Al203 	2.45 	2.70 	2.12 	2.63 
Cr203 	0.47 	0.40 	0.36 	0.41 
FeO 	4.61 	7.65 	7.47 	7.26 
MgO 	34.44 	32.57 	32.38 	32.30 
CaO 	0.76 	1.08 	0.99 	0.78 
Na20 	- 
total 	100.00 100.00 100.00 	100.00 
Mg# 	93.0 	88.4 	88.5 	88.8 

72307 
30 
1160 

n.d. 

12255 
30 
1175 

n.d. 

72201 
30 
1200 

n.d. 

72191 
30 
1200 

56.75 

2.39 
0.82 
5.22 

33.59 
1.23 

100.00 
92 

12286 
32 
1125 

56.94 
0.23 
1.81 
0.26 
7.23 

32.88 
0.66 

100.00 
89 

72232 
32 
1150 

56.24 
0.42 
2.33 
0.50 
6.71 

32.83 
0.97 

100.00 
89.7 

72372 
32 
1175 

55.73 
0.51 
2.88 
0.47 
7.10 

23.26 
1.05 

100.00 
89 

12181 
35 
1100 

57.21 

1.42 
0.28 
7.03 

33.23 
0.83 
- 

100.00 
89.4 

72194 
35 
1150 

56.92 
1.74 
0.26 
7.16 

32.79 
0.77 

- 
100.00 
89.1 

12328 
35 
1175 

57.08 
0.29 
1.66 
0.25 
6.93 

32.97 
0.81 

100.00 
89.4 

12353 
35 
1200 

56.72 
0.37 
2.03 
0.41 
6.86 

32.54 
1.08 

100.00 
89.4 

Clinopyroxenes (6 oxygens) 
12389 12394 12416 72168 T2420 
10 	10 	10 	15 	15 
1050 	1075 	1100 	1050 	1075 

53.62 	51.71 	51.24 	56.12 	52.21 
0.69 	1.00 	1.71 	0.37 	1.09 
3.37 	4.81 	5.31 	2.62 	4.32 
0.80 	0.98 	1.40 	0.50 	1.38 
3.61 	3.95 	2.89 	7.14 	1.97 

17.92 	16.96 	17.06 	32.36 	17.94 
19.52 	20.07 	19.91 	0.89 	20.60 
0.47 	0.52 	0.48 	- 

	

100.00 100.00 	100.00 100.00 	100.00 
89.8 	88.4 	91.3 	89.0 	94.2 

Si 1.9509 1.9244 1.9555 1.9493 1.9515 1.9725 1.946 1.9325 1.9778 1.9688 1.9723 1.962 1.9348 1.8784 1.8550 1.9445 1.8841 
Ti 0.0069 0.0078 0.0082 0.0082 0.0078 0.011 0.0134 - 0.0099 0.0077 0.0095 0.0188 0.0274 0.0466 0.0096 0.0295 
Al 0.0989 0.1109 0.868 0.1075 0.0967 0.0697 0.0949 0.1178 0.0579 0.0707 0.0675 0.0828 0.1433 0.2059 0.2266 0.1068 0.1838 
Cr 0.0126 0.0109 0.0099 0.0113 0.0223 0.0094 0.0137 0.0129 0.0077 0.007 0.0069 0.0111 0.0228 0.0281 0.0400 0.0137 0.0394 
Fe 0.1321 0.2228 0.2166 0.2104 0.15 0.211 0.1941 0.2059 0.2039 0.2071 0.2004 0.1983 0.1089 0.1200 0.0870 0.2069 0.0593 
Mg 1.7571 1.6898 1.6742 1.6673 1.7222 1.6829 1.6931 1.6674 1.7122 1.6907 1.6978 1.6779 0.9640 0.9180 0.9204 1.6712 0.9651 
Ca 0.7545 0.7811 0.7723 0.0330 0.7965 
Na 0.028 0.0403 0.0367 0.0291 0.0454 0.0268 0.0361 0.0391 0.0307 0.0284 0.0301 0.04 0.0328 0.0363 0.0338 - 0.0342 
Total 3.9864 4.0069 3.9879 3.9831 3.9886 3.9801 3.9888 3.9888 3.9894 3.9825 3.9828 3.9816 3.9798 3.9952 3.9820 3.9857 3.9919 



Appendix 5(continued) 

Clinopyroxenes(continued) 
RUN 	T2274 T2129 12310 1228 3 12369 12271 17164 12162 12356 12318 12109 T2250 12339 12576 12299 12306 12297 12210 12120 T2170 12307 
P 	15 	15 	17.5 17.5 	20 	20 	20 	20 23 	25 	25 	25 	25 	25 	27 	27 	28 	30 	30 	30 30 
T 	1075 	1100 	1050 1075 	1050 	1075 	1100 	1150 1100 	1050 	1100 	1125 	1150 	1175 	1100 	1140 	1075 	1050 	1100 	1150 1160 
S102 	50.85 	52.97 	51.97 n.d. 	51.53 	51.9 	51.72 	51.32 n.d. 	53.41 	51.37 	53.52 	52.05 	53.78 	53.22 	53.55 	53.89 	53.14 	53.18 	53.54 n.d. 
TiO2 	1.68 	0.71 	1.23 1.05 	1.12 	1.05 	1.44 0.87 	1.19 	0.94 	1.37 	0.66 	0.94 	1.08 	0.89 	0.84 	0.91 	1.17 
Al203 8.64 	3.47 	5.69 4.91 	4.9 	5.13 	6.01 4.29 	6.42 	4.09 	6.3 	4.45 	4.9 	4.16 	4.4 	5.31 	5.46 	5.37 
Cr203 0.39 	1.37 	1 0.95 	1.43 	1.32 	1.57 1.02 	1.11 	1.17 	0.96 	0.29 	1.04 	1.14 	1.4 	0.86 	1.41 	1.4 
FeO 	0.31 	1.54 	4.14 4.75 	2.87 	2.9 	2.55 3.26 	3.85 	3.67 	3.66 	0.45 	3.51 	3.41 	2.32 	3.67 	3.28 	3.67 
MgO 	17.3 	18.68 	17.94 16.86 	16.88 	16.97 	17.08 16.37 	16.16 	16.52 	15.71 	19.64 	16.59 	16.92 	16.85 	15.92 	16.7 	16.51 
CaO 	22.3 	20.92 	17.35 19.03 	19.9 	20.18 	19.12 19.58 	17.22 	18.25 	18.32 	20.11 	18.18 	17.94 	18.34 	18.47 	17.02 	15.83 
Na20 	0.31 	0.34 	0.68 0.92 	0.99 	0.73 	0.92 1.22 	1.48 	1.84 	1.63 	0.61 	1.61 	1.79 	1.92 	1.8 	2.04 	2.52 
total 100.00 100.00 	100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 	100.00 100.00 100.00 	100.00 	100.00 100.00 	100.00 
Mg# 	99 	95.6 	88.5 86.4 	91.3 	91.3 	92.3 90 	88.2 	88.9 	88.4 	98.7 	89.4 	89.9 	92.8 	88.6 	90.1 	88.9 

Si 	1.8266 	1.9072 1.8731 1.8756 	1.8794 	1.8728 	1.852 1.9282 	1.8749 	1.9333 	1.8799 	1.8826 1.9184 	1.9302 	1.9348 	1.9175 1.9118 	1.9228 
Ti 	0.0455 0.0193 0.0334 0.0288 0.0305 0.0287 0.039 0.0231 0.0328 0.0256 0.0371 	0.0112 0.0254 0.0294 0.024 	0.0228 0.0246 0.0316 
Al 	0.2895 0.1474 0.2416 0.2106 0.209 	0.2187 0.2556 0.1826 0.2762 0.1741 0.2681 	0.2223 0.2083 0.1768 0.186 	0.2258 0.2313 0.2273 
Cr 	0.0112 0.0391 0.0285 0.0275 0.0411 0.0378 0.0449 0.029 	0.0319 0.0333 0.0275 	0.0052 0.0297 0.0324 0.0398 	0.0246 0.401 	0.0398 
Fe 	0.0094 0.0463 0.1246 0.1445 0.087 	0.0878 	0.0771 0.0983 0.118 	0.1109 0.1106 	0.0165 0.1058 0.1027 0.0695 	0.1106 0.0985 0.1102 
Mg 	0.9262 1.0023 0.9637 0.9148 0.9112 0.9158 	0.9186 0.8807 0.8791 	0.8894 0.8458 	1.7629 0.8913 0.9091 0.9018 	0.8564 0.8948 0.8836 
Ca 	0.5853 0.8068 0.6697 0.7421 0.7721 0.783 	0.7392 0.7573 0.6733 0.7064 0.7091 	0.0505 0.702 	0.6927 0.7055 	0.714 	0.6556 0.6091 
Na 	0.0218 0.0235 0.0479 0.065 	0.0698 0.0514 0.064 0.0851 	0.1049 0.1286 0.1139 	0.0124 0.1128 0.1253 0.1337 	0.126 	0.1423 0.1756 
Total 3.9885 3.9919 3.9824 4.009 	4.0000 3.9959 3.9906 3.9849 3.9907 4.0017 3.9921 	3.9653 3.9937 3.9985 3.9951 	3.9976 3.999 	3.9999 



Clinopyroxenes(cont'd) 
Appendix 5 (continued) 

Garnets (8oxygens) 
RUN 	T2255 T2201 T2191 T2286 T2232 T2372 T2181 72194 T2328 T2353 T2318 T2109 T2250 T2339 12299 12306 T2297 12210 12120 
P 	30 	30 	30 32 32 32 35 35 35 35 25 25 25 25 27 27 28 30 30 
T 	1175 	1200 	1200 1125 1150 1175 1100 1150 1175 1200 1050 1100 1125 1150 1100 1140 1075 1050 1100 
Si02 	n.d. 	n.d. 	n.d. 54.58 53.33 53.34 54.32 54.64 54.55 54.03 41.54 43.83 41.66 41.60 41.50 41.55 40.73 n.d. 41.30 
TiO2 0.87 1.07 1.60 0.78 0.76 1.15 1.06 0.70 0.75 1.37 1.30 1.50 1.67 1.89 2.31 
Al203 4.89 4.67 5.24 4.56 4.60 4.29 4.27 21.74 23.07 21.11 21.36 21.38 20.83 21.89 19.19 
Cr203 1.22 1.28 1.08 1.08 1.24 1.19 1.21 1.59 1.22 1.86 1.82 1.68 2.07 1.03 2.07 
FeO 3.53 3.35 4.03 3.90 4.01 3.42 3.68 9.27 9.36 8.74 8.78 8.81 8.42 9.44 8.99 
MgO 15.72 16.69 16.93 16.95 16.54 16.40 17.38 18.48 20.91 19.49 19.15 18.38 19.02 18.45 17.99 
CaO 16.36 17.77 15.69 15.86 15.65 16.20 16.28 6.13 5.43 5.77 5.99 6.74 6.21 6.09 7.88 
Na20 	• 2.84 1.85 2.09 2.54 2.56 2.41 2.08 0.33 0.28 0.24 0.31 0.27 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 105.05 100.00 100.00 100.00 100.00 100.00 100.00 
Mg# 88.8 89.9 88.2 88.6 88.0 89.5 89.4 78.0 79.9 79.8 79.5 78.8 80.1 77.7 78.1 

Si 1.9584 1.9214 1.9156 1.9499 1.9599 1.9570 1.9402 2.9838 2.9800 2.9857 2.9825 2.9815 2.9835 2.9300 2.9955 
Ti 0.0236 0.0291 0.0433 0.0210 0.0206 0.0310 0.0287 0.0381 0.0390 0.0740 0.0698 0.0809 0.0900 0.1022 0.1258 
Al 0.2068 0.1981 0.2218 0.1930 0.1943 0.1815 0.1808 1.8407 1.8480 1.7826 1.8051 1.8103 1.7629 1.8562 1.6399 
Cr 0.0345 0.0365 0.0305 0.0307 0.0351 0.0336 0.0342 0.0905 0.0650 0.1052 0.1030 0.0956 0.1173 0.0587 0.1189 
Fe 0.1060 0.1009 0.1210 0.1170 0.1203 0.1025 0.1105 0.5567 0.5320 0.5240 0.5264 0.5294 0.5053 0.5682 0.5453 
Mg 0.8406 0.8960 0.9062 0.9071 0.8844 0.8772 0.9301 1.9784 2.1190 2.0814 2.0467 1.9682 2.0353 1.9784 1.9449 
Ca 0.6288 0.6858 0.6037 0.6101 0.6013 0.6380 0.6264 0.4714 0.3960 0.4434 0.4599 0.5188 0.4775 0.4693 0.6124 
Na 0.1976 0.1290 0.1457 0.1769 0.1777 0.1675 0.1450 0.0202 0.0160 - 0.0146 0.0187 0.0166 
Total 3.9962 3.9967 3.9878 4.0057 3.9936 3.9882 3.9960 7.9928 8.0070 7.9963 7.9935 7.9846 7.9863 7.9932 7.9992 



Appendix 5. (continued) 

Phlogopites (22 oxygens) 
T2271 T2318 T2109 T2250 T2339 T2299 T2210 T2120 12170 12250 T2299 12210 T2120 12286 12372 T2181 12194 12328 

20 	25 	25 	25 	25 	27 	30 	30 	30 	25 	27 	30 	30 	32 	32 	35 	35 	35 
1075 1050 1100 1125 1150 1100 1050 1100 1150 1125 1100 1050 1100 1125 1175 1100 1150 1175 
42.40 44.19 43.05 44.19 44.69 43.98 44.64 44.53 43.69 40.36 42.12 42.98 42.16 42.67 41.97 41.67 43.08 43.99 
2.93 1.99 2.71 2.84 2.70 2.65 1.87 2.20 2.41 3.57 2.73 1.98 2.75 2.08 4.06 2.33 2.41 2.28 

15.79 14.33 14.18 13.41 12.27 13.85 13.27 12.93 14.29 16.70 16.21 14.95 	16.05 13.66 16.02 15.85 14.87 14.59 
0.99 1.23 	1.37 	1.11 	1.34 	1.30 	1.79 	1.53 	1.19 	2.35 	0.85 	0.81 	0.87 	0.84 	0.51 	1.44 	0.57 0.47 
5.01 4.53 4.65 4.42 4.86 4.52 4.19 4.25 4.53 5.18 4.64 4.91 4.63 5.44 4.49 4.65 4.72 4.54 

17.55 18.12 18.06 18.27 19.05 17.78 18.07 18.43 17.79 22.43 23.84 25.71 23.48 25.95 22.94 24.01 24.01 24.96 
9.59 9.80 9.57 8.96 9.05 9.23 9.44 9.05 9.18 0.00 0.00 0.00 0.00 0.22 0.00 - - - 
0.96 0.74 	1.14 	1.71 0.62 	1.52 3.51 	3.19 3.10 	8.81 	9.02 	8.19 	9.61 	8.73 	9.47 9.42 10.00 8.62 
2.78 3.09 3.17 	3.11 3.42 	3.18 	1.21 	1.90 1.83 	0.59 	0.58 	0.48 	0.45 	0.33 	0.54 0.54 	0.34 0.28 
0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 

98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00100.00 
86.2 87.7 87.4 88.1 87.5 	87.5 88.5 	88.5 87.5 	88.6 	90.0 90.3 	90.0 	89.5 	90.1 90.3 	90.1 90.5 

Amphiboles (23 oxygens) 
Run T2389 T2394 T2168 T2369 
P(kbar) 10 10 15 20 
T(°C) 1050 1075 1050 1050 
Si02  44.63 44.46 46.19 42.80 
TiO2  2.77 3.07 2.58 2.63 
Al203  12.38 12.76 .11.23 15.03 
Cr203  1.22 1.44 1.28 	1.36 
FeO 
	

4.67 4.98 4.77 4.71 
MgO 19.20 19.07 18.65 17.53 
CaO 10.09 9.45 8.55 10.37 
K20 0.54 0.43 1.64 0.68 
Na20 2.42 2.34 3.10 2.89 
CI 0.08 0.00 0.00 0.00 
Sum 98.00 98.00 98.00 98.00 
Mg# 88.0 87.2 87.5 86.9 

Si 	6.275 6.271 6.532 6.071 
Ti 	0.293 0.326 0.274 0.281 
Al 	2.126 2.121 1.872 2.513 
Cr 	0.136 0.161 0.143 0.153 
Fe2+ 0.549 0.587 0.564 0.559 
Mg 4.024 4.010 3.932 3.707 
Ca 	1.520 1.428 1.295 1.576 
Na 	0.660 0.640 0.850 0.795 
K 	0.097 0.770 0.296 0.123 
Sum 15.680 15.621 15.759 15.775 

6.011 6.238 6.122 6.262 
0.312 0.211 0.290 0.303 
2.638 2.384 2.377 2.240 
0.111 0.137 0.154 0.124 
0.594 0.535 0.553 0.524 
3.709 3.813 3.829 3.859 
1.457 1.482 1.458 1.360 
0.764 0.846 0.874 0.854 
0.174 0.133 0.207 0.309 

15.771 15.780 15.863 15.835 

6.322 6.236 6.322 6.319 6.203 5.4689 5.6586 5.7505 5.6797 5.7569 5.6476 5.6322 5.8075 5.8751 
0.287 0.283 0.199 0.235 0.257 0.3638 0.2753 0.1996 0.2782 0.2114 0.4107 0.2368 0.2446 0.2414 
2.046 2.315 2.215 2.163 2.391 2.6675 2.5659 2.3571 2.5487 2.1722 2.5405 2.5238 2.3620 2.3334 
0.150 0.146 0.200 0.172 0.134 0.2517 0.0900 0.0852 0.0922 0.0900 0.0543 0.1541 0.0637 0.0703 
0.575 0.536 0.496 0.504 0.538 0.5869 0.5215 0.5489 0.5217 0.6135 0.5051 0.5253 0.5324 0.5106 
4.017 3.759 3.815 3.899 3.765 4.5291 4.7784 5.1259 4.7159 5.2185 4.6023 4.8367 4.8245 4.8724 
1.372 1.402 1.432 1.376 1.396 0.0000 0.0000 0.0000 0.0000 0.0433 0.0000 0.0000 0.0000 0.0000 
0.938 0.874 0.964 0.878 0.835 1.5233 1.5454 1.3970 1.6523 1.5032 1.6265 0.1425 1.7201 1.4496 
0.112 0.275 0.219 0.344 0.331 0.1562 0.1508 0.1254 0.1182 0.0860 0.1408 1.6233 0.0896 0.1078 

15.818 15.825 15.862 15.890 15.87015.5474 15.585915.589615.606915.695015.527815.674715.644415.4985 



Rutiles (2 oxygens) 
Appendix 5.(continued) 

Run. 	T2394 	T2168 T2274 T2369 T2271 T2318 12109 T2250 12299 'I2306 T2210 12120 12170 T2286 T2372 12181 
Mbar) 10 15 15 20 20 25 25 25 27 27 30 30 30 32 32 35 
TCC) 1075 1050 1075 1050 1075 1050 1100 1125 1100 1140 1050 1100 1150 1125 1175 1100 

0.21 0.35 0.50 0.28 0.18 - 
SPi20205 3.20 0.48 0.93 0.58 0.59 0.53 - 1.19 0.42 0.35 0.31 1.13 - 
TiO2  95.73 94.22 9622 81.30 93.21 93.83 93.77 94.06 94.03 94.94 94.13 94.12 94.45 93.40 93.43 94.43 
Al203  0.42 0.82 0.89 1.40 1.10 0.74 0.89 0.97 0.92 0.91 0.85 0.91 0.89 1.02 1.08 0.74 
Cr203 2.63 3.24 2.50 2.86 3.45 2.91 3.45 2.84 3.31 3.10 1.09 3.25 3.01 3.44 2.58 3.15 
Fe0(tot) 0.52 0.87 0.40 6.63 0.94 0.55 1.04 0.91 0.64 0.56 1.29 1.00 0.92 1.04 0.57 1.46 
MgO - 0.31 - 3.28 0.41 0.28 - 0.26 0.27 0.24 0.26 0.30 0.23 0.41 0.46 
CaO 0.48 0.19 0.14 0.82 0.42 0.24 0.15 0.19 0.30 0.24 0.19 - 0.15 0.38 0.60 0.22 
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.85 100.00 

Ti 0.9665 0.9520 0.9584 0.8323 0.9383 0.9411 0.9384 0.9465 0.9473 0.9573 0.9503 0.9492 0.9523 0.9371 0.9391 0.9563 
Al 0.0072 0.0133 0.0131 0.0225 0.0174 0.0116 0.0129 0.0153 0.0145 0.0144 0.0134 0.0144 0.0141 0.0151 0.0170 0.0117 
Cr 0.0267 0.0304 0.0336 0.0308 0.0365 0.0307 0.0373 0.0301 0.0350 0.0328 0.0115 0.0344 0.0319 0.0347 0.0273 0.0335 
Fe2+ 0.0041 0.0109 0.0000 0.0755 0.0105 0.0062 0.0119 0.0102 0.0071 0.0063 0.0144 0.0112 0.0104 0.0126 0.0064 - 
Mg 0.0000 0.0053 0.0000 0.0665 0.0081 0.0056 0.0000 0.0052 0.0054 0.0049 0.0051 0.0060 0.0045 0.0096 0.0092 0.0032 
Ca 0.0069 0.0026 0.0024 0.0120 0.0060 0.0034 0.0026 0.0027 0.0043 0.0035 0.0027 0.0000 0.0021 0.0055 0.0085 - 
Sum 1.0114 1.0145 1.0075 1.0396 0.9994 0.9986 1.0031 1.0100 1.0136 1.0192 0.9974 1.0152 1.0153 1.0146 1.0075 1.0212 



Appendix 5(continued) 
Ilmenites (3 oxygens) 

RUN. T2194 T2328 T2394 	T2369 	T2271 T2318 T2109 T2250 T2339 T2299 T2210 T2120 T2286 T2181 T2328 
P(kbar 35 35 10 20 20 25 25 25 25 27 30 30 32 35 35 
T(°C) 1150 1175 1075 1050 1075 1050 1100 1125 1150 1100 1050 1100 1125 1100 1175 
P205 0.19 - 
Si02  0.45 0.18 3.44 0.20 - 1.11 - 1.22 - 0.31 0.28 
TiO2  93.59 93.55 52.34 54.91 61.72 56.34 55.79 57.33 54.62 56.09 62.84 55.75 57.71 58.63 55.95 
Al205 0.92 1.38 1.87 0.58 2.61 0.66 0.84 0.85 1.58 0.78 0.45 0.55 0.32 0.69 0.76 
Cr203  3.42 3.20 2.01 2.20 27.68 1.63 2.39 2.08 3.04 2.05 0.88 2.00 1.92 1.97 1.86 
Fe0(tot) 1.05 0.93 23.52 28.12 0.48 26.88 26.53 24.58 23.86 25.46 22.45 26.73 26.73 24.24 25.54 
MnO - 0.28 0.29 0.35 - - - - 0.26 - 
MgO 0.25 0.51 15.35 13.48 6.92 14.32 14.31 14.98 15.50 14.86 11.74 14.76 13.33 13.86 15.61 
CaO 0.31 0.24 1.19 0.22 0.24 0.16 0.15 0.16 0.29 0.36 0.15 0.21 - 0.31 
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00 

Ti 0.9451 0.9437 0.8725 0.9478 1.0684 0.9641 0.9543 0.9706 0.9186 0.9530 1.0466 0.9545 0.9874 0.9900 0.9498 
Al 0.0145 0.0218 0.0488 0.0157 0.0476 0.0178 0.0224 0.0227 0.0418 0.0177 0.0118 0.0149 0.0086 0.0182 0.0202 
Cr 0.0363 0.0340 0.0352 0.0399 0.5329 0.0293 0.0431 0.0371 0.0538 0.0362 0.0154 0.0360 0.0346 0.0350 0.0332 
Fe 0.0118 0.0104 0.4360 0.5398 0.0090 0.5116 0.5046 0.4628 0.4462 0.4914 0.4158 0.5090 0.5086 0.4551 0.4822 
Mn 0.0053 0.0057 0.0068 0.0000 0.0000 0.0000 0.0000 0.0000 0.0049 0.0000 0.0000 0.0000 0.0000 
Mg 0.0051 0.0102 0.5071 0.4612 0.2373 0.4857 0.4850 0.5027 0.5167 0.4958 0.3876 0.5009 0.4520 0.4637 0.5252 
Ca 0.0045 0.0035 0.0282 0.0053 0.0059 0.0040 0.0037 0.0039 0.0070 0.0060 0.0036 0.0051 0.0000 0.0074 0.0000 
Sum 1.0173 1.0236 1.9331 2.0154 1.9079 2.0125 2.0131 1.9998 1.9841 2.0001 1.8857 2.0204 1.9912 1.9694 2.0106 



Appendix 5.(concluded) 
Spinels(4 oxygens, Fe 2+/Fe3+ calculated on the basis of 3 cations per structural unit) 

Run No. T2331 12394 12416 12168 T2420 12274 12283 
P(kbar) 5kb 10 10 15 15 15 17.5 
T(°C ) 1100 1075 1100 1050 1075 1075 1075 
Till-2:A 1.37 1.24 2.00 n.d. 1.50 n.d. 1.79 
Alr2403 t-(, 23.13 36.92 25.96 23.52 31.18 
Cr: Q5 47.52 29.78 41.67 46.64 36.58 
Fe203  1.41 1.58 1.29 1.15 1.31 
FeO 6.17 12.21 11.70 7.81 11.71 
MgO 20.02 17.29 17.09 19.09 17.59 
sum 99.62 99.02 99.71 100.00 100.16 

Ti 0.030 0.0270 0.0450 0.0330 0.0390 
Al 0.802 1.2410 0.9060 0.8190 1.0600 
Cr 1.106 0.6720 0.9760 1.0890 0.8340 
Fe3 + 0.031 0.0340 0.0290 0.0260 0.0280 
Fe2 + 0.152 0.2910 0.2900 0.1930 0.2830 
MgO 0.878 0.7350 0.7550 0.8410 0.7560 
sum 3.000 3.0000 3.0000 3.0000 3.0000 
Mg# 85.3 71.6 72.2 81.3 72.8 
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