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Abstract 

The wettability of cornplex sulfide liquids against solid olivine and chromite was 

investigated as a function of suIfide liquid composition (Ni. Cu. or Co; O - 30 wt%). oxygen 

fugacity - IO-'') and pressure (1 atm: olivine and chromite. 1 and 2 GPa: olivine). Low 

pressure esperiments contained within olivine crucibles were perforrned at 1300°C in a gas- 

rnising fumace employing C-O-S g u  mixtures to control oxygen and sulfur fugacity. High 

pressure esperiments encapsulated in graphite were performed in a piston-cylinder using Fe203 

as a buffering agent. The ability of a sulfide liquid to wet a solid olivine (or to a greater extent. 

chromite) matrix. is controlled by its dissolved oxygen content present as surface-active metal- 

oside. Al1 investigated variables serve to either impede (e-g., addition of Ni. Cu, Co at low fo,) - 

or rnhance (e.g.. addition of Ni. Cu. Co at high fo,) - the activity of surface-active metal-oxide 

species within the melt. 
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Chapter 1 

Thesis Overview 

1. I Introduction 

Sulfur is an important volatile within rising basaltic magmas, along with HzO and carbon- 

boaring gases (Wallace and Cannichael, 1992). It is generally accepted that the majority of 

basaltic magmas are saturated with an immiscible sulfide liquid phase prior to eruption, and that 

upon quenching this Iiquid is preserved as spherical sulfide globules (Czamanske and Moore, 

1977). Analyses of quenched sulfide globules from different tectonic environments have yielded 

estimates for the composition of natural sulfide liquids. The importance ofsulfide liquid as a 

host for transition and platinum-group metals has inspired researchers to better understand the 

controls on suIfide liquid distribution: particularly as they apply to processes of ore formation. 

mantIe metasomatism and large-scalt differentiation of the Earth. 

An investigation was undertaken to detennine sorne of the constraints on sulfide liquid 

mobility within matrices containing the primary basalt liquidus phases olivine and chromite. The 

effects of melt composition, pressure, and the fugacities of oxygen Vo,) and sulfur us,) on - 

suliide liquid wetting behavior \vere specifically explored. In the discussion that follows. an 

oven-iew of natural sulfide liquid formation. composition and occurrence is given to provide a 

background for this study. As predictions of sulfide liquid mobility are achieved with 

knowledge of the permeability of the solid matrix to a fluid phase. methods in obtaining the 

tliree-dimensional grain-scale distribution of a fluid phase from two-dimensional sections are 

described. The potential for the mobility of sulfide liquid has diverse geological implications. 

which are briefly discussed. Existing experimental studies of sulfide liquid wetting behavior are 
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summarized. foIIowed by a rationale for this thesis, in terms of important areas in need of 

clarification. 

1.2 IVatura/ Suifide Liquids 

1.2.1 Formariori 

Sulfur may dissolve in multiple valence States within basaltic magmas. depending on the 

precailing osygen fugacity (Fincharn and Richardson. 2954). The two most common sulfur 

species in terrestrial igneous rocks are sulfide ( ~ ' 3  and sulfate ( ~ 0 4 ' 3  depending on whether 

conditions are reducing or oxidizing. respectively. The proportion of each species is govemed 

b\. the equilibrium expression: 

[s2-1 (f0,Y 

i t  can be seen that fo, strongly controls the relative speciation of S dissolved within a basaltic - 

magma. Other intensive variables. such as temperature, pressure and melt composition. may also 

affect K.,, through changes in the relative activities of the sulfur species. Carroll and Rutherford 

( 1  988) investigated the effects of these parameters. and concluded that fa, - eserts the dominant 

control on sulfur speciation in natural magmas. The fo, - conditions at which either sulfür species 

wiIl be most abundant (i.e.. > 80% of the total dissolved S present) have been determined 

ssperimentally by several researchers (Nagashima and Katsura. 1973: Katsura and Nagashima. 

11 and Rutherford. 1988). Sulfate was found to be the dominant species above 

-3, whereas sulfids dominated below ANNO = -0.8 (where AhWO refers to the Iog 
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0x1-gen fugacity relative to the nickel-nickel oxide buffer). Carroll and Rutherford ( 1  988) 

deduced a log-linear relationship between the ratio of sulfate to total dissolved S. and the oxygen 

fugacity (valid over a range of logfo, fiom NNO - 2.8 to NNO + 1.4): .. 

log [so~'-/(s2- + ~0:-)] = 0.48 ANNO - 0.70 (1 - 3 )  

Thus. u-ith knowledge of  the oxygen fugacity. the relative sulfide and sulfate contents o f  the melt 

ma'+ be calculated. Applying this equation to samples of submarine glass from various localities. 

Wallace and Carmichael (1992) concluded that only 5% or less of the total S within natural 

basaltic magmas is dissolved as sulfate. leaving the majority present as sulfide. 

The solubility of sulfur within a basaltic magma is affected by the sulfur speciation, as 

the reduced and oxidized molecules each possess unique sizes and bonding behaviors. As 

pre\.iously mentioned. the most common sulfur species within a basaltic melt at reduced mantle 

conditions is sulfide. and its solubility depends on the relative osygen and sulfur fugacity. as 

well as the 0'- anion activity in the basaltic melt. according to the relation: 

% S1 (g,, i 0'- = % 0 2  (eJr) + SI- (mell) ( 1  -4) 

S tudies of natural sulfrde samples (Mathez. 1976) and experïmentally produced sulfide liquids 

(Haughton et al.. 1973) indicate that there is a positive correlation between dissolved S and the 

m d t  Fe0 content. This is not surprising. as the amount of dissolved oxygen controls the 

abundance of both species according to the relation: 

- 
F e 0  (,,II, + M S7 (9%) - FeS ("Id,, K 0 2  (,a, ( 1-5) 

Sulf~ir anions prefer to exchange with oxygen anions bonded with ferrous iron to form FeSo as 

the Fe-O bond is easier to break in cornparison to tetrahedrally-bonded oxygen anions. From 

Equation 1-5. it can be scen that as fo, increases. the amount of dissolved oxygen within the melt - 



increases. thus shifiing the equilibrium to create more products (Fe0 and SI  (,, within the 

basal tic magma). 

1.2.2 Composition of Natural Suffide Liquids 

Natural sulfide globules occurring in volcanic rocks are the best-presenred samples of 

immiscible sulfide liquids. They display a wide range of  compositions as dictated by their parent 

basaltic magma and the extent to which their composition has evolved by differentiation. In the 

most simplified case. sulfide liquids are composed of Fe-S-O in accordance with thefo, and fs, - & 

conditions buffered by the large volume of  silicate magma from which they were derived. 

Pyrrhotite (Fei.,S: x = O - 0.125). is therefore the primary mineral found crystallized within 

simple sulfide liquids. In terms of other additives at the major element level. transition metals 

such as Ni (up to 30 wt%) and Cu (up to 40 wt%) are most common. hosted by pentlandite and 

chalcopyrite. respectively. Cobalt is present (up to 2 wt%) as it may substitute for Fe in the 

pyrrhotite structure. exsolving to form Co-pentlandite upon cooling. Oxygen is commonly 

liosted by primary- magnetite or ilmenite. yet secondary magnetite may also form as a result of 

funher oxidation during metarnorphism or  alteration. Minor arnounts of Mn. Ti. and V are also 

present (Roy-Barman et al.. 1998; Stone and Fleet. 199 1 ; Peach et al.. 1990; Pedersen. 1979; 

Czamanske and Moore, 1977: Mathez and Yeats. 1976) along with ppm to ppb levels of Au and 

the platinum-group elements (Naldrett. 1989). 

Althoush the aforementioned minerals will crystallize upon final cooling of a sulfide 

liquid. phase equilibrium experiments have shown that monosulfide solid solution (mss) is the 

prirnar). liquidus phase. Partition coefficients from experimental studies show that Ni partitions 

into rnss while Cu prefers to remain in the intentitial liquid phase. Li et al. (1996) report a range 

of D~,"' '~' ' '~ between 0.19 and 1.17 (increasing with decreasing T) and a more limited range of  



D ~ ~ ~ ~ " " ~  between 0.17 and 0.27. With decreasing temperature, more Ni partitions into the mss, 

thersb'. enriching the remaining liquid in Cu. In the case where sulfide liquid globules are 

disseminated. the partitioning of Ni into olivine will further enrich the residual sulfide liquid in 

Cu. By determining the relative proportions of these metals within natural sulfide liquid 

dobules. the degree of differentiation (Le.. extent of mss fractionation and/or partitioning of Ni - 
into olivine) c m  be determined (Le.. "primitive" termed for sulfide globules with high 

concentrations of Ni relative to Cu. and "evolved" for those with high concentrations of Cu 

relative to Ni). E'rperirnents investigating the partitioning behavior of transition and platinum- 

group metais between sulfide and silicate melt (Barnes. 1993: Bezman et al.. 1994: Crocket et 
C 

al.. 1992: Peach et al.. 1990: 1994). have clearly documented the preference for these elements to 

bond ~t-ith segregating sulhr atoms relative to oxygen atoms as immiscible suIfide droplets form. 

Late-stage fractionation or prolonged silicate liquid-sulfide liquid exchange can produce more 

estreme Ni-. Cu-. or Co-enrichments. as represented by the compositions of magmatic sulfide 

ore dsposits (Naldretc. 1989). 

1.2.3 Occwrence of Natural Sulfrde Liquids 

Quenched sulfide liquid globuies are a relatively common occurrence in oceanic basalts, 

with few preserved occurrences in other tectonic settinçs. A compilation of the composition of 

naturaI sulfide liquid globules within oceanic basalts is given in Chapter 2 (fig. 2-1). Sulfide 

inclusions have also been reported within upper mantle xenoliths and Alpine-type peridotites, 

confirming their importance in both crustal and upper mantle environments. 

Many researchers have studied sulfide liquid globules from the FAMOUS (French 

American Mid Ocean Undersea Study) area of the Mid-Atlantic ridge. Czamanske and Moore 

( 1977) described sulfide globules containing appreciable arnounts of Ni (3.0 - 16.5 w%) and Cu 



(2.5 - 1 3 -3 w%). The study of Peach et al. ( 1990) revealed sulfide globules from the same 

general area containing a similar range of  Ni. yet an absence of Cu and the presence of small 

arnounts of Co (1 21 8 - 1871 ppm) and Au (2 - 23 ppm). Roy-Barman et al. (1 998) reported 

sulfide globules containing 7 - 14 wt% Ni and 5 - 12 wt% Cu. This research team also studied 

the East Pacific Rise. Central Indian Ridge. and Southem .4rm of  the Mid Atlantic Ridge. 

ColIecti\.ely these localities displayed values of Ni between 6 and 13 wt% and Cu between 3 and 

1 I i\-t%. Mathez and Yeats (1976) describe sulfide globutes within fresh abyssal tholeiitic basalt 

glasses from the Deep Sea Drilling Project Hole 3 19A and Site 320 within the Nazca Plate 

containing 8.1 wt% Ni and 7.1 wt% Cu. 

Tephra and lava lake samples produced from the 1959 eruption of Kilauea volcano 

(Ha~vaii) contained sulfide globules present in sample groundmass and as inclusions within 

olilrine phenocrysts and xenocrysts with tephra sulfides yielding 3.5 - 32.5 WT% Ni and 0.8-17.9 

u-t% Cu (Fleet and Stone. 1990). The lava lake sarnples are more differentiated. as Ni contents 

are much lo~ver (0.2 - 9.1 wt%) and Cu contents higher (6.1 - 53.6 MT%). than that of the tephra. 

Samples frorn the Larnont seamounts. which are proximal to the Juan de Fuca Ridge (Allen et 

al.. 1989) contain sulfide globules with compositions rich in Ni (1 8.7 w?%) yet low in Cu (0.04 

n-tOh). In a relatively unusual occurrence. sulfide globules have also been found within basaltic 

class from a native iron-bearing dike from Disko Island, Central West Greenland (Pedersen. 
k 

1979). Globules from this locality contain 3.9 \vt% Ni. 1.1 wt% C u  and 0.4 wt% Co. 

In addition to the occurrence of sulfide globules in primitive mafic magmas, high 

pressure senocrysts and ultramafic xenoliths also provide evidence for the presence of sulfide 

liquid within the upper mantle. Sulfide-bearing inclusions have been found within 

clinopyrosene-megacrysts. Al-augite pyroxenite xenoliths, kimberlites. and also within 



diamonds. Petersen and Francis ( 1  977) repotted sulfide inclusions within clinopyroxene 

megacrysts from the alkali basalt spatter cone on Nunivak Island, Alaska. Both pyrrhotite and 

chalcopyrite were detected. with the latter containing 0.25 wt% Ni and 32.5 W~ CU. Macrae 

( 1979) described sulfide inclusions from ultramafic xenoliths within the Newer Basalts of 

Victoria. Australia. concluding that they were produced afier an influx of suIfur within a late 

stage CO2-rich vapor was introduced during magma ascent. In an attempt to characterize sulfide 

compositions. abundance. textures. and emplacement modes from a variety of ultramafic mantle 

senoliths. Pasteris (1 98 1 ) examined sulfide incIusions from kimberlites (Bultfontein. South 

.4frica). alnoite (Malaita. Soloman Islands). and basalt (Salt Lake Crater. Oahu). Postulated 

theories on the origin of sulfide inclusions commonty found within xenoliths from this study 

include Fe-Ni-Cu sulfide liquid immiscibility caused by sulfur saturation. remobilization of pre- 

esisting sulfide phases. or by the influx of sulfur-bearing CO2-rich fluids. as previously 

described by Macrae (1979). Andersen et al. (1987) studied sulfide inclusions from 

clinopyroxene megacrysts and Al-augite pyroxenite senoliths in Si-undersaturated continental 

basalts from \various locations including the Central iMassif (France). Dish Hill (California. 

U.S..4.). San Carlos (Arizona. U.S.A.). Kilboume Hole (New Mexico. U.S.). and several 

locations in Australia. The overall Ni content of the inclusions ranged from 2 - 4 w%. with 

minor arnounts of Co and Cu. From the morphology of the inclusions and their relation to 

ero\\-th planes in the pyroxenes. these researchers concluded that sulfides were trapped as * 

immiscible sulfide melt. 

SuIfide inclusions were found within peridotite massifs of the Ivera-Verbano Zone of the 

Western Italian Alps containing areas of depletion as well as those with more primitive 

compositions (Gamti et al.. 1984). Primitive samples fiom the peridotite massifs of Baldissero 



and Balmuccia were abundant and associated with Al-Cr spinel. The mineralogy of these 

samples included pentlandite and chalcopmte with exsolution of Cu phases (cubanite. bomite. 

digenite: Cu&) and minor pyrrhotite. In contrast, inclusions found within the peridotite massif 

Finero were rare. displaying a depleted composition of pentlandite with exsolution of 

mackinawite (Fei -,S) + heazlewoodite. 

Sulfide inclusions within diamonds provide invaluable information about the 

geochemistry of the mantle (Rudnick et al.. 1993: Bulanova et al.. 1996: Pearson et al.. 1999). 

Because the diarnond structure provides immense protection. sulfide inclusions preserve a 

pristine geochemical signature fiom the deeper parts of the mantle. As sulfide inclusions are 

incorporated at varying stages of diamond growth. they may also document the ambient chemical 

en\-ironment of diamond growth. Bulanova et al. ( 1996) studied syngenetic Fe-Ni-Cu sulfide 

inclusions in Yakutian diarnonds concluding that they formed as primary sulfide melt or crystals 

of mss trapped during diamond growth. Sulfide inclusions from this study with no silicate or 

oside incIusions contained 12 - 15 RI% Ni and 0.03 - 0.06 wt% Cu. Elevated levels of Ni and 

Cu lvere documented in sulfide inclusions within diamonds of pendotite affinity (23 - 36 \vt% 

and O. 14 - 7.3 8 ~- t%.   respective!^). Sulfide inclusions found within diamonds of' eclogite 

affinity eshibited the lowest Ni content (O - 8.2 WO). and the most varied amount of Cu (0.04 - 

39.3 MT%). 

Archean greenstone belts are one of the most important hosts for extrusive sulfide ore 

deposits. These deposits are thought to have originated from magmatic activity associated with 

the early greenstone belt formation in the form of ultramafic komatiitic lavas and shallow 

intrusions. Esamples of uttramafic komatiite hosts of sultide ore can be found within the 

Thompson Ni Belt of Manitoba. and the Raglan Ni deposits of Ungava, Quebec. Sarnples from 



these localities contain appreciable amounts of Ni (2.5 and 3.1 wt%. respectively), and Cu (0.13 

and 0.88 NI%. respectively: Eckstrand. 1995). 

In the plutonic environment. immiscible sulfide liquid may collect and fonn a massive 

segregation. sometimes resulting in economic concentrations of Ni. Cu and PGEs (e-g.' Naldrett. 

1 989). Such occurrences include the pIutonic roots of  flood basalt volcanism associated with 

intracontinental rifiing (e-g. the Duluth Complex containing 17 W% hTi in sulfide: Naldrett and 

Duke. 1980: and Noril'sk containing 9 wt% Ni in sulfide Naldrett and Cabri, 1976). noritic 

rocks associated with areas of possible meteorite-impact (e-g. Sudbury containing between 2 and 

6 MT% Ni in sulfide: Naldrett and Duke. 1980; Naldrett et al.. 1982; Hoffman et aI.. 1979: Coats 

and Snajdr. 1984). and disseminated sulfide deposits in large stratiform intrusive complexes 

u-ithin cratonic regions, such as the Bushveld Complex in South Africa and the Stillwater 

Cornplex in Montana. U.S.A. Sulfides within the Merensky Reef of the Bushveld Complex yield 

10.8 w% Ni. 4.6 t\;t% Cu. 130 ppm Pd. and 3 10 ppm Pt. The J-M Reef of the Stillwater 

Comples contains similar arnounts of Ni and Cu, yet much larger arnounts of Pd and Pt (6500 

and 1900 ppm. respectively) within sulfide compositions (Naldrett. 1989). 

1.3 Priricipals of Liquid Distribution 

Fluid flow in a porous medium occurs in response to a pressure gradient (dP/dx; Pa/rn), at 

a velocity (Vfio,,: d s )  expressed by Darcy's Law: 

V*l0,, = (- k / q) - (dP / dx) ( 1 -6) 

ivhere k is the permeability (m') and q is the tinematic viscosity (Pa - s) of the fluid. Knowledge 

of the distribution of the liquid phase within a solid matrix allows us to characterize the 

permeability of that matrix. Information bearing on the permeability. in tum. allows us to assess 



the physical plausibility of liquid mobility within the solid matrix. The essential contention is 

whother or not the pore space occupied by the liquid is interconnected. thus resulting in a 

penneable matrix. 

By iooking at two-dimensional cross-sections of fluid-filled pores* the three-dimensional 

grain-scale distribution of a fluid phase c m  be deduced. This is achieved by measuring the 

dihedral angle. 0. which is made between the fluid and the intersection of two like grains. The 

magnitude of 0 depends on the relative energies of the solid-soiid (.!SS) and solid-liquid (ysL) 

interfaces as espressed by Equation 1-7 and Figure 1 - 1. 

8 = 2 arcos (yss / 2 ySL) ( 1-71 

The critical geometrical value for 0 is 60". such that in cases where 8 < 60". the liquid 

phase spreads alortg the solid-liquid interface as seen in Figure 1-2. In this case, the liquid is 

tsrmed '-~vetting" and occupies prismatic grain edge channels. which remain open allowing an 

interconnected melt phase in three dimensions. even at low meIt fractions (i.e.. << 1 vol%; von 

Bargen and Waff. 1986). Conversely. when 8 > 60". the liquid is "non-wetting". and grain edges 

bscome d c -  as a result of the liquid phase "beading-up" at grain corners (fig. 1-3). In this case. 

meIt connectivity is only achieved above a finite melt fraction (i-e.. 2 vol% for 0 = 65": von 

Bargen and Waff. 1986). 

In order to apply the two-dimensional dihedral angle approach in characterizing the three- 

dimensional fluid distribution. a few important assumptions are made. First. the system must be 

in testural equilibrium. implying an absence of chemical or mechanical potential gradients. 

Interfacial energies equilibrate and stabilize as the individuaI interfaces mature in shape and size. 

Final equilibrium is achieved when the mean curvature of the solid-liquid interface is uniform 

across each interfacial surface. Any potential gradients stemming fiom non-unifonn curvature 
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promote mass transfer from domains with higher curvature to those with lower curvature, thus 

eliminating highly angular surfaces. 

Secondly. the system must display a unique dihedral angle such that the surface energy of 

the entire solid matrix is isotropie. In sys:erns containing both crystalline and liquid phases. the 

surface-energy of the solid matrix is comrnonly anisotropic, as grains develop rational crystal 

faces. The presence of facetted edges introduces some uncertainty as their effect on melt 

connectivity is difficult to predict, pxticularly at low melt fractions. Waff and Faul (1992) have 

argued that the presence of  facets serves to increase matrix permeabitity by reducing the 

occurrence of "pinch-off' dong  grain edge intersections. However. in experiments that 

monitored bulk diffusion in fluid-bearing pyroxene aggregates, Watson and Lupulescu (1993) 

showed that the median dihedral angle involving only curved interfaces was a reliable predictor 

of penneability. despite the presence of abundant facetted interfaces. 

A somewhat novel fluid transport mechanism can occur in the absence o f  pressure 

gradients when a dry. polycrystalline solid comes into contact with a reservoir o f  fluid 

possessing a value of 8 < 60" against the minerals of the solid matrix. A dihedral angle less than 

60" implies that the presence of  fluid in the matrix results in a lower free energy than when grain 

edges are dry. thus resulting in a surface energy gradient, and constituting a driving force for 

melt infiltration into the polycrystalline solid (Watson. 1982). infiltration occurs by dissolution 

of the solid matrix accompanied by re-precipitation within the liquid phase, in order to maintain 

constant bulk liquid composition and preserve chemical equilibrium. Watson (1 982) emphasized 

that. by this process, magmatic iiquids (either silicate or sulfide) could serve as potential 

metasomatic agents in susceptible "infertile" regions in the vicinity of  slowly rising magmas. 



1.4 Geoiogical Implications of Sulfre Melf Mobiiity 

The potential for sulfide melt mobility has geological significance on a global scale. 

Mechanisms of core-formation in the early Earth, m a d e  metasomatism. and the formation of 

sultide ore deposits during magma emplacement are al1 affected by the relative mobility of 

sulfide melt within rock matrices dominated by olivine and/or chromite. 

1.4.1 Core Formation 

The mechanisni by which Fe-alloy and accompanying siderophile elsments separated 

from the silicate mantle to form the core is still under debate. In particular. there is the question 

of whether a largely molten earth was necessary for core formation, or if Fe-alloy could instead 

percolate through a relatively solid Earth. Early work by Ringwood (1977) using available low 

temperature metal-sikate partitioning data. indicated that the metailic core was not in 

equilibrium with the silicate m a d e .  thus suggesting the presence of a "magma ocean" unlikely. 

Rama-Murthy ( 1 99 1 ) extrapolated low temperature metal-silicate partitioning data to higher 

extremes likely present during core formation (3000 - 40G0°K) and determined that most 

siderophile elemental abundances began to approach equilibrium. This work sparked others to 

esperimentally determine metal-silicate partitioning data for siderophile ekrnents at elevated 

temperatures and pressures. Results still did not fully comply with the presence of a "magma 

ocean*' (Walker et al.. 1993; Hilgren et al.. 1994). as siderophile element abundances were too 

high for some. and too Iow for others. 

In addition to partitioning experiments. studies on the wetting behavior of Fe-sulfide 

liquid against olivine were undertaken in order to determine the physical plausibility of both 

core-fonning mechanisrns. If core-forming melts are non-wetting against mantle olivine. a 

magma ocean would be necessary in order for the Fe-alloy to fa11 through and f o m  the core. 



How-ever. if dihedral angles are low. such that meIts can be wetting. then the core could form in a 

large1 y solid earth by falling through a permeable matrix. Specifically discussed in Section 1 -5 .  

the results of wetting experiments have yielded arnbiguous conclusions. as the fûll extent of meit 

composition.~o,.fS,. - - and pressure have yet to be fiilly cliaracterized. 

1.4.2 kfantle Metasomatism and Isotopic Fractionation 

The potential for sulfide melt mobility by porous flow indicates that it may act as  a 

meiasomatic agent in the rnantle. This is suggested by inconsistent Pb- and Os-isotopic 

compositions throughout the m a d e  (Tatsumoto. 1978: Hattori and Hart, 199 1 ; Martin, 199 1 ). 

By the addition or removai of srnaII arnounts of sulfide melt, parent-daughter ratios such Re/Os. 

L'Pb. and Th/Pb. are fractionated stemming from the more chalcophile behavior of the daughter 

products (Os and Pb) relative to their parents (Re, U. and Th). Given the importance of Os and 

Pb isotopic compositions in understanding the evolution of the mantle, it is important to 

determine whether the compositional inconsistencies arise from the mobility of the radiogenic 

daughter isotopes. or the parent elements. 

Gaetani and Grove (1999) showed that a significant fractionation occurs in the Re/Os 

isotopic ratio as only 0.01 vol% sulfide melt is removed from mantle peridotite via porous flow. 

Sinlilar results kvere obtained for the U/Pb and ThPb isotopic ratios but to a lesser extent. as the 

removal of greater volumes of sulfide liquid (>> 1 vol%) were required to achieve similar parent- 

daughter fractionation. By characterizing the wetting behavior of sulfide melt, its metasomatic 

role in creating chalcophile trace element and isotopic heterogeneity in the upper mantle may be 

dcduced. 



1.4.3 Fate of Suffide Liguitls during Magma Solidification 

Upon solidification of mafic/ultramafic magmas. the final distribution of sulfide (Le., 

massive or dispersed) will depend on the relative timing of silicate matrïx crys!allization and 

immiscible sulfide liquid saturation. and the wetting properties of the sulfide liquid. if sulfide 

liquid immiscibility occurs late relative to the majority of matrix solidification. an initially 

dispersed sulfide liquid will result. If 0 < 60". however. the silicate matrix will be permeable, 

and sulfide melt c m  be extracted by gravitational compaction (McKenzie. 1985). A pooled 

segregation of sulfide liquid may thereby form at the base of the silicate layer. On the other 

hand. if 0 > 60". the silicate matrix will be impermeable to flow, and the sulfide liquid could 

rernain dispersed. 

If sulfide liquid immiscibility occurs well before the solidification of the silicate matrix, 

an initially massive concentration of sulfide liquid will result. due to pooling at the bottorn of the 

magma column. If the dry grain edge configuration of the solid rnatrix is energetically higher 

than that of sulfide-wetted grain edges (i.e. 8 < 60"). the sulfide liquid will infiltrate the silicate 

pile to minimize surface energy. However. if the opposite is true, and the dry configuration is 

more energetically stable. the liquid phase is rendered immobile and is essentially trapped, thus 

forrning a massive segregation. Therefore, with knowledge of the wetting behavior of sulfide 

liquid. a prediction can be made concerning the particular deposit configuration (i.e., massive or 

disssminated j, that may result. 

1.4.4 Platin unr-Croup E/emerrf Fractiort ation 

Platinum-group elements are commonly fractionated in layered intrusions, as IPGEs 

(including Ru. Os. Ir) forrn early-crystallizing laurite (Ru, Os, h)S2 and Ru-Os-Ir alloy phases 

(Brenan and Andrews. in press), whereas PPGEs (Pt* Pd) are concentrated in later-formed sulfide 



melt (Fleet et al., 1993; Barnes et al.. 1997). Evidence ffom the Bushveld (Maier et ai.. 1999: 

Maier and BaLmes. 1999) and Stillwater complexes (Talkington and Lipin. 1986): suggest that the 

IPGE-minerals commonly occur as small inclusions within chromite grains, as chromites 

nucleate on their crystal surfaces. Eventually. chromite grains engulf the IPGE-minerals and 

together they concentrate into a cumulate layer. The distribution of the residual PPGE-rich 

sulfide liquid within olivine and chromite layers. is partly controlled by its wetting behavior 

against each solid matrix. By measuring chromite-suitide melt dihedral angles, and comparing 

the results with those for olivine-bearing experiments. an accurate assessrnent o f  the potential 

r ok  of chromitite as a collecter o f  sulfide liquid during the solidification of layered 

mafic/ultramafic intrusions can be made. 

1.5 Overvieiv of Relevarit Studies 

Many studies have utiIized the dihedral angle approach in order to predict the 

permeability of  various solid matrices in the presence of different fluids. Recent studies 

investigating sulfide Iiquid wetting behavior against olivine at high pressure include the work of 

Herpfer (1992). Herpfer and Larimer (1993), Ballhaus and EIlis (1996). Minarik et al. (1996) and 

Shannon and Agee (1 996). Gaetani and Grove (1 999) performed experirnents at low pressure. 

In eacli of these studies. dihedral angle measurernents of simple Fe-S melt were performed. yet 

on1 y the experiments of Gaetani and Grove (1 999) were conducted at controlled oxygen and 

sulfur fugacity. 

The studies of Herpfer ( 1 992) and Herp fer and Larimer ( 1 993) sought to answer the 

question of how metallic cores forrn, by determining the specific conditions at which metal- 

sulfide melt can percolate through a polycrystalline matrix. Piston cylinder experiments were 



conducted to determine the wetting behavior of Fe-sulfide against olivine and orthopyroxene 

aggregatzs at 1 GPa and 1300°C. For a composition of FeS liquid with either 40 or 50 atomic ?/o 

sulfur. the dihedral angle is constant at roughly 70". yet for the eutectic composition of 43 atomic 

% sulfur. 8 was lowered to 55". The dihedral angle was therefore found to be sensitive to the 

variation in melt sulfur content. 

Balihaus and Ellis (1996) conducted piston cylinder experiments at 2 GPa and 1350°C 

in\.olving olivine and Fe-Ni-Co-sulfide melt compositions with variable su1 fur contents- ResuIts 

for metal-rich compositions (Le.? molar Fe+Ni+Co/S > 1) yielded a value for 8 of 1 15" and 

sulfur-rich compositions (i.e.. molar Fe+Ni+Co/S < 1) produced a wetting angle of 68". Sulfur 

content of the sulfide liquid was again seen to affect wetting behavior against olivine. The 

authors concluded that sulfide liquid percolation in the Earth's early mantle woutd not be 

possible unless the mantle was largely molten. 

Shannon and Agee (1996) performed dihedral angle measurements using a metal-rich Fe- 

Ni-S melt (77:9: 1.C \a%. respectively) a? variable temperature. pressure. and run duration. A 

dihedral angle of 108" was reported for an experiment performed at 3 GPa. 1260°C. and 83 

hours against a combination of olivine. clinopyroxene, orthopyroxene. and gamet. A value for 8 

of 1 12" was found for an experiment conducted at 20 GPa. 171 0°C. and 5 hours against a 

combination of gamma spinel. clinopyroxene. orthopyroxene. and gamet. As there was no one 

variable isolated for a controlled investigation. it is difficult to draw any clear conclusions about 

factors that may affect sulfide liquid wetting behavior at extremely high pressure and 

temperature. 

The study conducted by Minarik et al. ( 1  996) on the wetting of complex oxygen-bearing 

sulfide liquids against an olivine matrix at constant temperature (1500°C) was more 



comprehensive. In experiments at fixed Ni coritent (-1 1 wt%) and pressure (4 GPa) yet variable 

o q g e n  contents. different values of 8 resulted. In experirnents in which the amount of oxygen 

\vas high (8 atornic %), 8 was 60". and for those in \vhich the oxygen content was low (4 atomic 

%). a dihedral angle of  93" was produced. This result dernonstrated that in addition to the effect 

of sulfur documented in previous studies, the dihedral angle also depended on the melt oxygen 

content. By increasing the pressure from 4 to 1 1  GPa, 8 decreased from 93" to 84". which could 

be a result of differences in melt sulfur content, or an intrinsic effect of P on the solid-liquid or 

solici-soIid surface energies. 

The only study in which both fo, and fs, were varied in a systematic way was that of  - - 

Gaetani and Grove (1 999). Experiments were performed at 1350°C and 1 atm using a simple Fe- 

S composition with 0.4-1.3 wt% Ni and samples were encapsuiated in San Carlos olivine 

crucibles. Their results showed that the otivine-sulfide melt dihedral angle decreases 

significantly ~vith an increase in the concentration of dissolved oxygen in the sulfide liquid; from 

a high of 90" with 0.09 wt% oxygen to values less than 60" for melts having greater than 2.7 

wt% osygen. In fact, they concluded that as the Fe and O content of the sulfide melt were 

positively correlated, a Fe-oxide species of unknown stoichiometry (Fe1-,0) was the likely 

surface-active component responsible for Iowering the dihedral angle. Gaetani and Grove (1 999) 

concIuded that sulfide Iiquids are likely to be wetting. and hence mobile. at fo,'s - prevalent in the 

upper mantle. 

1.6 Rufiortale for t11b Thesis 

Despite the importance of molten sulfide as a mass transport and collecting agent for 

transition metals and PGEs in mafic and ultramafic igneous systems, few data exist to 



completely assess the specific compositional controls on sulfide liquid wetting behavior against 

primary liquidus phases. such as olivine and chromite. This problem becomes particularly acute 

~ i v e n  the presence of  appreciable amounts of non-ferrous components. such as Ni. Cu and to a 
L 

lesser estent Co. in natural sulfide liquids. Thus. a primary goal of  this thesis was to measure 

dihedral angles in experiments with variable sulfide liquid compositions. thus establishing the 

relative dominance o f  Fel_,O as a surface-active melt species. relative to other potential transition 

rnetal oside species. Furthemore. by measunng chrornite-sulfide melt dihedral angles. an 

accurate assessrnent of  the potential role of chromitite as a collecter of sulfide liquid during the 

solidification of layered mafic/ultramafic intrusions can be made. Results from previous studies 

have also not precisely defined the intrinsic effect of  pressure on the wetting properties of sulfide 

liquid against olivine. which is essential to accurately extrapolate low pressure data to deep Earth 

conditions. Thus. an additional goal of  this thesis was to conduct olivine-sulfide melt wetting 

ansle determinations in esperiments at fixed fo,. - but variable pressure. 



Figure 1-1 

Yss 

Crystal 1 

Cross-sectional geometry of the solid-liquid interface showing the dihedral angle. e1 ivhich is formed by 
the  intersection between the liquid and the hvo crystais. The balance of the solid-solid (yss)  and solid- 
liquid interfacial energies (ySL) govern the magnitude of 0 according to Equation 1-7. 



Figure 1-2 

A .wetting'' texture results when 8 < 60". The fluid phase becomes interconnected as it is ailowed to 
flow along grain-edge channels. Thus, the fluid phase is mobile throughout the permeable matrix (afier 
Lee et al.. 199 1 ). 



Figure 1-3 

A "non-wetting" texture results when 0 > 60". The fluid phase is trapped at grain corners, as the dry 
crain-edge configuration is more energetically stable. The matrix is therefore impermeable to the fluid 
C 

phase. which in tum. is rendered immobile (afier Lee et al., 199 1). 



Chapter 2 

Wetting properties of Fe-Ni-Co-Cu-O-S melts against olivine: 
Implications for sulfide melt mobility 

In Press. Economic Geology 
Lesley A. Rose and James M. Brenan 

2.1 Absiract 

The effects of transition metal content and the fugacities of oxygen (#&) and sulfur (fi&,) 

on the wetting behavior of molten sulfide against forsteritic olivine have been investigated in this 

study . Wetting behavior. or the mobility of a liquid phase within a coexisting solid matrix. is 

quantified by the dihedral angle 0. which is a Function of the relative solid-solid and solid-liquid 

surîàce energies. In order to determine sulfide wetting behavior, experiments were performed at 

1300°C using a vertical tube fumace employing C-O-S gas mixtures to control fo, andfs,. - - 

Samples consisted of mixtures of San Carlos olivine and Fe + (Ni. Cu. Co; 0-30 wt%) + S melts 

equilibrated for 24 - 168 hours. Experimental conditions ranged from fo, = IO-* to IO-'' and/s, - - 

from 10"' to 1 o4 in accordance with values appropriate for basalt petrogenesis. Results of our 

esperiments revealed that dihedral angles exhibited a marked increase with decreasing fo,. and - 

\.ariable dependence on melt metal composition. A t h ,  = 10'~,  al1 sulfide melt compositions 

u-ere found to be wetting (Le.. 0 < 60"). whereas only those with < -1 5 ~ %  added Cu. Co or Ni 

ivere 1%-etting atfo, - = 10'~. and no wetting compositions were encountered at fo, - = 1 0 - ' ~ .  In 

agreement with the results of Gaetani and Grove (1999). we found that values of 8 decreased as 

the mole fraction of oxygen in the melt increased. suggesting that metal-oside species in the melt 

are likely to be surface-active with respect to olivine. 



In light of our experimental data, it is expected that the wetting behavior of natural 

suIfide liquids will depend on both the identity and quantity of  non-ferrous metal and the 

abundance of dissolved oxygen. Because of  this latter effect, the prevailing conditions of both 

fo, and fs, are therefore likely to dictate sulfide melt mobility. In ternis of the potential for - - 

suIfide melt metasomatism in the upper mantle, consideration of  the range of  fo, - reflected by 

natural sulfide liquids, mafic lavas, and upper mantle source regions reveals that conditions for 

sulfide nislt mobility encompass much of this spectrum, even for many Ni- and Cu-rich natural 

liquid compositions. Thus, such liquids may be potent agents for redistributing siderophile and 

chalcophile elements in the upper mantle. 

Sulfide melt wetting behavior will also play a role in the final sulfide distribution on 

solidification of mafic/ultramafic magmas that achieve saturation in an immiscible sulfide liquid. 

Efficient sulfide segregation may occur in reduced magmas only by early sulfide settling through 

a large1 y liquid medium, inasmuch as late-formed sulfide liquid will become trapped in the solid 

silicate rnatrix. For the case of relatively oxidized magmas, the wettability of  sulfide liquid at 

these conditions. combined with a low viscosity and high density. suggests that efficient 

compaction-driven sulfide segregation is possible. even over h e  relatively short cooling intervals 

Iikely for high level mafic intrusions. 

2.2 Ifi trod~îctiorr 

As a consequence of changes in fo2.fs,. - activity of FeO, or absolute sulfur content. 

basaltic magmas may achieve saturation in an immiscible sulfide liquid at some stage in their 

crystallization history. Owing to their strong affinity for chalcophile and siderophile elemrnts, 

sulfide liquids are expected to exert a controlling influence on the distribution o f  these elements 



M-ithin the Earth's crust and upper mantle (e-g., Stone et al., 1990; Bames and Picard, 1993 

Peach and Mathez, 1993; Gaetani and Grove, 1997). However, despite both the çeochemical and 

economic importance of magmatic sulfide liquids, Our understanding of the conditions that 

control their grain-scale distribution and ultimate mobility is far from comprehensive. Such 

constraints have the potential to shed significant light on the formation of disseminated as 

opposed to massive rnagmatic sulfide ore deposits as well as the conditions necessary for sulfide 

liquid migration in the Earth's mantle. 

In general. the local distribution of a liquid phase within a CO-existing soiid matrix is 

controlled by the relative energies of the solid-liquid and solid-solid interfaces. Subject to the 

conditions of both mechanical and chernical equilibrium, and assuming that the surface energy of 

the solid matrix is isotropie. the three-dimensional melt topology can be predicted with 

knowledge of the cross-sectional geometry of the solid-liquid interface. The dihedral angle (8) is 

defined as the angle formed by two intersecting walls of a liquid-filled pore at a junction with 

two solid grains. The magnitude of 8 is determined by the balance of forces at the solid-liquid 

junction and is expressed by the relation: 

0 = 2 arcos (yss / 2 ySL) 

where yss and YSL are the solid-solid and solid-liquid surface energies, respectively. 

The value of 8 is determined by the amount of solid-liquid contact required to minimize 

the total surface energy of the system. If 0 c 6Oo9 the melt is "wetting" and occupies prismatic 

grain edge channels. which remain open allowing an interco~ectzd melt phase in three 
C 

dimensions. even at low melt fractions (Le., <<1 vol%; von Bargen and Waff. 1986). 

Conversely. in cases where 0 3 60°, the melt is "non-wetting" and grain edges become dry as a 

result of the liquid phase "beading-up" at grain-edge intersections. For 0 > 60°, melt 



connectivity is achieved only above a finite fraction (Le.. 2 vol% for 0 = 65"; von Bargen and 

Waff. 1986). 

In recent studies. dihedral angles have been measured of  simple Fe-S melts at both hi& 

(Ballhaus and Ellis. 1996; Minarik et al., 1996) and low pressure (Gaetani and Grove. 1999). 

Based on the results of 1-atm experiments in which both fs, and fo, were controlled. Gaetani and - - 

Grot-e ( 1999) proposed that the main control on the grain-scale distribution of  suifide liquid 

LX-ithin an olivine-rich matrix was the F e 0  content of the melt. Specifically, their results 

demonstrate that the olivine-sulfide melt dihedral angle decreases significantly with an increase 

in the concentration of dissolved oxygen. from a hi& of 90" with 0.09 wt% oxygen to values 

less than 60° for melts having greater than 2.7 wtYo oxygen. Inasmuch as the oxygen content of 

the sulfide liquid was found to vary systematically with fo,- Gaetani and Grove (1999) concluded - 

that suIfide liquids are likely to be wetting. and hence mobile. at fo,'s - prevalent in the upper 

mantle. 

Reiults from simple Fe-S-O systems howevrr. may not mirror those obtained from more 

compositionally complex natural sulfide liquids. Indeed. observations of the wetting properties 

of suifide liquids containing other "additives" tend to support this claim. For example. in 

esperiments that involved sulfide sarnples encapsulated in evacuated silica tubes, Ebel and 

Naldrett (1 996) observed enhanced wetting of the tube walls with increased Cu-content of  the 

sulfide liquid. In addition. Kress (1997) observed different textures in runs at constant fo, andfi, - - 

and variabIejEr,. - At high f~,. - sulfides appeared as large globules within silicate liquid whereas at 

l o ~ e r f ; ~ , .  silicate and sulfide liquids were intermingled on a much finer scale. Thus. it would - 

appear that both the transition element and Hz content of the melt could influence sulfide wetting 

behavior against silicate materials. 



Natural sulfide globules occurring in volcanic rocks are the best-preserved sarnples of 

immiscible sulfide liquids and contain appreciable amounts of components other than Fe, S. and 

O. In terms of other elements at the major element level, transition metais such as Ni (up to 30 

w%). Cu (up to 40 wt%), and Co (up to 2 w%) are the most cornmon, and minor arnounts of 

Mn. Ti. and V are also common (Roy-Barmen et al., 1998; Stone and Fleet. 199 1 ; Peach et al.. 

1 990; Pedersen. 1979; Czamznske and Moore, 1977; Mathez and Yeats. 1976; see fig. 2- 1 ). 

Furtherrnore. late-stage fiactionation or prolonged silicate liquid-sulfide liquid exchange can 

produce more extreme enrichments in these metals, as represented by the compositions of 

sulfides from magmatic sulfide ore deposits (Naldrett, 1989). In light of the compositional 

complexiîy of natural sulfide liquids, we have been motivated to undertake a study of the effect 

of transition metals other than Fe on the wetting of suifide melt against olivine, the most 

abundant mineral in the upper mantIe, and an important phase in mafic/ultrarnafic plutonic rocks. 

Sulfide liquid compositions were thus chosen to reflect the range of Co, Cu and Ni contents 

encountered in catural sulfide samples (fig. 2- 1 ) and experiments were performed at controlled 

oxygen and sulfur fugacities appropriate to basalt petrogenesis. 

2.3 Experimental and Analyiical Meth ods 

Experiments were performed in a modified 1-atm vertical tube fumace using mixtures of 

CO. COz. and S 0 2  gases to control oxygen and sulfur fugacity. Brenan and Caciagli (2000) 

published additional details of the furnace design and experimental procedures used in this study. 

Experirnents were performed at oxygen fugacities between and 1 O-''. consistent with those 

estimated for terrestrial basaltic magmas (Christie et al., 1986). Sulfur fugacities used in Our 

esperiments were between 1 O-'.' and IO', which are sufficient for sulfide liquid stability and 



closel y resernblefs, - values estimated for natural samples (Wallace and Carmichael, 1992). A 

summary of experirnent conditions is provided in Table 2-1. 

Relative flow rates of each gas needed to produce specific oxygen and sulfùr fugacities 

\vere deterrnined using a program that cdculates ihe equilibrium speciation of 28 C-O-H-S gas 

species at one atmosphere and high temperature (courtesy of Dr. Victor Kress). Flow rates were 

controlled using flow meters calibrated "in house" and predicted oxygen and sulfur fugacities 

from mising ratios were checked against the nickel-nickel oxide and (Au. Ag)S2 buffers (Barton 

and Toulmin. 1964). Temperatures in the furnace hotspot were continuously monitored using a 

Pt-PtgORhlo thermocouple calibrated against the melting point of gold. The thermocouple was 

protected from the corrosive sulfur atmosphere by an alumina sheath. 

SampIes were contained in crucibles fabricated from San Carlos olivine megacrysts; a 

material chosen because it is inert with respect to both the experimental sarnple and the sulfür- 

rich atmosphere required for sulfide liquid stability. Sulfide melt was prepared from high purity 

(99.99+%) Fe. Ni, Cu, Co, and S powders ground together under ethano:. A typical sarnple 

consisted of altemating layers of Fe + (Ni, Cu, Co) + S (hereafter referred to as àulfide melt), 

powdered San Carlos olivine and in some cases powdered chromite (results for the chromite 

sampIes are discussed in Rose and Brenan, in prep; Chapter 3 ) .  Sulfide melt and solid (oIivine 2 

chromite) occurred in proportions of 3O-50% melt and 70-50% solid. Approximately 20-50 

milligrams in total (depending on crucible size) was layered into the olivine crucible for a given 

experiment. The olivine cmcible was inserted into a silica cup, which was in tum placed inside 

an alumina tube attached to a füsed quartz hook, and then suspended within the top (cold) zone 

of the furnace. The furnace was then sealed and gas flow commenced. After allowing 

approximately half an hour for gas equilibration, the sample was slowly lowered over a period of 



15-30 minutes into the predetermined fùniace hotspot. At the end of the experiment, the bottom 

b r a s  fîtting of the furnace was removed and the quartz rod was quickly plunged into cold water 

to quench the sample. 

Run products w-ere mounted in epoxy and initially ground using Sic. In most cases. a 

second impregnation of epoxy was necessary afier the sample had been exposed due to the 

separation of olivine layers by void space that had originally been occupied by sulfide melt. 

After a final polish with 0.3 Fm alumina powder (and/or colloidal silica)? samples were carbon- 

coated and analyzed using the Cameca SXSO electron microprobe (EMP) at the University of 

Tor~nto. Additional analyses were performed using the JEOL JXA-8600 microprobe at the 

Uni\rersity of Western Ontario. Analytical conditions for detennination of the major elements in 

the esperirnental sulfide melt were an accelerating voltage of 20 kV and a beam current of 30 nA 

with mavimurn peak counting times of 30 seconds. Depending on sulfide melt pocket size. a 

defocused beam of between 5 and 10 pm was used for analysis due to the textural inhomogeneity 

resulting from quench crystallization. Oxygen was analyzed with an octadccanoate lead (ODPB) 

pseudo-crystal. Because of differences in peak position and shape of the standard and unknown 

(sternming from oxygen present in different electronic environrnents). oxygen was analyzed by 

integrating peak areas instead of the more traditionat method of counting at a fked peak position. 

Due to the Iow energy of the oxygen K a  x-ray. even a small variation in carbon coat thickness 

between the standard and unknown could affect the accuracy of measured oxygen 

concentrations. We found that differences in carbon-coat thickness between the hematite 

standard (used for osygen anaiysis) and mounted run-products were negligible. however. as 

analyses compieted afier simultaneous standard/sample carbon-coating. or afier only the sarnple 

had been re-coated (without the standard) yielded similar results. Melts from samples run at 



fuz = 10.' contained abundant dendntic quench oxide intergrown with quenched sulfide. Melt 

compositions for those samples were calculated by combining broad-beam analyses of quenched 

sulfide intergrowths with focused beam oxide analyses weighted according to their respective 

modes. Standards used for electron microprobe anaiysis were chalcopyrite (Cu. S. Fe), 

pentlandite (Ni), cobaltite (Co), and hematite (0). Raw count rates were converted to 

concentrations using a modified ZAF correction routine. A surnmary of measured and calculated 

suIfide Iiquid compositions is provided in Table 2-2. 

In order to detemine the tme dihedral angle for each sample, approximately 100 angles 

were measured from digitized secondary electron images using variable magnifications 

(depending on olivine grain size). Analysis was perfomed using the protractor function in 

ScionIrnage (ported £iom NIH Image developed at the US. National Institute of  Health and 

available for download at http://~vww.scioncorp.com). 

Harker and Parker (1945) showed that the median value of a range of apparent measured 

angles represents the true dihedral angle and the associated uncertainty was calculated using the 

method of Riegger and Van Vlack (1 960). On the b a i s  of replicate measurements, the error 

associated with a single measurement was found to be f 2". A distribution of "apparenty angles 

is espected (fig. 2-2) as each sample was sectioned along a plane where grains are randomly 

oriented with respect to the bisectrix of the true dihedral angle. A surnmary of dihedral angles is 

provided in Table 2-3. 

The olivine-sülfide melt system behaves anisotropically with respect to surface energy, as 

shown by samples produced in this study containing some olivine grains with crystal facets. 

Indeed, in any given sample, we observed that between 5 and 10% of the grain-grain junctions 

involved facetted crystal edges. Dihedral angles involving such interfaces were not included 



when deterrnining the median vdue used to infer the permeability of a given sarnple. The 

presence of facetted edges introduces some uncertainty in this regard since their effect on melt 

connectivity is difficult to predict, particularly at low melt hct ions.  Waff and Faul(i992) have 

argued that the presence of facets serves to increase matrix penneability by reducing the 

occurrence of --pinch-off' along grain edge intersections. However, in experiments that 

monitored bulk diffusion in fluid-bearing pyroxene aggregates. Watson and Lupulescu (1993) 

showed that the median dihedral angle involving curved interfaces kvas a reliable predictor of 

permeability. despite the presence of abundant facetted interfaces. 

2.4 Experimental Results 

Run products consisted of solid layers containing olivine or chromite and quenched 

sulfide liquid. In those experiments containing both minerals. the sulfide melt fraction was 

siightly higher in the chromite layer. Over the course of an experiment, melts appeared to have 

migrated from their initial position between the packed mineral layers, leaving interlayer void 

space behind. The resulting melt-impregnated layers mairitained their initial position and 

appeared suspended within the olivine crucible. Brenan and Caciagli (2000) had initially 

observed that silicate melt was present in sarnple D.019 at triple point junctions between 

intersecting olivine grains yet, upon further investigation, this was found not to be the case, as 

only sulfide melt was present. 

Sutfide melts produced in Our experiments consisted mainly of Fe, S and either Ni. Cu, or 

Co. in addition to varying amounts of oxygen, depending onjo, and the identity of the added - 

metals (Table 2-2). The aini of this study was to determine the wetting behavior of sulfide melts 

u.hose compositions closely resemble those found in nature. Good agreement exists between 



sulfide melt compositions produced in this study and those of  natural samples, as seen in Figure 

2- 1 .  Typically. most natural samples faIl on or near the FeS-XS and FeS-X3S2 joins. Sulfides 

from MORBs from the FAMOUS area of the mid-Atlantic Ridge (Peach et al.. 1990) and 

samples from Disko Island. Greenland (Pedersen. 1979), however. are more metal-poor and 

metal-rich. respectively. than these joins. which probably reflect deviations in fo, or fs, from - - 

values typical for basalt petrogenesis. 

Olivine-sulfide melt dihedrai angles determined from our experiments ranged from 44" to 

80" (Table 2-3) .  and secondary electron images of sectioned and polished mn products depicting 

this variation are shown in Figure 2-3. By comparing samples A and B, the effect of variable fo, - 

cari be seen as the dihedral angle decreased from 60" to 48' with an increase injo, from 1 to - 

1 O-'. The effect of  added transition metals (in this case Co) to the sulfide melt at anfo, of 10 '~  

can b s  seen when comparing samples B. C and D. As metal content increased from 5 to 12 to 26 

~ 7 % .  dihedral angles increased from 58" to 60" to 73". Similar effects were observed when 

increased concentrations of copper and nickel were added to the sulfide meh. 

To test whether textural equilibrium had been achieved, time series experiments were 

conducted for durations ranging from 24 to 168 hours at constant fo, andfs, and initial melt - - 

composition. Figure 2-4 illustrates the results of these experiments. Dihedral angles were 

in\.ariant with experiment duration. implying that equilibrium dihedral angles were established 

quickl).. With increasing maturity of the microstructure, the distribution of apparent angles 

becarne narrower with respect to the theoretical apparent angle distribution. Results from the 

st~idy of Gaetani and Grove (1999) showed similar behavior and. as in that study. an 

esperimental duration of 72 hours was considered sufficient for producing textural equilibrium. 



In order to determine the effect of added transition metals on the resulting olivine-sulfide 

melt dihedral angles, experiments were performed at constant fs,$ - fo,? - and variable sulfide melt 

composition. The effect of variable fo, - was also investigated and results are displayed in Figure 

2-5 for al1 aperirnents conducted at anfs, - of 10? Two experiments were conducted at fo, - = 1 

containing only Fe and S in the initial sulfide melt, which yielded a median dihedral angle of 

58.. whereas a similar experiment at fo, of IO-' yielded a median angle of 44". Increases in the 

abundance of transition metals replacing Fe produced progressive increases in measured dihedral 

angles for oxygen fùgacities of 10 '~  and 10-'O. However. merisureci dihedral angles for 

esperiments performed at fo, .. = IO-' did not Vary with incrçasing non-ferrous metal content. For 

al1 compositions investigated, dihedral angles increased as fo, - decreased. Al1 sulfide melts 

produced at fo, = 1 O-' yielded 8 values < 60" whereas al1 melts at 10'" were non-wetting. - 

regardless of transition metal content. Experiments conducted at an fo, - of  IO-^ remained 

"u-stting" (as defined by 8 < BO0) until greater than approximately 15 wt% Cu. Ni. or Co was 

incorporateci into the sulfide liquid. 

2.5 Discussion 

2.5.1 Variation of 8 with Melt Compositiorr 

Assuming that the solid-solid interfacial energy does not Vary appreciably with olivine 

composition. the observed variation in 0 with melt metal content, fo, - aridfs, - can be attributed to 

the cffects of these variabIes on the solid-liquid interfacial energy. In tum, it is reasonable to 

suçgest that metal content, fo, - andfs, - dictate the proportions of certain olivine surface-active 

species within the melt. For the melts produced in our experiments, the relevant metal speciation 
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reactions take the fonn: 

Fe 1-rOsulfide meli % S 2 p  = Fe l -xSrultidc melt + % 0 2 p i  (2-2) 

Ni i -xOsulfid~ m i t  % S2 gas = Ni l -xSsdfide rnçh % 0 2  gis (2-3) 

CUI-xOsultidr mcli S l  gas = Cul-xssulfide rnelt + 0 2  gas (w 
CO 1 -xOsulfide mcli + S l  giis = CO 1 -~Ssuifidc mdt + OZ gas (2-5) 

in which the subscripts 1-x are used to emphasize the uncertainty in the stoichiometry of a 

particular sulfide or oside species. Based on a well-defined correlation between 8 and the 

osygen content of the melt. Gaetani and Grove (1999) concluded that the most likely olivine 

surface-active component in Fe-S-O-bearing melts is an Fe-oxide species of unknown 

stoichiornetry. As portrayed in Figures 2-6A and B. for sulfide melts equilibrated atfo, - =  IO-^ 

and 1 O-'. respectively, the mole % oxygen within the sulfide melt is positively correlated with the 

mole ?'o iron. suggesting that the dominant oxide species in these mixed-metal melts is Fe- 

bexing. Although there is insuficient data to establish the same trends at anfo, - of  1 O-'', it is 

notable that Cu-rich melts produced at these conditions contain more oxygen than rnelts 

dominated by Fe. suggesting the presence of a Cu-oxide species. In order to assess whether an 

iron-oxide species is important in controlling the wetting behavior of the melts produced in our 

esperiments. we have plotted 0 as a function of the mole % oxygen in the sulfide liquid (figs. 2- 

7A. B). Dihedral angles from experiments containing 0-5 wt% Co, Cu or Ni (fig. 2-7A) decrease 

as the oxygen (and hence Fe-oxide) content of the melt increases, and the data are in accord with 

the correlation displayed by results fiom Gaetani and Grove (1999) for Fe-beanng sulfide melts 

~ v i t h  rninor arnounts of Ni (0.4- 1.3 w%). In contrast, experiments containing high abundances 

of Ni. Cu or Co are displaced from this correlation, with runs atjo, - of 1 0 ' ~  and 10-'O generally 

plottirif above the curve. and those at fo, - of IO-' plotting below the curve. Two effects are 



probably important in establishing these relations. First, the addition of a non-ferrous metal 

component rnay decrease the activity of Fel-,O. thus Ieading to an increuse in 8 for a specific 

melt osygen content. This effect is also expressed by the systematic increase in 0 with increased 

non-ferrous metal component in the sulfide melt seen in the data at fo, of 1 0 - ~  and IO-'' (fig. 2-5)- - 

Conversely, with increased JO, - (or decreasedfs,) - the proportion of other non-ferrous metal oxide 

species \vil1 increase. as Equations 2-3.2-4. and 2-5 shifi to the left. If such oxide species are 

surface active. then an increase in their abundance will correspondingly decrease 0. This effect 

not only explains the general decrease in 8 with increased fo,, but also the decrease in 0 for the - 

sample run atfs, of 1 0 ~  (D.0123. Table 2-3). The fact that other metal oxide species rnay equal 

FeI-,O in their capacity to reduce the olivine-melt surface energy may account for the apparent 

invariance in 8 with non-ferrous metal content displayed by the data atfo, of 1 0 - ~  (fig. 2-5). - 

In the context of our experimental results. it is usefùl to recall the observations of Ebel 

and Naldrett (1  996) regarding the enhanced wetting capacity of Cu-rich melts against silica 

glass. As previously mentioned, these workers obsewed that the wetting of Fe-Cu-S melts 

against the walls of the silica glass tubes employed in their experirnents increased when high 

Ievels of Cu were present in the melt. implying an increase in the glass-vapor surface energy. or 

decrease in the glass-melt or melt-vapor surface energies. Ebel and Naldrett (1 996) went on to 

use this result to suggest that surface-tension induced spreading ont0 fracture surfaces in silicate 

host rocks may provide a mechanism for separation of Cu-rich sulfide liquids fiom a Ni-rich 

sulfide cumulate. Our results indicate that the addition of Cu to the sulfide melt either increased 

8 (at low y&). - or had no ef;'ect on 8 (high fo,), - thus suggesting that the spreading of sulfide melts 

against silica glass cannot be used to predict wetting of such melts against mafic silicate 



minerais. such as olivine- However, our results do not dispute the separation hypothesis put forth 

by Ebel and Naldrett (1 996). provided Cu-rich melts in contact with natural fracture surfaces 

within crystalline rocks retain the same relative interfacial energies as for silica glass. 

2.5.2 In~plications for Sulfde Melr Mobiliiy 

The upper m a d e  environment It is now well established that sulfides may be an 

important minor phase in upper mantle rocks (e.g.. Fleet and Stone, 1990). and it is also clear 

that mantle-derived magmas may leave their source regions at or near saturation in an immiscible 

sulfide Iiquid (cg.. Peach et al., 1990). Given that sulfide liquids could play a significant role in 

redistributing chalcophile and siderophile elements in the upper mantle. it is worth assessing to 

what extent natural sulfide liquids are likely to be wetting (i.e.. 0 < 60"): and hence mobile via 

porous flow in this environment. The combined results of this study and that of Gaetani and 

Grove (1  999) indicate that bothfo,. - and the identity and quantity of the dissolved transition metal 

will plaj. a role in determining the mobility of natural sulfide liquids. Thus. information bearing 

on the magnitude of al1 of the variables will be required in order to assess the potential for sulfide 

liquids to be mobile in the upper mantle. 

Estimates of the oxygen fugacity that prevails during oceanic basalt genesis have been 

provided using ~e''/~e'' ratios in MORB glasses and olivine-opx-spinel barometry from 

peridotite senoliths. Using the former technique, Christie et al. (1986). found a range in MORB 

fo, fronl 1 to 3 log units more reducing than the nickel-nickel oxide (NNO) buffer, but with a - 

predominance of values near ANNO = -1 -5 to -2.5. Studies of spinel pendotites by Wood et al. 

( 1  990) yielded a similar fo, - range, if a small pressure correction was applied to the Christie et al 

( 1  986) values. Sulhr  fùgacities estimated by Wallace and Carnichael (1 992) from Atlantic 

MORB glasses Vary from 10'' to 1 05. Our results suggest that sulfide liquids can be wetting in 
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olivine-rich lithologies at a fo, as low as 10". provided the non-ferrous metal content is less than - 
-1 5 wt%. At 1 300°C, this corresponds to ANNO of  -2.3, indicating that Fe-rich sulfide melts 

can be wetting at the conditions of  fo, - andfs, - appropriate for the oceanic upper mantle. in accord 

with similar conclusions reached by Gaetani and Grove (1999). It is important to note. however. 

that this concIusion is made with the explicit assurnption that the fo, vs. melt oxygen content - 

determined at 1 atm is applicable to sulfide melts at high pressure. 

An additional. and potentially more direct assessrnent of sulfide liquid mobility in the 

upper mantle is to consider the variation in fo, and non-ferrous metal content exhibited by - 

natural sulfide liquids occumng in primitive mafic lavas. To quantitatively assess such data, we 

have plotted the values of fa, (in ternis of ANNO) and non-ferrous metal content of our - 

esprriments (fig. 2-8A) to determine the 'trossover" point (Le.. 8 < 60') for sulfide melt 

ivettability against olivine. We also used the fo, - dependence of  the partitioning of Fe and Ni 

between olivine and coexisting sulfide liquid. as calibrated by Brenan and Caciagli (2000). to 

estimate fo,'s - for a variety of  olivine and sulfide-saturated. primitive oceanic volcanic rocks. 

Those estimates. along with the total nickel + copper contents o f  the associated sulfide liquid are 

portraysd in Figure 2-88 (other components, such as Co' are minor in these samples). Along 

with these data we have superimposed the dividing line between wetting and non-wetting liquids, 

as determined from Figure 2-8A. With the exception of the most non-ferrous metal-rich 

compositions. measured fo,'s - of natural samples are high enough that their elevated non-ferrous 

metal abundance does not hinder their wettability, thus fùrther strengthening our conclusions 

regarding the likelihood of sulfide melt mobility based on fo, - estimates alone. Moreover, it is 

aIso important to note that sarnples with the highest non-ferrous metal content (those from the 



Kilauea Iki lava lake) plotting at or below the cross-over line are copper rich (Le. at% 

Cu/(Cu+Ni) >> 1). and thus unlikely candidates for primitive sulfide Iiquids. 

Formation of massive vs. disseminated magmatic Fe-Ni-Cu-PGE suIfide deposits 

Timing of sulfide-saturation relative to solidification of a hi& temperature silicate 

cumulate matris and sulfide liquid wetting behavior will each have a direct bearing on the 

tendency to forrn massive or disseminated sulfide ore deposits associated with mafic magmas. 

When sulfide-saturation occurs prior to matrix solidification. droplets of sulfide iiquid c m  settle 

(provided the crystal + liquid matrix viscosity is low enough) and be concentrated at a position of 

gravitational stability. thus forming a massive segregation. Whether the sulfide liquid remains 
L 

massive or begins to disperse is determined by its wetting behavior with respect to the 

surrounding solid matrix. If the crystallizing curnulate matrix is olivine-rich and conditions are 

relatively osidizing. the melt may begin to disperse by the process of surface tension driven 

infiltration (Watson. 1982). Conversely. if the surrounding environment is relatively reducing. 

thé sulfide melt will subsequently be non-wetting. with no tendency to disperse, thus maintaining 

the initially massive segregation. 

I f  sulfide saturation occurred after a substantial arnount o f  the silicate matrix had 

crystallized. the resulting imrniscible sulfide melt will initially be dispersed between the silicate 

rninerals. Owing to the considerable density contrast between rnolten sulfide and silicate 

minerals. hou-ever. buoyancy-driven compaction and me11 segregation may occur. provided the 

sulfide liquid is interconnected (Le.. if 8 < 60"). I f  non-wetting conditions prevail, the sulfide 

liquid will remain dispersed upon complete soIidification. Given that Fe-rich sulfide liquids can 

be interconnected under relatively oxidizing conditions, we have used the compaction mode1 of 

McKenzie ( 1985) to specifically assess the time-scales required for significant segregation of 



sulfide-bearing layers having a given thickness and porosity. It is important to note at the outset 

that the viabi li ty of these calculations for modeling natural segregation processes depends on  the 

folIo\ving important assumptions: 1) that the temperature dependence of 8 is relatively small. and 

thus values measured at 1300°C can be used to predict melt comectivity at lower temperatures. 

and 2) values of 0 measured for olivine provide an accurate prediction of the permeability of 

olivine-dominated rocks (i.e.. the presence of srna11 amounts of potentially non-wetting phases 

does not seriously hinder melt flow). 

In blcKenzie0s model. the compacting layer with a constant initial porosity (4) rests 

below an impermeable roof (perhaps defined by a non-wetting lithology). As a consequence of 

the negative density contrast between sulfide melt and olivine-rich solid, the melt will migrate 

downwards accompanied by compaction of the solid to accommodate the loss of melt. The 

thickness of the zone over which compaction is most rapid is defined as the compaction length- 

scale (6,) and is given by the relation: 

6, = kfP)O.'  (2-6) 

where q is the kinematic viscosity of the matrix (-1 0" Pa-s: McKenzie, l985), k is the 

permeability of the matrix (m') and p is the kinematic viscosity of the sulfide melt (calculated to 

be 2.67 x 1 O" Pa-s using the data of Vostryakov et al., 1964). McKenziefs original relation 

between permeability. porosity. and grain size (a; assurned to be 1 mm) take the form: 

k = a'$'/ 1 000 (2-7) 

As  shown by von Bargen and Waff (1 986). however, permeabilities calculated by this equation 

are about 100s lower than values predicted using a fluid distribution mode1 dictated by surface 

enerçy minimization. However. forms of the k vs. 4 functions are nearly identical, and as such. 

perrneabilities calculated by Equation 2-7 are simply multiplied by 100 to bring them in line with 
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values predicted by the von Bargen and Waff (1986) model. 

The compaction time-scale (fh) is defined as the time required to change the porosity o f  

the entirely molten layer (of thickness h) from 4 to @le and is given by the relation: 

q, = T,, (WC + 6Jh) (2-8) 

uhere r, is the initia1 compaction rate at the base of the layer defined as: 

t, = o c  /00( 1 -+) 

whers o, is the separation velocity defined as: 

0 0  = k ( 1-49 Apg/~19 

in \\.hich Ap is the density di fference between the melt and the solid matrix, and g is the 

acceleration due to gravity. 

For comparative purposes. values of  the compaction length- and time-scaies were 

determined for both sulfide and mafic silicate melts. Viscosity and density o f  the olivine-bearing 

matris and silicate melt are taken from McKenzie (1 985). Densities and viscosities of 

compositionally complsx sulfide liquids are unknown' so we have chosen to model the sulfide 

liquid using values obtained for molten FeS extrapolated to 1300°C. The sulfide melt density 

\vas calculated to be 3705 kg/m3 based on the data of Kucharski et al. (1984), and using 

kinematic viscosity values from Vostryakov et al. (1964) we have calculated a sulfide me11 

viscosity of 2.7 x 1 O" Pa-S. Results of our length- and time-scale calculations are portrayed in 

Figure 3-9. 

Figure 2-9A depicts the compaction length-scale for both sulfide and silicate melt over a 

range of porosities and shows that 6, is - 1  Ox thicker for molten sulfide than for molten silicate. 

Therefore. efficient compaction is expected to occur over significantly greater thickness of 

sulfide rnelt-bearing layers as opposed to equivalent layers containing silicate melt. Figure 2-9B 
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displays the compaction time-scales for both sulfide and silicate melt-bearing layers having 

\+ariabis thickness and porosity. For al1 layer thickness and low porosity (Le.. 0.1% and 0.01%). 

sulfide melt is extracted at a much greater rate than silicate melt. For exampie. a sulfide melt- 

bearing layer 1 km thick with a porosity of O. 1 % requires - 180 years for approximately one-third 

of the melt to be expelled. whereas an equivdent silicate melt-bearing layer requires -77 Ka to 

achieve the same result. For ail layer thickness and high porosity (i.e.. 1% and IO%), both 

sulfide and silicate melt are extracted at the same rate. The time-scale for solidification of a 

rnafic/ultramafic intrusion will depend on its size. depth of  emplacement and availability of 

circulating fluids. arnong other factors. However. for km-sized mafic bodies intruding at shallow 

depths. as exernplified by the Skaergaard and Stillwater complexes. cooling time-scales of 150- 

200 Ka are probably reasonable (e.g., Hess. 1972; Norton and Taylor. 1979). Our calculations 

would therefore suggest that sulfide liquid segregation by compaction is possible within the 

solidification time interval, even for layers that are 100s of  meters thick with low porosities. 

Given the sensitivity of olivine-sulfide melt dihedral angles to the melt oxygen content. 

\.ariations in magma fn, - during solidification may play an imponant role in controlling the final 

distribution of sulfide melt. For example. it is clear that some mafic intrusions have undergone 

assimiIation of a sulfide-bearing country rock. which may have resulted in sulfide saturation. but 

also displaced magma fo, - to more reduced values (e-g.. Voisey's Bay: Brenan and Li7 2000). If 

assimilation and sulfide saturation occur while the system is still largely molten, gravity 

separation of massive sulfide can be efficient. However. if saturation occurs afier a significant 

amount of silicate crystallization, the sulfide will get "stuck" (Le., remain disserninated) if the 

magma/& - has been lowered by assimilation of a reducing agent. In contrast. relatively oxidized 

magmas may be able to segregate their interstitial sulfide as  a result of compaction. This 



anal>rsis cleady aff~rms the notion that signs of early sulfide-saturation (Le. Ni depletion in 

olivine: Naldrett, 1 989) are critical to assessing the massive sulfide potential of a particular 

igneous body. especially if significant wall-rock assimilation is suspected to have occurred 

during emplacement. 

2.6 Stimmary and Conclusioris 

Our results indicate that bot,ii osygen fugacity and the identity and abundance of non- 

ferrous transition metals play important roles in the wetting behavior of sulfide melt against 

forstentic olivine. The presence of non-ferrous metal species witliin sulfide melts at iow fol 

values counters the effect of surface-active Fe-oxide on sulfide melt wettability. At higher 

values ofl;;, however. Fe-oxide couples with other non-ferrous metal-oxides to enhance sulfide - 

melt wetting properties. Given the relatively oxidized conditions inferred for the petrogenesis of 

oceanic basalts, sulfide Iiquids associated with these magmas are likely to contain a high 

abundance of metal-oside species, and thus be wetting. Such wetting liquids may have a 

profound effect on the distribution of chalcophile and siderophile elements in the rnantle source 

regions for oceanic basalts. particularly in terms of disturbing the parent-daughter ratios of the 

U/Pb. T h P b  and Re/Os isotopic systems (e.g., Gaetani and Grove, 1999). During the 

solidification of mafic/ultramafic intrusive bodies, the final distribution of sulfides will depend 

on both the timing of sulfide liquid saturation and the sulfide liquid wetting properties. If sulfide 

liquid saturation occurs while the silicate portion of the system is largely molten, droplets of 

sulfide liquid can fa11 through the largely liquid matrix and be concentrated at a position of 

gravitational stability, thus forming a massive segregation. If conditions are relatively reducing. 

then subsequent dispersa1 of sulfide liquid into the solid silicate pile is avoided as surface-energy 



induced infiltration (Watson, 1982) is inhibited when 8 < 60". Conversely, if sulfide liquid 

saturation occurs after a substantiaI amount of silicate matrix has forrned, buoyancy-driven 

compaction and melt segregation can take place if conditions are relatively oxidized. and hence 8 

< 60". W e  have found that efficient compaction segregation can occur on time-scales that are 

short relative to the cooling interval of a moderate-sized mafic intrusion, suggesting that this 

process could be an effective means of sulfide segregation in such systems. 
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Table 2-1. Summary of Experimental ~ondilions' 
Sample Type Duration log f02 log fS2 Gas Flow Rates (ccm) Initial Melt Composition 

(hrs.) C0:SO2:CO2 Fe-(Cu,Co,Ni)-S wt% 
FeSl olivine + chromite 72 -9.1 -2.1 20 : 3 : 29 70-0-30 
FeS2 olivine + chromite 72 -9.1 -2.1 20 : 3 : 29 70-0-30 
FeS3 olivine 72 -8.0 -2.0 13: 12 :21 70-0-30 

Cul 
Cu2 
Cu3 
Cu5 
Cu7 

Cu8 

olivine 
olivine + chromite 

olivine 
olivine + chromite 

olivine 
olivine + chromite 

olivine + chromite 

olivine + chromite 
olivine + chromite 

olivine 

Co2 olivine + chromite 72 -9.1 -2.1 20 : 3 : 29 65-5-30 
Co5 olivine + chromite 73 -9.1 -2.1 20 : 3 : 29 40-30-30 

Co7 olivine 72 -8.0 -2.0 13: 1 2 2 1  55-1 5-30 
Co8 olivine 72 -9.1 -2.1 20 : 3 : 29 55-1 5-30 

Ni3 olivine 72 -8.0 -2.0 13 : 12 : 21 50-20-30 

0.01 72 olivine 48 -8.2 -2.1 14:9:30 55-1 5-30 
D.ol g2 olivine 48 -9.1 -2.1 20 : 3 : 29 40-30-30 
D.ol 1 o2 olivine 48 -9.1 -2.1 20 : 3 : 29 65-5-30 
D.ol 1 1 olivine 48 -10.1 -2.1 35 :2 :17  65-5-30 
D.ol 202 olivine 120 -10.1 -2.1 35 :2 :17  65-5-30 
D.0123' olivine 96 -9.0 -4.0 35 : 0.34 : 80 40-30-30 

t ) all runs performed at 1 300°C. 

2) samples from Brenan and Caciagli (2000). 



Table 2-2. Analyses of Sulphide Melt (wt% element)' 

 ample log fo-, log fs2 n? ~e~ Cu, Co, Ni S O total 
FeSl 
FeS2 
FeS3 

Cul 
Cu2 
Cu3 
Cu5 
Cu7 
Cu8 
Cu9c 
Cu9a 
Cu9b 
Cul6B 

Co2 
Co5 
Coi  
Co8 

Ni3 
0.01 7 
D.019 
0,ol 10 
D.ol 1 4  
0.01 20 
0.01 23 -9.0 -4.0 23 22.63 (0.64) 52.25 (1.68) 25.93 (1 -64) 0.27 (0.1 7) 

1) melt compositions from experiment FeS3, Cul, Cu7 and Co7 were determined by electron microprobe 
analysis of individual quench phases, combined with their modal abundances, ail other me# compositions 
based on multiple broad-beam electron microprobe analyses 
2) n is the number of analyses 
3) number in parentheses refers to the error based on one standard deviation of n analyses 
4) minimum detection limit based on 20 above background count rate 

P 
P 





Figure 2-1 

O MORB (Roy-Barman et al.. 1998) 
O MORB (Mathez and Yeats, 1976) 
v MORE (Czamanske and Moore. 1977) 
A MORE (Peach et al.. 1990) 
O Kiluaea (Stone and Fleet. 1991) 
O Disko Island (Pedersen, 1979) 

Sulphide Melt Composition (this study) 

Range of natural sulfide compositions from various sources (open syrnbols) and sulfide compositions 
from this study (closed symbols) plotted in terrns of molar quantities of sulfur + oxygen, iron, and other 
metals (Ni, Cu. Co). 



Figure 2-2 

Apparent Angle (degrees) 

Cornparison of rneasured and theoretical frequency distributions for a) sample Co5 where - 120 apparent 
angles were measured, and b) sarnple Co2 where -1 00 apparent angles were measured. A distribution of 
diliedral angles is expected because each run product was sectioned along a randorn plane, resulting in a 
variegr of ..apparent" dihedral angles. The median value of this distribution is taken to represent the 
v u e "  dihedral angle of the sample and is inset on each histogram. 
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Figure 2-3 

Secondary electron images of run products consisting of Co-bearing sulfide melt and olivine. The effect 
of fo, variation is shown when samples A) and B) are compared, and the effect of the addition of 
transition metals (Co in this case) to the sulfide melt (at constant fo,) is seen when comparing samples B), 
C) and D). Samples inchde A) Co7, wherefo, = IO-', 9 - 48O, and -12 wt% Co is added to sulfide melt, 

B) Co8 where fo, = 1 O"? 8 -60°, and - 12 wt?? Co is added to sulfide melt, C) Co5 where fo, = 10'~, 8 - - 
7 3 O ,  and -26 \vt% Co is added to sulfide melt, and D) Co2 wherefo, - = 10-~ :8  -5B0, and -5 wt% is added 
to sulfide melt. Scale bars represent 1 micron. 
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Figure 2-4 

1 
CuSa,b,c 
(this study) 

FeS4, FeS7, 
FeS1, FeS3 
(Gaetani and 
Grove, 1999) 

A D.ol 11, D.0120 
(Brenan and 
Caciagfi, 2000) 

Time (hours) 

Variation in dihedral angle as a function of run duration for Cu-doped experiments frotn this study? Ni- 
doped experiments from Brenan and Caciagli (2000). and Fe-bearing experiments from Gaetani and 
Grove ( 1999). The error associated with dihedral angle measurement is based on one standard deviation 
of n measured '-apparenty angles given by the equation from Riegger and Van Vlack ( 1  960). 



Figure 2-5 

(-10)A Copper 

Nickel 

/ a Cobalt 
T 

1 V Nickel 

1 1 0 Cobalt 

V Nickel %- 

wt% non-ferrous metal analyzed 
within sulfide melt 

Diliedrai angle plotted against wt% transition metal added to the sulfide melt for three distinct oxygen 
fugacities at constanth, of 10". AsIo, increases, dihedral angles decrease. At fo, values of 1 0 ' ~  and 1 O-'' 
the dihedral angle increases as non-ferrous transition metals are added to the sulfide melt. At anfo, of - 
IO-', however, dihedral angles remain fairly constant over the same compositional range. The error 
associated with dihedral angle measurement is based on one standard deviation of n measured "apparent" 
angles given by the equation from Riegger and Van Vlack (1960) and error on melt metal content is based 
on one standard deviation of n analyses. 



Figure 2-6 

50 r A 

Variation in mole % oxygen as a function of mole % iron for sulfide liquids produced at A) fo2 = 1 0 - ~  and 
B)f& = 10" and constantjs, (IO-'). The error associated with both iron and oxygen contents are based on 
one standard deviation of n analyses. Note that the Ni-bearing sarnple in 6b with 36 mole % iron (D.ol 7) 
has a somewhat lower oxygen content than that of the maiii sample trend. This discrepancy is probably a 
result of the somewhat lower fo, (10"') for this experiment. 
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Figure 2-7 
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Variation of  dihedral angle with mole fraction o f  oxygen within the sulfide melt. A) Experiments 
involving Fe-bearing melts contaiiiing 0-5 wt% of a non-ferrous metal component from this study, Brenan 
and Caciagli (2000) and Gaetani and Grove (1999). T h e  dashed line is a best-fit curve describing data for 
Fe-bearing compositions only. B) Data for experiments containing substantial amounts of non-ferrous 
metals. Numbers beside each data point corresponds to the abundance o f  that metal in the melt. The 
dashed line corresponds to the trend for  the Fe-rich melts portrayed in A). 
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Figure 2-8 
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A) Wetting vs. non-wtting sarnples produced in this study, in terms of fo, relative to the NNO buffer 

(ANNO = l o g &  sarnple - log fo, NNO), and the abundance of Ni + Cu within the sulfide melt. Above - 
the dashed curve, sulfide liquids are wetting (8 < 60°), whereas below the curve sulfide liquids are non- 
wetting (0 > 60"). B) Summary of oxygen fugacities recorded by sulfide-saturated volcanic rocks as a 
function of the Ni +- Cu content of the associated suffide liquid. Oxygen fugacities were calculated based 
on Fe-Ni partitioning between coexisting olivine and sulfide liquid, as calibrated by Brenan and Caciagli 
(2000). Values of JO, are expressed with respect to the NNO buffer calculated at the quenching - 
temperature of the lava (as estimated from phase equilibria or olivine thermometry). In general, Ni is the 
dominant non-ferrous transition metal in these sulfide liquids, and samples with > 10 wt% Cu are labeled 
in terms of their melt Cu content. Kilauea samples were produced during the 1959 eruption, and 
correspond to subaerial tephra (pumice) and samples from the lava lake; FAMOUS (volcanic), Nazca and 
Lamont are ocean floor basalts; Disko is a native iron-bearing Tertiary mafic subvolcanic dike from 
Cisko Island. west Greenland. Data sources are as foilows: Kilauea, FAMOUS, Nazca (references in 
Fleet and Stone; 1990): Lamont (Dr. J. Allen, pers. comrn.; Allen et al., 1989); Disko (Pederson; 1979). 
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Variation of compaction length-scale (6,: A) and compaction tirne-scale ( T ~ :  B) as a function of porosity 
for systems containin3 molten silicate and sulfide. Note that in each case. an interconnected porosity is 
assumed (i.e.. 8 < 60"). and values of 6, and rh were calculated according to equations 2-6 and 2-8 in the 
test. respectively. Curves in A show tliat, for a given porosity, xhe length-scale over which compaction is 
most rapid is -10.u larger for systems containing molten sulfide then for those containing silicate melt. 
Cumes in B are labeled according to the thickness of the compacting layer and show that, for low 
porosities. the compaction time-scale for segregating a sulfide liquid is nearly 1000s faster than for 
segregating silicate melt. However, at higher porosities, both sulfide and si1 icate melts are extracted at 
the same rates for similar layer thickness. The time-scale for cooling a moderate-sized basaltic intrusion 
(e.g. .  Stillwater or Skaergaard) to below the silicate solidus is -160 Ka, which is ample time for sulfide 
liquid segregation. even for relatively thick layers (Le., 5 km), having low porosities. 



Chapter 3 

Wetting properties of Fe-Ni-Co-Cu-O-S melts against chromite: 
Implications for sulfide liquid distribution in stratiform intrusions 

In Preparation. Economic Geology 
Lesley A. Rose and James M. Brenan 

3.1 Abstract 

In order to investigate the role of chrornitite horizons as stratigraphie "traps" for sulfide 

liquid in layered intrusions. we have determined the wetting properties of Fe-(Ni, Cu, Co)-S-O 

melts against chromite in experiments performed at 1300°C using C-O-S gas mixtures to control 

osygen and sulfur fugacities (fo, and fs,. respectively). Samples consisted of layen containing - - 

chromite + sulfide rnelt encapsulated in crucibles fabricated fiom San Carlos olivine megacrysts. 

Esperiments were conducted at fo, of  IO-^ and 10'~O.fs, of IO-?. for durations of 24 - 168 hours. - - 

Products of experiments at fo, =  IO-^ produced wetting textures as all chrornite-sulfide rnelt - 

dihedral angles fall below the critical value of 60°, regardless of the identity or quantity of non- 

ferrous rnetal within the sulfide rnelt. Experiments perfonned atfo, - of IO-" yielded higher 

dihedral angles compared with experiments performed at fo, = 10'~ with comparable metal 

content. Similar to the previously reported results for olivine-su1 fide melt experiments (Rose and 

Brenan. in press; Chapter 2). chromite-sulfide melt dihedral angles increased with increasing 

non-ferrous metal content, and decreased with the mole fraction of oxygen in the sulfide melt. 

signifying that metal-oxide species in the melt are likely to be surface-active with respect to 

chromite as well. 

The slightly higher sulfide melt fraction observed in 'premixed' experiments where 

sulfide-bearinç chromite and olivine layers were in contact with one another, raises the 



possibility that sulfide melt can be preferentially sequestered into chromitite layers. relative to 

justaposed olivine-rich layers, akin to iilithologic partitioning" recently docurnented by Watson 

(1 999). A cornparison of calculated compaction length-scales with the thickness of chromitite in 

stratiform complexes suggests that layers of this rock-type will compact at a much slower rate 

cornpared with olivine-bearing layers for any given porosity. Thus. the combination of 

preferential wetting and slower compact ion rates would suggest that chromitite may serve as a 

significant sink for sulfide liquid during solidification of mafic/ultrarnafic intrusions. 

3.2 Introdrtction 

Differences in layer chemistry within stratiform complexes may arise as a result of a host 

of different processes. including the influx of new magma, boundary layer effects, or 

intedintralayer crystallization/differentiation (McBirney and Noyes. 1979: Irvine. 1980). 

Inasmuch as man. mafic/ultrarnafic intrusions become saturated in an irnmiscible sulfide liquid, 

the same processes invoked to explain lithophile element chemistry may also be used to 

understand stratigraphic changes in the concentrations of elements concentrated by the sulfide 

phase. stich as the transition metals and platinurn group elements. Such variations are evident, 

for esample. in the Bushveld and Stillwater layered intrusions. Maier and Bames (1 999) 

documented an up-section increase in the ratio of (Pt + Pd)/(Os + Ir + Ru) within the Bushveld 

coniplex. along with a strong corretation between Cu and S. In the StiIlwater complex. an 

increase in buIk S content was observed from near zero below the J-M Reef, to values between 

0.05 and 0.1 % in the olivine-bearing sub-zone above the reef (Barnes and Naldrett. 1985), along 

with a similar correlation between Cu and S. Due to this strong correlation of both PGEs and Cu 

~vith bulk S content for both layered intrusions. these elements are thus like1y to be controlled by 



within these intrusions can be partly attributed to the early deposition of monosulfide solid 

solution (mss) 2 platinum-group minerals (PGM). their absolute concentration is still controlled 

by the local sulfide content. 

Barnes and Naidrett (1985) suggested that the increase in bulk S content within and 

around the J-M Reef is an indicator of the onset of sulfûr-saturation and immiscibie sulfide liquid 

formation. It is important to note that estimates for the timing of sulfide liquid immiscibility 

primarily by S abundancs can be mislrading. as the relative timing of silicate/sulfide deposition 

and sulfide wetting properties can affect the final S concentration throughout the intrusion. If 

di fferential wetting properties exist between silicate layers and chrornitite seams. such that 

unequal melt fractions are required for surface-energy minimization within each layer. 

"lithologic partitioning" c m  occur. thus creating the potential for post-solidification 

redistribution of sulfide melt (Watson, 1999). 

The local distribution of a liquid phase within a CO-existing solid matris is controlled by 

the relative energies of the solid-liquid and solid-solid interfaces. Subject to the conditions of 

both mechanical and chernical equilibrium. and assuming that the surface energy of the solid 

matrix is isotropic. the three-dimensional melt topolopy c m  be predicted with knowledge of the 

cross-sectional geometry of the solid-liquid interface. The dihedral angle (0) is defined as the 

angle fomed by two intersecting walls of a liquid-filled pore at a junction with two solid grains. 

The magnitude of 8 is determined by the amount of solid-liquid contact required to minimize the 

total surface energy of the system and is expressed by the relation: 

0 = 2 arcos (yss / 2 ySL) 

where yss and are the solid-solid and solid-liquid surface energies. respectively. 



If 9 < 60". the melt is "wetting" and occupies prismatic grain edge channels, which 

rernain open allowing an interconnected melt phase in three dimensions, even at low melt 

fractions (i-s.. <<1 voI% von Bargen and Waff. 1986). Conversely, in the case where 0 > 60". 

the melt is '-non-wetting" and grain edges become dry as a result of th? liquid phase %eading- 

up" at grain-edge intersections. For 0 > 60". melt connectivity is achieved only above a finite 

fraction (i.e.. 2 vol% for 8 = 65": von Bargen ând Waff. 1986). 

Sulfide melt compositions ernployed in this study were chosen to reflect the natural 

t-ariation seen in natural sulfide globules from volcanic rocks: the best presewed samples o f  

immiscible sulfide Iiquids. Such liquids are dominated by iron and sulfur with minor oxygen 

present. depending on the ambient fo,. - In terms of other elernents at the major element level. 

transition metals such as Ni (up to 30 wto!), CU (up to 40 wt?40), and Co (up to 2 W O )  are the 

most common. as well as minor amounts of Mn. Ti, and V (Roy-Barmen et al.. 1998; Stone and 

Flest. 199 1 : Peach et al.. 1990: Pedersen, 1979; Czamanske and Moore. 1977: -Mathez and Yeats. 

1976: see fig. 3- 1 ). As sucli. we c~nducted experiments using an Fe-S base composition, to 

tvhich v q i n g  levels of Ni. Cu and Co were added. to assess their effects on melt wetting 

properties. Oxygen and sulfur fbgacities (fo,,/s,, - - respectively) imposed on experirnents are 

consistent with values recorded by natural basalts (e.g. Wallace and Carmichael. 1992) thus 

allouing direct application of our results to modeling the solidification of natural mafic magmas. 

3.3 Esperinierttal and Analytical Metliods 

Esperiments were conducted in a modified 1 -atm vertical tube furnace using mixtures of 

CO. CO?. and S 0 2  gases to control oxygen and sulfur fugacity. Experiments were performed at 

f«,*s - of 1 and 1 O-''. and a constantfi, - of 10" (Table 3-1). Samples consisted of Fe + (Ni- Cu. 
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Co) + S melt (hereafier referred to as suifide melt), powdered chromite from New Caledonia 

(penerousIy supplied by the Royal Ontario Museum: catalogue number M3633 l ) ,  and in most 

cases. powdered San Carlos olivine. in alternating layers within crucibles fabricated from 

negacrysts of San Carlos olivine. In samples Cuj, Co5. and time-series sarnples Cu9a. b. and c. 

olivine and chromite layers were premixed with sulfide melt prior to being packed in layers 

i\-ithin the olivine cmcible. whereas the remaining sarnples were prepared by packing separate 

unmised sulfide melt. olivine. and chromite layers in the olivine crucible. A detailed account of 

the esperimental technique empioyed in this study and specific results for olivine-bearing layers 

are documented in Rose and Brenan (in press). 

Sainptes were suspended in the cool zone of the furnace and gas flow was commenced. 

After allowing appro'rimately 30 minutes for gas equilibration. the sarnple was Iowered into the 

predetermined hotspot on a hooked quartz rod. Temperatures in the himace hotspot were 

continuously monitored using an alumina-sheathed Pt-Pt&hio thennocouple calibrated against 

the melting point of gold. At the end of the experiment. smples were quenched by removing the 

bottom b r a s  fitting of the h a c e  and plunging the sample into cold water. 

Run products were mounted. polished. and carbon-coated in preparation for textural and 

electron microprobe analysis. Quenched sulfide melts were analysed using the JEOL JXA-8600 

microprobe at the University of Western Ontario. Analj~ical conditions were an accelerating 

voltage of 20 kV and a beam current of 20 nA with ma..imum peak counting times of 30 

seconds. Depending on sulfide melt pocket size. a defocused beam of between 5 and 10 Fm was 

used for analysis. due to testural inhornogeneity in the melt resulting from quench 

crystallization. Oxygen was anaiyzed using a synthetic multi-layer crystal (LDE1) and peak 

shifts between standard and unknown were resolved by relocating the oxygen peak before each 



anal ysis. Standards used for electron microprobe analysis included troilite (Fe. S), chalcopyrite 

(Cu). millerite (Ni). cobaltite (Co). hematite (0). and chromite (Cr). Chromite grains were 

anal!.sed from a representative group of samples at the University of Toronto using the Cameca 

SXjO electron microprobe employing an accelerating voltage of 20 kV7 a beam current of 30 nA. 

and maximum peak counting times of 30 seconds. Standards used include gahnite (Al). 

h4gAi204 (Mg), MnTiO; (Mn. Ti), Fe203 (Fe), pentlandite (Ni). cobaltite (Co), CuzO (Cu). and 

Cr20; (Cr). Raw count rates were converted to concentrations using a modified ZAF correction 

routine. Summaries of measured sulfide liquid and chromite compositions are provided in 

Tables 3-2 and 3-3. respectiveiy. 

Approximatel y 1 00 angles were measured from digi tized bac k-scattered electron (BSE) 

images to determine the true dihedral angle for each sample. Harker and Parker (1945) showed 

that the median value of a range of apparent measured angles represents the true dihedral angle. 

The associated uncertainty was calculated using the method of Riegger and Van Vlack (1 960). 

On the basis of replicate measurements. the error associated with a single mesisurement was 

fûund to be i- 2". A distribution of "apparent.' angles is expected as each sample was sectioned 

along a plane where grains are randomly oriented with respect to the bisectrix of the true dihedral 

angle. The chromite-sulfide melt system behaves anisotropically with respect to surface energy- 

as betuzen 5 - 10 % of the chromite grains produced in this study displayed crystal facets. 

Dihedral angles involving such interfaces were not included in the median value, as their effect 

on the permeability of the matrix has not been well established. Waff and Faul (1992) argue that 

the presence of facets serves to increuse matrix permeability by reducing the occurrence of 

"pinch-off' along grain edge intersections. In contrast, in their study monitoring bulk diffusion 

in fl uid-bearing pyroxene aggregates. Watson and Lupulescu (1 993) determined that the median 



dihedral angle involving only curved interfaces was a reliable predictor of permeability, despite 

the presence of abundant facetted interfaces. 

3.4 Experimen!a/ Resulrs 

Run products consisted of solid layers containing chromite or olivine, both with 

interstitial sulfide liquid. with the melt fraction observed to be slightly higher in the chromite 

layer. In 'layeredt experiments in which melt and solid layers were packed separately in the 

olivine crucible. melts migrated from their initial position between the packed minera1 layers. 

leaving significant interlayer void space behind. This resulted in "suspended" melt-impregnated 

layers. attached on each end to the crucible walls. In 'premixed' experiments, where meh and 

solid were gently mixed prior to sample assembly, discrete melt-bearing olivine and chromite 

layers still resulted yet were separated by a rnuch thimer interlayer void space. SuIfide melts 

produced in our experiments consisted mainly of  Fe (34 - 62 wt%), S (29 - 34 wt%) and either 

Ni. Cu. or Co ( 5  - 30 wt%). in addition to varying arnounts of oxygen (1 - 7 wt%; depending on 

fo, - and the identity ofadded non-ferrous metah). and Cr (1 - 2 wt%) (Table 3-2). A slight 

enrichment in Fe (-3 wt%) was evident within sulfide melt of olivine- compared to chromite- 

bearing layers for al1 samples. regardless of sample configuration (i.e. 'layered' or 'premixed'). 

Coupled with an absence of Cr within sulfide melt of the olivine layer. these observations 

suggest that the layers are not in chemical communication. Good agreement exists between 

sulfide rnelt compositions produced in this study and those of natural samples, as the former 

contain a similar range of non-ferrous metal and dispIay ô similar variation in metal/S. as seen in 

Figure 3-1. Chromite-sulfide melt dihedral angles determined from Our experiments ranged frorn 

40" to 6j0 (Table 3-4) and varied as a h c t i o n  of  both melt composition andjo,. Figure 3-2 - 



shows BSE images of sectioned and polished run products illustrating the effect of added non- 

ferrous transition metals (in this case Ni) to melt wetting properties at fo, = 10'~. An increase in - 

the amount of added Ni fiom 5 wt% (fig. 3-2A) to 26 w t Y o  (fig. 3-3B) results in an increase in 

the measured dihedral angle from 47" to 58". Similar effects were observed with the addition of 

Cu and Co to the sulfide melt. The effect offo, on the wetting angle of Cu-bearing sulfide melt - 
against chromite is illustrated in Figure 3-4. As fo, decreases from 1 0 ' ~  to IO-''. dihedral angles - 

increase by - 1 8 O  cornpared to those interpolated to a similar Cu-content at an fi, of 10'~.  - 

To test whether textural equilibriurn had been achieved, a time series was conducted at an 

16, - of 1 O-'' for durations ranging fiom 24 to 168 hours using a constant initial melt composition. 

As shown in Figure 3-3. dihedral angles were found to be invariant with experiment duration, 

implying that equilibrium dihedral angles were established quickty. An experimental duration of 

72 hours was therefore considered sufficient for producing textural equilibrium. 

Chromite grains produced in this study were found to be compositionally zoned. As 

illustrated in Figure 3-2. discrete rims (i.e. area marked A) are generally enriched in Fc and 

deficient in Cr and Mg relative to the core (Le. area marked B). SarnpIe FeSl exhibited the 

greatest Fe-enrichment in the rim (A 4 wt%) compared to the core. whereas a smaller Fe- - 
enrichment was seen in samples containing additional non-ferrous metals (A 0-2 wt%). Co 

appears to be more compatible in chromite than either Ni or Cu, as chromite grains showed a 

greater uptake of Co relative to the melt, compared to Ni and Cu experiments. Given that the 

chromite starting material is more Fe-poor and Cr-rich than measured t-im compositions (Table 

3-3). the zonation seen in the chromite experiments was likely caused by dissolution/re- 

precipitation O C C U ~ ~ ~  during equilibrium with the surrounding sulfide melt at the specific 



conditions of fo, - anab,. - Al1 dihedral angles measured in this study involved homogeneous 

chromite rims in contact with the surrounding sulfide m e k  

3.5 Discussion 

3.5.1 Variation of 8 with Melt Composition 

As discussed in Rose and Brenan (in press). the variation in the olivine-sulfide melt 

dihedral angle with the non-ferrous metal content of the melt can be attributed to changes in the 

solid-liquid interfacial energy arising fiom differences in the abundance of surface-active species 

Lkithin the melt. Results fiom olivine-sulfide melt wetting experiments suggested that the main 

surface active component is likety to be an Fe-oxide species (Fel,,O), based on well-defined 

positive correlations between the Fe or oxygen content of the melt, and 8 (Gaetani and Grove, 

1999; Rose and Brenan, in press). As shown in Figure 3-6, the oxygen contents of the sulfide 

melts produced in this study are positively correlated with melt iron content. suggesting that the 

dominant oxide species in these mised-metal melts is also Fe-bearing. To determine whether an 

iron-oside species is important in controlling the wening behavior of the me1ts produced in this 

study. we have plotted 8 as a function of the mole % oxygen in the sulfide Iiquid. and results are 

show-n in Figure 3-7. As in the case for olivine, an increase in dissolved oxygen within the melt 

produces a decrease in the chrocnite-sulfide melt dihedral angle. With the addition of a non- 

ferrous metal component to the sulfide liquid. the activity of Fei-,O decreases. leading to an 

irîcreme in 0 for a specific melt oxygen content. Wetting behavior of sulfide liquid. therefore, is 

controlled by melt composition. and more specifically, melt oxygen content. 

3.5.2 Cornparison with Olivine-Bearing Experimenrs 

At a given fo,.fs, - - and melt composition, values of 0 for chromite-sulfide melt. are lower 
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(-1 3" on average) than those determined for olivine. as seen in Figure 3-5. For example. in the 

"control" sarnple (FeS 1; containing only Fe-S-O). a dihedral angle of 58" was determined from 

olivine-bearing layers. whereas a value of 42" was measured for those containing chromite. This 

difference in wetting behavior persisted in cases in which Cu, Co or Ni replaced Fe. As 

previously discussed. chromite-bearing samples disptayed the same dependence on melt oxygen 

content observed in olivine-bearing samples (fig. 3-7), as a decrease in 8 was observed with an 

increase in the amount of dissolved oxygen within the sulfide melt. 

By reference to Equation 3- 1, the uniformly lower values of 0 for chromite relative to 

olivine implies that the ratio yss/Yst is larger for olivine than for chromite. This result is not 

surprising. as an increase in the activity of Fei-,O within the sulfide melt would Iikely lower the 

y s ~  of an Fe-rich oxide more than an Fe-poor silicate. This hypothesis is confinned by a study 

esploring the effect of oxygen on the wettablility of molten iron against alumina (another oxide 

species) by Ogino et al. (1980). Contact angles created between the molten iron and alumina 

phases decreased with increased oxygen in the liquid. 

3.5.3 Assessrnerit of Buoyarr cy-llriven Compactiorr of Chromitite and Redistribution of 

SuIfide Meft 

Owinç to the considerable density contrat between molten sulfide (3705 kg/m3: 

Kucharski et al.. 1984) and chromite (4500 kg/m3; Carmichael, 1989) melt segregation by 

buoyancy-driven compaction of chromite-rich horizons is possible. given the low dihedral angles 

Lve have measured (8 < 60"). Using the compaction mode1 of McKenzie (1985). we have 

assessed the length- and time-scales required for significant segregation of sulfide meIt from 

chromitite Iayers having a given thickness and porosity. In this application, it is assumed that the 

temperature dependence of 0 is negligible, and thus values measured at 1300°C can be used to 
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predict rnelt connectivity at lower temperatures. The thickness o f  the zone over which 

compaction is most rapid is defined as the compaction length-scale (6,) and is given by the 

relation: 

6, = (qk/p)0-5 (3-3) 

where q is the kinematic viscosity of  the matrix ( - 1 0 ' ~  Paes: McKenzie. 1985), Ir is the 

permeabilit>, of the matrix (m') and p is the kinematic viscosity of  the sulfide melt (calculated to 

be 2.67 x 10" Pa-s using the data of Vostryakov et ai.. 1964). McKenzie's original relation 

between permeability. porosity. and grain size (a; s s u m e d  to be 1 mm) took the form: 

k = 1000 (3-3) 

As s h o w  by von Bargen and Waff (1986), however. pemeabilities calculated by this equation 

are about 100s lower than values predicted using a fluid distribution model dictated by surface 

energy minimization. However. forms of  the k vs. + functions are nearly identical. and as such. 

permeabitities calculated by Equation 3-3 are sirnply multiplied by i 00 to bring them in line with 

values predicted by the von Bargen and Waff ( 1  986) model. 

The compaction tirne-scale (th) is defined as the time required to change the porosity of 

the entirely molten layer (of thickness h) from $ to +le and is given by the relation: 

\\-hertz 5, is the initial compaction rate at the base of the layer defined as: 

r, = 6, /ao( 1 -4) 

ivhere 01, is the separation velocity defined as: 

00 = k (1 -4) APE/cI$ (3-6) 

in which Ap is the density difference between the melt and the solid matrix. and g is the 

acceleration due to gravity. Compaction length- and tirne-scales have been calculated for sulfide 
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melt in contact with both chromite and silicate matrices and are displayed in Figures 3-8A and 3- 

8B. respectively. Compaction time-scales depicted in Figure 3-8B illustrate that. by virtue of the 

iarger value of Ap, chromite layers may be expected to compact at a faster rate than olivine-rich 

layers of equal thickness. A compaction time-scale for chrornitite seams is estimated to be -2.3 

Ka- based on the relation portrayed in Figure 3-8B, and assurning a porosity of O. 1% and a seam 

thickness of -1 meter (the latter value being consistent with thicknesses of the major chromitite 

reefs in the Bushveld and Stillwater Complexes: Maier and Barnes, 1999; Barnes and Naldrett. 

1985). Compaction time-scales for olivine-rich layers of the sarne layer thickness are 

approsimately 6.5 Ka and shorter if layers are thicker (Le. 650 years for layer thickness of 10 m 

at the sarne porosity of 0.1010). The time-scale for solidification of a mafic/ultramafic intrusion 

will depend on its size. depth of emplacement and availability of circulating fluids, arnong other 

factors. However. for km-sized rnafic bodies intruding at shallow depths. as exemplified by the 

Skaergaard and Stillwater complexes. cooling time-scales of 150-200 Ka are probably reasonable 

(e.g.. Norton and Taylor, 1979; Hess, 1972). Thus, compaction of cbromitite srams and olivine 

Iayers and subsequent sdfide redistribution is possibiç prior to complete solidification. An 

interesting consequence of this process arises fiom differences in density contrast between the 

host mineral and interstitial sulfide liquid. Due to the fact that sulfide liquid is more dense than 

olivine. yet less dense than chromite! sulfide liquid expelled from an upper olivine-rich layer and 

a lower chromite-rich layer will tend to concentrate at the interface between the two layers. 

Above the J-M Reef of the Stillwater intrusion, Todd et al. (1 982) documented a general increase 

in S. Cu. Ni. Pt. and Pd moving from 2200 to 450 m in the stratigraphy; the latter of which 

represents the reef deposit. Although the overlying rock units are not strictly olivine-bearing, the 



increasing trend of  PPGE-Cu-Ni-rich sulfide approaching the J-M Reef fiom above is in 

agreement with a compaction rnodel. 

3.5.4 Lithologic Parîiîioning 

As earlier stated. the grain-scale distribution of a liquid phase within a CO-existing solid 

matris at conditions of mechanical equilibrium. is controlled by surface-energy minimization 

such that the solid-liquid and solid-solid energies are balanced. Mineralogically distinct units in 

contact with the sarne liquid phase may display differences in connectivity and total melt content 

at equilibrium. due to differences in yss/ysL. As a test of these principles, Watson (1 999) 

conducted annealing experiments on fluid-bearing polycrystalline couples which were 

justaposed and mineralogically distinct. That study confmned that instead of a uniform 

distribution of fluid between the layers. the liquid partitioned unequally between layers in an 

attempt to minimize the overall sudace energy of the system. This observed local variation in 

fluid abundance with mineralogy was temed "lithologic partitioning". and the final melt content 

of the two laycrs has been referred to as ihe min imm energy me!t fraction (MEMF; Jurewicz 

and Watson. 1984). 

A sIightly greater sulfide liquid fraction was observed in chromite, as opposed to olivine- 

bearing layers in experiments containing both mineralogies. regardless of initial sample 

configuration. In natural systems equilibrated at conditions similar to those employed in our 

studies. therefore, sulfide liquid may tend to partition into chromite-bearing units relative to 

oli~ine-bearing units: thus resulting in a configuration that achieves the minimum energy melt 

fraction (Watson. 1 999). 

Juxtaposed olivine- and chromite-bearing layers containing sulfide liquid will thereby 



eschange melt so as ta achieve an overall minimum surface energy. The specific mechanism of  

sulfide liquid penetration into the chromite layer involves dissolution of chromite grains within 

the matris (resulting in the enlargement of  fluid-filled pores) coupled with simultaneous re- 

precipitation o f  chromite within the liquid reservoir (either as new grains, or an enlargement of 

pre-esisting outer grains) in order to preserve chemicd equilibrium within the system (Watson. 

1999). Indeed. PGE-rich sulfide-bearing chromitite reefs w-ithin the Critical Zone of the 

Bushveld Complex. may have collected sulfide liquid from olivine-rich layers with which they 

are in contact (Maier and Barnes. 1999). 

3.6 Corrclusiorts 

Al1 measured dihedral angles from chromite-bearing experiments displayed wetting 

textures. nith a sirnilar dependence on melt composition. as previously observed in olivine- 

bearing esperiments. With an increase in the amount of non-ferrous metal content within the 

sulfide melt, dihedral angles increased (regardless of the metel identity). due to a decrease in the 

activity of Fei-,O; the likely surface-active cornponent. Atfo, - and& - conditions employed in 

this study. complex sulfide liquids resembling those found in natural systems are more wetting in 

contact ~vith chromite relative to olivine. This differential wetting behavior between the two 

mineralogies is evidence for "lithologic partitioning". where a greater sulfide liquid fraction is 

required within chromite-bearing layers compared with olivine-bearing layers. in order to 

achieve a minimum total surface-energy. Thin, compaction-resistant chromitite layers of 

stratified intrusions may act as repositories for late-stage PPGE-rich sulfide liquid expeHed from 

overlj.ing silicate units. 
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Table 3-1. Summary of Experimental conditions1 

Sample Type configuration2 Duration log fO, log fS2 Gas Flow Rates (cm)  Initial Melt Composition 

(hrs.) CO:S02:C02 Fe-(Cu,Co,Ni)-S wt% 
- 

FeS1 olivine + chromite layered 72 -9.1 -2.1 2073 : 29 70-0-30 

Cu2 olivine + chromite layered 71 -9.1 -2.1 20 : 3 : 29 65-5-30 
Cu5 olivine + chromite premixed 72 -9.1 -2.1 20 : 3 : 29 40-30-30 
Cu8 olivine + chromite layered 71 -9.1 -2.1 20 : 3 : 29 55- 15-30 
CuQc olivine + chromite premixed 24 -10.1 -2.1 3 5 : 2 :  17 55- 1 5-30 
Cu9a olivine + chromite premixed 96 -10.1 -2.1 3 5 : 2 :  17 55-1 5-30 
Cu9b olivine + chromite premixed 168 -10.1 -2.1 3 5 : 2 :  17 55- 1 5-30 

Co2 olivine + chromite layered 72 -9.1 -2.1 20 : 3 : 29 65-5-30 
Co5 olivine + chromite premixed 73 -9.1 -2.1 20 : 3 : 29 40-30-30 

Ni2 chromite only nla 72 -9.1 -2,l 22 : 3 : 29 65-5-30 
Ni5 chromite only nla 72 -9.1 -2.1 23 : 3 : 29 45-25-30 

1) al1 runs performed at 1300°C. 
2) 'Layered' refers to a sample configuration where sulfide melt, chromite, and olivine were initally packed into olivine 
crucibles as discrete layers (i.e. melt --> chromite --p melt --> olivine --> melt; from bottom to top), whereas 'premixed' 
refers to a configuration where sulfide melt was gently mixed with chromite proir to packing in bottom of crucible, and 
likewise for the upper layer; olivine + sulfide melt. Samples Ni2 and Ni5 contained discrete levels of melt --> 
chromite --> melt; from bottom to top. 



Table 3-2. Analyses of Sulphide Melt (wt% element)' 

 ample n2 log f0, log f ~ ,  ~e~ Cu, Co, Ni S O Cr total 
- - - - - - -- - - - -- - -- - - - - - 

FeSl 12 -9.1 -2.1 62.24 (1.25) nla 28.82 (0.91) 7.39 (1.26) 1.84 (0.30) 100.30 

1) melt compositions were based on multiple broad-beam microprobe analyses 
2) n is the number of analyses 
3) number in parentheses refers to the error based on one standard deviation of n analyses 
4) minimum detection limit based on 20 above background count rate 



Table 3-3. Analysis of Initial and Experirnentally Produced Chromite Grains (wt% oxide) 

Sample Position Mgo4 Ah03 Mn0 Fe0 Co0 Ni0 CuzO Ti02 Total 

Chromite Starting 

Material (M36331)' 

~ i 5 ~  Rim a 

Core a 
Rim b 
Core b 

Rim a 
Core a 

Rim b 
Core b 

cu5= Rim a 
Core a 
Rim b 
Core b 

~ 0 5 ~  Rim a 

Core a 
Rim b 
Core b 17.57 0.07 0.00 - .  0.12 

1) number in parentheses refers to the standard deviation of 15 analyses 

2) sample from this study 
3) samples from Rose and Brenan (in press) 
4) error associated with individual analysis is based on 20 above minimum detection limit 





Figure 3-1 

1 O MORB (Roy-Barman et al., 1998) 
O MORB (Mathez and Yeats, 1976) 
v MORB (Czamanske and Moore, 1977) 
A MORB(Peache:al.. 1990) 
O Kiluaea (Stone and Fleet, 1991) 

Oisko Island (Pedersen, 1979) 
This Study 

Range of natural sulfide compositions from various sources (open symbols) and sulfide compositions 
from this study (closed symbols) plotted in terms of molar quantities of sulfur + oxygen, iron, and other 
metals (Ni. Cu, Co). 



Figure 3-2 

Back-scattered electron images of run products consisting of Ni-bearing sut fide meit and chromite. The 
eftèct of the addition of transition metals (Ni in this case) to the suIfide melt (at constantfo,) is seen when - 
comparing samples A) containing 5 wt% Ni and B) containing 26 wt% Ni. AS more Ni is added to the 
sulfide rnelt. dihedral angles increase from 47 to 58'. Zonation is observed with an Fe-rich area of new 
growth (A) ont0 initial Fe-poor chromite (B). Scale bars represent 1 micron. 
C 



Figure 3-3 

sulfide melt I Cu-beanng 

80 120 

Time (hours) 

Variation in dihedral angle as a function o f  run duration for Cu-doped experiments produced at an fo, - o f  
IO-'' illustrating the invariance of dihedral angle with tirne. The error associated with dihedral angle 
measurement is based on one standard deviation o f  n measured --apparentw angles given by the equation 
from Riegger and Van Vlack ( 1960). 



Figure 3-4 

f02  = 10" Fe only 
Copper 
Cobalt 
Nickel 

f02 = IO-'' O Copper 

wt% metal added to sulfide melt 

Di hedrai angle variation with wt% non-ferrous transition metal added to sulfide rnelt for chromite 
samples produced in this study at fo,'s of 1 0 ' ~  and 10"~ .  Measured values o f  8 increase as the amount of - 
added rnetal increases. regardless of  metal identity. 



Figure 3-5 
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V Nickel V Nickel 
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O 10 20 30 40 

wt% metal added to sulfide melt 

Dihedral an_e!e ploned against wt% transition metal added to the sulfide melt within chromite (cl&d 
syrnbols) and olivine-bearing samples (open syrnbols; Rose and Brenan, in press) produced at fo, =  IO-^. 
bieasured dihedral angles are 12.7" lower on average for chromite-bearing layers in comparison to 
olivine-bearing Iayers. The error associated with dihedral angle measurement is based on one standard 
deviation of n measured "apparent" angles given by the equation from Riegger and Van Vlack (1960) and 
error on melt rnetal content is based on one standard deviation of n analyses. 



Figure 3-6 

Fe Only 
i Copper 
O Cobalt 
~7 Nickel 

5 10 15 20 

mol % O (sulfide melt) 

Variation in mole % o x y p n  as a function o f  mole % iron for sulfide liquids produced fo, =  IO-^. The 
error associated with both iron and oxygen contents are based on one standard deviation o f  n analyses. 



Figure 3-7 

CHROMITE OLIVINE 
Fe Only O Fe Only 

Copper Copper 

Cobalt O Cobalt 

V Nickel V Nickel 

O 5 1 O 15 20 25 30 

mol% oxygen (sulfide melt) 

Variation of dihedral angle with mole fraction of oxygen within sulfide melt for chromite-bearing layers 
(closed symbols) produced in this study and olivine-bearing layers (open symbols) originally discussed in 
Rose and Brenan (in press). Al1 samples were produced at an jo, of 10" and an h, of 10". For both - - 
mineralogies. an increase in the âmount of dissolved oxygen in the rnelt signifies a decrease in the 
observed wetting angle. 



Figure 3-8 

Variation of compaction length-scale (6,: A) and compaction tirne-scale (rh; B) as a function of porosity 
for olivine and chromite systems containing molten suIfide. In each case, an interconnected porosity is 
assumed (8 < 60°), and values of 6, and rh were calculated according to Equations 2-4 and 2-6 in the text, 
respectively. The curve in A depicts the height over which compaction wili decrease the porosity of the 
layer by a factor of e. For example, either an olivine or chromite matrix at a porosity of O. 1% corresponds 
to a compaction Iength-scale of -200 m. Curves in B correspond to either olivine or chromite + suifide 
melt layers. For a given porosity, the compaction tirne-scale for segregating a sulfide liquid from a 10 m 
olivine layer is approximately 3.5 x faster than that for segregating sulfide liquid from a 1 m chromitite 
(thickness expected in natural systems; Barnes and Naldrett, 1989). 
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Chapter 4 

The Effect of Pressure on the Wetting Behavior of Complex 
Sulfide Liquids against Olivine: Implications for Core Formation 

The mechanism by which Fe-alloy and accompanying siderophile elements separated 

from the silicate mantle to fonn the core is stiII under debate. In particular, whether a largely 

molten earth was necessary for core formation, or if Fe-alloy could instead percoiate through a 

relatively solid Earth is in question. The wetting behavior of Fe-sutfide liquid has been studied 

against ohvine. a cornmon mantle rnatenal. in order to determine the physicd plausibility of both 

core-forming mechanisms. I f  core-forming melts were non-wetting against olivine in the 

reduced early rnantle (estimated to be slightly more reducing than estimates for today's mantle; 

Wanke. 198 1 ). a magma ocean would be necessary in order for the Fe-alloy to descend and form 

the core. However. if dihedral angles were low. such that melts could be wetting against olivine. 

the core could have formed in a largely solid earth by percolating through a permeable matrix. 

Wetting studies at high pressure were undertaken by many researchers in an attempt to 

shed light on core forming mechanisms (Herpfer. 1992: Herpfer and Larimer, 1993; Ballhaus 

and Ellis. 1996: Shannon and Agee, 1996: Minarik et al.. 1996). Oxygen and sulfiir fugacities 

u-cre not controlled in these studies, however, as this is a dificult task at high pressure. As a 

consequence. these studies are not easily inter-correlated, and results are somewhat arnbiguous. 

making the question of the principal core-formation mechanism not definitively resolved. 

[n an attempt to produce more accurate constraints on possible sulfide melt compositional 

effects on kvetting behavior, low pressure studies were undertaken (Gaetani and Grove, 1999: 

Rose and Brenan. in press: Chapter 2). By controlling/02,fs,, - and sulfide melt composition at 
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low pressure. the effects of these variables on the wetting behavior of sulfide liquid against 

olivine has been determined. Results have shown that wetting is affected by the relative activity 

of the surface-active species, the identity of which has been determined to be an Fe-oxide of 

unknown stoichiometry. This surface-active component is enhanced as sulfide me11 oxygen 

content increases. and weakened as greater than 10 wt% non-ferrous metds are added to the 

sulfide melt, causing 8 to lower, or rise, respectively. Gaetani and Grove (1 999) concluded that 

sulfide liquids are likely to be wetting. and hence mobile. at/&'s prevalent in the upper mantle. - 

thereby suggesting that a largely molten mantle was not necessary for core formation. Rose and 

Brenan (in press) added more specifically that sulfide melt is likely to be wetting at fo, = 1 o - ~  - 

(provided sulfide melt contains < 10 wt% Cu' Co, or Ni) and 1 O-* (for al1 studied sulfide melt 

compositions). It is important to note that this conclusion is made with the explicit assumption 

that thefo, vs- melt oxygen content determined at 1 atm is applicable to sulfide melts at high 

pressure. 

With the knowledge of factors affecting sulfide wetting behavior at low pressure, the next 

step is to determine whether these results are indeed applicable to higher pressure regimes 

appropriate to core formation. Minarik et al. (1996) conducted experiments on the effect of 

pressure on sulfide liquid wetting behavior at 1 500°C, fixed Ni content (-1 1 wt%), and variable 

pressure. With an increase in pressure from 4 to 1 1 GPa, the dihedral angle (0) was observed to 

decrease slightly from 93" to 84'. Yet, as fo, and fs, were not controlled. it is not clear whether - - 

this decrease is an intrinsic effect of pressure on the solid-liquid or solid-solid surface energies 

(YS[- and ;/ss. respectively). or if the small difference in melt sulfur content between the two 

samples played a role. High pressure wetting experiments have therefore been undertaken 

employing a technique designed to control fo, - at a h o w n  value. Thus, by comparing the 
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resulting dihedral angles with those obtained for 1 atm experiments, the intrinsic pressure effect 

on olivine-suIfide melt wettability can be determined. 

4.2 Experimental and Anafytical h?ethods 

ExpeRments were performed at 1300°C using an end-loaded piston-cylinder apparatus 

employing a %" diameter piston to generate experirnental pressures of 1 and 2 GPa on the 

sample assem bly. Samples were composed of approximately 30% high-purity powdered 

hematite (Fez03). 20% powdered San Carlos olivine and 50% Ni-bearing sulfide melt (composed 

of Fe-Ni-S in the proportions 55: l5:jO wt%. respectively) layered into a graphite capsule, an 

ideal container as it will not react with the sulfide melt. Hematite kvas packed into the bottom of 

the graphite capsule followed by premixed olivine + sulfide melt. A srnall space was lefi at the 

top of the capsule to house a tight-fitting graphite Iid. The sealed assembly was inserted inside a 

Pt-capsule necessary to ensure that the system was gas-tight. Afier complete dehydration in a 

drying oven. the Pt-capsule was welded shut, 

The Pt-encapsulated assembly was placed inside a ceramic sample holder fabricated from 

crushable magnesium oxide (MgO). Void space around the capsule was filled with reagent- 

grade silica (SiO?). A thin ceramic disk was placed at the top of the ceramic sample holder to - 
ensure no contact between the thermocouple (located in a single-bore M g 0  thermocouple holder 

directlv above) and the Pt-capsule. This assembly was encased in a graphite tube furnace 

surrounded by sleeves of Pyrex glass and compressed NaCl, The former electrically insulates 

the graphite fumace from the vesse1 wall. and the latter acts as a medium for converting the 

uniasial load from the piston to a hydrostatic load around the sample. The outer-most layer 

(NaCl sleeve) was wrapped in Pb-foi1 and the entire assembIy was placed in a MoSz-coated 



sample vessel. Both the Pb-foi! and MoS2-lubricant reduce fiction at the interface between the 

sarnple assembly and vessel wall. A stainless steel base plug insulated by a pyrophyllite sleeve 

\vas placed at the very top of the sample vessel cavity and has two hct ions .  One is to center the 

thermocouple while it was placed through the upper cerarnic holder to the ceramic disk. and the 

other is to hold the thermocouple in place during sample pressurization. .4 continuous strearn of 

cold water cooled the pressure vessel and a MoS2-coating around water-cooled surfaces 

protected against corrosion. Al1 experiments were performed using the hot "piston out'' method 

where the pressure was initially raised to 10% above the pressure of intent and held there while 

the sample was brought to the run temperature, and then slowly backed out. Temperatures were 

moni tored using a 0.0 1 '' diameter tungsten-rhenium (WssRej-W74Re2b) thermocouple and 

oxidation of the thermocouple wires was reduced by continuous flow of N2 gas around the top of 

the thermocouple insulator. An experimental duration of 72 hours kvas employed as based on 

low pressure tirne-series experiments it was concluded that textural and chemical equilibrium 

\\.as reached afier approximately- 24 hours. Samples were quenched by cutting the power to the 

furnace and relieving the rernaining sampIe pressure . 

As samples were contained within graphite capsules, the oxygen fügacity of each 

esperiment was constrained by doping samples with an oxidizing agent (Fe203), in order to drive 

conditions towards the C C 0  (graphite-carbon dioxide) buffer at 1 300°C (fig. 4-1). As outlined 

by Holloway et al. (1992). this process is governed by two reactions: 

Fe103 ++ 2 Fe0 mcit) + OC (gJs) (4- 1 

C (graphite) -!- 0 1  f) CO1 (mrlt) (4-2) 

The source of osygen in Equation 4-2 is the reduction of fenic iron produced in Equation 4-1. 

Because the amount of dissolved CO2 in the melt depends only on fo2 (at constant P and T)' the 



reduction of femc iron in the melt by t!!e combination of both reactions will proceed until the fo, - 
defined by the melt CO? content equals the fo, - defined by the melt femdferrous ratio. Despite 

the fact that no obvious vapor bubbles were present within the sulfide melt  it is still likely thar 

these experiments have indeed reached saturation in the CO2 phase within the melt. as vapor 

bubbles were instead be located within the porous graphite capsule. Although some uncertainty 

still exists as to the experirnental oxygen fùgacity. oxides produced are consistent with the C C 0  

buffer at 1 300°C (fig. 4-11 calculated from data in Ulmer and Luth. 199 1). As shown in Figure 

4- 1. this corresponds to fo, values of 1 O"-' and 1 o-'.~ for experimental pressures of 1 and 2 GPa. - 

respectively. A summary of experimental conditions for al1 samples is provided in Table 4-1. 

Run products were rnounted, polished. and carbon-coated in preparation for analysis 

using the Cameca SX50 electron microprobe (EMP) at the University of Toronto. Analytical 

conditions for determination of the major elements in the experirnental sulfide meh were an 

accelerating voltage of 20 kV and a bearn current of 30 nA with maximum peak counting times 

of 30 seconds. Due to extreme textural inhomogeneity resulting from quench crystallization 

within the sulfide melt. individual quench phases were analyzed using a focused bearn, and 

combined according to their modal proportion and corrected for their density. Standards used fix 

electron microprobe analysis were pentiandite (Ni. S. Fe). hematite (0). and when appropriate, 

PtS2 (Pt). Raw count rates were converted to concentrations using a modified ZAF correction 

routine. A summary of measured and calculated sulfide liquid compositions is provided in Table 

4- 1 .  The true dihedral angle was determined by measuring apparent angles from digitized back- 

scattered electron images using techniques described in Chapter 2. A summary of dihedral 

angles is provided in Table 4-2. 



4.3 Experimental Resulîs and Dbcussion 

As illustrated in Figure 4-2. experiments in this study produced a layer of quenched 

sulfide liquid (area marked B) within which olivine grains appear to "float" and form a meniscus 

(A). This is not surprising. as Ni-bearïng sulfide liquid is more dense compared to olivine 

(Appentlandiie - olivine 1 gram/cm3; Deer et ai., 1996). From optical and microprobe analyses. the 

oside mineral (used to buffer the experiment to CCO) produced in sample PNi9 ( 1  GPa) is likely 

wüstite. as the mineral was optically anisotropic and non-magnetic (Table 4-2). Sample PNi 10 

produced at 2 GPa contained magnetite as the minerai was optically isotropie and highly 

magnetic. Sulfide melts produced in our experiments consisted mainly of Fe (-64 wt%). S (-20 

\VI%). Ni (-4 w%), O (-10 w%), and in the case ofsarnple PNi9, Pt (- 2 wt%) (Table 4-1). Pt 

in PNI 1 O was not added to the starting material, and its presence in the melt is likely to be the 

result of some chemical communication between the melt and the Pt capsule, possibly as a result 

of diking or vapor transfer through the graphite. 

Figure 4-3 illustrates the esect offo, - on the wetting properties of Ni-bearing samples 

produced in the studies of Rose and Brenan (in press; Chapter 2) and Brenan and Caciagli 

(2000). as well as this study. As descnbed in previous chapters, measured dihedral angles of low 

pressure esperiments display a negative correlation between 8 and fo,. Wetting angles increased 

from 6 1 to 7 1 as fo, - decreased from 1 o - ~  10 1 O-'' for experirnents conducted at 1 atm with 

similar Ni abundance within the sulfide melt. As the estimated fo, for sample PNi9 is 10",~ (1 

GPa). the resulting wetting angle plots where expected: above the curve defined by 1 atm 

esperiments at 1 O-'. and below the c u n e  detined for those at 10'~. In contrast. the dihedral angle 

measured for sample PNi 10 is too high relative to the value expected for 1 atm expenments at an 



fo, of 1 O-'.'. Indeed. the value of 0 rneasured for this experiment is nearly the same as that - 

rneasured for PNi9, although the latter experiment was done at a higher fo,. - 

Althougli only one of the high pressure experiments was consistent with the wetting 

angle espected from the 8- fo, trends defined at 1 atm. both PNi9 and PNi 1 O exhibited the same - 

dependence of  0 on melt oxygen content as found in 1 atm expenments (fig. 4-4). Thus, it would 

appear that pressure does not have an intrinsic effect on melt wetting properties. In addition? 

such results underscore the influence of metal-oxide species in controlling the wetting properties 

of sulfide liquids at both low and high pressure. Given the result for experiment PNi10. it would 

appear that higher pressures result in less oxygen dissolving into the sulfide melt. at a given fo,. - 

As a consequence. application of 1 atm 8- fo, trends to predicting the wetting properties of .. 

suIfide melts at high pressure may result in the underestimation of 0 at a given fo,. This? in tum. - 

may result in an inaccurate prediction of the mobility of sulfide liquids in the upper mantle. 

Hnw-ever. given the very limited data-set used to assess the effect of pressure, and the possible 

uncertainty in the absolute fo, - of these experiments, these results should be viewed as 

preIiminary. (Indeed. it seems likely that Professor Brenan may use this result as a basis for 

another M.Sc. thesis.) 

4.4 Surnrnas, 

Two olivine-sulfide liquid wetting experiments were undertaken at high pressure and 

kno~vnfo in order to determine the validity of the larger 1 atm data-set to regimes of higher 
2' 

pressure. Even though only one sample exhibited a wetting angle expected from the 8-JO, - trends 

defined at 1 atm. the same dependence of 0 on melt oxygen content (as found in 1 atm 



experiments) was obsewed. Higher pressures may affect the meit oxygen content resulting in 

variations in 8 making predictions from I atm to high pressure inaccurate. An underestimation of 

0 at a given fo, may result. which in nim. ma): produce an inaccurate prediction of  the mobility - 

of sulfide liquids in the upper mantle. 



Table 4-1. Run conditions' and Sulfide Melt Compositions (wtOh element12 

 ample P fo2 fs, n6 ~e~ Ni S O Pt Total 

F ~ S I ~  1 atm -9.1 -2.1 19 63-63 (1.12) - 27.46 (1.88) 7.95 (1.13) - 99.04 
~ e ~ 3 ~  1 atm -8.0 -2.0 - 66.25 (1.72) - 19.55 (0.50) 12.44 (0.83) - 98.24 

~ i 3 ~  1 atm -8.0 -2,O 16 30.31 (1,77) 39.69 (4.08) 29.08 (2.70) 0.96 (0.41) - 100.06 
D.ol 74 1 atm -8.2 -2.1 17 46.97 (3.66) 22.05 (5.10) 29.49 (1 .15) 1.16 (0.78) - 99.67 
0.01 g4 1 atm -9.1 -2.1 16 35.93 (0.64) 32.03 (2.31) 32.56 (1.52) <0.05' - 100.52 
D.ol 104 1 atm -9.1 -2.1 16 60.99 (1 .09) 5.43 (2.56) 28.32 (1.72) 5.79 (0.78) - 100.54 

D.ol 1 l4 1 atm -10.1 -2.1 17 59.44 (0.64) 4.72 (0.60) 34.56 (0.75) 0.63 (0.59) - 99.35 
D.ol 204 1 atm -10.1 -2.1 8 58.91 (0.61) 5.41 (0.77) 33.93 (0.62) 1.79 (0.57) - 100.04 

~ ~ i 9 ~  1 GPa -8.7 - - 64.69 (2.13) 3.77 (2.45) 17.84 (5.14) 12.13 (0.76) 1.67 (0.19) 100.10 
~ ~ i l 0 ~  2 GPa -7.5 - - 62.99 (2.44) 4.48 (2.33) 22.71 (1 -14) 8.97 (0.44) - 99.16 

1) al1 runs performed at 1 300°C for approximately 72 hours 
2) melt compositions from experiments FeS3, PNi9 and PNil O were determined by electron microprobe analysis 
of individual guench phases, combined with their modal abundances, al1 other melt compositions based on 
multiple broad-beam electron microprobe analyses 
3) samples from Rose and Brenan (in press) 
4) samples from Brenan and Caciagli (2000) 
5) samples produced in this study with initial melt compositions of 65530 wt%; Fe:Ni:S, respectively 
6) n is the number of analyses 
7) number in parentheses refen to the error based on one standard deviation of n analyses 
8) minimum detection limit based on 20 above background count rate 







Figure 4-1 

Temperature (OC) 

Esperimental oxygen fugacity for high pressure sarnples was sonstrained by identifying the Fe-oxide 
mineral stable at  the experimental conditions. The identity o f  the Fe-oxide mineral being wüstite and 
magnetite for samples PNi9 and PNilO, respectively, coupled with the hi$ probability that the 
esperiments reached CO2-saturation producing vapor bubbles within the graphite capsule, allows oxygen 
fugacity to be estirnated. As denoted by 'A', sample PNi 1 O was likely produced atfo, = 10.' and sample - 
PNi9 denoted by '8' was likely produced at& = 1 0 . ~  



Figure 4-2 

P-Ni9 (1 GPa) P-Ni10 (2 GPa) 

Back-scattered electron images of high pressure samples contained within graphite capsules (outer black 
area) displaying black olivine grains (A) floating within a denser quenched sulfide melt (B). At the 
bottom of the capsule the Fe-oxide mineral (C) ensuring that the fo, wiIl be driven towards the C C 0  - 
buffer at the esperimental temperature o f  1300°C. 



Figure 4-3 

1 GPa (-8.5) 

wt% Ni (sulfide melt) 

Variation in dihedral angle with w % Ni added to the sulfide melt for al1 samples produced at 1 
atmosphere (open symbols: Rose and Brenan, in press; Brenan and Caciagli, 2000) and those in this study 
at 1 and 2 GPa (closed symbols). Numbers in parentheses in the legend and those within the figure 
correspond to logfo, values. - 



Figure 4-4 
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A 2 GPa (-7.5) 

O 5 10 15 20 25 30 35 

mol% O (sulfide melt) 

Variation in 8 with mole % oxygen within the sulfide melt for al1 samples produced at 1 atm (Rose and 
Brenan. in press: Brenan and Caciagli, 2000) and in this study a t  1 and 2 GPa. Numbers in parentheses in 
the legend correspond to log fo, values and those beside individual points represent the specific Ni content 
of  each sample. The trend line is taken from Figure 2-7A depicting the expected position of samples 
containing little or no added non-ferrous transition metals (in this case Ni) within the sulfide melt. High 
pressure samples containing c 5 wt% Ni plot near the Fe-trend, as Fe-oxide is the likely surface-active 
cornponent within the sulfide rnelt responsible for lowering 8. 



Chapter 5 

Summary 

I ) The amount of dissolved oxygen within the sulfide melt controls its wetting behavior against 

00th olivine and chromite mineralogies. 

2) By varying the oxygen fugacity, the amount of oxygen within the sulfide melt also varied, 

such that an increase in fo, led to more dissolved oxygen and a greater abundance of surface- - 

active component within the melt. This in turn lowered the solid-liquid interfacial energy 

resulting in lower dihedral angles. By lowering fo,. the amount of oxygen available to - 
produce surface-active component decreased. thereby creating larger dihedral angles. 

3) The presence of  non-ferrous metal species within the sulfide melt at low fo, values counters - 

the effect of surface-active Fe-oxide on sulfide melt wettability in both olivine- and 

chromite-bearing matrices. 

4 At higlier values o f  fi, - however. Fe-cxide couples with other non-ferrous metal-oxides to 

enhance sulfide melt wetting properties. 

5 At fo, - andjS, - conditions employed in this study. complex sulfide liquids resembling those 

found in natural systems. are more wetting in contact with chromite relative to olivine. 

6) Given the relatively oxidized conditions inferred for the petrogenesis of oceanic basalts. 

sulfide liquids associated with these magmas are likely to contain a high abundance of metal- 

oside species. and thus be wetting. 

7) Higher pressures. however, result in less oxygen dissolving into the sulfide melt, at a given 

fo,. - As a consequence. application of low pressure 8-fo, - trends to predicting the wetting 



properties of sulfide melts at high pressure may result in the underestimation of û at a given 

fo2. which may result in inaccurate predictions of sulfide liquid mobility in the upper mantle. 

8) Wetting sulfide liquids rnay profoundly alter the distribution of chalcophile and siderophile 

elements in the mantle source regions for oceanic basalts. During the solidification of 

mafic/ultramafic intrusive bodies. the final distribution of sulfides depends on both the 

timing of sulfide liquid saturation and sulfide liquid wetting propenies. If sulfide liquid 

saturation occurs while the silicate portion of the system is largely molten! droplets oisulfide 

liquid fa11 through the largely liquid matrix forming a massive segregation. I f  conditions are 

relatively reducing. a subsequent dispersal of sulfide liquid into the solid silicate pile is 

avoided when 0 > 60". Conversely, if sulfide liquid saturation occurs afier a substantial 

amount of silicate matrix hzs formed, buoyancy-driven compaction and melt segregation c m  

take place if conditions are relatively oxidized. and hence 0 < 60". 
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Appendix 

Dihedral Angle Theory 

In order to obtain the "me" dihedral angle unique to each experimental run product. 

several steps were involved: 

1 )  Run products were mounted in epoxy such that a vertical cross-section could be obtained. 

2) SampIes were initially ground using coarse Sic to acquire a random cross-section. 

3)  Along this plane. olivine or chrornite grains are randomly oriented such that the bisectrïx of 

the "real" dihedral angle is not necessarily perpendicular to the plane. 

4) This results in a distribution of "apparent" dihedral angles which appear larger or smaller 

than the "true" or "real" dihedral angle due to the "dip" and/or "plunge" of the two connected 

grains. 

5 )  A fundamental relationship established by Harker and Parker (1945) is commonly used to 

calculate the theoretical fiequenc y of  apparent dihedral arîgles expected within a rundom 

section of a polycrystalIine sarnple and is given by the following: 

2 sin 8 cos x 
tan y = 

sin" (cos 2 - cos 0) i- 2 cos 0 

where Y is the observed dihedral angle, x and 4 are polar coordinates, and 8 represents the 

"true" dihedral angle unique to the system. 

6) All observable dihedral angles are observed on the Scanning-Electron Microscope (SEM) 

and at least 100 angles of varying magnification (depending on grain size) are photographed 

using either back-scattered electon (BSE; chromite) or secondary-elecuon (SEI; olivine) 

scanning modes. 
110 



7) The resulting photographs are then scanned into the cornputer and al1 dihedral angles are 

measured using the protractor fùnction in Scionlmage. 

8) Each dihedral angle was measured 5 times and these were then averaged. 

9) The median value of the averaged dihedral angIes was then taken to represent the "tme" 

dihedral angle unique to each sample. 

10) The statistical median value of the assembled "apparent" dihedral angles was first utilized to 

characterize 0 instead of the statistical mode by Reigger and Van Vlack (1 960). They 

determined that the sarne accuracy could be obtained by applying the median to 25 dihedral 

angle measurernents, compared to the mode of 200 measurements. Accuracy increased with 

an increase in the number of "apparent" angles obtained. It is widely accepted that the "true" 

dihedral angle is calculated by taking the median value of approximately 100 "apparent" 

angle measurements. This technique was therefore employed in this study. 

1 1 ) The standard deviation associated with the median dihedral angle was determined by Riegger 

and Van Vlack (1960): 

a,d = 1 .X3 a, / dN 

wherr a, is the standard deviation of the individual observations and N is the number of 

"apparent" dihedral angles included in the median. 




